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Potential Therapeutic Benefits of Maintaining Mitochondrial Health in
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Abstract: Background: Peripheral neuropathies are a group of diseases characterized by
malfunctioning of peripheral nervous system. Neuropathic pain, one of the core manifestations of
peripheral neuropathy remains as the most severe disabling condition affecting the social and daily
routine life of patients suffering from peripheral neuropathy.

Method: The current review is aimed at unfolding the possible role of mitochondrial dysfunction in
peripheral nerve damage and to discuss on the probable therapeutic strategies against neuronal
mitotoxicity. The article also highlights the therapeutic significance of maintaining a healthy

mitochondrial environment in neuronal cells via pharmacological management in context of peripheral neuropathies.

Results: Aberrant cellular signaling coupled with changes in neurotransmission, peripheral and central sensitization are
found to be responsible for the pathogenesis of variant toxic neuropathies. Current research reports have indicated the
possible involvement of mitochondria mediated redox imbalance as one of the principal causes of neuropathy aetiologies.
In addition to imbalance in redox homeostasis, mitochondrial dysfunction is also responsible for alterations in
physiological bioenergetic metabolism, apoptosis and autophagy pathways.

Conclusions: In spite of various etiological factors, mitochondrial dysfunction has been found to be a major
pathomechanism underlying the neuronal dysfunction associated with peripheral neuropathies. Pharmacological
modulation of mitochondria either directly or indirectly is expected to yield therapeutic relief from various primary and

secondary mitochondrial diseases.
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1. INTRODUCTION

Peripheral neuropathies result when damage occurs to
peripheral nerves due to a systemic disease, toxicant
exposure or due to direct nerve injury [1]. Even though the
severity and symptoms depend on the causative agent and
the nerve affected, neuropathic pain develops when the
damage occurs to somatosensory nervous system [2]. In fact,
neuropathic pain is the most common clinical manifestation
of peripheral neuropathy resulting from diabetes, chronic
alcohol intake, certain cancers, vitamin B deficiency,
infections, nerve-related diseases, toxins, and certain drugs.
Symptoms of peripheral nerve damage include muscle
wasting and pain in motor neuropathies and dysautonomia in
case of autonomic neuropathies [3]. Another way of
classifying peripheral neuropathies is based on their
inheritance. Genetically inherited neuropathies consist of a
broad variety of diseases associated with neuronal damage
like Charcot Marie Tooth disease, familial dysautonomia,
congenital neuropathies and other inherited motor, sensory,
autonomic neuropathies efc [4]. The incidence of inherited
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neuropathies is genetically determined, acquired neuropathies
occur in majority of cases due to a disease condition,
infection, spinal cord injury or due to drug therapy. Recently
it has been experimentally proved that most of these
inherited and acquired neuropathies are found to be mediated
through dysfunctioning of mitochondria and other important
signaling pathways [5-7]. Innumerable number of genes
associated with mitochondrial genome were found to be
mutated in several inherited neuropathies [8]. Acquired
neuropathies such as diabetic peripheral neuropathy,
chemotherapy induced peripheral neuropathy and trauma/
injury induced neuropathies occur as a result of enhanced
oxidative stress and inflammation in peripheral neurons.

Mitochondria have been identified to have vital
regulatory role in cellular physiology and pathology, thus
attracted focus of many researchers. Indeed it has been
transformed from a status of extraneous prokaryotic
organelle to the organelle of potential therapeutic
importance. Being a source for fundamental cellular reactive
oxygen species (ROS), mitochondria are expected to have
regulation over cellular oxidative stress and consequent
inflammatory signaling. Besides that, mitochondria also
plays a critical role in regulating apoptosis and bioenergetic
metabolism which were known to be deregulated in various
toxic neuropathies. On the whole, the complex interwoven
relation among these pathways culminates in mitochondrial
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dysfunction in peripheral neurons and result in nerve
dysfunction.

The current review is aimed at identifying the role of
mitochondrial dysfunction in peripheral neurotoxic changes
associated with various acquired neuropathies. Efforts put
forth by eminent neurologists in the field of mitochondrial
biology could lead to the identification of several therapeutic
ways of modulating mitochondrial functioning and dynamics
in various neurodegenerative disorders [9]. Those therapeutic
options amenable to alter the peripheral neuropathies are
discussed herein with their possible therapeutic potential.
The article also emphasizes the necessity of maintaining a
healthy mitochondrial phenotype via pharmacological
modulation to produce neuroprotection against various
depicts associated with peripheral neuropathy.

1.1. Diabetic Peripheral Neuropathy

Diabetes is one of the most debilitating conditions
affecting majority of people in both developed and
developing countries. The micro vascular complications of
diabetes are the end result of chronic hyperglycemia [10].
One of the important vascular complications of diabetes is
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peripheral symmetrical polyneuropathy, which affects the
nerves in the limbs. Diabetic neuropathy (DN) is known to
have a prevalence of 50-60% in people with enduring
diabetes [11]. By 2035, patient toll with diabetes is expected
to rise to a number of 592 million (International Diabetes
Federation). With DN, patient experiences progressive
increase in unpleasant sensory symptoms including tingling,
burning, shooting, lancinating, contact pain, abnormal
sensation to heat and cold, persistent aching in the limbs and
cramp like sensations in the feet [12].

