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Metabolic Mechanisms in Diabetic 
Neuropathy

Mark Yorek

1	� Introduction

Diabetic peripheral neuropathy is a heterogenous 
condition that can manifest as many different 
symptoms and are the most common complica-
tions of diabetes mellitus with an estimated prev-
alence ranging up to 50% and possibly higher 
depending on the diagnostic criteria, whether the 
subjects have type 1 or type 2 diabetes and dura-
tion of diabetes [1–3]. Diabetic peripheral neu-
ropathy affects both sensorimotor and autonomic 
parts of the peripheral nervous system [1]. The 
most common clinically recognized form is dia-
betic distal symmetric sensorimotor polyneurop-
athy which is characterized by the progressive 
loss of nerve fibers, both large and small [1, 4]. In 
this progressive disorder the most distal nerve 
segments of the feet and hands are affected first 
and involve retraction of terminal sensory axons 
in the periphery with relative preservation of the 
perikarya. This phenomenon is often referred to 
as “dying back syndrome” or the “stocking and 
glove” pattern reflects damage to the longest sen-
sory axons first and thus is considered a length-

dependent neuropathy [4, 5]. This decrease in 
sensory perception is the most common and ear-
liest form of diabetic peripheral neuropathy and 
is gradual with symptoms of tingling, pain, and 
loss of sensation in the toes [6, 7]. Clinical evi-
dence of motor dysfunction is less prevalent with 
only 1–6% of diabetic patients displaying clinical 
symptoms and generally occurs in patients with 
established diabetic peripheral neuropathy [7]. A 
decrease in motor nerve conduction velocity 
early in diabetic animal models is a common 
finding but there is also evidence in animal mod-
els and humans of a decrease in compound mus-
cle action potential amplitudes and reduced 
muscle strength but this has been much less stud-
ied in the pre-clinical or clinical setting [7, 8]. 
The Diabetes Control and Complications Trial 
(DCCT) and United Kingdom Prospective 
Diabetes Study (UKPDS) that focused on type 1 
and type 2 diabetes, respectively, demonstrated 
that hyperglycemia is an important contributing 
factor to the onset and progression of nerve dam-
age especially in those subjects with type 1 dia-
betes [9, 10]. However, other reports/studies have 
shown that good glycemic control provides little 
benefit in towards peripheral neuropathy in those 
with type 2 diabetes and recent evidence also 
suggests that small nerve fiber damage occurs in 
individuals with impaired glucose tolerance, 
independent of chronic hyperglycemia, and the 
diagnosis of diabetes [11–14]. Thus, other condi-
tions, in addition to hyperglycemia, must contrib-
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ute to the onset and progression of diabetic 
peripheral neuropathy in subjects with type 2 dia-
betes. Because of the multiple clinical manifesta-
tions associated with diabetic peripheral 
neuropathy that can include pain in 15–30% of 
diabetic patients with neuropathy determining 
the pathophysiology and therapy for diabetic 
neuropathies is challenging [15].

Studies using animal models of both type 1 
and type 2 diabetes have resulted in the 
identification of wide array of pathological 
mechanisms as contributing to diabetes periph-
eral neuropathy. Diabetic peripheral neuropathy 
has been described by some investigators to be a 
disease of the vasculature leading to nerve isch-
emia and altered nerve function [16–20]. Other 
investigators have proposed that diabetic periph-
eral neuropathy is caused by a combination of 
metabolic defects associated with an increased 
flux of glucose through the aldose reductase 
pathway leading to a defect in Na+/K+-ATPase 
and protein kinase C activities and an alteration 
of signal transduction pathways in the nerve 
[21, 22]. Additional pathologic contributors to 
diabetic peripheral neuropathy have been 
reported to include increased formation of 
advanced glycation endproducts, hexosamine 
pathway dysregulation, reduced neurotrophic 
support, increased inflammatory, and oxidative 
stress and dyslipidemia [23, 24]. Overall, these 
mechanisms and likely others cause damage to 
neurons, Schwann cells, and the vasculature. 
Ultimately, relentless damage to the nerve com-
plex and surrounding vasculature leads to dia-
betic peripheral neuropathy. Given the complex 
etiology of diabetic peripheral neuropathy a 
successful treatment will likely require a combi-
nation of early detection, lifestyle changes, and 
pharmaceutical interventions targeting the 
mechanisms deemed most responsible for the 
pathogenesis. Before this can occur additional 
studies are needed to determine the most rele-
vant and targetable causes of diabetic peripheral 
neuropathy.

The present review will focus on a number of 
the mechanisms introduced above with an 
emphasis on those impacted by metabolic 
dysregulation.

2	� Role of Aldose Reductase 
and Polyol Pathway

The polyol pathway is catalyzed by two enzymes. 
Aldose reductase, the first enzyme of this path-
way, is believed to have a primary role in early 
metabolic damage to peripheral nerves [25]. In 
this initial step glucose is reduced to sorbitol by a 
reaction that requires NADPH, which indirectly 
contributes to an increase in oxidative stress. The 
second step is the oxidation of sorbitol to form 
fructose a reaction catalyzed by NAD-dependent 
sorbitol dehydrogenase (see Fig. 1). During peri-
ods of excess glucose such as diabetes tissues 
independent of insulin for glucose transport 
accumulate glucose intracellularly leading to an 
increased metabolism of glucose by this pathway 
and the accumulation of sorbitol causing osmotic 
stress and a decrease the intracellular levels of 
myo-inositol and taurine. The decrease in myo-
inositol and taurine occurs in response to the 
excess intracellular accumulation of the osmolyte 
sorbitol and is referred to the compatible osmo-
lyte hypothesis (to be discussed below). Other 
negative consequences of this pathway when 
activated are the excess generation of fructose, 
which is a more potent glycation agent than glu-
cose leading to an increase in glycative stress.

The polyol pathway remains an interesting 
therapeutic target for the treatment of diabetic 
peripheral neuropathy even though early clinical 
trials were unsuccessful in achieving meaningful 
improvement in human subjects in spite of wide 
spread success of pre-clinical studies [25–27]. 
Pre-clinical studies with a variety of diabetic ani-
mal models using multiple approaches including 
inhibitors of both aldose reductase and sorbitol 
dehydrogenase and gene and dietary manipula-
tion have provided overwhelming evidence of an 
important role for this pathway in diabetes com-
plications including peripheral neuropathy. In 
rodent studies a wide variety of aldose reductase 
inhibitors have been shown to improve multiple 
endpoints associated with diabetic peripheral 
neuropathy. In this article I will focus on results 
from pre-clinical and clinical studies performed 
with three different aldose reductase inhibitors; 
sorbinil, epalrestat and ranirestat.
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Fig. 1  Illustration of polyol pathway with blue ovals representing conditions that contributes to diabetic peripheral 
neuropathy

Sorbinil was one of the earliest aldose reduc-
tase inhibitors to undergo extensive pre-clinical 
and clinical studies for diabetic peripheral neu-
ropathy. In studies with type 1 diabetic rats 
treated with streptozotocin treatment with 
sorbinil prevented as well as reversed defective 
axonal transport and slowing of motor nerve con-
duction velocity [28, 29]. Sorbinil treatment also 
normalized myo-inositol levels in the sciatic 
nerve in these studies. Another group of investi-
gators demonstrated that treating streptozotocin-
induced diabetic rats with sorbinil corrected both 
motor and sensory nerve conduction velocity as 
well as endoneurial nutritive blood flow of the 
sciatic nerve, metabolic abnormalities that 
included the NAD+/NADH redox imbalance and 
energy deficiency and improved oxidative stress 
[30]. Cameron et  al. [31] in studies also using 
streptozotocin-diabetic rats demonstrated that 
sorbinil treatment protected axon growth 
retardation.

