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The Center for Disease Control (CDC) estimates that 29 million Americans have diabetes, and 70% of
diabetic patients develop diabetic peripheral neuropathy [1,2]. Up to 27% of the direct medical cost of
diabetes may be attributed to DPN [3]. A 2013 article from the American Diabetes Association reported a
$176 billion direct medical cost of diabetes in 2012 [4]. DPN patients often suffer from shooting and
burning pain in their distal limbs and a severe loss of sensation. Diabetic foot ulcers, infections, and
amputations may follow. Currently available treatments: tricyclic antidepressants, anticonvulsants such
as gabapentin and pregabalin, serotonin and norepinephrine reuptake inhibitor, duloxetine, topical 5%
lidocaine (applied to the most painful area) can manage painful symptoms but do not address the un-
derlying pathologies of DPN and diabetic wound ulcers. A combination of pain-reducing medications can
provide relief when individual medications fail, and opioids such as tramadol and oxycodone may be
administered with these medications to reduce pain [5]. Due to the prevalence of diabetes, DPN, and
diabetic foot ulcers, and because of the lack of available effective treatments to directly address the
pathology contributing to these conditions, novel treatments are being sought. Our hypothesis is that a
deficiency of nitric oxide synthase in diabetic patients leads to a lack of vascularization of the peripheral
nerves, which causes DPN; and this could be treated with vasodilators such as nitric oxide. In this paper,
the mechanisms of DPN are reviewed and analyzed to elucidate the potential of a transdermal nitric
oxide application for the treatment of DPN and diabetic wound ulcers by increasing vasodilation.

© 2018 Diabetes India. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The diabetic population in America is expanding at an alarming
rate. As many as one in three Americans may become diabetic by
2050 [6]. The CDC estimates that 29 million Americans suffer from
type 1 or type 2 diabetes, and 70% of diabetic patients develop DPN
[1]. The cost of diabetes includes “$176 billion in direct medical
costs and $69 billion in reduced productivity.” Approximately
65,700 lower-limb amputations are performed annually, and dia-
betic foot ulcers account for $9 billion to $13 billion of the cost of
diabetes [3,4,7]. The incidence will continue to rise as the life-span
expectancy continues to increase.

Diabetic peripheral neuropathy (DPN) is a serious and often
painful condition with both microvascular and neural components.
, USA.
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Common symptoms include decreased somatosensory function
and persistent burning pain in the foot. Reduced sensory functions
inhibit the patient's perception of foot trauma and can lead to se-
vere injuries and diabetic foot ulcers, which are open sores that are
difficult to heal, potentially leading to amputation [2].

Effective treatments are needed to improve the quality of life for
those who suffer from the severe complications of diabetes like
DPN and diabetic foot ulcers. An effective treatment should address
not only painful symptoms but also the underlying pathology.
Physicians can currently provide pain management medications
but do not currently utilize treatments that directly target the pa-
thology of DPN and diabetic foot ulcers (Table 1) [5,8e17].

An investigation of the literature reveals the potential of nitric
oxide, a vasodilator, as a treatment for DPN and diabetic foot ulcers.
This paper outlines the pathology of DPN and diabetic foot ulcers
and analyzes relevant mechanisms. Finally, the potential of nitric
oxide as an improved treatment for these conditions is explored.
We propose that a transdermal application of nitric oxide has
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Table 1
Symptomatic therapy for peripheral neuropathy.

Drug Class Drug Daily Dose (mg)

*unless specified

Analgesic Capsaicin 0.025e0.1%
*3e4 times daily

Anesthetic Lidocaine 5e8%
*up to 3 times daily

Anticonvulsant Carbamazepine Up to 800
Lamotrigine 200e400
Gabapentin 900e1800
Pregabalin 160e600

Antioxidant Alpha-Lipoic-Acid 600
Neurotoxin Botulinum Toxin 4e10 U

*per site
Opioid Oxycodone CR 10e60

Tramadol 50e400
Tapentadol 50e600

SNRI Duloxetine 20e120
Venlafaxine 75e225

SSRI Citalopram 40
Paroxetine 40

Tricyclic Antidepressant Amitriptyline 25e150
Imipramine 25e150
Desipramine 12.5e150

