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Abstract

Diabetes is a prevalent disease in the United States with severe, life changing and costly complications. One such complication 
is peripheral neuropathy which manifests itself as a chronic pain and decreased sensation. The exact mechanism of its 
development is not completely understood; however, it has been determined that a prolonged state of hyperglycemia leads to 
oxidative and nitrosative stress to the nerve fibers, edema, inflammation, demyelination and ischemia. The current approach 
to treatment of diabetic neuropathy focuses on three main aspects: glycemic control, lifestyle modifications and management 
of neuropathic pain. Because the management of neuropathic pain has varied success among different patients and does not 
address the underlying pathophysiology of nerve damage, novel technologies and treatment techniques are being developed. 
Among those are the hyperbaric oxygen therapy and angiogenesis stimulating agents. Animal studies produced impressive 
results, such as enhanced angiogenesis, decreased inflammation and nerve regeneration. Human trials are also being 
conducted, and those technologies might be the next big step in the treatment of patients with diabetic peripheral neuropathy.
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Introduction

According to The Center for Disease Control and 
Prevention (CDC), 28.7 million Americans - 8.7% of the total 
US population - have diabetes mellitus in 2019 [1]. One of 
the most common and debilitating complications of diabetes 
is peripheral neuropathy that afflicts between 6% and 
51% of adults depending on age, glucose control, duration 
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and type of the disease [2]. Diabetic peripheral neuropathy 
contributes significantly to patient morbidity causing chronic 
pain, impaired sensation, increased falls and restrictions in 
activities of daily living. Other more serious complications 
include development of foot ulcers, severe infections and 
lower limb amputations [2]. Additionally, diabetic peripheral 
neuropathy is a significant financial burden on the US 
healthcare system, costing between $4.6 and $13.7 billion 
annually [3]. None of the current treatment options cure the 
neuropathy, and some have serious side effects. Fortunately, 
several promising innovations may transform the treatment 
of this disease.

Pathophysiology of Diabetic Neuropathy

Polyol Pathway

Even though the exact mechanism of peripheral nerve 
injury still eludes scientists, studies have discovered several 
factors that contribute to the development of diabetic 
neuropathy. The pathophysiology of diabetic neuropathy 
revolves around the polyol pathway. It is a two-step process 
during which glucose is reduced to sorbitol, which in turn is 
oxidized to fructose. The first step is catalyzed by the enzyme 
aldose reductase in the presence of cofactor nicotinamide 
adenine dinucleotide phosphate (NADPH). The second 
step is facilitated by the enzyme sorbitol dehydrogenase 
and requires nicotinamide adenine dinucleotide (NAD+) as 
a cofactor. Hyperactivity of the polyol pathway alters cell’s 
normal biochemistry, resulting in the following changes: 
alteration of the redox state, disruption of the sodium-
potassium pump and formation of advanced glycation end 
products (AGEs) [4,5].

Alteration of the Redox State

Hyperactivity of the polyol pathway results in excessive 
consumption of NADPH and NAD+ for production of NADP+ 
and NADH cofactors, respectively, which leads to a chain of 
metabolic imbalances. NADPH, for instance, is needed to 
convert glutathione disulfide (GSSH) into glutathione (GSH) 
by glutathione reductase. Glutathione plays an important role 
in preventing oxidative stress in human cells by converting 
hydrogen peroxide (H2O2) - a dangerous reactive oxygen 
species (ROS) - into water (H2O) [6]. NADPH is also used 
by nitric oxide synthase to produce nitric oxide (NO) from 
arginine. NO is a signaling molecule that causes vasodilation 
[7]. NADH and NADPH are substrates for an enzyme NADPH 
oxidase to produce superoxide anions - free radical species - 
that contribute to the oxidative and nitrosative stress [8,9]. 
NAD+ is needed to synthesize taurine - a sulfur-containing 
amino acid - that works as an antioxidant, calcium modulator 
and neurotransmitter in the Schwann cells [10]. As the result 
of the altered redox state, peripheral nerves suffer oxidative 

and nitrosative stress due to accumulation of reactive oxygen 
species, nitrogen species and depletion of antioxidants. In 
addition, vasoconstriction of the arterioles that nourish 
peripheral nerves leads to their ischemia [4,5].