In early studies of the sciatic nerve untreated 
diabetic rats were found to have a decrease in 

Na+/K+ ATPase activity and myo-inositol con-
tent that was corrected following sorbinil treat-
ment [32, 33]. All these studies reported that 
sorbinil treatment reduced tissue sorbitol levels. 
These studies led to the compatible osmolyte 
hypothesis that stated myo-inositol depletion and 
abnormal signaling by inositol phospholipids 
contribute to a decrease in Na+/K+ ATPase activ-
ity in the sciatic nerve, which generates the trans-
membrane sodium and potassium potentials 
necessary for nerve impulse conduction and the 
sodium gradient needed for sodium-dependent 
uptake of substrates [32]. The compatible osmo-
lyte hypothesis was derived from studies demon-
strating that sorbitol accumulation caused by 
hyperglycemia/diabetes and activation of the 
polyol pathway leads to a corresponding decrease 
in myo-inositol and taurine levels in peripheral 
nerves [34]. The diabetes-induced decrease in 
myo-inositol and taurine in peripheral nerves was 
preventable by treatment with an aldose reduc-
tase inhibitor such as sorbinil that prevented the 
increase in sorbitol [35, 36]. This hypothesis as 
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being a contributing factor to peripheral neuropa-
thy is supported by additional studies demon-
strating the replenishing myo-inositol or taurine 
through the diet partially reversed slowing of 
motor nerve conduction velocity in diabetic rats 
[34, 37, 38]. Using another approach my labora-
tory has shown that treating rats with a diet con-
taining a high concentration of l-fucose caused a 
slowing of nerve conduction velocity and 
decrease sciatic nerve Na+/K+ ATPase activity 
and myo-inositol content [39]. l-Fucose is a 
potent competitive inhibitor of myo-inositol 
transport by neural and endothelial cells [40–42]. 
Restoring myo-inositol levels through the diet of 
rats fed the l-fucose diet restored nerve function 
and Na+/K+ ATPase activity [39]. My laboratory 
has also demonstrated that treating streptozotocin-
induced diabetic rats with sorbinil or myo-inositol 
improved endoneurial blood flow, motor nerve 
conduction velocity, and vascular function of epi-
neurial arterioles of the sciatic nerve [43]. The 
ladder finding is important because we had previ-
ously demonstrated that decrease of vascular 
relaxation to acetylcholine by epineurial arteri-
oles precedes the slowing of nerve conduction 
velocity indicating that vascular dysregulation is 
a contributing factor to diabetes-induced nerve 
dysfunction [44]. Adding to the theory that myo-
inositol depletion contributes to diabetic periph-
eral neuropathy a recent study has demonstrated 
that mRNA and protein expression of myo-
inositol cotransporters in the sciatic nerve are sig-
nificantly decreased in experimental diabetes 
[45].

Other animal studies that lend support of the 
accumulation of polyols causing slowing of 
motor nerve conduction velocity are galactose 
fed rats. Feeding rats a diet enriched with galac-
tose leads to a large accumulation of the polyol, 
galactitol and slowing of motor nerve conduction 
velocity [46]. Interestingly in this study the 
authors were not able to demonstrate a decrease 
in sensory nerve conduction velocity with galac-
tose intoxication. In contrast, in streptozotocin-
induced diabetic rats both motor and sensory 
nerve conduction velocity was decreased in this 
study [46]. The effects of galactose intoxication 
on polyol accumulation and myo-inositol deple-

tion are prevented by and aldose reductase inhibi-
tor [47, 48]. Studies have also been done using an 
inhibitor of sorbitol dehydrogenase the second 
enzyme in the polyol pathway that converts sor-
bitol to fructose (see Fig. 1). In those studies it 
has been found that blocking sorbitol’s conver-
sion to fructose exacerbated sympathetic auto-
nomic neuropathy in streptozotocin-induced 
diabetic rats and Zucker diabetic rats [49, 50]. 
The effects of the sorbitol dehydrogenase inhibi-
tor were prevented by the addition of sorbinil. 
Lastly, in mice overexpressing human aldose 
reductase compared to wild type mice the induc-
tion of diabetes using streptozotocin caused a 
significantly greater increase in sorbitol and fruc-
tose in peripheral nerves even though both sets 
mice had comparable levels of hyperglycemia 
[51]. Both the diabetic wild type and aldose 
reductase transgenic mice had defective nerve 
conduction velocities but this was significantly 
more severe in the diabetic aldose reductase 
transgenic mice. Treating these mice with an 
aldose reductase inhibitor significantly prevented 
the accumulation of sorbitol and slowing of nerve 
conduction velocity [51]. In contrast, studies of 
diabetes in mice deficient in aldose reductase 
revealed significantly lower levels of sorbitol 
compared to diabetic wild type mice and protec-
tion from slowing of nerve conduction velocities 
[52]. Furthermore, aldose reductase deficiency in 
diabetic mice significantly reduced several mark-
ers of oxidative stress that were significantly 
increased in diabetic wild type mice [52].

The effect of sorbinil has also been exten-
sively studied in human subjects with diabetes. 
The design of these studies varied as did the num-
ber of subjects enrolled, treatment period, dose, 
duration, and endpoints examined. Many of the 
clinical studies conducted with sorbinil were lim-
ited to a small number of subjects and duration of 
treatment of a year or less. The results from these 
studies were mixed with some studies reporting a 
significant improvement in nerve conduction 
velocity and axonal atrophy [53–55] while other 
studies reported limited to no benefit [56–58]. 
The results from these trials was summarized 
nicely by Pfeifer et  al. [59] stating that “future 
trials should be designed with adequate statistical 

M. Yorek



257

power, with consideration of the variability of the 
endpoint measurements for long enough dura-
tion, and with rigorous quality control to defini-
tively confirm the utility of aldose reductase 
inhibitors in the treatment of diabetic distal sym-
metrical polyneuropathy and autonomic neurop-
athy.” This review was written in 1997 and the 
same problems are still a challenge for adequate 
clinical trials for diabetic peripheral neuropathy 
in 2021.