Though the etiology of neuropathy may differ depending
on types of diabetes, pathophysiology may underlie a unifying
mechanism i.e. hyperglycemic injury to peripheral neurons
[13]. Hyperglycemic neuronal damage is predominantly
mediated through the enhanced generation of ROS, lack
of proper bioenergetic supply, increased activation of pro-
inflammatory markers, inefficient removal of damaged proteins
and organelles [14, 15]. Furthermore, lack of insulinotropic
support to neurons makes them deprived of the growth
signals [16]. It has been also identified that glucose induced
generation of advanced glycation end products activates the
nuclear factor kappa light chain enhancer of B cells (NF-kB)
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Fig. (1). Pathophysiology of Diabetic neuropathy: Glucose induced osmotic stress, reactive oxygen species (ROS) and antioxidant
depletion results in the formation of intense oxidative stress inside neuronal cells. Glucose is also found to activate JNK and protein kinase
pathway (PKC). JNK activation leads to the facilitation of activator protein-1 (AP-1) directed expression of tumor growth factor-p (TGF-B)
and other cytokines, which reduces vascular supply to the nervous tissue. Oxidative damage to mitochondria results in release of pro-
apoptotic mediators from the mitochondria and also causes damage to electron transport chain components (ETC). This eventually results in
apoptosis and bioenergetic dysfunction associated with DN. Glucose induced advanced glycation end products (AGE) and its further
association with receptors for AGE (RAGE) also involved in activation of NF-kB heterodimer and thus releases proinflammatory mediators
such as interleukin-6 (IL-6), tumor necrosis factor-o (TNF-a), cyclooxygenase-2 (COX-2) release and thus produces neuroinflammation.
Further, lack of insulin, neurotrophic signaling leads to reduced PI3K/AKT mediated neurogeneis and thus may promote demyelination
observed in chronic neuropathies.
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and leads to production of several proinflammatory mediators
resulting in neuroinflammation, a predecessor to peripheral
myelin damage [17]. All these events occur individually or
in combination with others, mediate peripheral nerve damage
and eventually leads to neuropathy (Fig. 1). In most of the
cases chronic DN results in amputations or limb loss which
is known to affect major proportion of diabetic patients in
US and other developed countries [18].

Several treatment options that are available for DN could
relieve only symptoms of neuropathy, by virtue of their
effect on neurotransmission. The therapeutics includes
modulators of adrenergic, GABAergic and tryptaminergic
transmission. Examples include sodium valproate,
duloxetine, paroxetine, carbamazepine, pregabalin and
gabapentin [19]. Despite their efficacy to relieve symptoms
of neuropathic pain, they were found to be ineffective in
complete eradication of neuronal dysfunction associated with
hyperglycemia. Significant work done in last two decades to
understand the molecular pathology to a considerable extent,
has helped and provided directions to discover new therapeutic
strategies for the treatment of neuropathy. However,
translational failures have resulted in pursuit for an ideal
therapeutic intervention for management of DN [20].

Several lines of evidence have clearly shown that
hyperglycemia impairs mitochondrial structure, function and
dynamics [6, 8]. In fact, the hyperglycemic overload on
neuronal cells and activation of various metabolic pathways
co-integrate through mitochondrial generation of reactive
oxygen species (ROS) [21].

Mitochondria have been proven experimentally to be a
principle mediator of apoptosis, redox and inflammatory
pathways which play major role in the pathophysiology of
DN [22, 23]. In addition to the dysfunction, impaired
mitochondrial fusion, excessive fission and aberrant axonal
transport of mitochondria are also being suspected in
contribution of damage in peripheral nerves of diabetic
patients resulting in production of small, fragmented and non
functional mitochondria which precipitate neurodegeneration
[24]. Defective autophagy/mitophagy signaling is known
to occur in metabolic conditions like insulin resistance,
diabetes and is expected to be impaired in DN, a metabolic
disease of peripheral nervous system [25]. Hence,
identification of drugs which sustain the mitochondrial
function and health could aid the search of finding a better
therapeutic strategy, which might open new vistas in the
treatment of DN.

1.2. Chemotherapy Induced Peripheral Neuropathy (CIPN)

Peripheral neuropathy is a set of symptoms caused by the
damage of the peripheral nerves and spinal cord. CIPN is
caused by neuronal derangement due to chemotherapeutic
agents and most of the time stands as a severe dose limiting
and disabling side effects. Some of the common agents which
causes CIPN includes taxanes, vinca alkaloids, platinum
compounds and also newer effective anticancer agents like
bortezomib [26]. It is the most prevalent neurological
complication of chronic cancer treatment and affects almost
30-40% of patients receiving chemotherapy. The increased
incidence of CIPN in patients is a cause of concern and is
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also influenced by factors like patient’s age, dose intensity,
cumulative dose, therapy duration and pre-existing
conditions like alcoholism, diabetes etc [27]. However, 60%
of incidence has been reported with the usage of taxanes,
vinca alkaloids, platinum compounds and bortezomib.
Oxaliplatin, a third generation platinum compound reported
to cause peripheral neuropathy in 29-67%, whereas bortezomib
indicated for multiple myeloma, incidences up to 64% have
recently been reported [27].

Symptoms of CIPN include a blend of sensory,
sensorimotor and autonomic nerve dysfunction symptoms
resulting in aberrant somatosensory processing of peripheral
and central nervous system. Peripheral neuropathy seriously
affects both small fiber axons that cause shooting pain,
tingling sensation, numbness, cold sensitivity etc., and large
fiber sensory axons that affect proprioception and strength of
muscles. The common clinical symptoms begin with
paresthesias and dysesthesias in feet that spread proximally
to affect the lower and upper extremities in a characteristic
glove and stocking distribution [28]. CIPN can persist from
months to years, reversible or irreversible beyond the
chemotherapy completion, extremely painful and disabling
that impairs the functional capacity and compromising the
quality of life. Therapeutic management of CIPN still
remained as a difficult task in cancer therapeutics as it ruins
the oncological prognosis and quality of life.

Pathomechanisms underlying the CIPN differ with the
inducing agent. Taxanes, vinca alkaloids, platinum
compounds and bortezomib are the major group of
chemotherapeutic drugs that adversely affect the peripheral
nervous system through dissimilar mechanisms as shown in
Fig. 2. All these mechanisms culminate in damage to the
sensory neurons such as A& and C fibers, leading to
neuropathic pain characterized by hyperalgesia and
allodynia. However, oxidative stress and mitochondrial
dysfunction have been suggested to be major contributors in
the pathophysiology of CIPN.