Disruption of the Sodium-Potassium Pump

Glucose at high concentration inhibits the sodium-
dependent transport system for myo-inositol in peripheral 
nerves, leading to depletion of this molecule in the 
cells [11-13]. Myo-inositol is an important component 
of phosphatidylinositol, which is a component of 
phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2, being 
the crucial molecule of the IP3/DAG signaling system, 
is then split into inositol 1,4,5-triphosphate (IP3) and 
diacylglycerol (DAG), which translocate intracellular calcium 
and stimulate protein kinase C, respectively [14,15]. Protein 
kinase C modulates activity of the sodium-potassium pump. 
Decrease in Na+-K+-ATPase activity leads to intracellular Na+ 
accumulation, decrease in Na+ permeability, increase in K+ 
permeability and cell edema, which in turn impedes action 
potential propagation, nerve demyelination and decreases 
nerve conduction [16].

Formation of Advanced Glycation End Products

The final product of the polyol pathway is fructose. At 
high concentrations both glucose and fructose can non-
enzymatically bind with proteins, lipids and nucleic acids, 
the process called glycation or Maillard reaction, forming 
advanced glycation end products (AGE) [17]. There are 
several mechanisms by which AGE accumulation leads to 
cellular dysfunction. Firstly, AGE can bind with collagen 
fibers of the endothelial cells of the vasa nervorum, causing 
loss of elasticity and thickening of the capillary basement 
membrane, leading to endoneural microangiopathy [18,19]. 
Secondly, AGE can deposit in the peripheral nerve tissues 
and Schwann sells which disrupts their functions, causes 
cell death and leads to nerve demyelination [20]. Thirdly, 
AGE can bind with multiple cell-surface-expressed AGE 
receptors (RAGE), activating several signaling pathways in 
the cells: Janus kinase (JAK2)-signal transducer and activator 
of transcription (STAT1) pathway, phosphoinositide-3-
kinase (PI3K)-protein kinase B (PKB, or Akt) pathway, 
mitogen-activated protein kinase (MAPK)-extracellular 
signal-regulated kinase (ERK) pathway and NADPH oxidase-
ROS pathway. Activation of the aforementioned pathways 
results in the production of proinflammatory and profibrotic 
cytokines, growth factors and oxidative and nitrosative stress 
[17,21-23]. All this causes cell damage, inflammation, fibrosis 
and death, which ultimately leads to neuronal impairment. 
Complete pathophysiology of diabetic peripheral neuropathy 
is summarized in Figure 1.

https://medwinpublishers.com/OAJE/


Open Access Journal of Endocrinology
3

Joseph S, et al. Innovative Ways of Treating Diabetic Peripheral Neuropathy in the United 
States: A Narrative Review. J Endocrinol 2022, 6(1): 000173.

Copyright©  Joseph S, et al.

AGE: advanced glycation end products; RAGE: AGE receptors; NAD+ or NADH+: nicotinamide adenine dinucleotide; NADP 
or NADPH: nicotinamide adenine dinucleotide phosphate; ROS: reactive oxygen species; RNS: reactive nitrogen species; O2: 
oxygen; O2-: oxygen superoxide anion; H : hydrogen cation; H2O2: hydrogen peroxide; H2O: water; PIP2: phosphatidylinositol 
4,5-bisphosphate; IP3: inositol 1,4,5-triphosphate; DAG: diacylglycerol; JAK2: Janus kinase; STAT1: signal transducer and 
activator of transcription; PI3K: phosphoinositide-3-kinase; Akt or PKB: protein kinase B; MAPK: mitogen-activated protein 
kinase; ERK: extracellular signal-regulated kinase
Figure 1: Pathophysiology of diabetic peripheral neuropathy.