Epalrestat is another aldose reductase inhibi-
tor that has an extensive history but unlike 
sorbinil it is being used clinically for treatment of 
diabetic peripheral neuropathy primarily in Japan 
and recent pre-clinical and clinical studies pro-
vide evidence that it may also be beneficial for 
diabetic nephropathy [60–62]. In pre-clinical 
studies conducted in rats using a combination of 
a high fat and high carbohydrate diet followed by 
a low dose of streptozotocin, a model for type 2 
diabetes, it was found that epalrestat treatment 
protected the diabetic rats from peripheral neu-
ropathy through inhibition of the polyol pathway 
and by alleviating oxidative stress [63]. Results 
from several clinical studies report that epalrestat 
treatment of 150 mg/day may improve motor and 
sensory nerve conduction velocity and subjective 
neuropathy symptoms with minimal side effects 
[62, 64].

In collaboration with the Obrosova laboratory 
we have also demonstrated that inhibition of 
aldose reductase with fidarestat of type 1 diabetic 
rats attenuates oxidative-nitrosative stress and 
activation of poly(ADP-ribose) polymerase while 
improving multiple endpoints associated with 
diabetic peripheral neuropathy [65]. This ener-
gized studies in my laboratory to examine the 
effect of the combination of α-lipoic acid, an 
antioxidant, and fidarestat on vascular and neural 
complications in a type 1 diabetic rat model [66]. 
The results from this study demonstrated that the 
combination therapy of α-lipoic acid and fidares-
tat was more efficacious in preventing diabetes-
induced vascular and neural dysfunction than 
monotherapy that required higher doses to be 
equally effective. Our studies attributed this to 
the combination therapy allowing for the 
increased conversion of α-lipoic acid to the more 

effective antioxidant dihydrolipoic acid, which 
provides a greater protection from oxidative 
damage than does glutathione (GSH) (Fig.  2 
[67]). Fidarestat blocked aldose reductase activ-
ity thereby conserving NADPH levels, which 
were then available for the production of dihy-
drolipoic acid whose availability is important for 
the production of GSH [67]. Interestingly, several 
groups have reported that the combination of 
α-lipoic acid and epalrestat is better than mono-
therapy clinically for diabetic peripheral neurop-
athy and improvement of motor and sensory 
nerve conduction velocity [68, 69].

Ranirestat is one of the more recent aldose 
reductase inhibitors to be tested pre-clinically and 
clinically for diabetic peripheral neuropathy. 
Ranirestat is an uncompetitive/reversible inhibitor 
of aldose reductase [70]. In long-term studies 
with streptozotocin-diabetic rats ranirestat 
reduced sorbitol accumulation in the sciatic nerve 
and improved the decrease in motor nerve con-
duction velocity [71]. Treatment with ranirestat 
also prevented the deformity of myelinated fibers 
and the decrease in their axonal and myelin areas 
(atrophy) in sural nerves as well as the changes in 
the size frequency histogram of myelinated fibers 
[70]. In another independent study with a study 
design more relevant to clinical practice ranirestat 
treatment was started 12 weeks after the onset of 
hyperglycemia using streptozotocin-treated rats. 
At the time of treatment both motor and sensory 
nerve conductions were decreased and the 
untreated diabetic rats were hypoalgesic in 
response to a thermal stimulus [72]. Following 
only 6 weeks of treatment both motor and sensory 
nerve conduction was improved as was the foot 
withdrawal latency. Ranirestat treatment also 
improved the intraepidermal nerve fiber density. 
The authors of this study concluded that ranirestat 
has the potential for regeneration in the peripheral 
nervous system [72]. Ota et  al. [73] conducted 
studies evaluating the effect of ranirestat com-
pared to epalrestat treatment on peripheral neu-
ropathy and cataract formation in spontaneously 
diabetic torii rats. In this study they found that 
ranirestat and epalrestat prevented diabetic neu-
ropathy but only ranirestat prevented cataract for-
mation. There have been several clinical studies 
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Fig. 2  Lipoic acid (LA) and dihydrolipoic acid (DHLA) metabolism (modified from [67])

performed using ranirestat. Sekiguchi et al. [74] 
found that 52 weeks of treatment with ranirestat 
(40  mg/day) was well tolerated and improved 
nerve conduction velocity but was not able to 
detect any improvement in symptoms and signs. 
In two separate studies led by Dr. Vera Bril with 
ranirestat treatment for up to 52–60 weeks with 
dosing at 20–40  mg/day it was found treatment 
improved motor nerve conduction velocity and 
sensory nerve conduction velocity in one study 
but not the other [74, 75]. In both studies ranires-
tat was reported to be well tolerated with no dif-
ferences compared to placebo in adverse events. 
Ranirestat is the furthest advanced aldose reduc-
tase inhibitor for clinical trials except for epalres-
tat and reproducibly exhibits some degree of 
measurable objective beneficial outcomes [76]. 
Its favorable safety profile makes it an attractive 
choice for further exploration.

3	� Non-enzymatic Glycation

Another common pathway that was recognized 
early to contribute to diabetic peripheral neurop-
athy was non-enzymatic glycation and the forma-
tion of advanced glycation endproducts. 
Advanced glycation endproducts are created 
from non-enzymatic reactions of reducing sugars 

such as glucose or fructose with free amino 
groups of proteins, lipids, or nucleic acids to ini-
tially form Schiff bases or Amadori adducts that 
in the early stages are reversible (Fig. 3) [77–79]. 
Overtime these products continue to undergo 
reactions that include dehydration, fragmenta-
tion, and cross-linking to form irreversible 
advanced glycation endproducts [77]. The accu-
mulation of these compounds is associated with 
many disease states including diabetes. Their 
accumulation causes structural damage to tissues 
and organs including components of peripheral 
nerves such as Schwann cells and cytoskeletal 
proteins; tubulin, neurofilaments, and actin [80, 
81]. The accumulating damage to these tissues 
culminates in abnormal nerve function including 
slowed axonal transport, atrophy and degenera-
tion, and slowing of nerve conduction velocity 
[77, 82]. Advanced glycation endproducts can 
also indirectly affect peripheral nerves by alter-
ing vascular structure and function and ultimately 
affecting blood flow causing localized ischemia. 
Advanced glycation endproducts can also elicit 
their effects through binding of the receptor for 
advanced glycation endproducts (RAGE) [83]. 
RAGE is expressed in endothelial cells and 
Schwann cells [84]. Activation of RAGE has 
been shown to stimulate NF-κB and increase oxi-
dative stress [85–87]. Advanced glycation end-
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Fig. 3  Pathogenic mechanisms associated with non-enzymatic glycation (modified from [77])