Vinca alkaloids like vincristine and vinblastine are
widely used chemotherapeutics for the treatment of non
Hodgkin’s lymphoma, Hodgkin’s lymphoma and acute
lymphoblastic leukemia are reported to cause symmetric
distal sensory neuropathy in patients [29]. The features of
vincristine induced neuropathy are found to be mediated
through the actions of a second messenger, nitric oxide (NO)
and the other inflammatory mediators [30]. Recent studies
indicated the impairment of several genes concerned with
mitochondrial function in vincristine induced peripheral
neuropathy, which rendering the possible involvement of
mitochondrial dysfunction and corresponding oxidative stress
generation in the disease pathology [31]. The axonopathy
and axon transport failure resultant of vinca alkaloid
chemotherapy may be due to mitochondrial dysfunction
and bioenergetic failure apart from the microtubule
dysfunction [29, 32]. The vincristine induced neurotoxicity is
produced due to the peroxynitrite induced DNA damage and the
poly ADP ribose polymerase (PARP) enzyme overactivation
which directly activates the mitochondrial mediated
apoptosis and neurodegeneration through bioenergetic
failure [33, 34].
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Fig. (2). Pathogenesis of chemotherapy induced peripheral neuropathy: Multiple sites of peripheral neurons get attacked by various
chemotherapeutic agents such as taxane derivatives, vinca alkaloids, Platinum compounds and bortezomib. They adversely affect diverse
components at cellular and sub cellular level like ion channels, myelin sheath, DNA, microtubules, mitochondria, endoplasmic reticulum etc.
Though these agents cause neurotoxicity by different mechanisms, several mechanisms shared by them in common like oxidative stress,

neuroinflammation and mitochondrial dysfunction.

Platinum compounds like Cisplatin and Oxaliplatin were
reported to cause sensory neuropathy [35]. Cisplatin is
mainly used to treat solid malignancies like small cell lung
cancer and ovarian cancer. Oxaliplatin is widely used in
combination with fluorouracil for the treatment of colorectal
cancer under the trade name of FOLFOX [36]. These
platinum compounds accumulate in the neurons; generate
ROS and damage DNA by forming Pt-DNA adducts with
nDNA (nuclear DNA) and mt DNA (mitochondrial DNA)
that induces neuronal apoptosis [37-39]. This cumulative
DNA damage also activates PARP enzyme which causes
bioenergetic depletion and drives the cell towards death [40].
The mt-DNA damage results in the production of defective
ETC components which further increases the accumulation
of ROS and causes mitochondrial dysfunction [41, 42].
Several in vitro and in vivo studies proved the involvement
of nitro oxidative stress and loss of antioxidant defense with
the platinum compounds induced peripheral neuropathy [43,
44]. Platinum antineoplastic agents have been shown to
reduce plasma antioxidant levels, due to oxidative stress in
human studies [45]. Recent insights in molecular studies
have proved the involvement of mitochondrial dysfunction
and reduced mitochondrial membrane potential in the disease
pathogenesis [42]. Several other intervention studies conducted
using antioxidants attenuated the neuropathic pain symptoms,
thereby confirming the hypothesis that the platinum compounds

induced neuronal damage is through the increased oxidative,
nitrosative stress [46, 47]. Neurotoxicity induced by these
compounds has been explained as channelopathy as they
alter the function of voltage gated ion channels. Especially
oxaliplatin induced neurotoxicity have long been attributed
to oxalate, its metabolite which could disrupt Ca** channels
by chelating Ca®" and also inhibit nerve growth factor (NGF)
mediated neuronal growth [48]. Oxaliplatin induced channelo-
pathy can be correlated to the mitochondrial dysfunction
attributed bioenergetic failure [49, 50].

The taxane derivatives like paclitaxel and docetaxel have
been found to cause sensorimotor axonal polyneuropathy
[51]. Paclitaxel is widely used to treat Kaposi’s sarcoma
whereas docetaxel is used for the treatment of breast and
prostate cancers. Being microtubule stabilizers, they were
thought to mediate the neuronal damage through interfering
with microtubule function and axonal transport [37, 51].
Recent experimental studies showed that the neuronal injury
in PNS leads to the formation of peroxynitrite followed by
the activation of nitric oxide synthase (NOS), NADPH
oxidase and inactivation of MnSOD at spinal level through
the release of cytokines on glial cell activation contributes to
taxane induced neuropathic pain [52, 53]. Some recent
studies also exemplified the involvement of peroxynitrite
mediated damage to the glial derived proteins known to be
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involved in glutaminergic transmission in paclitaxel induced
peripheral neuropathy [54]. Recent reports suggest that the
possible link between oxidative stress and mitochondrial
dysfunction; associated with swollen and vacuolated
mitochondria in peripheral neurons of paclitaxel treated rats
that further fortify the oxidative stress induced mitotoxicity
hypothesis in the pathogenesis of taxane induced neuropathic
pain [42, 55].

Bortezomib, a proteasome inhibitor widely used to treat
multiple myeloma has also been known to induce peripheral
neuropathy in 30% of patients [56]. Bortezomib induced
neuronal dysfunction is characterized by interference with
transcription, nuclear processing, transport and cytoplasmic
translation of mRNA’s in the DRG neurons which might be
due to the accumulation of aggresomes resulted through the
proteasome inhibition [57]. These aggresomes also induce
endoplasmic reticulum and mitochondrial stress, which is
evident from the presence of vacuolated and swollen
organelles in the neurons of animals with bortezomib
induced peripheral neuropathy (BIPN). This ultimately
results in mitochondrial dysfunction and accumulation of
free radicals [58-60]. Some patients develop severe
neuropathy even at conventional dose. As a result, genetic
studies have been performed to identify the markers of
increased susceptibility to BIPN, which revealed that there is
a loss of MnSOD function in bortezomib treated patients
which make neurons more susceptible to the oxidative stress
[61]. This might be due to the posttranslational nitration of
MnSOD by nitro oxidative stress and experimental studies
also proved the decreased incidence of BIPN with
peroxynitrite scavengers [62].

On a whole, oxidative stress and mitochondrial impairment
are underpinning the pathobiology of CIPN. Although the
symptoms of CIPN are similar to the diabetic neuropathys, its
treatment may not necessarily be helpful for preventing or
treating CIPN. Current treatment for CIPN is based on
two pillars; one is prevention/ prophylactic treatment where
antioxidants, nutraceuticals, vitamins, minerals, chelating
agents and neurotrophic factors which are administered to
achieve the neuroprotective effect and the other option is
symptomatic treatment for the existing CIPN where
analgesic therapeutics like steroids, tricyclic antidepressants,
anticonvulsants, opioids efc., are advised which relieve the
unremitting pain of CIPN [63].