Fig. 1. A: Skin biopsies from the dorsum of the foot were obtained from 36 subjects.
Immunostaining for eNOS was performed on the skin samples from both neuropathic
(N) and control (C) subjects. Staining revealed that eNOS was significantly reduced or
absent as compared to for eNOS in biopsies from control subjects [21]. B: Fluorescent
immunohistochemistry was performed on the sciatic nerve for eNOS in diabetic saline
sham (D) and non-diabetic control (C) mice. The published immunohistochemistry
images show a significant reduction in the presence of eNOS for the diabetic animal
[22]. To quantify the magnitude of fluorescence reduction, the published images were
analyzed using Fiji, an ImageJ distribution. *P< 0.01.
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excellent potential for effectively addressing the pathologies of DPN
and diabetic foot ulcers in human patients.

2. Diabetic peripheral neuropathy

DPN is a condition that develops as a complication of diabetes.
DPN involves nerve damage throughout the body and especially in
the feet. Not all diabetic patients suffer from burning pain, yet many
patients report a tingling or burning sensation and the loss of
sensory functions. Patients with poorly-controlled diabetes are at a
higher risk for developing DPN. The condition is influenced by
many factors including elevated blood glucose levels and changes
in nerves and microvasculature [2].

The medications and procedures currently available to physi-
cians to treat patients with DPN are limited. Current treatments
include non-steroidal anti-inflammatory drugs, anti-depressants,
anti-convulsants, and narcotic painkillers [8]. These common clin-
ical treatments for DPN do not directly address the underlying
pathology but simply cover painful symptoms. A treatment for DPN
is needed that targets the underlying pathology.

2.1. Diabetic foot ulcers

Diabetic foot ulcers are a severe complication of diabetes that
can occur along with diabetic neuropathy. These ulcers develop
most commonly on the bottom surface of the foot and affect 15% of
diabetic patients [18]. DPN patients often experience decreased
sensationwhichmay lead to an undetected tissue injury and severe
damage. Such an injury is compounded by the decreased vascular
function, leading to slower healing and increased risk for infection.
Due to compromised injury avoidance and healing systems, even a
minor injury can lead to a significant and serious diabetic ulcer.
About 50% of patients with diabetic foot ulcers die within five years
[19].

Current treatments for diabetic foot ulcers are extremely limited
and only prevent additional injury. Dead tissue can be removed
surgically to improve the rate of healing, although this rate of
healing is still greatly reduced compared to healthy tissue. A
physician may also prescribe the use of a cast to prevent further
physical trauma to the affected limb [20]. These treatments wholly
neglect the underlying tissue pathology.

Due to the poor outcomes for many diabetic wound ulcer pa-
tients and the extremely limited treatment options, novel therapies
must be investigated until a suitable treatment is found. An effec-
tive treatment should directly influence the mechanisms respon-
sible for the development and continuation of the underlying
pathology.
3. Pathogenesis of DPN and diabetic foot ulcers

Endothelial cells are dysfunctional in DPN patients, and this
appears to permit the continuation of DPN and development of
diabetic foot ulcers. DPN patient biopsies were found to have
reduced levels of endothelial nitric oxide synthase eNOS, as
demonstrated in Fig. 1A [21].

In a mouse model, immunofluorescence studies were per-
formed on mouse nerves, and there was a significant reduction in
the presence of eNOS in the control model (which received sub-
cutaneous saline injections) as compared to the non-diabetic ani-
mal [22]. Because a quantitative analysis of the fluorescence was
not published, the published images have been analyzed using Fiji
image analysis software to estimate the difference in fluorescence
as indicated in Fig. 1B [23,24].

eNOS produces nitric oxide from L-arginine for vasodilation.
Because DPN patients have reduced levels of nitric oxide, impaired
vascular function occurs in their distal limbs. A Laser Doppler
iontophoresis experiment published by Veves et al. alongside the
eNOS immunostaining demonstrated decreased endothelium-
mediated vasodilation in DPN patients, confirming the decreased
vasodilation in DPN patients which results from low eNOS levels.
Poor perfusion produces poor cellular nutrition and impaired im-
mune function, enabling cells to enter a pathogenic state.

Chronic hypoxia is the result of poor perfusion and is detri-
mental to wound healing. Hypoxia increases the magnitude of the
inflammatory response to a wound leading to an increased pro-
duction of reactive oxygen species which leads to further tissue
damage [25]. Hypoxia has been studied thoroughly in the CNS, but
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few studies have investigated the effects of ischemia in the PNS,
“despite the fact” that the PNS is susceptible to impaired perfusion
and therefore hypoxia. Hypoxia has also been demonstrated to alter
synaptic function and neurotransmitter release [26,27].