products have also been shown to induce 
basement membrane hypertrophy in endoneurial 
microvessels and disrupt the blood-nerve barrier 
[88]. In epineurial arterioles, resistance size 
blood vessels that provide circulation to the sci-
atic nerve, endothelium-dependent vascular 
relaxation is mediated in part by acetylcholine 
via nitric oxide generating mechanism important 
for regulating endoneurial blood flow [89]. We 
and others have demonstrated that endoneurial 
blood flow is improved with inhibitors of 
advanced glycation endproduct formation as well 
as oxidative stress; thereby linking these two 
potential mechanisms of diabetes vascular and 
neural complications [43, 90]. Studies with mice 
deficient in RAGE and use of a competitive decoy 
for advanced glycation endproducts, soluble 
RAGE (sRAGE), have contributed to our under-
standing of the role of advanced glycation end-
products may have in the development of diabetic 
peripheral neuropathy [91–93]. In diabetic 
RAGE-null mice nerve conduction velocity was 
improved as was nerve generation compared to 
diabetic wild type mice [94, 95]. Also, treating 

diabetic wild type mice with sRAGE with the 
intent to sequester RAGE ligands also improved 
diabetic peripheral neuropathy [95]. Interestingly, 
it has been shown that RAGE is expressed in 
about 30% of all nerve fibers in normal, healthy 
human subjects, and expression is higher in those 
subjects with peripheral neuropathy [96].

The studies above imply that molecules that 
may inhibit the action of advanced glycation end-
products may be effective approach for treatment 
of diabetic peripheral neuropathy. One of the ear-
lier compounds used to inhibit the effects of 
advanced glycation endproducts was aminogua-
nidine. Several laboratories including my own 
have shown that treating diabetic rats with ami-
noguanidine improve peripheral neuropathy with 
mechanisms contributing to inhibition of free 
radical formation and improvement in vascular 
function [22, 43, 97–101]. Pyridoxamine and 
analogues have also been shown to be effective 
inhibitors of advanced glycation endproduct for-
mation and treatment for diabetes complications 
including diabetic peripheral neuropathy [90, 
102, 103].
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Much like the study of the polyol pathway in 
animal models of diabetes there is considerable 
support from pre-clinical studies with diabetic 
rodents for a pathologic role of advanced glyca-
tion endproducts in the development and progres-
sion of diabetic peripheral neuropathy. 
Unfortunately, there have been few clinical trials 
testing the effects of inhibitors of advanced gly-
cation endproducts on diabetic peripheral 
neuropathy.

4	� Hexosamine and Protein 
Kinase C

The hexosamine pathway contributes to an 
increase in oxidative stress and has been impli-
cated in the pathogenesis of diabetes complica-
tions including diabetic peripheral neuropathy 
[104]. Under conditions of elevated intracellular 
glucose and flux into glycolysis, excess, fructose-
6-phosphate is diverted from glycolysis to pro-
duce glucosamine-6-phosphate, which in turn 
converts into uridine diphosphate-N-acetyl glu-
cosamine, a substrate for the formation of proteo-
glycans and other glycoproteins [105]. The 
diphosphate-N-acetyl glucosamine can also 
increase glycosylation of proteins such as endo-
thelial nitric oxide synthase causing impaired 
enzyme activity, reduced formation of nitric oxide 
and vascular dysfunction [106]. It is not entirely 
clear what kinds of peripheral nerve proteins may 
be modified by the hexosamine pathway during 
diabetes, although there is emerging evidence that 
imbalances in the glycolated state of nervous sys-
tem proteins is associated with neurodegenerative 
disease [107]. One of the more promising treat-
ments based on animal studies of the hexosamine 
pathway is benfotiamine, a fat-soluble derivative 
of thiamine [108]. In diabetic rats benfotiamine 
was found to relieve inflammatory and neuro-
pathic pain [109]. In a phase III trial clinical trial 
of 165 patients with symmetrical, distal diabetic 
polyneuropathy benfotiamine treatment for 
6 weeks reported a significant improvement in the 
Neuropathy Symptom Score with best results 
obtained with the high dose according to pain 
patient-reported symptoms [110].

Protein kinase C (PKC) is another potential tar-
get for diabetic peripheral neuropathy treatment. 
Protein kinase C comprises a superfamily of iso-
enzymes, many of which are activated by 1,2-dia-
cylglycerol (DAG) [111]. Increased PKC activity 
is another pathogenic mechanism that has been 
linked to diabetic vascular disease via animal stud-
ies using PKC inhibitors. In the vasculature 
increased production of diacylglycerol (DAG) 
leads to activation of PKC isoforms (α, β1 and 2, 
δ) [111]. Increased PKC activity has been associ-
ated with changes in blood flow, basement mem-
brane thickening, extracellular matrix expansion, 
increased vascular permeability, and changes in 
enzyme activities including Na+-K+ ATPase, phos-
phatidylinositol 3-kinase, and mitogen activated 
protein kinase [111]. In the nerve DAG levels are 
decreased with diabetes and no consistent change 
in activity of PKC isoforms has been observed 
[111, 112]. Nonetheless, inhibition of PKC β of 
diabetic rats has been reported to correct reduced 
nerve blood flow and slowing of nerve conduction 
velocity suggesting a major role of the neurovas-
culature in diabetic peripheral neuropathy [111, 
113–115]. This is further supported by studies 
showing that treatment of diabetic rats with a 
PKCβ inhibitor also improved vascular dysfunc-
tion of mesenteric arteries to acetylcholine [115]. 
Furthermore, the benefits of PKC inhibition on 
nerve blood flow and nerve conduction velocity 
were attenuated by a nitric oxide synthase inhibi-
tor [116]. Studies of diabetic peripheral neuropa-
thy in human subjects treated with a PKC β 
inhibitor, ruboxistaurin, for 6  months to 1  year 
reported mixed effects with improvement in skin 
microvascular blood flow in diabetes subjects with 
neuropathy but limited improvement in sensory 
symptoms, vibration detection threshold and 
Neuropathy Total Symptom Score-6 [117–119].