Till date the treatment options and therapeutics used for
CIPN have been giving only symptomatic relief, but the
effective treatment to prevent or cure the CIPN has to be
found. This is due to the existence of unmet clinical needs
like questionable safety and efficacy of present drugs,
spontaneous improvement of symptoms in many cases and
partial success which may be completely reversible [64].
Finding an effective treatment to prevent or cure CIPN is
challenging today, because of the limited research on the
pathobiology of CIPN, ambiguity in understanding the
pathomechanisms, lack of standard diagnostic methods to
detect CIPN etc. As the role of oxidative stress and
mitochondrial dysfunction has recently surfaced in the CIPN
pathogenesis, modulating the mitochondrial pathways using
pharmacological interventions could be beneficial in the
prevention or cure of the CIPN.
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1.3. Trauma/Nerve Injury Induced Peripheral Neuropathy

Neuropathic pain, a consequence of nerve injury of
peripheral nervous tissue with allodynia and hyperalgesia as
characteristic features, is one of the neurodegenerative
diseases that reduces quality of life, decreases ability to
participate in daily routines and compromises patients social
life [2]. It is one of the challenges for clinicians, as it is
serious and treatment resistant type of chronic pain.

The major nerve injury induced neuropathic pain has
been identified to be a result of trauma or surgery induced
peripheral neuropathy. The exact incidence of this type of
neuropathy is difficult to define because of the heterogeneity
and quality of studies. A latest study uncovered that peripheral
nerve injuries were 87% of trauma and 12% owing to
surgery. Nerve injuries occurred 81% of the instance in the
upper extremities and 11% in the lower extremities, with the
balance in other areas [65].

Clinical symptoms of neuropathic pain are characterized
by abnormalities in the pain sensation which may be
stimulus independent sensations like shooting pain, burning,
tingling and numbness whereas, a stimulus evoked pain
perceptions including thermal & mechanical hyperalgesia,
tactile allodynia and sometimes negative symptoms like
hypoalgesia [66].

Traumatic nerve injury to the peripheral nervous system
frequently produces persistent debilitating pain states. It has
been well demonstrated that next to the peripheral nerve
injury the neuroinflammatory cascade of events and
structural and functional alterations affects the peripheral
nervous system, including nerve endings, afferent fibers,
DRG and also central afferent terminals in the spinal cord.
This results in events like nociceptor sensitization, ectopic
discharges, collateral sprouting, central sensitization and
disinhibition [67]. Peripheral nerve injury follows
spontaneous discharge of inflammatory mediators and other
modulators like proteinases, prostaglandins (PG’s), ATP,
serotonin, substance P, bradykinin, nerve growth factor
(NGF) etc., at the site of injury [68]. Then, inflammatory
mediators induce hyperexcitability in the neurons resulting
in short term peripheral sensitization (Fig. 3).

Nerve injury also affects the voltage gated ion channels
along with the length of the sensory axons and DRG which
can cause ectopic discharges [67]. These changes in the
peripheral nervous system activate stress signaling pathways
like PKC, ERK, CaMKII etc., in central afferent fibers
resulting in altered gene expression of receptors like NMDA,
AMPA, neurokinin-1 (NK-1), Tyrosine Kinase B etc [69].
These changes may also jointly contribute to long term
sensitization due to an increase in excitatory synaptic
transmission central sensitization. In addition to these
changes, there occurs a phenomenon called disinhibition i.e.
inhibition of inhibitory neurotransmitters (GABA and
glycine) which further provoke the sensitization process
[70]. Therefore, injury induced neuropathic pain can be said
to be a consequence of peripheral and central sensitization
but the mounting evidence proposed that the oxidative stress
induced organelle damage and neuroinflammation are also
the major contributors to the pathogenesis of neuropathic
pain [71, 72].
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Fig. (3). Pathogenesis of nerve injury induced neuropathic pain: Nerve injury can cause persistent neuropathic pain through pathological
cascade of events like release of pain mediators, hyperexcitability in sensory neurons, ectopic discharges, central sensitization and
disinhibition. Activation of glial cells in the peripheral nervous system through purinergic and chemokine receptors release inflammatory
mediators like (IL-1, IL-6, COX-2, NOS, Cathepsin S, TNF-a, MMP’s, BDNF) through activation of transcription factors like NF-xB, AP-1.
These act on central afferent fibers causing long term central sensitization and disinhibition phenomenon. This peripheral and central
sensitization occurs as a result of oxidative stress and neuroinflammation generated as a consequence of nerve injury induced glial cell

activation.

It has been recently revealed that next to the nerve injury
the inflammatory mediators not only produced at the site of
injury through immune cells and Schwann cells but also due
to glial cell activation [73]. The activated and proliferated
glial cells upregulate several signaling pathways like ERK,
NF-«B, JNK etc., which are the key mediators of oxidative
stress, neuroinflammation and apoptosis [74, 75]. Research
evidences suggest that MAPK and NGF starvation leads to
apoptosis in the nerves confirmed by TUNEL assay [76].
Cell death after injury is associated with alteration in the
ratio of Bcl-2 to Bax leading to mitochondrial mediated
apoptosis. NF-kB induced nitric oxide (NO) synthesis and
release of TNF-a, IL-1, and IL-6, causes oxidant induced
damage to the cell organelles like endoplasmic reticulum and
mitochondria [77]. Recent studies also examined that decrease
in the expression of mitochondrial ATP synthase after the
sciatic nerve injury causes bioenergetic deficits [71]. Thus,
protection of mitochondria from inflammatory mediators
induced damage through oxidative stress is essential to
maintain cellular quality and nervous tissue function [77].

Pharmacological treatment for neuropathic pain
include tricyclic antidepressants (Amitriptyline), serotonin
noradrenaline reuptake inhibitors (Venlafaxine, Duloxetine),
anticonvulsants (Pregabalin, Gabapentin, Carbamazepine),
opioids analgesics (Morphine, Oxycodeine) and miscellaneous
analgesics like capsaicin, lidocaine patches, NMDA antagonist,
Botulinum toxin, cannabinoids. These pharmacological
agents provide symptomatic relief and acts by virtue of their
effects on neurotransmission [64]. But recent lines of evidence
suggest that nerve injury induced neuropathic pain is not
merely a symptom of disease, but also a consequence of the
aberrant functioning of peripheral nervous system induced
by oxidative stress directed neuronal organelle dysfunction
and microglia activated neuroinflammatory pathways.
Therefore, we need to focus on preventing the oxidative
stress and neuroinflammation induced neurodegeneration
due to the organelle dysfunction.