Nitric oxide is an endogenous vasodilator synthesized in many
tissues including endothelial cells [28]. DPN patients have
dysfunctional microvasculature in the peripheral limbs but not
necessarily systemic macrovascular dysfunction [21]. This confirms
that the distal foot and ankle tissues containing the affected
microvasculature could benefit from a transdermal replacement of
the deficient signaling molecule. The literature suggests that nitric
oxide synthase levels are decreased in DPN patients, and this leads
to decreased levels of nitric oxide in the microvasculature. Thus, a
poor vasodilatory response is produced, and distal tissues are
deprived of essential cellular nutrition. A poor vasodilatory
response in the microvasculature may explain why DPN patients
are at risk for severe infections and amputations. Nitric oxide shows
excellent promise as a treatment for both diabetic foot ulcers and
DPN.

One study has found that a nitric oxide-generating spray pro-
vided a significant reduction in pain for DPN patients [29]. The
spray reduced pain and was associated with improved sleep,
mobility, and mood. Although the spray may not be effective for all
DPN patients, a transdermal administration of nitric oxide should
be attempted before other pharmacological treatments, many of
which cause unpleasant side effects and do not directly address the
pathology of DPN. The researchers suggested that additional
investigation be performed with a larger group of patients to
confirm the findings and also determine whether the effects of
nitric oxide therapy are sustained during long-term treatment by
nitric oxide therapy. Additionally, there may be other physiological
improvements from nitric oxide treatment that could be assessed
tomeasure the efficacy of nitric oxide treatment on DPN. Due to the
known mechanism of action for nitric oxide, this suggests that
vasodilatory improvements of the microvasculature occurred and
resulted in improved nerve health. The literature confirms that
because neuropathy is a microvascular condition, microvascular
dysfunction can lead to nerve dysfunction.

The resultant nerve dysfunction is central to the development of
neuropathy [30]. Thus, decreased levels of nitric oxide lead to
impaired microvascular function, and microvascular dysfunction
leads to neuropathy. Further, an impaired microvasculature pro-
vides poor blood supply for distal tissues, explaining the decreased
healing as found with wounds that become diabetic foot ulcers. In
summary, DPN patients have reduced levels of the nitric oxide
synthase enzyme which leads to reduced levels of the vasodilator
nitric oxide. Without nitric oxide, a local, endogenous vasodilator,
the peripheral vasculature has decreased vasodilatory function
which leads to neuropathy.

Impaired microvasculature can also lead to the development of
diabetic foot ulcers. Although the full mechanism for the patho-
genesis of DPN and diabetic ulcers is complex, a mechanism
involving a lack of nitric oxide has been identified as a significant
factor for the development of DPN, and nitric oxide has already
been administered in clinical experiments for treatment of painful
symptoms by addressing local vascular function of the neuropathy.
Further, the development of diabetic foot ulcers can also be
explained by decreased vascular function, poor delivery of nutri-
ents, and therefore, insufficient support of dermal tissue leading to
poor healing and risk for infection and amputation.

Based on an analysis and synthesis of the literature, a mecha-
nism for the development of DPN has been identified. A trans-
dermal administration of nitric oxide is likely to ameliorate the
painful symptoms of neuropathy and address the underlying
pathology.
4. Need for improved treatments for DPN

Currently, approximately ten percent of U.S. adults suffer from
diabetes. The condition kills more Americans each year than AIDS
and breast cancer combined [31]. More concerning still is the CDC's
estimate for the future incidence level of diabetes in the U.S. One
CDC analysis suggests that in the next few decades, as many as one
in three Americans may develop diabetes by 2050 [6]. It is also
expected that 50% of diabetic patients will experience DPN at some
point in their lives [32]. Millions of Americans already suffer from
DPN, and millions more are expected to develop this condition in
the coming years. An effective treatment is needed to address their
condition and recover lost nerve and vascular function.