5	� Oxidative and Nitrosative 
Stress

Oxidative stress is a condition resulting from an 
imbalance between the generation of reactive 
oxygen species (ROS) and the ability of antioxi-
dant mechanisms to neutralize these compounds 
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[120]. The most common forms of ROS are 
superoxide (O2

−), hydrogen peroxide (H2O2), 
hydroxyl radical (OH−), and peroxynitrite 
(ONOO−) [121]. Enzymes and pathways located 
throughout the cell, including the plasma 
membrane, cytosol, mitochondria, and peroxi-
somes have the ability to generate these com-
pounds under both normal and pathological 
conditions [121]. Superoxide is the most biologi-
cally important ROS. It can be produced by the 
electron transport chain of the mitochondria, and 
by NADH oxidase, NAD(P)H oxidase, xanthine 
oxidase, cyclooxygenase, lipoxygenase, cyto-
chrome P-450, and, during periods of tetrahydro-
biopterin deficiency, by nitric oxide synthase 
[121]. Superoxide can spontaneously acquire an 
electron to form H2O2. The formation of H2O2 
from O2

− can also occur via a reaction catalyzed 
by superoxide dismutase (SOD) of which there is 
three isoforms: Mn-SOD, which is located in the 
mitochondria and two isoforms of Cu,Zn-SOD, 
which are located either in the cytosol or extra-
cellularly [121]. Hydrogen peroxide can be con-
verted to water by the action of catalase or by 
glutathione peroxidase in the presence of reduced 
glutathione [121]. However, in the presence of 
trace metals such as Fe, H2O2 can form OH− via a 
process known as the Fenton reaction [121]. The 
formation of ONOO−, which is the result of a 
reaction between O2

− and NO, is pathologically 
important in vascular disease and has been dem-
onstrated to be enhanced in diabetes [121, 122]. 
It is ONOO− that is responsible for much of the 
cytotoxicity of nitric oxide (NO) that contributes 
to nitrosative stress [123]. Peroxynitrite has a 
short half-life but is able to diffuse across cell 
membranes and depending on the cell environ-
ment can cause a nitrosylation of proteins, which 
generally reduces enzyme activity, oxidation of 
glutathione, an important antioxidant, and 
increased peroxidation of lipids [123].

As discussed above, endothelial dysfunction 
contributes significantly to diabetic vascular dis-
ease, which is an important factor in the develop-
ment of diabetic peripheral neuropathy. This is 
supported by studies such as Cameron and Cotter 
who demonstrated that reduced nerve perfusion 
is a contributing factor in the etiology of diabetic 

peripheral neuropathy [124]. Free radicals such 
as O2

− and OH− cause vascular endothelial dam-
age and reduced NO-mediated vasodilation. 
Inhibition of advanced glycosylation and autoxi-
dation, major sources of free radicals, by amino-
guanidine and transition metal chelators, or 
antioxidants and free radical scavengers have 
been demonstrated to improve the diabetes-
induced decrease in endoneurial blood flow and 
improve neural dysfunction such as slowed nerve 
conduction velocity [3, 124–132]. The endothe-
lium, via the release of vasodilators and vasocon-
strictors, controls the vascular tone. The three 
major factors produced by the endothelium that 
contribute to the regulation of vascular relaxation 
are NO, prostacyclin and the as yet an unidenti-
fied factor referred to as endothelium-derived 
hyperpolarizing factor (EDHF). Impaired 
endothelium-dependent vasodilation has been 
demonstrated in various vascular beds of animal 
models of diabetes and humans with type 1 and 
type 2 diabetes [133, 134]. The mechanisms 
induced by hyperglycemia/diabetes considered to 
contribute to endothelial dysfunction as dis-
cussed above are the activation of PKC, increased 
activity of the polyol pathway, increased forma-
tion of advanced glycation endproducts, and 
increased oxidative stress. Interestingly, studies 
by Brownlee and colleagues have suggested 
hyperglycemia-induced production of O2

− by 
mitochondria of endothelial cells as the common 
link for mechanisms of diabetes-induced vascu-
lar dysfunction [135, 136]. Fernyhough has 
described mitochondrial dysfunction in diabetic 
neuropathy as a “series of unfortunate metabolic 
events” [137]. Other chapters in this publication 
will review the impact of mitochondrial dysfunc-
tion, nutrient stress and loss of insulin-dependent 
growth factor support. Our studies conducted 
with intact vascular tissue consisting of epineu-
rial arterioles of the sciatic nerve lend support to 
the studies by Brownlee and colleagues con-
ducted with cultured endothelial cells [138]. 
Studies by my laboratory have provided evidence 
that the generation of oxidative stress through the 
production of O2

− and ONOO− impairs vascular 
function and endothelium-dependent vascular 
relaxation of epineurial arterioles of the sciatic 
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nerve from diabetic rats, which precedes the 
slowing of motor nerve conduction velocity [43, 
44, 125, 139]. Studies designed to investigate the 
source of O2

− formation provided results suggest-
ing that complex I of the mitochondrial electron 
transport chain and possibly NAD(P)H oxidase 
are responsible for the increase in O2

− formation 
observed with epineurial arterioles from the sci-
atic nerve [138]. It was shown that pretreating 
epineurial arterioles from diabetic rats with the 
PKC inhibitor bisindolylmaleimide (GF 
109203X) improved acetylcholine-mediated vas-
cular relaxation but did not prevent the increase 
in O2

− formation suggesting that activation of 
PKC by oxidative stress is downstream of O2

− 
formation [138]. We have also demonstrated that 
treating diabetic rats with three different types of 
antioxidants prevented the diabetes-induced 
increase in O2

− and ONOO− formation in aorta 
and epineurial arterioles of the sciatic nerve and 
diabetes-induced vascular and neural dysfunc-
tion, thereby providing additional evidence that 
increased oxidative stress contributes to diabetes-
induced vascular and neural disease [125, 126]. 
Studies from other laboratories have provided 
further evidence that antioxidants may prevent 
vascular complications in diabetes. Treating dia-
betic rats with tempol, a stable superoxide dis-
mutase mimic compound, abolished the 
diabetes-induced increase in vascular O2

−, malo-
ndialdehyde and 8-epi-prostaglandin F(2α), and 
also the impairment in relaxation of aortic rings 
to acetylcholine [125]. Cameron and colleagues 
have demonstrated that treating diabetic rats with 
α-lipoic acid or the metal chelators hydroxyethyl 
starch deferoxamine or trientine prevented the 
diabetes-induced impairment in vascular relax-
ation associated with hyperalgesia and neurovas-
cular deficits [128, 129, 140–142]. In addition, 
Keegan et al. demonstrated that treating diabetic 
rats with α-lipoic acid improved endothelium-
dependent vascular relaxation of corpus caverno-
sum smooth muscle [131]. In another study we 
demonstrated that diabetic peripheral neuropathy 
in a rat model of type 2 diabetes was improved by 
treatment with mitoquinone (Mito-Q) but inter-
estingly in this study treatment did not improve 
vascular reactivity by epineurial arterioles to ace-

tylcholine [143]. Because metals chelators and 
OH− scavengers have also been demonstrated to 
be effective in preventing diabetes-induced vas-
cular and neural dysfunction it is likely that the 
formation of OH− may also contribute to impair-
ment of vascular reactivity and nerve function in 
diabetes [124, 128, 129, 132, 140, 141, 144].