Treatment for neuropathic pain today is an uphill battle for
clinicians as the pathogenic mechanism underlying the pain
is poorly known and also due to the existing difficulty in
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distinguishing between nociceptive and neuropathic pain.
Currently existing remedies for neuropathic pain are not
effective and associated with severe adverse effects [78]. The
major unmet clinical needs include, their effectiveness is
variable among the patients and sometimes relief from the
symptoms is only partial [2, 64].

2. MITOCHONDRIAL DYSFUNCTION: A CRITICAL
FACTOR CONTRIBUTING TO PERIPHERAL
NEUROPATHY

Peripheral nervous system (PNS) is vulnerable to a
plethora of pathophysiological insults ranging from
metabolic, inflammatory damage to trauma/injuries. This
vulnerability of PNS is attributed to its structural and
functional aspects. Lack of efficient blood nerve barrier
system and lymph drainage, directly expose neurons to
neurotoxins thus making them susceptible to damage [79].
Since, peripheral neurons require high energy for their
functioning and mitochondria are the principal source of
cellular energy, most of these neurotoxins known to act by a
common mechanism of mitochondrial injury i.e. mitotoxicity
[80].

Sensory neurons are more susceptible to the hyper-
glycemic, chemotherapeutic insults as they contain long
mitochondria rich axons that directly access blood supply
[81]. Mitochondria are crucial cell organelles involved majorly
in energy production, calcium homeostasis, maintenance of
membrane potential, release and uptake of neurotransmitters
at synapses [80]. Mitochondrial dynamic functions are
required for axonal transport and for facilitating exocytosis
mediated neurotransmitter release which helps in preserving
neuronal plasticity [82].

Growing pool of evidence suggests that peripheral
neuropathies are resultant of dysfunctional mitochondrial
metabolism, functioning and dynamics [7, 71]. The mechanism
of mitotoxicity and underlying neurodegeneration has been
well characterized in neurodegenerative disorders but, less
explained in the case of peripheral neuropathies. The following
discussion briefly summarizes the role of mitochondria and
associated pathways in the pathophysiology of various
peripheral neuropathies.

Hyperglycaemia and chemotherapy are known to
generate oxidative stress in the neuronal cells through their
effect on mitochondria. The higher metabolic flux through
ETC is the cause for ROS in the case of hyperglycemia
whereas the mitochondrial DNA (mtDNA) damage is the
basis for chemotherapeutic insult [83, 84]. Oxidative stress
generated in this regard leads to structural and functional
damage to mitochondria. Structural damage to the
mitochondria is manifested in the form of reduced membrane
integrity, causing cytochrome c translocation, mtDNA
damage resulting in accumulation of swollen, vacuolated
mitochondria [42, 85]. Functional disturbances associated
with damaged mitochondria includes, reduced ATP supply
through ETC chain, loss of membrane potential, release of
pro apoptotic mediators from mitochondria to cytosol
through the opening of mitochondrial permeability transition
pore (mPTP) and calcium dyshomeostasis [86]. In addition
to the role of neuronal mitochondria, mitochondria of
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Schwann cells are also found to be essential for maintaining
high metabolic activity in neurons, which is crucial for
neurotransmission [87]. Hyperglycemic insult may lead to
altered proteome of schwann cells, even in absence of
oxidative stress [88]. Oxidative damage induced production
of cellular byproducts like 4-hydroxy nonenal (4-HNE),
malondialdehyde (MDA) alters mitochondrial physiology
and functioning by forming mitochondrial protein adducts
[89]. Nitrosative stress is also known to profoundly affect
mitochondrial function through peroxynitrite focused ETC
damage and inhibiting the import of specific nuclear proteins
into mitochondria [90]. A burst release of ROS/RNS is also
responsible for depletion of several mitochondrial antioxidant
enzymes such as MnSOD, GSH which further aggravates the
mitochondrial damage [86]. Reduced ATP/ADP ratio as a
consequence of failed coupling efficiency of ETC chain
results in bioenergetic crisis causes necrotic death of neurons
[91]. Prolonged ROS production destabilizes the mtDNA
and cause transcriptional repression by preventing the
attachment of transcription factors [92].

The dynamics of mitochondria i.e. fission and fusion are
two important, highly regulated cellular functions which
enable mitochondria to combine and distribute their
components to meet cellular energy requirements and to
maintain a healthy mitochondrial phenotype [80]. The
regulation of these events is known to go awry in certain
pathologies especially in diseases associated with
neurodegeneration. Mitochondrial fission helps to enhance
the number of mitochondria, which can be efficiently
distributed to each corner of neuronal cells and thus helps
them to maintain their energy demands. Mitochondrial
fission is highly essential during the periods of energy
starvation to produce new, efficient mitochondrial energy
generating systems. However, enhanced fission associated
with bioenergetic crisis causes BAX foci formation on
mitochondrial membrane and thus causes mitochondrial
outer membrane permeabilization (MOMP), releasing
cytochrome ¢ and other pro apoptotic mediators into cytosol,
results in apoptosis [93]. Impairment in the mitochondrial
dynamics has also been observed in case of inflammatory
neuropathies and oxaliplatin induced neuropathy [94].
Excessive nitric oxide is known to cause s-nitrosylation of
dynamin related protein-1 (Drp-1), and increases the
mitochondrial fission [95, 96]. Tumor necrosis factor-o
(TNF-a) reported to inhibit the kinensin 1 protein, and thus
impairs trafficking by halting mitochondrial movement along
axons [97]. In addition to impaired dynamics, aggregates of
abnormal shaped, damaged mitochondria are responsible for
aberrant mitochondrial trafficking, which contributes to
axonal degeneration observed in various peripheral
neuropathies [81].

Autophagy is the discerning cellular catabolic process
responsible for recycling the damaged proteins/ organelles in
the cells [98]. Mitophagy is a selective autophagic process
involved in recycling of damaged mitochondria and helps in
supplying the constituents for mitochondrial biogenesis [99].
Excessive accumulation and impaired clearance of
dysfunctional mitochondria are known to be observed in
various disorders associated with oxidative stress [100].
Oxidative damage to Atg 4, a key component involved in
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mitophagy causes impaired autophagosome formation and
clearance of damaged mitochondria [101]. Loss in the
function of molecular chaperons and associated accumulation
of damaged proteins are known to be involved in various
peripheral neuropathies including trauma induced neuropathy
[102, 103]. A model of demyelinating neuropathy corresponds
to the accumulation of improperly folded myelin protein
PMP-22 is also being observed recently [104, 105].

