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ABSTRACT

About one third of diabetic patients develop diabetic foot problems that may originate from peripheral neuropathy
and or peripheral neurovascular disease. Because of chronic and difficult to treat nature of diabetic foot ulcers,
there is need for literature search with intent to understanding neuropathic and neuroischaemic nature of
diabetes in order to control, prevent and treat diabetic foot ulcers. Findings have shown that inhibitors of aldose
reductase, sorbitol dehydrogenase, activation of protein kinase C, activators of nitric oxide synthase, myo-inositol
bisphosphatase, and other enzymes that play different roles in polyol pathway of diabetic neuropathy are the key
points to prevention, control, management and treatment of diabetic foot ulcers. The use of central nervous system
acting drugs, potent antimicrobials and traditional antidiabetics are complementary to holistic permanent cure
of the disease. More potent antidiabetic ulcers could be synthesized from varieties of heterocyclic compounds
reported in many journals of organic, pharmaceutical and medicinal chemistry. Therefore, successful treatment of
diabetic foot ulcers is multimodal, but the major key success is constant adequate control of blood sugar.
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Introduction

Diabetes is a metabolic disorder characterized by damage of B-cells
called islet of langahern, which secrete insulin that control blood
sugar level. Chronic diabetes could lead to diabetic foot disease
which affects 25% of diabetic patients. Ankles are lost to diabetes
every 30 seconds across the globe, accounting for 30% of hospital
admission and over 85% of lower limb amputations are preceded
by diabetes. Diabetic foot ulcers are cost-effective and diabetes
causes charcot neuroarthropathy that could be prevented [1-7].
Over 60% of diabetic foot ulcers are connected with neuropathy
[8,9]. Fifty percent of diabetic foot ulcers occur on the plantar
surface and the remaining 50% occur on other areas of the foot
[10]. In the US more than 80,000 legs were amputated, average
healing cost of diabetic foot is $8,000, infected ulcer ($17,000)
and major amputation ($45,000). About 50% of amputees develop
ulcerations and infections in the contralateral limb in 18 months,

58% would have a contralateral amputation 3-5 years after the
Ist amputation, and mortality rate of 20-50% in 3 years has been
estimated, with the continuous trend for 30 years [11].

Glucose from gluconeogenesis, diet or glycogenolysis is either
oxidized or incorporated into glycogen. However some glucose
is converted to fructose in the eye lens, pancrease, testes and
brain. Aldose reductase converts glucose to sorbitol by reduced
nicotinamide adenine dinucleotide phosphate (NADPH) and
polyol dehydrogenase oxidizes sorbitol to fructose by oxidized
nicotinamide adenine dinucleotide (NAD") which is the main
fuel for sperm cell. In individuals with diabetes increased sorbitol
causes precipitation of protein [12], abnormal collagen [13],
cataract, retinopathy and ulcer [ 14]. Sugar alcohols (polyols) reduce
caloric intake due to their metabolic differences as compared to
other carbohydrates and may have 1 to many sugar base(s) [15].
They are of straight chain (glycitols) and cyclic (inositol). Xylitol,
a polyol resembles sweeteners may be related to ketose [16].
Short chain polyols e.g. ethanediol, butanediol, and propanediol
are comparable with corn-based glucose, suggesting that polyols
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could be produced from lignocellulose [17]. Hence sorbitol,
mannitol, xylitol, isomalt, erythritol and hydrogenated starch
occur naturally and affect sugar level less than that of sucrose [18],
indicating that fructose-based polyurethane could be beneficial in
treatment of diabetic foot ulcers [19]. Polyols are characteristic of
translocable carbon that play a role in stress tolerance by recycling
excess NADPH. They are low molecular-weight, highly soluble
and non-reducing carbohydrates [20].

Diabetic Foot Neuropathy

Diabetic foot neuropathy is manifested (Figure 1) via motor,
autonomic and sensory nervous system [8,9]. Peripheral arterial
disease contributes to foot ulcers in 50% of cases. It affects tibial
and peroneal arteries in calf. However, smoking, hypertension and
hyperlipidemia contribute to peripheral artery disease [21]. Callus
formation, insensitivity and high foot pressure lead to clawing
of the affected toes [22,23]. Measurement of the Ankle Brachial
Index (ABI) is used to assess extent of vascular disease. ABI is
defined as ratio of systolic blood pressures in the ankles (dorsalis
pedis and posterior tibial arteries) and arms (brachial artery) using
a handheld doppler. The ratio is calculated. Ratio below 0.91
suggests obstruction of poorly compressible vessels and aortoiliac
stenosis could complicate the result. But vascular imaging and
peripheral arterial angiogram may reveal arterial disease [24].
About 215 drugs have been implicated in induction of neuropathy
[25]. Toxic neuropathy is observed in largest and longest nerve
fibers. It occurs in persons with neurodegenerative diseases of the
nervous system, uremia, nutritional deficiency and diabetes [26].
Semmes-Weinstem 10-g monofilament and vibratory sensation

with a 128-Hz tunning fork and cold-warm discrimination are used
for neurological evaluation [10].