5. Discussion: potential of nitric oxide therapy

The amount of nitric oxide synthesized by eNOS and released
into the peripheral vasculature is reduced in patients with DPN, and
it has been demonstrated that the resulting poor vascular function
may lead to DPN and diabetic foot ulcers. Replacing the deficient
quantities of the molecule should improve both DPN and diabetic
ulcer conditions. Low levels (80 ppm) of the inhaled form of nitric
oxide are commonly used to treat neonatal pulmonary hyperten-
sion. This illustrates the clinical safety and vasodilatory, hypoxia-
reducing effects of nitric oxide which could be utilized to
improve the conditions that contribute to nerve dysfunction and
diabetic ulcers in DPN patients.

Nitric oxide is safe for human treatment if dosed and delivered
properly. Although commonly used in neonates, the inhaled form
of nitric oxide would not effectively reach the site of a peripheral
neuropathy due to the extremely short half-life of nitric oxide:
0.05e1.8ms [33]. Since nitric oxide is capable of absorption
through the skin [34], the topical route of delivery is therefore the
most convenient for patients and allows the direct treatment of
affected tissues.

Transdermal nitric oxide therapy is likely to produce many
significant benefits in patients. First, the microvasculature is ex-
pected to improve by increased vasodilation and blood flow.
Because of improved perfusion, neuropathy would be less likely to
develop, and existing neuropathies may improve. One study
examined the pain-reducing effects of a nitric oxide-generating
isosorbide dinitrate spray and found a significant reduction in
both overall neuropathic pain and the characteristic burning
sensation in patients when using the spray, though other symp-
toms such as numbness (possibly due to irreversible damage) were
not found to be significantly altered by the 4-week therapy (Fig. 2)
[29]. In addition to a reduction in painful sensations, it is likely that
regular sensory nerve function would be improved significantly by
the same mechanism of restoring nerve health by providing
adequate blood supply to the affected tissues. Severe infections in
the foot would be prevented by increasing perfusion to the distal
tissues and allowing sufficient levels of immune cells to access
these distal tissues. Finally, diabetic foot ulcers would be less likely
to develop, and existing ulcers would heal at an accelerated rate
due to the restored vasodilatory function of the microvasculature.
Thus, a transdermal application of nitric oxide has the potential to
address many significant components of the pathogenesis of DPN
and diabetic foot ulcers, leading to enhanced blood flow, restored
nerve functions, and healed diabetic foot ulcers. As there are
currently 29 million diabetic patients in the U.S., and considering
that 70% of these patients will develop neuropathy, the potential
impact of an effective treatment for diabetic peripheral neuropathy
and diabetic foot ulcers is very significant [1]. Also, considering the
immense projected growth in the diabetic population, it is essential
that nitric oxide be evaluated further for its potential for treating



Fig. 2. A: Subjects applying ISDN NO-releasing spray once daily reported significantly
lower pain scores compared to their baseline pain level before treatment. B: Subjects
receiving a placebo spray did not report a significant difference in pain level compared
to their baseline measurement after applying the placebo spray for the same duration
as the ISDN group. P¼NS, *P < 0.01.
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DPN and diabetic foot ulcers.

6. Conclusions

A transdermal nitric oxide treatment shows strong potential as a
treatment for DPN and diabetic foot ulcers. Endothelial nitric oxide
synthase levels are reduced in neuropathic patients, and a
replacement of the resulting NO deficiency has been demonstrated
to reduce painful symptoms for human DPN patients. Compared to
existing treatments which treat painful symptoms, nitric oxide has
the potential to reduce the overall disease burden and cost of
managing an increasingly diabetic and neuropathic American
population by directly addressing the underlying pathology. Dia-
betic foot ulcers are also expected to improve from this treatment.

Future research could assess the histological changes in the
peripheral nerves of a diabetic animal model after treatment with
nitric oxide. Nerve conductance tests should be performed using
this model to assess potential changes in the velocity of nerve
signals. Larger and longer duration studies must also be conducted
with human patients to determine whether the effects of nitric
oxide treatment are sustained, and whether nitric oxide treatment
prevents or contributes to healing of diabetic skin ulcers. Later
studies could be performed to investigate combining nitric oxide
treatments with medications to target free radicals or complement
nitric oxide in addressing the multifactorial pathogenesis of DPN.
Tens of millions of current patients may benefit significantly from
this nitric oxide treatment. Potentially, amputations and mortality
could be reduced, along with cost. Transdermal nitric oxide treat-
ment has the potential to allow many patients to achieve an
improved quality of life and regain control over their painful and
debilitating DPN and diabetic wound ulcers.
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