Mitochondrial dysfunction and associated disturbances
are well connected to neuroinflammatory changes that occur
in various neurodegenerative diseases [106]. Dysfunctional
mitochondria are also implicated in several pathologies such
as cardiovascular and neurodegenerative diseases. Several
mitochondrial toxins have been found to inhibit the
respiration in microglial cells and also inhibit IL-4 induced
alternative anti inflammatory response and thus potentiates
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neuroinflammation [107]. Mitochondrial ROS are well
identified to be involved in several inflammatory pathways
such as NF-kB, MAPK activation [108]. Similarly, the pro
inflammatory mediators released as a result of an
inflammatory episode found to be interfere with the functioning
of the mitochondrial electron transport chain and thus
compromise ATP production [109]. TNF-a is known to
inhibit the complex I, IV of ETC and decreases energy
production. Nitric oxide (NO) is a potent inhibitor of
cytochrome ¢ oxidase (complex IV) and similarly IL-6 is also
known to enhance mitochondrial generation of superoxide
[110]. Mitochondrial dysfunction initiates inflammation by
increased formation of complexes of damaged mitochondrial
parts and cytoplasmic pattern recognition receptors (PRR’s).
The resulting inflammasome directed activation of interleukin-
1B production, which starts an immune response and leads to
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Fig. (4). Mitotoxicity in peripheral neuropathies: Various pathophysiological insults like hyperglycemic, chemotherapeutic and traumatic
injury to the peripheral nerves results in mitochondrial dysfunction through enhanced generation of ROS induced biomolecular damage and
bioenergetic crisis. Following the nerve injury accumulation of mitochondria occurs resulting in the release of mtDNA & formyl peptides
into circulation which acts as Death associated molecular patterns (DAMP’s). These are recognized by immune cells as foreign bodies and
can elicit a local immune/inflammatory response. Interaction between inflammatory mediators and structural proteins involved in
mitochondrial trafficking will cause impairment in mitochondrial motility. Oxidative stress induced damage to the mt proteins like Atg4,
Parkin etc cause insufficient mitophagy. Excess nitrosative stress also results in excessive mt fission associated with apoptosis. In addition,
mtDNA damage impairs its transcription and reduces mitochondrial biogenesis. Ca>" dyshomeostasis, loss in mitochondrial potential and
bioenergetic crisis cause neuronal death via apoptosis/necrosis. All these modifications cause defects in ultra structure, physiology and
trafficking of mitochondria resulting in loss of neuronal function producing peripheral neuropathy.



Potential Therapeutic Benefits of Maintaining Mitochondrial Health

chronic inflammation [111]. Mitochondrial DNA and
N-formyl peptides released from mitochondria during oxidative
damage can serve as an effective damage associated
molecular patterns (DAMPs), which acts on several receptors
to stimulate neutrophil chemotaxis and cytokine secretion
[112]. These DAMPs can also activate NLRP3 (NLR family,
pyrin domain-containing 3) inflammasome, the inflammatory
responses of which have been implicated in microbial
infections, tissue damage and metabolic disturbances [113].
In fact, traumatic injury and corresponding inflammation are
considered to occur as a result of an increased burst of
mitochondria at the injured site [112].

All together an imbalance in the ultra structure,
physiology and dynamics of mitochondria results in lack of
cell to cell communication, calcium buffering capacity,
failure in axonal transport, neuronal and synaptic plasticity
(Fig. 4). These events subsequently manifest in the form of
distal axonal neurodegeneration, a major feature of several
peripheral neuropathies. Neurodegeneration in these types of
neuropathies is associated with mitochondrial dysfunction
without any clinically proved gene mutation as seen with
inherited neuropathies and diseases like Parkinson’s,
Alzheimer’s, Huntington’s etc., but the expression of
mitochondrial proteins were altered as discussed [4, 9].

3. FUTURE STRATEGIES AGAINST MITOCHONDRIAL
DYSFUNCTION IN PERIPHERAL NERVE DAMAGE

Dysfunctional mitochondria associated with neuro-
degeneration results in enhanced oxidative stress, accumulation
of damaged proteins/ organelles, glial inflammation and
neurovascular impairment [114]. Several novel therapeutic
strategies of targeting mitochondria have been identified.
These strategies include a broad range of pharmacological
modulators with potential effects on the function and
dynamics of mitochondria and associated components. Even
another way of altering the mitochondrial function through
genetic manipulation has been identified.

Mitochondrial permeability transition pore (mPTP) is
found to be responsible for the release of certain pro
apoptotic mediators from the mitochondria to cytosol and
found to mediate apoptosis [115]. Several in vitro studies
have clearly indicated the possible involvement of apoptotic
neuronal death as a pathophysiological damage involved in
neurodegeneration [116]. Hence, the therapeutic strategies
directed at preventing neuronal apoptosis through modulation
of mPTP would be one of the therapeutic options. The mPTP
is a protein complex present in mitochondrial membrane
made of different protein subunits. Alteration in protein
components can change the dynamics of mPTP; therefore
such drugs can be used to target mPTP [117]. VDAC (Voltage
dependent anion channel), hexokinase (HK), cyclophilin D
binding site of mPTP can be pharmacologically modulated
through several natural and synthetic modulators [118]. As
increased intracellular calcium is responsible for opening
mPTP, interventions targeted at preventing the Ca’'
accumulation in mitochondria can also prevent mPTP
opening [118].