Diabetic Peripheral Neuropathy

Peripheral nerve injury affects nerve cells, satellite cells and
myelin cells. Neural inducing drugs include but not limited to
paclitaxel, bortezomib, Ixabepiline and oxaliplatin [27]. Drugs that
trigger peripheral neuropathy include some antibiotics, infliximab,
etanercept, leflunomide, linezolid, statins, dichloroacetate [28-30].
Peripheral sensitization occurs in response to neural tissue injury
[31]. Reduced response threshold in nociceptive small C-fibre
sensory neurons lower ectopic impulse activity generated along
AP sensory neurons and expression of substance C have been
responsible for generation of neuropathic pain [27]. A cut on axon
induces influx of calcium, that disrupts ionic balance and initiates
transport of intracellular and extracellular chemical to the nerve
cell body in the dorsal root ganglion humiliating nociceptive and
non-nocileptive neurons [32].

Neurotrauma As the Cause of Diabetic Foot Ulcers

Microorganisms found in acute diabetic foot infection are
Staphylococcus aureus, P-haemolytic Streptococcus (A, B, C
and G), whereas microorganisms found in chronic infection
are Staphylococcus spp, Streptococcus spp, Enterococcus spp,
Emterobacter spp, Escherichia coli, Proteus spp, Klebsiela spp,
Pseudomonas aeruginosa, Peptococcus spp, Peptostreptococcus
spp, Clostridium spp, Fusobacterium spp and Bacterioides spp.
Infection of the wounds take place after neurotrauma that could
lead to abnormal extensor and flexor tendons leading to extension
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of ligaments, joint distension, microfractures and dislocation of
the bones (German theory). Whereas neurovascular damage of
autonomic neuron results in hyperemia. Arteriorvenous shunts
cause increased vascular flow leading to osteopenia and bone
resorption (French theory). None of the theories accounts for
unilateral presentation of diabetic foot ulcer [32].

Drugs with Inhibitory Potentials on Polyol Pathways of
Diabetic Neuropathy

The polyol pathways consume about 30 % glucose , suggesting
that nicotinamide riboside could be used to restore redox balance
[33]. Also increased aldose reductase activity and sorbitol content
in glomeruli leads to glomerulonephritis that could be prevented
by sorbinil [34]. Polymorphisms of the aldose reductase genes
are associated with susceptibility or progression of diabetes
complications [35]. Absence of water in the body generates oxide
and hydroxide radicals [36] that could damage tissue. Hence
changing lifestyle and dietary pattern could prevent, delay and
treat diabetes-related complications [37]. Whole grains, fruits,
vegetables, low-fat milk, (low glycemic index food), dietary fibre,
sucrose and sucrose-containing food, protein, reduced food diet,
vitamins and minerals from natural source, reduced alcohol intake,
antihypertensive and antidiabetic drugs are highly beneficial [38].

Linear polyether polyol (PEP) made of glycidol units could
provide multiple anchorage points for different functional groups
with antidiabetic potentials [39]. Vegetable oils with two-steps
polyol synthesis is safer than those with one-step polyol synthesis
[40]. Polyol fatty acid polyesters particularly sucrose polyester via
tranesterification is less toxic [41]. Quinazoline acetic acids and
related analogs inhibit aldose reductase [42,43]. Alrestatin and
quercetin also inhibit the enzyme [44].

All aldose reductase inhibitors, inhibit aldehyde reductase [45].
Spirosuccinamide/hydantoins and carboxylic acids are two
chemical classes of inhibitors of aldose reductase that convert
hyperglycaemia into glucose toxicity in neural and glial cells
in the retina [46]. Sorbitol dehydrogenase inhibitor such as
2-methyl-4-[NN-dimethylsulfamoyl-piperazino]-pyrimidine
(S-0773) prevents vascular and neural dysfunction in diabetes
[47]. Fructose-1, and 6-bisphosphatase inhibitors are potential
antidiabetics [48]. Fructose bypasses glycolysis, glucokinase and
phosphofructokinase in liver.

