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ABSTRACT
The major factor contributing to the pathogenesis of type 2 dia-
betes and its various complications is insulin resistance (IR). The 
lesser known and interesting element that has been unfolding is 
about the existence of IR in neurons associated with disrupted 
phosphatidylinositol 3-kinase/protein kinase B (PI3k/Akt) pathway 
with subsequent adverse effect on nerve function. Hyperactivity of 
polyol pathway is identified as the prime convincing mechanism 
elucidating the metabolic link between hyperglycemia and nerve 
dysfunction. Additionally, in the polyol trail, reduction in glutathione 
leads to redox imbalance and eventually neuropathy.

Epalrestat, the aldose reductase inhibitor (ARI), has been 
extensively evaluated for its efficacy and safety in the treat-
ment of diabetic neuropathy. Addition of methylcobalamin to 
Epalrestat therapy has shown faster and better resolution of 
neuropathy. Epalrestat-induced activation of PI3k/Akt signal-
ing pathway promotes proliferation and migration of endothe-
lial cells, with potential benefits of improved blood supply to 
damaged nerves. Further evidences reveal upregulation of 
nerve growth factor (NGF) by Epalrestat that has resulted 
in wound healing in diabetic patients. Increase in nerve fiber 
length is the other compatible finding with Epalrestat therapy 
in patients suffering from diabetic neuropathy. Moreover, 
Epalrestat has demonstrated significant protection against 
oxidative stress via induction of glutathione biosynthesis.
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INTRODUCTION

A recent report by the International Diabetes Federation 
reveals that globally 415 million people are suffering from 
diabetes, and a whopping rise to 642 million is estimated 

by 2040.1 In patients with type 2 diabetes mellitus, 
hyperglycemia leads to secondary biochemical abnor-
malities in various target tissues, which are followed 
by alteration in their functions, formation of structural 
lesions, and finally, clinical aberrations. Neuropathy, the 
microvascular diabetic complication, is manifested in 
about 70% of the patients.2 This debilitating condition of 
nerve damage is associated with extremely distressing 
symptoms like stabbing pain, pins and needles, burning 
sensation, tingling, and numbness. These sensory deficits 
generally worsen from paresthesia to anesthesia. Diabetic 
peripheral neuropathy is the major predisposing factor 
for foot ulceration and infections. Nontraumatic lower 
limb amputations occur in more than 60% of patients 
with diabetes mellitus.3

Increased insulin resistance (IR) and impaired insulin 
secretion are the main pathophysiological features of type 
2 diabetes that jointly contribute to the development of 
this disease and its sequel in the form of microvascular 
and macrovascular complications. As IR worsens, more 
defects occur in insulin secretion that results in increased 
hepatic glucose output and inefficient utilization of 
glucose by skeletal muscle and adipose tissue. This com-
promised insulin signaling in these tissues heightened 
the risk of neuropathy, nephropathy, retinopathy, and 
macrovascular complications associated with diabetes.

Insulin Resistance IN NEURONS

Accumulating evidences suggest that insulin exerts 
pleiotropic effects in neurons, including the regulation of 
neuronal proliferation, apoptosis, synaptic transmission, 
neuronal degeneration, and learning. Insulin is consid-
ered a potent neurotrophic factor for maintaining neuro-
nal functioning. Insulin shares a variety of intracellular 
signaling components with nerve growth factor (NGF) 
for sustaining nerve health. An interesting fact related to 
the role of IR in neurons has been discussed in various 
articles and is gaining attention. Though neurons are not 
insulin dependent, they respond to neurotrophic action of 
insulin. It is observed that insulin receptors and insulin 
signaling are not exclusively restricted to metabolically 
active tissues dependent on insulin but are also observed 
in neuronal cells.4

Neurons also can develop IR, which in turn results 
in injury to the peripheral and central nervous systems 
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and is the probable cause for the development of dia-
betic neuropathy. After the development of neuronal IR, 
the response to insulin and NGF seems to be reduced, 
which increases vulnerability to neuronal damage. Thus, 
research suggests that neuronal IR spurs the develop-
ment of neurological diseases (diabetic neuropathy, 
Alzheimer’s disease, etc.) and metabolic insults, such as 
hyperglycemia both contributing to the development of 
diabetic neuropathy.5

ROLE OF PI3K/AKT IN PHYSIOLOGY

The prototype of hormonal function requires a cellular 
source of signals and a definite target able to interpret 
and respond to the stimulation. Multiple signaling 
mechanisms are known to detect extracellular signals, 
deliver intracellular amplification, and generate explicit 
responses. A major signaling cascade involved in several 
physiological roles is phosphatidylinositol 3-kinase/
protein kinase B (PI3k/Akt) pathway, which belongs to 
the kinase family and exists in almost all the mamma-
lian cells. The growing number of hormones that relay 
signals by activating PI3k suggests not only multiple 
roles of these enzymes in the regulation of different 
physiological responses but also a way by which common 
reactions can be stimulated by different inputs. Several 
PI3k products exert their large number of biological roles 
by their ability to function as docking sites for proteins 
that contain specific binding domains.6-8

One of the most studied signaling events trig-
gered by activation of PI3k is recruitment of Akt. 
Phosphatidylinositol 3-kinase assists in the conversion 
from phosphatidylinositol-4,5-biphosphate to the second 
messenger phosphatidylinositol-3,4,5-triphosphate, 
which triggers the phosphorylation of Akt. Activated 
Akt is able to phosphorylate a vast number of proteins, 
thus representing a key effector of PI3k signaling. This 
pathway is involved in various vital processes, which sets 
off a sequence of intracellular responses for growth, sur-
vival, and metabolism in numerous cellular systems.6-9