Oxidative stress and related ROS generation are
identified to be responsible for etiopathogenesis of many
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diseases. In fact, it is the most common mechanism of
cellular/tissue damage in several disease pathologies [119].
A wide variety of cellular sources of ROS have been
identified, ranging from xanthine oxidase enzyme system to
NADPH oxidase system. Most of these enzymes mediate
ROS generation and are known to be involved in the
physiological redox signaling and phagocytosis [120].
However, excessive oxidative stress may lead to an intense
oxidative burst followed by inflammation. Mitochondrial
electron transport chain (ETC) is known to be a potential
source of cellular ROS mainly superoxide (O,”). This
superoxide generation occurs as a result of the partial
electron transfer to oxygen during their movement through
redox centers in the inner mitochondrial membrane [121].
Electron leakage or uncoupling of electron transfer through
ETC mainly occurs at complexes I and III of ETC, the
resultant uncoupling of ETC reduces ATP generation. An
imbalanced mitochondrial ETC functioning, oxidative stress
and bioenergetic dysfunction are known to exert their
pathological foot print in various peripheral neuropathies
[42, 122]. Mainly hyperglycemic and chemotherapeutic
neuronal damage are associated with mitochondrial dysfunction
and corresponding oxidative stress. Several therapeutic
drugs directed at these mitochondrial abnormalities have
been reported to benefit in various metabolic and neuro-
degenerative diseases [123, 124]. These mitochondrial targeted
drugs encompass a broad range of antioxidant molecules
conjugated to a lipophilic or peptide moiety. Many of the
available antioxidants are conjugated to tri phenyl phosphonium
(TPP"), a cationic, lipophilic molecule and successfully
delivered to the mitochondria. These TPP' conjugated
molecules can easily cross the inner mitochondrial membrane
because of its large negative charge inside the mitochondrial
matrix [125]. Similarly, antioxidant nutraceuticals have been
successfully targeted to mitochondria using szeto-schiller
(SS) peptides, which are made up of a backbone consisting
of alternating four basic amino acids [124]. In addition to
these antioxidants, mitochondrial dysfunction and associated
energy depletion can be rescued by using redox active agents
with mild redox potential. These mild redox agents, regulates
the electron flow through the ETC chain, prevents the
electron leakage and thus maintain enough ATP production,
which is essential for neuronal function [126].

Mitochondria are not static but, instead they are dynamic
in nature. The dynamic functions of mitochondria are
especially important for functioning of the neurons due to
their high requirement for mitochondrial ATP [127]. Some
neurons have very long axons and hence maintaining the
ATP production far distant from cell body is highly essential
to maintain vital neurotransmission and impulse conduction
[128]. In this regard, mitochondria travel from the axons to
the nerve terminals. Several genes involved in mitochondrial
transport are found to be mutated in inherited neuropathies
[8]. In addition to it, fission and fusion of mitochondria are
the two important functions which keep the mitochondrial
quantity at a constant number per cell. Imbalance in
mitochondrial homeostatic mechanisms is the possible
culprit in various acquired peripheral neuropathies [80].
Hence modulation of these pathways by pharmacological
tuning could mitigate the disease condition by facilitating
mitochondrial function [8]. Accumulation of shortened
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mitochondria was observed in the neurons of diabetic
animals resulting in an impaired axonal transport and
therefore, therapeutics aimed at inhibiting excessive
mitochondrial fission (e.g. Dynamin related protein 1 (Drpl)
inhibitors such as Mdivi, Dynasore etc.) may be useful in the
treatment of DN [129].

Mitophagy 1is the selective removal of damaged
mitochondria from the cellular system by self digestion.
Mitophagy and autophagy are self driven cellular catabolic
pathways during the periods of bioenergetic crisis [99].
Accumulation of damaged mitochondria due to oxidative
stress is well identified in several neuropathies and
neurodegenerative diseases. Hence, efficient removal of
these damaged organelles with production of new healthy
mitochondria is essential to maintain neuronal health and
metabolism [130, 131]. The protein machinery of mitophagic
pathway can be pharmacologically modulated by several
means [132] (Fig. §). For example, enhancement of mitophagy
by AMPK activation (e.g. Metformin) or HDAC inhibition
(e.g. Valproic acid, SAHA) augments the survival conditions
of neurons in neuropathies and thus can be explored [133].

Dysfunctional
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In addition to the above mentioned means of targeting
mitochondria, its function can also be modulated through
transcriptional regulation of various nuclear genes [134]
(Fig. 6). Peroxisome proliferator activated receptor-y
coactivator-1 (PGC-1a) is an important transcription factor
responsible for mitochondrial function and maintenance
[135]. It enhances the production of several mitochondrial
enzymes such as enzymes of the tri carboxylic acid cycle
(TCA) and fatty acid oxidation through nuclear respiratory
factor-1 (NRF-1) expression. PGC-1a also plays a key role
in the mitochondrial protein synthesis by increasing the
production of mitochondrial transcription factor A (Tfam)
[136]. More convincing evidence of PGC-1a upregulation is
known to enhance the nuclear erythroid factor (NEF)-2
related factor (Nrf-2) and thereby facilitating the production
of several antioxidants such as glutathione (GSH),
superoxide dismutase (SOD), glutathione-s-transferase
(GST), Hemeoxygenase-1 (HO-1), NADPH quinone oxidase
reductase-1 (NQOR-1) [137, 138]. Although a physical
interaction between PGC-1a and Nrf2 protein has not been
discovered, it has been identified that activation of one
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Fig. (5). Regulation of mitochondrial quantity & quality: Mitochondria are dynamic cellular organelles, the quantity and quality of which
are maintained through regulated processes of fission, fusion and mitophagy. Fission generally precedes mitophagy. Dysfunctional
mitochondria undergoes fission using the help of GTPase proteins such as Fisl, dynamin related protein (Drpl). Damaged parts of
mitochondria will further undergo recycling using a catabolic mitophagy process. Such damaged mitochondria undergoes PINK1, PARKIN
recruitment mediated ubiquitination and then accumulation in autophagosomes. Healthy parts of mitochondria in turn undergo fusion process
using the help of proteins such as OPA1, Mnf 1/2. All of these stages of mitochondrial regulation can be pharmacologically modulated
pertaining to the catering needs of cells. Excessive mitochondrial fission can be inhibited by using Drp1 inhibitor (e.g. Mdivil). Mitophagy
can be enhanced by various cellular transcription modulators (e.g. mTOR inhibitors).
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Fig. (6). Cellular manipulators of mitochondria and their pharmacological modulation: Cellular energetic sensors such as adenosine
monophosphate kinase (AMPK), silent information regulator of transcription homologue type 1 (SIRT1) activated in response to nutrient
starvation and at the periods of high metabolic demand. These energetic sensors activate PPAR-y coactivator-la (PGC-1a) by direct
phosphorylation. The activated PGC-1a in turn regulates mitochondrial biosynthesis through transcriptional facilitation of nuclear respiratory
factor-1 (NRF-1) and reduces cellular oxidative damage by enhancing the transcription of antioxidant response element (ARE) of genome
through activation of nuclear erythroid factor-1(NEF-1) related facor-2 (Nrf-2). Further AMPK and SIRT1 are also found to promote
mitophagy either directly activating Unc-51 like kinase 1 (Ulk1) or indirectly through mTOR inhibition. All these resulting events facilitate
the mitochondrial function, reduce damage to it and recycle the constituents if damage occurs, the characteristic features of a healthy
mitochondrial phenotype. The mitochondrial transcription facilitator PGC-1a can be promoted by using peroxisome proliferator activated
receptor modulators (e.g. Glitazones). Similarly, PGC-1a mediated mitochondrial functions can also be indirectly activated through specific
AMPK and SIRTI activators. Direct pharmacological promoters of mitophagy can also be useful in maintaining a healthy population of