As discussed above in regard to improving 
diabetes impaired vascular function prevention of 
oxidative stress is a promising approach for inter-
vention and halting of diabetic peripheral neu-
ropathy. A variety of antioxidants including 
vitamin E have been demonstrated to have bene-
ficial effects in treating neuropathy in diabetes 
patients and diabetic animal models [145–147]. 
More recently α-lipoic acid has shown promise 
as a potential antioxidant treatment for diabetic 
neuropathy [148, 149]. Our studies have demon-
strated that α-lipoic acid provides good protec-
tion against oxidative stress in diabetic rats of 
4–6 week duration [125]. The treatment of dia-
betic rats with α-lipoic acid significantly 
improved diabetes-induced decrease in endoneu-
rial blood flow, endothelium-dependent vascular 
relaxation in arterioles that provide circulation to 
the sciatic nerve, and motor nerve conduction 
velocity. α-Lipoic acid treatment also reduced the 
production of O2

− by the aorta and O2
− and 

ONOO− by epineurial arterioles. Treating dia-
betic rats with α-lipoic acid prevented the 
diabetes-induced increase in thiobarbituric acid 
reactive substances in serum and significantly 
improved lens glutathione levels. α-Lipoic acid is 
a good metal chelator and is capable of scaveng-
ing hydroxyl radicals, hypochlorous acid and sin-
glet oxygen, but not O2

− or peroxyl radicals 
[149–152]. However, in its reduced form, as 
dihydrolipoic acid, it is a good scavenger of O2

− 
and prevents initiation of lipid peroxidation 
[149–152]. In vivo, α-lipoic acid can be con-
verted into dihydrolipoic acid [149, 150] (Fig. 2). 
This reaction requires NADPH, which is reduced 
in diabetes due to the increased flux of glucose 
through the aldose reductase pathway [120, 153]. 
Therefore, one potential form of combination 
therapy for the treatment of diabetic neuropathy 
may be combining an aldose reductase inhibitor 
with α-lipoic acid [66]. This combination should 
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promote the formation of dihydrolipoic acid, 
thereby enhancing the antioxidant potential of 
α-lipoic acid and possibly providing a synergistic 
effect. In a study by Nakamura et al. of diabetic 
neuropathy in streptozotocin-induced diabetic 
rats, they found that treating diabetic rats with the 
aldose reductase inhibitor NZ-314 improved 
nerve function and reduced oxidative stress 
[154]. They concluded that the efficacious effect 
of aldose reductase inhibition on diabetic neu-
ropathy may be mediated by decreasing oxygen 
free radicals. This would agree with our studies 
described above demonstrating that treating dia-
betic rats with fidarestat and α-lipoic acid was a 
better treatment for diabetic peripheral neuropa-
thy than either monotherapy [66]. Efficacy of 
α-lipoic acid for diabetic peripheral neuropathy 
has also been examined in human subjects. In a 
review article by Papanas and Ziegler [155] that 
examined placebo-controlled clinical trials and 
meta-analyses they concluded that there is evi-
dence supporting α-lipoic acid as an efficacious 
and safe treatment for diabetic neuropathy.

The development of superoxide dismutase 
mimetics are another class of antioxidants with 
potential for treatment of diabetes complications 
including diabetic peripheral neuropathy [126, 
156, 157]. Because of limitations associated with 
enzyme therapies these non-peptidyl compounds 
may offer advantages resulting in better clinical 
therapies and outcomes for diseases mediated by 
O2

− radicals such as diabetes [158]. In our studies 
we demonstrated that treating diabetic rats with 
M40403 inhibited the generation of O2

− by aorta 
and epineurial vessels of the sciatic nerve, the 
formation of ONOO− by epineurial vessels of the 
sciatic nerve, the reduction in endoneurial blood 
flow, the slowing of motor nerve conduction 
velocity and impairment of endothelium-
dependent vasodilation of epineurial arterioles. It 
also improved the diabetes induced increase in 
serum TBARS and sciatic nerve conjugated diene 
level, two additional markers of oxidative stress 
[126]. M40403 is a prototypic example of a sta-
ble, low molecular weight, manganese-
containing, non-peptidic molecule possessing the 
function and catalytic rate of native SOD 
enzymes, but with the advantage of being a much 

smaller molecule (molecular weight 483 vs. 
30,000 for M40403 and the native enzyme, 
respectively) [126, 158, 159].

Another pathway for targeting as a potential 
treatment for diabetic peripheral neuropathy is 
nitrosative stress and the activation of poly(ADP-
ribose) polymerase (PARP) [160, 161]. Studies 
using peroxynitrite decomposition catalysts as 
treatments of diabetic rodents have shown 
improvement in nerve conduction velocity as 
well as other sensory related neuropathic deficits 
and improvement of vascular relaxation by epi-
neurial, coronary, and mesenteric arterioles 
[162–165]. These treatments were also shown to 
reduce nitrotyrosine and PARP immunofluores-
cence in the sciatic nerve and dorsal root gan-
glion neurons [165]. Others studies have 
demonstrated that the PARP inhibitor 
3-aminobenzamide reduced nitrotyrosine immu-
noreactivity in vascular tissue and improved vas-
cular reactivity of epineurial arterioles and neural 
function [166–168]. Studies from my laboratory 
that lend support to PARP activation and meta-
bolic stress contributing to diabetic peripheral 
neuropathy have shown that treating dietary 
obese or type 2 diabetic mice with nicotinamide 
riboside improved multiple endpoints associated 
with peripheral neuropathy [169].

6	� Additional Mechanisms 
and Treatment Options

Other pathways and downstream mediators of 
pathology associated with diabetic peripheral 
neuropathy include mitogen activated protein 
kinase (MAPK), nuclear factor κB (NF-κB), 
cyclooxygenase 2 (COX-2), 12/15-lipoxygenase 
(12/15-LOX), and Na+/H+-exchanger-1 (NHE-1). 
These downstream mediators of neural impair-
ment have in common their activation via oxida-
tive/inflammatory stress. Activation of the MAPK 
pathway has been documented in neuron and 
Schwann cells by hyperglycemia as well as in 
sciatic nerve of diabetic rodents and human sub-
jects with type 1 and type 2 diabetes [170, 171]. 
Different treatment modalities have been 
employed in pre-clinical studies for treatment of 
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diabetic peripheral neuropathy showing improve-
ment in neural endpoints as well as reduction in 
activation of MAPK [172–174]. These studies 
indicate a potential therapeutic approach for 
treatment of diabetic peripheral neuropathy 
through inhibition of MAPK pathway.

Activation of PARP and MAPK can contrib-
ute to regulation of gene expression through acti-
vation of NF-κB [175]. Nuclear factor-2 erythroid 
related factor-2 (Nrf2) and NF-κB pathways are 
potential therapeutic targets for diabetic neuropa-
thy [176]. Pre-clinical studies therapeutically tar-
geting Nrf2 and NF-κB have demonstrated by 
inhibiting NF-κB and/or activating Nrf2 can 
reduce inflammation and oxidative stress and 
improve endpoints related to diabetic peripheral 
neuropathy [177–182].