Current Treatment

The current approach to treatment of diabetic 
neuropathy focuses on three main aspects: glycemic control, 
lifestyle modifications and management of neuropathic pain 
[24].

Glycemic Control

Since the defining feature of diabetes is high blood glucose 
level, tight glycemic control is of paramount importance 
to the success of the treatment. Glycosylated hemoglobin 
- also known as hemoglobin A1c (HbA1c) - estimates the 
average blood glucose level over the past three months, and 
is currently the standard way to measure patient’s glycemic 
control as well as to calculate the risk for complications [25].

Lifestyle Modifications

The purpose of lifestyle modifications for a diabetic 
patient is to develop good and healthy habits and to eliminate 
bad and damaging ones, thus reducing the risk for potential 
complications as well as helping the body to repair and heal 
itself. Nutrition, physical activity, weight loss and cessation 
of damaging substances are main components of lifestyle 
modifications.

Nutrition: Balanced diet is important for maintaining normal 
blood glucose level, and thus essential in management of 
diabetes. Eating more non-starchy vegetables (e.g., green 
beans, spinach and broccoli), consuming less added sugars 
and refined grains (e.g., pasta, white bread and rice), focusing 
on whole foods instead of processed ones (e.g., canned fruits 
and vegetables, luncheon meals and cookies), and having 
smaller portions at higher frequencies are the principal 
aspects of a healthy diet [26]. Vitamins and supplements 
may also be added to the diet for additional benefit. For 
example, several studies have observed some improvements 
of neuropathic symptoms in diabetic patients with the use 
of alpha-lipoic acid (ALA) - an antioxidant [27,28]. However, 
United States Food and Drug Administration (U.S. FDA) does 
not yet support the use of this drug for the treatment of 
diabetic neuropathy. Thiamine and its synthetic derivative 
benfotiamine is another example of a promising safe and 
cheap supplement to treat neuropathic symptoms in 
diabetic patients. Even though beneficial effects of thiamine 
in treating diabetic microangiopathy have been shown 
since 1996 [29,30], more recent studies have failed to show 
significant improvements in peripheral nerve function [31]. 
Because the evidence is currently inconclusive, benfotiamine 
is not considered to be the standard therapy for treating 
diabetic neuropathy. In conclusion, proper nutrition could be 
summarized in the following statement: consuming the right 
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sugars, proteins, fats, vitamins, minerals and trace elements 
in the right amounts at the right times. 
Physical Activity: Another key component of diabetes 
management is exercise. Multiple studies have highlighted 
several beneficial effects of physical activity on the body, 
such as increased sensitivity to insulin [32-35]. Induction of 
antioxidant defense systems Golbidi S, et al. [36], reduction 
in inflammatory markers, production of anti-inflammatory 
compounds and interleukins [37]. Improvement of 
neuropathic symptoms and even regeneration of peripheral 
nerves and increased nerve sensitivity [38,39].
Weight loss: The third major aspect of a successful diabetes 
treatment is weight loss. Obesity has become a worldwide 
epidemic WHO [40], and excess fat deposition throughout 
the body has been directly linked with hyperinsulinemia and 
development of diabetes mellitus type 2 [41]. In particular, 
it has been shown that visceral fat is metabolically active 
and produces a range of adipose-specific cytokines as well 
as pro-inflammatory cytokines that contribute to insulin 
resistance [42]. This is why strategic use of weight loss in 
diabetic patients has been recommended by The American 
Diabetes Association (ADA), The American Association of 
Clinical Endocrinologists (AACE) and The American College 
of Endocrinology (ACE) [43,44].
Cessation of Damaging Substances: The final component of 
lifestyle modifications that assists in the treatment of diabetic 
peripheral neuropathy is elimination of substances that 
are damaging to vascular and neuronal tissues. It has been 
confirmed by multiple studies that smoking, for example, 
causes the development of both macro and microvascular 
complications as well as directly damages insulin producing 
cells of the pancreas by increasing inflammatory and 
oxidative stress to the tissues [45]. Excessive consumption 
of alcohol also induces oxidative stress in the vasculature 
by increasing production of free radicals as well as making 
the cells more susceptible to other stressors [46]. Illicit 
drugs, such as cocaine, have also been shown to exhibit 
vascular toxicity by causing profound vasoconstriction, 
endothelial damage, blood clot formation and elevation 
of pro-inflammatory cytokines [47]. As mentioned earlier, 
prolonged hyperglycemia causes damage to the blood 
vessels and peripheral nerves, so cessation of substances 
that negatively affect the same tissues would make sense for 
the management of the diabetic peripheral neuropathy.