mitochondria (e.g. mTOR inhibitors).

transcription factor induces the other during the period of
redox imbalance [139]. Elevated Nrf2 expression effectively
inhibits the cellular oxidative damage; therefore the PGC-1a
expression is not only associated with enhanced
mitochondrial function but also with reduced oxidative
mitochondrial damage and thus is important for maintaining
a healthy mitochondrial phenotype [140]. Several drugs are
known to act as PGC-la activators and proved to have
therapeutic potential in many neurodegenerative disorders
[138]. Examples of these drugs include PPARY agonists (e.g.
Rosiglitazone, Pioglitazone). It has been recently observed
that PPARy agonists can effectively prevent the glucose
induced neurotoxicity and various deficits in streptozotocin
(STZ) induced experimental DN [141].

Recently it has been identified that PGCla is inactivated
in the dorsal root ganglion of STZ induced rats. PGC-1a null
diabetic mice have shown typical features of exacerbated

protein damage and nerve degeneration, which indicates the
critical importance of PGC-la mediated mitoprotection
[142]. Indeed a reduced Tfam levels in the DRG of diabetic
rats and corresponding reduction in mt biogenesis has been
identified to play an important role in the pathogenesis of
DN. Tfam upregulation was found to ameliorate nerve
conduction and improve the epidermal nerve fiber density in
experimental DN [143].

Being a mitochondrial sensor, PGC-la function and
expression is regulated by several cellular signaling proteins
and transcription factors. These cellular proteins can be
therapeutically altered to enhance PGC-1la function [144].
Few of important upstream activators of PGC-1la include
adenosine monophosphate kinase (AMPK) and silent
information regulators of transcription (SIRT-1) [145].
AMPK and SIRTI act as cellular metabolic sensors which
respond to the changes in level of ATP and NADH
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respectively. AMPK is activated in response to reduced
ATP/ADP ratio, and further activates several key metabolic
pathways and inhibits anabolic pathways. Similarly, SIRT-1
is activated when a reduction in cellular NADH /NAD" pool
occurs [146]. SIRT-1 deacetylates several genes involved in
energy utilization pathways which result in transcriptional
modulation of these genes [147]. In addition to direct action
on metabolic pathways, AMPK and SIRT-1 are known to
activate nuclear PGC-1a through direct phosphorylation and
deacetylation respectively. Activation of PGC-1a by AMPK
and SIRT-1 accelerates the mitochondrial TCA cycle and
free fatty acid oxidation and thus enhances bioenergetic
supply [145]. AMPK and SIRT-1 are well-known to activate
cellular Nrf2 signaling through PGC-lo expression and
found to inhibit oxidative damage by ROS [148, 149].
Further, activation of AMPK and SIRT-1 facilitates the
cellular self digestion process, autophagy by activating its
protein machinery [150, 151]. Particularly, AMPK is associated
with activation of mitophagy (an autophagic process
involving the removal of damaged mitochondria) [152]. The
dual effect of AMPK on mitophagy and PGC-1la directed
transcription facilitates the replacement of cellular damaged
mitochondria with new functional mitochondria [150].
Similarly, SIRT-1 is also known to activate mitophagy by
indirectly regulating the NAD'/NADH ratio [153]. In
addition to the above mentioned protective roles, activation
of AMPK and SIRTI intensifies bioenergetic supply and
supports the metabolism of malnourished neurons in
neurodegenerative conditions [144]. On the whole, activation
of AMPK/SIRT1/PGC-1a axis helps in maintaining a
healthy mitochondrial pool by improving the function and by
reducing oxidative damage [145]. Thus, pharmacological
activators of this pathway are expected to produce a
potentially beneficial therapeutic effect in various secondary
mitochondrial diseases. The therapeutic potential of AMPK
and SIRT1 is explored in certain neurodegenerative, metabolic
diseases and their effect needs to be explored in various
peripheral neuropathies [154]. With an overwhelming
evidence of mitochondrial dysfunction and oxidative stress
in the pathogenesis of various peripheral neuropathies, one
can clearly state that pharmacological modulation of AMPK
and SIRTI1 offers a potential foreseeable therapeutic choice
for the treatment of neuropathies.

CONCLUSION

The role of mitochondria in various physiological
functions has been well characterized and realized, but the
role of aberrant mitochondrial functioning and associated
cellular signaling in the pathogenesis of various metabolic,
neurodegenerative diseases has been observed recently. In
spite of various etiological factors, mitochondrial pathology
has been found to be a major pathomechanism underlying the
neuronal dysfunction associated with peripheral neuropathies.
Pharmacological modulation of mitochondria either directly
or indirectly through transcriptional facilitation is expected to
yield therapeutic relief from various primary and secondary
mitochondrial diseases. Crosstalk among mitochondria and
associated oxidative stress, energy supply, autophagy and
apoptotic pathways can be better targeted for maintaining
healthy mitochondrial population. In addition to the above
mentioned strategies, identification of inter organellar
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association between mitochondria and other organelles such
as nucleus, endoplasmic reticulum could lead to provide
further molecular insight into the neuropathology and can be
appreciated therapeutically.
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