Fructose is metabolized by fructokinase that has no negative
feedback system and adenosine triphosphate (ATP) is used
for phosphorylation which leads to depletion of intracellular
phosphate and rapid generation of uric acid owing to activation
of adenosine monophosphate (AMP) deaminase. Uric acid causes
endothelial dysfunction, insulin resistance and hypertension [49].
Myo-inositol, the precursor of phosphoinostide mediates multiple
cellular events. Therefore, treatment of myo-inositol depletion
improves B-cells and prevents diabetes [50]. Gliclazide activates
nicotinamide adenine dinucleotide phosphate (NADP) oxidase by
advanced glycation and ends oxidative stress [51]. Adiponectin
induces endothelial nitric oxide synthase activation and nitric

oxide production, thereby causing vasodilation leading to enough
oxygen supply and survival of nerve cells [52]. Azetidione like
quinolones have hypolipidemic activity. Tricyclic derivatives
with cyclo-condensed pyrido-pyrizine and pyrido-diazepine have
antinoxiceptive, muscle-relaxing and spontaneous motor activity
with narcotic effect. The most promising analgesic and neuroleptic
pyrido [2,3-e pyrrolol] 1,2-a pyrazine could be used [53].
Some synthetic heterocyclics synthesized from acetamide and
a-haloketone have potent analgesic properties. Some imidazole
compounds that mediate their actions via opioid and serotonin
receptors may relieve pain centrally. Pyrrolo benzothiazoles could
act via glutamate in neurological conditions. Chloro and methoxy-
derivatives of benzylidene-imidazothiazoline have potent
analgesic, anticonvulsant and antidepressant activities [54].

Triazole compound with 5C has anti-inflammatory, analgesic,
sedative and anticonvulsant activities [54] and could be of high
benefit in treatment of diabetic foot ulcers. Since benzimidazole,
albendazole promotes anti-TNF mediated induction of regulatory
macrophages, it could act as anti-inflammatory mediator.
Substituted benzimidazole and analogues used in treatment of
neurodegenerative disorders could be used. Benzimidazole and
imidazole compounds may have antimicrobial activity against S.
aureus and E. coli found in diabetic ulcers in addition to analgesic
effects [54]. Piroxicam and its metabolites have cholinergic and
GABAergic effect by causing stimulation and depression of
central nervous system with resultant potent analgesic effect.
Hence, it could be used for modulation of motor-sensory pathway
of diabetic ulcers [55,56]. A number of central nervous system
acting drugs used in the management of diabetic ulcers are chiral
and all of them are toxic. Therefore, their use should be based on
principle of individualized medicine [57]. Polymeric materials
could be used for CNS modifying drugs against diabetic foot
ulcers to increase duration of action, efficiency and reduce toxicity
[58]. But hyperglycaemia and hypoglycaemia must be controlled
to avoid depression of brainstem that may lead to cardiopulmonary
failure and death [59]. Therefore, physicochemical and structural
— activity properties of the central nervous system acting drugs
used to manage diabetic foot ulcers should be adequately put
into consideration to avoid aggravation of the condition [60]. A
number of medicinal plants used in management of diabetes and
hypertension have been reported. They are highly beneficial in
control and management of diabetes and hypertension that may
result in diabetic foot ulcers [61].

Chemotherapy of Peripheral Nerve Injury in Diabetic Foot
Ulcers

Treatment of peripheral nerve injury is by nerve repair or nerve
grafting. Axon’s capacity to regrow is always incomplete; the
regeneration misses the original tissue target. But multimodal
analgesics, anticonvulsants, botulinum toxin, peripheral nerve
electrical stimulation, spinal cord stimulation and stem cells
implant are quite beneficial in the treatment of peripheral
neuropathy. Prolonged treatment with NK-1 receptor antagonist
and progesterone has long-term beneficial effects [27]. However,
changes in functional chemistry and structures of neurons (neural
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plasticity) cause neuropathic pain. Opioids, anticonvulsants,
antidepressants, lidocaine patch, capsaicin, ketamine, pregabalin,
gabapentine, intrathecal drug administration and neurosurgical
intervention are highly useful [62]. Dose-limiting paclitaxel
induced peripheral neuropathy could be prevented by minocycline
[63], suggesting that minocycline has peripheral anti-neuropathic
activity. Voltage proton and ligand-gated ion channels modulators
are highly beneficial in the treatment of neuropathic pain [64].
Diabetic foot ulcers have been classified as neuropathic, ischaemic
and neuroischaemic depending on complications of peripheral
neropathy and arterial disease [65].