Management of Neuropathic Pain

Neuropathic pain is one of the most common 
complications of diabetes. Pain management in such 
situations is quite challenging, however, there is a general 
agreement regarding the best pharmacological approach.
First-Line Medications: The following three drug classes 
are recommended as the first-line therapy: anticonvulsants, 
serotonin and norepinephrine reuptake inhibitors (SNRIs) 

and tricyclic antidepressants (TCAs) [24,48].

Anticonvulsants, such as Gabapentin or Pregabalin, 
work by selectively inhibiting voltage-gated Ca++ channels 
containing the alpha-2-delta-2 subunit, decreasing the 
synaptic release of several neurotransmitters and, as a 
result, interfering with pain signal transmission [49,50]. As 
the name suggests, serotonin and norepinephrine reuptake 
inhibitors, such as Duloxetine or Venlafaxine, work by 
inhibiting reuptake of serotonin and norepinephrine, leading 
to increased concentrations of those neurotransmitters in 
the synaptic cleft. Norepinephrine exhibits analgesic effect 
by binding with alpha-2-adrenergic receptors in the dorsal 
horns of the spinal cord. Those receptors are coupled with 
the inhibitory G protein, which inhibits voltage-gated Ca++ 
channels in the presynaptic membrane. This impedes the 
flow of Ca++ through the membrane, which inhibits the 
release of excitatory neurotransmitters into the synaptic 
cleft [51]. Tricyclic antidepressants, such as Amitriptyline, 
act by blocking reuptake of norepinephrine and serotonin by 
the presynaptic terminal, leading to accumulation of these 
neurotransmitters in the synaptic cleft [52]. As described 
earlier, norepinephrine accumulation leads to analgesic 
effect in the spinal cord.
Second-Line Medications: The only medication that 
is recommended as a second-line for management of 
neuropathic pain is Tramadol. Tramadol is a selective agonist 
of opioid mu receptors, activation of which in the midbrain 
leads to formation of descending inhibitory impulses to the 
pain carrying neurons of the dorsal horns. Tramadol also 
inhibits reuptake of serotonin and norepinephrine just like 
SNRIs or TCAs [53,54].
Third-Line Medications: Third-line treatments are 
reserved for patients who were not able to achieve adequate 
pain control with more conventional medications, and are 
primarily comprised of strong opioids, anticonvulsants 
other than gabapentinoids and cannabinoids. Analgesic 
effects of strong opioids, such as Morphine and Oxycodone, is 
achieved through stimulation of mu receptors in the central 
nervous system54. Cannabinoids, such as Nabiximol, work 
by stimulating cannabinoid receptors type 1 (CB1) and type 
2 (CB2). Activation of the CB1 receptors at the presynaptic 
terminal results in inhibited of the voltage-gated Ca++ 
channels, which subsequently leads to decreased release of 
neurotransmitters and inhibition of pain transmission [55].
Additional Approaches: Some patients may require more 
special approaches to pain management. However, those 
treatment methods have various degrees of success among 
patients. Carbamazepine, for example, is used for trigeminal 
neuralgia. It works by blocking voltage-gated Na+ channels, 
which leads to inhibition of action potential and decreased 
propagation of pain signals [56]. Localized neuropathic 
pain could be treated by topical agents, such as Lidocaine or 
Capsaicin, or by subcutaneous injections of botulinum toxin.
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Just like Carbamazepine, Lidocaine exhibits its analgesic 
effect by blocking voltage-gated Na+ channels [57]. Capsaicin, 
on the other hand, works as an agonist to the transient 
receptor potential vanilloid 1 (TRPV 1), which serves as 
a transmembrane Ca++ channel. Capsaicin also binds with 
receptors at the endoplasmic reticulum, allowing Ca++ to flow 
into the cytoplasm. Increased concentration of Ca++ in the 
cytoplasm inactivates Na+ channels, interfering with action 
potential propagation, reducing neuronal responsiveness 
and muting the pain stimuli in the short term. Excess Ca++ 
also activates proteases, which cause the breakdown 
of cytoskeleton, interrupting fast axonal transport of 
neurotransmitters and contributing to an anesthetic effect in 
the medium term. At higher concentrations capsaicin directly 
inhibits electron transport chain by competing with one of its 
important components - ubiquinone. Due to mitochondrial 
damage proper metabolism cannot be maintained in the 
nerve endings of the skin where capsaicin has been applied, 
leading to nerve fiber retraction. This is the mechanism of 
the long term pain relief [58].