Other potential targets for treatment of dia-
betic peripheral neuropathy include inhibition of 
Na+/K+ exchangers [183]. Treating streptozotocin-
induced diabetic rats with cariporide reversed 
multiple endpoints associated with diabetic 
peripheral neuropathy and interestingly also 
reduced markers linked to increased oxidative 
and nitrosative stress and advanced glycation 
endproducts suggesting that the pathology of 
activation of Na+/K+ exchangers in diabetes 
occurs upstream of these common mediators of 
diabetic peripheral neuropathy.

Impairment in lipid metabolism is another 
potential therapeutic target for treatment of dia-
betic peripheral neuropathy [184]. 
Cyclooxygenase-2 pathway is upregulated in the 
peripheral nerves and dorsal root ganglia neurons 
in experimental diabetes and chemical inhibition 
or gene deletion improves peripheral nerve func-
tion including nerve conduction velocity and loss 
of epidermal nerve fibers while reducing oxida-
tive stress and inflammation [185, 186]. Treating 
diabetic mice with the cyclooxygenase-2 inhibi-
tor meloxicam has been shown to reduce neuro-
pathic pain [187]. Other anti-inflammatory or 
anti-oxidative stress reagents thymoquinone and 
sulforaphane have been shown to improve in pre-
clinical studies diabetic peripheral neuropathy 
while reducing cyclooxygenase-2 expression in 
Schwann cells or sciatic nerves [188, 189]. 
12/15-Lipoxygenase overexpression is evident in 

the sciatic nerve and spinal cord of diabetic 
rodents [190]. Pharmacological inhibition of 
12/15-lipoxygenase or gene deficiency has been 
shown to alleviate some but not all pathological 
changes associated with diabetic peripheral neu-
ropathy of large and small fibers while reducing 
MAPK activation and relieving oxidative and 
inflammatory stress [191–193].

In recent years my laboratory has focused on 
two additional pathways of intervention as a ther-
apeutic target for diabetic peripheral neuropathy. 
In the next two sections I will briefly review our 
studies of the effect of inhibition of neutral endo-
peptidase or neprilysin and nutritional supple-
mentation of omega-3 polyunsaturated fatty acids 
(PUFA) primarily found in fish oil eicosapentae-
noic acid (EPA) and docosahexaenoic acid 
(DHA) and their metabolites. I have previously 
provided reviews for both of these topics [194, 
195].

Angiotensin converting enzyme (ACE), 
dipeptidyl peptidase IV (DPP-IV), and neprilysin 
(neutral endopeptidase) are all proteases. As a 
group these proteases can contribute to disease 
conditions through the breakdown of important 
vasoactive and neuroprotective peptides as well 
as other peptides such as glucagon-like peptide 1. 
DPP-IV inhibitors (gliptins) are a class of drugs 
approved by the FDA for hyperglycemia-related 
treatment of type 2 diabetes [196]. Pre-clinical 
studies have demonstrated that dipeptidyl pepti-
dase IV inhibitors are also an effective treatment 
for diabetic peripheral neuropathy [197–200]. 
The renin-angiotensin system (RAS) plays a 
major role in the pathophysiology of cardiovas-
cular and renal disease [201–203]. Most known 
effects of angiotensin II are mediated via activa-
tion of the AT1-receptor [202]. Activation of the 
AT1-receptor is involved in vasoconstriction, 
inactivation of bradykinin, water and salt homeo-
stasis, control of neuro-humoral systems, reac-
tive oxygen species production, cellular 
hypertrophy, and hyperplasia and apoptosis 
[203]. ACE inhibitors and angiotensin receptor 
blockers are well-known treatments for hyperten-
sion, atherosclerosis, congestive heart failure, 
stroke, and myocardial infarction including those 
patients with diabetes [201, 204]. In diabetic ani-
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mal models we and others have demonstrated 
that ACE inhibitors and to a lesser extent angio-
tensin receptor blockers can alleviate many defi-
cits associated with diabetic peripheral 
neuropathy as well as vascular dysfunction of 
epineurial arterioles of the sciatic nerve [205–
210]. In addition to pre-clinical studies in animal 
models of diabetes there are also results from 
three small clinical trials demonstrating that dia-
betic neuropathy can be improved by treatment 
of patients with quinapril, trandolapril or lisino-
pril [211–213].

The other lesser known protease that is 
included in this discussion is neprilysin. 
Neprilysin is found in many tissues including 
vascular and renal tissue and its activity is 
increased by fatty acids and glucose in human 
microvascular cells [214–217]. Interestingly, 
neprilysin activity has been shown to be activated 
by protein kinase C, which is increased in vascu-
lar tissues by diabetes including endothelial cells 
[218, 219]. Importantly for this discussion nepri-
lysin degrades vasoactive neuropeptides includ-
ing; natriuretic peptides, adrenomedullin, 
bradykinin, endothelin, glucagon-like peptide 1, 
substance P, and calcitonin gene-related peptide 
[220, 221]. Thus, inhibition of this protease pro-
vides great potential for the treatment of diabetes 
complications. To test this question several phar-
maceutical companies created what was termed 
vasopeptidase inhibitors. At the time these inhibi-
tors were a new class of drug designed to simul-
taneously inhibit neprilysin and ACE activity 
[222]. They were first developed for treating 
hypertension and heart failure [223, 224]. In 
regard to diabetes complications it has been 
shown that vascular conductance in the femoral 
artery of streptozotocin-induced diabetic rats was 
improved by a vasopeptidase inhibitor [225]. 
Furthermore, it has been demonstrated that vaso-
peptidase inhibitors are neuroprotective and pre-
vent nephropathy in ZDF rats [226, 227]. 
Vasopeptidase inhibitors have also been reported 
to decrease matrix metalloproteinases and AGE 
accumulation/formation in type 2 diabetes and 
improve wound healing [228, 229]. However, 
there was no information available about the 
potential benefits of vasopeptidase inhibitors in 

diabetic peripheral neuropathy until we per-
formed our studies. Using the vasopeptidase 
inhibitor ilepatril (AVE7688) we demonstrated in 
both pre-diabetic and type 1 or type 2 diabetic 
mice and rats that the combined inhibition of 
ACE and neprilysin was more effective than 
monotherapy in improving neurovascular func-
tion and slowing/reversing motor and sensory 
peripheral nerve deficits including diabetes-
induced decrease in innervation and sensitivity of 
corneal nerves [207, 230–234]. Furthermore, we 
demonstrated that deletion of the neprilysin gene 
protected mice from the development of neuro-
pathologic deficits and loss of corneal nerves 
upon induction of diabetes [235]. However, 
despite greater efficacy for hypertension than 
monotherapy, development of vasopeptidase 
inhibitors was halted due to significant off-target 
effects in some cohorts, most notably increased 
frequency of angioedema in hypertensive sub-
jects [236]. This led to the development of 
LCZ696 by Novartis a combination of sacubitril 
(neprilysin inhibitor) and valsartan (angiotensin 
receptor blocker) (Entresto). In 2015 the FDA 
approved the use of sacubitril/valsartan in 
patients with heart failure with reduced ejection 
fraction [237]. We obtained this drug to study its 
effect on vascular and neural complications in a 
rat model of type 2 diabetes [238]. Using an early 
and late intervention study design the results 
demonstrated efficacy of sacubitril/valsartan in 
improving vascular and neural function that was 
superior to valsartan alone. In the early interven-
tion protocol, sacubitril/valsartan treatment was 
found to slow progression of these deficits and, 
with late intervention treatment, was found to 
stimulate restoration of vascular reactivity, motor 
and sensory nerve conduction velocities, and sen-
sitivity/regeneration of sensory nerves of the skin 
and cornea. We concluded that sacubitril/valsar-
tan may be an effective treatment for diabetic 
peripheral neuropathy and due to its safety profile 
and FDA approval could advance quickly to clin-
ical trials.