Inflammatory mediators such as cytokines, growth factors, kinins,
purines, amines, ions, prostanoids and protons play a great role on
neurogenesis of pain. Mexiletine and dextrophan have limited value
whereas amitriptyline and gabapentine are of high clinical value.
Therapeutic agents that could modify vanilloid receptors, tetrado-
toxin-resistant sodium channels, calcium channels, N-methyl-D-
aspartate (NMDA) receptors, cannabinoid receptors are very vital
to control, prevention, management and treatment of diabetic
foot ulcers [66]. Recreational drugs such as sedatives, stimulants,
hallucinogens, organic solvents and athletic performance enhancer
are highly beneficial, but with neurological consequences [67].
Suppression of neuropathic pain by cannabinoids is via a3 glycine
receptors [68]. Neuropathic pain causes enduring prefrontal
cortex dysfunction not corrected by gabapentin (Figure 2) but by
metformin (Figure 3) [69]. But nerve injury could be successfully
managed [70]. Hence, gabapentin should be considered an
important drug in the management of neuropathic pain syndromes
[71] in diabetic foot ulcer.
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Figure 2: Chemical structure of gabapentin.
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Figure 3: Chemical structure of metformin.

Neuropathy, neuropathic pain and painful peripheral neuropathy
could be treated holistically but require careful interdisciplinary
monitoring and follow-up [72]. ABI of 0.91-1.3 (normal), 0.7-0.9
(mild obstruction), 0.4 — 0.69 (moderate obstruction), <0.4 (severe
obstruction) and > 1.3 (poorly compressible vessel) are used to
assess arterial occlusion [73]. Becaplermin though useful could
cause cancer [74].

Adjunt Therapy of Diabetic Foot Ulcers
Diabetes impairs peripheral circulation, alters leukocyte function,

causes imbalance of cytokines and proteases. Levels of matrix
metallo-proteinases (MMP-1) could predict likelihood of wound
healing. High level of MMP-1 is essential to wound healing
[75,76]. The neurophathic foot heals completely using Total
Contact Cast (TCC) where pressure is mitigated and the device is
irremovable thereby enforcing therapeutic compliance [75].

Anaerobes and aerobes colonize the ulcer and they can be
eliminated using clindamycin and augmentin. Ciprofloxacin,
flucloxacillin, ampicillin and metronidazole could be used
initially and linezolid is recommended for Mathicillin-Resistant
Staphylococcus Aureus (MRSA) [76]. Antibiotics could be given
for a period of 12 weeks [77]. Platelete growth factor, becaplermin
could be used as adjunct therapy [78]. Diabetic bone infection is
difficult to treat and often surgery is done. In fact, all infected foot
lesions other othan primary cellulitis require surgical intervention.

Antibiotics such as cephalexin, ampicillin/sulbactam, clindamy-
cin/ciprofloxacin, imipenem/cilastatin, clindamycin/tobramycin/
ampicillin, levofloxacin/clindamycin, trimethoprim-sulfamethox-
azole, piperacillin/sulbactam, clindamycin/ceftazidime, and van-
comycin/ aztreonam/metronidazole are used in the treatment of
diabetic foot infections with 80-90% success in mild to moderate
infections and 50-60% for deeper and more extensive infection
[79].

Mild infections should be treated with oral antibiotics while
severe infections should be treated initially with broad spectrum
antibiotics parenterally, following oral antibiotics [80]. The
highlighted pathway of development of diabetic foot ulcers outlines
prevention, chemotherapeutic, endovascular and revascularization
strategies aimed at controlling or treating the wound [81].

Hyperbaric oxygen, negative pressure wound therapy,
bioengineered skin substitute in 8 larval therapy should be tried,
specialized foot wear with padded hosiery, injectable silicone and
patient education are complementary interventions against diabetic
foot ulcers. Revascularization to restore arterial blood flow is
also helpful [21]. Biophosphonates are used against osteoclast
activation whereas pamidronate reduces disease activity in acute
charcot neuroarthropathy [82]. Reversibility of neuropathic pain is
determined by inflammatory mediators’ actions [83].

Conclusion

Holistic permanent cure for diabetic foot ulcers is the inhibition
of polyol pathway. Diabetes is adequately controlled and trauma
is not induced. The CNS effects are caused by both stimulants and
depressants for sensitization of the nerve to avoid nerve damage,
and depression of nerve to reduce pain, and control inflammatory
mediators’ activities.
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