Botulinum toxin is a neurotoxin that works by blocking 
presynaptic release of acetylcholine at the neuromuscular 
junction, causing temporary muscle paralysis. Its pain 
modulating effect is not well understood, however, it is 
hypothesized that it comes from impairing the release of 
substance P, glutamate, calcitonin gene-related peptide, 
somatostatin, serotonin, ATP and bradykinin [59,60].

Another approach to management of neuropathic pain 
is the use of transcutaneous electrical nerve stimulation 
(TENS). This procedure works by placing small electrodes 
on the skin and passing electrical impulses through them. 
This stimulates large diameter A-beta sensory afferent nerve 
fibers, which leads to inhibition of small pain fibers of the 
same dermatome by stimulation of gamma-aminobutyric 
acid (GABA) and opioid receptors in the dorsal horns of the 
spinal cord, preventing the pain signals from reaching the 
brain [61,62].

Recently, pain management providers have become more 
adept at injecting specific nerve tracts to provide pain relief. 
These treatments have included steroids Wong F, et al. [63], 
analgesics and sclerosing agents64 to affect the nerve. There 
has been varying degrees of success with these techniques, 
and many diabetic patients have not had the same results as 
non-diabetic patients with these interventions [65,66].

New Frontiers

As discussed earlier, prolonged state of hyperglycemia 
causes nerve fibers to suffer oxidative and nitrosative stress, 
edema, inflammation, demyelination and ischemia, resulting 
in diabetic peripheral neuropathy. Tapping into the very 

physiology that causes such a debilitating complication 
of diabetes, several new treatment methods have been 
developing over the past several years that strive to not only 
slow down the progression of the neuropathy but to reverse 
it.