Recently we have also been interested in the 
potential for omega-3 PUFA as a treatment for 
diabetic peripheral neuropathy. Since inflamma-
tory stress is considered to be a primary mecha-
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nism for diabetic peripheral neuropathy and 
omega-3 PUFA and their metabolites are known 
to have anti-inflammatory properties it was rea-
sonable to expect that fish oil, a common source 
for omega-3 PUFA, may be an effective treat-
ment [239, 240]. Although trials using treatment 
with omega-3 PUFA have primarily focused on 
cardiovascular disease risk reduction [241–246], 
there is significant evidence of their benefits 
beyond cardiovascular disease. For instance, sev-
eral recent studies have reported potential bene-
fits of omega-3 PUFA consumption on several 
chronic inflammatory and autoimmune diseases, 
stroke, muscle atrophy, and neurodegenerative 
disease [247–254]. Nonetheless, the consump-
tion of omega-3 PUFA remains low in the 
Western diet due to historically increased con-
sumption of omega-6 PUFA.

In our own most recent pre-clinical studies, we 
found that long-chain omega-3 PUFA, primarily 
EPA and DHA derived from fish (menhaden) oil, 

were effective in reversing impaired nerve conduc-
tion velocities and nerve fiber density and sensitiv-
ity in the skin and cornea [255–257]. Furthermore, 
our studies have demonstrated that E and D series 
resolvins (resolution-phase interaction products), 
metabolites of EPA and DHA, respectively, (see 
Fig. 4) which are known to have anti-inflamma-
tory and neuroprotective properties, may be the 
active mediator of the EPA and DHA effects on 
diabetic peripheral neuropathy and nerve regener-
ation [255, 258, 259]. Thus, optimizing production 
of these metabolites may be an effective approach 
to increasing the efficacy of EPA and DHA sup-
plements in the diet, and thus ensuring a better out-
come for diabetic peripheral neuropathy. In that 
regard we have demonstrated that the combination 
of menhaden oil and salsalate, a highly effective 
agent in blocking proinflammatory chemokines 
and cytokines, with a large margin of safety and 
low costs [260, 261] increase production of resol-
vin D1 in  vivo vs. menhaden oil alone and this 
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combination is more efficacious toward improving 
peripheral neuropathy in diabetic rodents [259, 
262]. Another important evidence, supporting 
future clinical trials of omega-3 PUFA is that our 
pre-clinical studies have found that the circulating 
levels of EPA and DHA in rats receiving menha-
den oil was comparable to the EPA and DHA 
serum levels of human subjects taking 4  g of 
EPA + DHA per day (fish oil capsules) for 4 weeks 
[257, 263]. For instance, the omega-3 PUFA levels 
in serum increased from 5.6% to 14.4% and the 
EPA to AA ratio increased from 0.12 to 0.88  in 
human participants treated with 4 g of fish oil for 
4 weeks [263]. This is similar to the 3.9% to 15.4% 
increase in the serum omega-3 PUFA levels and 
0.04 to 0.54 increase in the EPA to AA ratio we 
found in our study of diabetic rats treated with 
menhaden oil [256]. Thus, increasing the circula-
tory levels of EPA and DHA, and favorably alter-
ing the omega-3 index to a healthy range of 8–12% 
could be an effective disease modifying therapy 
for treating diabetic peripheral neuropathy [264].

In humans, a proof-of-concept study that 
tested the effects of 12  months of ~2  g daily 
omega-3 PUFA supplementation on the progres-
sion of diabetic peripheral neuropathy in patients 
with type 1 diabetes, reported a 29% significant 
increase in corneal nerve fiber length (primary 
outcome), but no effect on sensory nerve conduc-
tion velocity [265]. Unfortunately, it is unclear if 
omega-3 PUFA therapeutic levels were achieved 
in these participants given that serum omega-3 
index or omega-3 PUFA metabolites were not 
assessed. However, the above change in corneal 
fiber length was comparable to the increase in 
corneal fiber length we observed in type 1 diabe-
tes rats treated with menhaden oil and provides 
encouraging information to support future clini-
cal trials using omega-3 PUFA and salsalate as an 
intervention for diabetic peripheral neuropathy 
[256].

7	� Conclusion

Over the years our knowledge and understanding 
of the different mechanisms that contribute to 
the etiology of diabetic peripheral neuropathy 

has expanded considerably. However, this infor-
mation has not provided us with a successful 
treatment. There are numerous reasons why this 
may be the case with some of this being covered 
in other chapters. From my point of view some 
of the reasons that may factor into these past fail-
ures are that animals are not suitable models for 
diabetic neuropathy as it occurs in humans, 
many of the human studies that have been con-
ducted to date are flawed with patients being to 
advance in disease, treatment periods to short 
and endpoints not adequate to detect early status 
of disease and reversibility. However, a primary 
reason I believe for the failure of finding an 
effective treatment for diabetic peripheral neu-
ropathy is the monotherapy approach that has 
been taken for many of the studies. It has been 
repeatedly demonstrated and reported that the 
etiology of diabetic peripheral neuropathy is 
complex with many mechanisms, some dis-
cussed in this chapter as well as in other chap-
ters, contributing to the development and 
progression of the disease. Our cardiology col-
leagues routinely treat their patients with hyper-
tension by advising them to consider lifestyle 
and dietary changes as well as prescribing sev-
eral different drugs that target the different 
potential mechanisms responsible for high blood 
pressure. Thus, it seems irrational to think that 
anything other than a combination of lifestyle 
changes that include increased exercise and bet-
ter dietary choices and a combination of inter-
ventional drugs will be needed to successfully 
treat diabetic peripheral neuropathy. I have pro-
vided you evidence of this from different animal 
studies in this chapter. What investigators and 
clinicians need to be asking are what the primary 
targets are for successfully treating diabetic 
peripheral neuropathy and what the best drugs to 
use for these targets are?
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