Hyperbaric Oxygen Therapy

The first treatment method is the use of hyperbaric oxygen 
therapy (HBO). HBO has been used for many generations 
as a treatment for arterial gas embolism, severe carbon 
monoxide poisoning, smoke inhalation and decompression 
sickness in divers and pilots [67]. The patient is placed in a 
chamber which is pressurized using 100% O2. This increases 
plasma oxygen concentration twenty-fold, raising tissue-
cellular diffusion gradient, which improves cellular oxygen 
supply [67]. Tissue hyperoxia stimulates collagen matrix 
formation, which is essential for angiogenesis and wound 
healing [67]. Excess O2 causes arteriolar vasoconstriction, 
which decreases tissue edema without causing hypoxia [68]. 
Increased partial pressure of O2 in the tissues also leads to 
reduction of inflammatory mediators and cytokines [69]. 
HBO has been the standard of care for patients with diabetic 
foot ulcers, and has prevented amputations in many of these 
patients [70-72]. After the treatment, many patients have 
also reported an improvement in their sensations. Those 
results have not been all positive however, as some have 
noted an increased pain in the wound [73]. Those findings 
could be due to enhanced angiogenesis stimulated by the 
treatment or could be a direct effect of the treatment on 
the pathological nerves in the region. Further research is 
necessary to elucidate the effectiveness of this treatment on 
diabetic neuropathy.

Angiogenesis Stimulating Agents

As mentioned, nerve ischemia is one the major reasons 
for diabetic peripheral neuropathy. In an attempt to slow 
down progression of this process and reverse nerve damage 
new cutting-edge technologies that promote angiogenesis 
have been developing.
Bone Marrow-Derived Cells: One of those potential 
therapies focuses on the use of bone marrow-derived 
mononuclear and endothelial progenitor cells. Those cells 
contain angiogenic and neurotrophic cytokines that promote 
neural neovascularization [74]. Vascular endothelial growth 
factor (VEGF) is one of the main angiogenic cytokines that 
promotes proliferation and migration of endothelial cells 
in the ischemic tissues [75]. It also enhances Schwann 
cell proliferation and migration Schratzberger P, et al. 
[76], and facilitates axonal outgrowth [77]. Insulin-like 
growth factor (IGF) promotes blood vessel remodeling 
[78], nerve regeneration [79,80]. Schwann cell mitogenesis 
and myelination [81]. Nerve growth factor (NGF) induces 
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angiogenesis [82], and also has neuroprotective and repair 
functions [83]. A study, published in 2009, was successfully 
able to demonstrate increased capillary density and blood 
supply in the nerves of diabetic mice [84]. Clinical trials are 
being conducted in order to determine if similar effects could 
be achieved in humans.
Human Amniotic Fluid Derived Cells: Another novel 
approach to the treatment of diabetic neuropathy is the 
use of human amniotic fluid derived mesenchymal stem 
cells (hAFMSCs) [85]. Those cells express features of 
both mesenchymal and neural stem cells, secrete various 
neurotrophic factors [86,87], modulate inflammatory 
processes Pan HC, et al.  [88], and are able to cause peripheral 
nerve regeneration. Animal studies were successful in 
showing nerve regeneration in diabetic mice Chiang CY, et al. 
[85], and human trials are under way.
Human Placenta and Placental Derivatives: The third 
possible path to treat diabetic neuropathy revolves around 
the use of human placenta and placental derivatives [89]. 
Placental extracts, for example, contain cells that express 
VEGF - a potent growth factor - functions of which were 
discussed earlier. Several studies have demonstrated their 
positive effect on the nerve regeneration in mice [90]. 
Clinical trials are currently being conducted to determine 
their usefulness in treating diabetic neuropathy in humans.

Conclusion

Peripheral neuropathy is a debilitating complication of 
diabetes that affects many patients, and it manifests itself 
in chronic pain and loss of sensations. Current treatment 
approaches primarily focus on pain management aspect 
with various degrees of success. Over the years, however, 
our understanding of the mechanisms underlying the 
development of diabetic neuropathy has advanced. Based on 
this knowledge, new treatment techniques and approaches 
have been developing that aim to address one of the primary 
causes of diabetic neuropathy - nerve ischemia. On the 
cutting edge of this development are such techniques as 
hyperbaric oxygen therapy and angiogenesis stimulating 
agents that aim not only to slow down the progression of 
nerve degeneration, but to facilitate its regeneration. While 
those techniques are still in their infancy, they have already 
showed promising results, and represent a major step in the 
treatment of patients with diabetic neuropathy.
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