NEUROPATHOLOGY VIA DISRUPTION OF  
PI3K/AKT PATHWAY

Significant investigations have clarified the role of PI3k/
Akt pathway as a crucial component for both neuronal 
survival and neuritogenesis; it structures as an impor-
tant mediator of insulin signaling downstream of the 
insulin receptor. Emphasis on the involvement of PI3k/
Akt signaling in diabetes and its allied complications has 
been described in several experiments. The disruption of 
PI3k/Akt signaling is related to the development of IR, 
and appropriate functioning of this pathway is critical 
for elucidating the metabolic effects of insulin.10

Insulin activates PI3k and induces phosphorylation 
of Akt. This activated Akt is further responsible for  
carrying out the neurotrophic effect of insulin in neurons 
by stimulating specific proteins. The insulin–PI3k/Akt 
pathway plays a vital role in regulation of neuronal 
functioning.11 It has been resolved in many experimental 
studies that insulin-mediated activation of this pathway is 
one of the most important aspects associated with diabetic 
neuropathy. Also, insulin-like growth factor is involved in 
initiating this pathway for sustenance of neuronal health.12

ROLE OF Nerve Growth Factor IN 
MAINTAINING NEURONAL HEALTH

Neurotrophins have remarkable effects on neurite 
outgrowth and reduces neuronal degeneration. The bio-
logical effects of neurotrophins are signaling cascade. 
Nerve growth factor is an important neurotrophic 
agent involved in growth, maintenance, and survival of 
nerve cells. It has been demonstrated that NGF reduces 
neuronal degeneration and promotes neuritogenesis by 
activating PI3k/Akt pathway.13

Nerve growth factor-induced neuronal cell survival 
requires functional PI3k/Akt pathway. Reduction in 
NGF concentration in neurons is possibly a major factor 
responsible for the development of diabetic neuropathy.14 
There are evidences that NGF concentration is reduced 
in wounds of diabetic patients.15 Thus, elevation in NGF 
level leads to improvement in diabetic wound healing as 
well as nerve damage. Additionally, disruption of PI3k/
Akt pathway could hamper NGF activity (Flow Chart 1).16

INFLUENCE OF POLYOL PATHWAY AND 
OXIDATIVE STRESS IN DIABETIC NEUROPATHY

The most noticeable abnormality in diabetes relates to 
diversion of glucose metabolism from oxidative to reduc-
tive pathways as evidenced in polyol mechanism. Under 
normal circumstances, glucose is primarily oxidized to 
carbon dioxide and water for energy generation in the 
form of adenosine triphosphate (ATP). In the presence 
of hyperglycemia, excess glucose enters the nerves since 

Flow Chart 1: Effect of IR on neuronal functioning
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its transport is neither rate limiting for metabolism nor 
insulin dependent. The glycolytic pathways become 
saturated leading to increased flux of glucose through 
polyol pathway as an alternative to glucose metabolism.

Since its discovery, polyol pathway has grabbed atten-
tion due to its conspicuous role in the development of 
neuropathy. The pathobiology of neuropathy includes 
the overtriggering of polyol pathway in hyperglycemia 
(Flow Chart 2). Aldose reductase (AR) is the key enzyme 
responsible for the conversion of glucose to sorbitol in 
this pathway. In 1956, Hers et al first identified AR as the 
major propagator of this pathway. Later, several studies 
revealed that hyperactivity of polyol pathway induces 
accumulation of sorbitol in tissues.17

In healthy individuals, this pathway converts less 
than 3% of glucose into sorbitol, but in hyperglycemic 
condition up to 30% of glucose gets reduced to sorbitol. 
Accumulation of sorbitol, being an osmolyte, leads to 
osmosis in the nerves, which causes neuronal edema. As 
a compensatory mechanism, deposition of sorbitol results 
in depletion of other osmolytes like myoinositol. The loss 
of myoinositol leads to alteration in phosphoinositide 
metabolism, with decreased availability of diacylglycerol, 
which contributes to reduction in neuronal sodium-
potassium ATPase (Na+-K +-ATPase) activity. The altered 
Na+-K +-ATPase activity would lead to impaired neural 
signaling and nerve conduction defect. Accumulation 
of sorbitol into the tissues increases the susceptibility to 
oxidative stress by reduction in nicotinamide adenine 
dinucleotide phosphate (NADPH) levels. Nicotinamide 
adenine dinucleotide phosphate is required as a cofactor 
for the formation of antioxidant, i.e., glutathione (GSH).18-20

Glutathione is an endogenous antioxidant com-
posed of amino acids glutamine, cysteine, and glycine. 

It is synthesized by consecutive actions of two enzymes 
gamma-glutamylcysteine synthetase (γ-GCS) and GSH 
synthetase. Research has highlighted the beneficial roles of 
GSH in several molecular systems. Intracellular GSH can 
be present in reduced as well as oxidized form. Glutathione 
is utilized to quench the circulating reactive oxygen  
species (ROS) or free radicals in the body. The detoxifica-
tion of free radicals is catalyzed by GSH reductase in the 
presence of NADPH. Thus, low concentration of NADPH 
would lead to decreased efficacy of GSH as an antioxidant. 
Normally, a balance is maintained between detoxification 
and generation of ROS. The imbalance between GSH 
concentration and oxidative stress seems to be responsible 
for nerve damage leading to diabetic neuropathy.21,22

Regarding GSH synthesis, it has been indicated that 
activation of the PI3k/Akt pathway and the translocation 
of nuclear factor erythroid 2-related factor-2 (Nrf2) medi-
ates the positive regulatory signal. Phosphatidylinositol 
3-kinase/Akt is a major pathway for the Nrf2-mediated 
regulation in synthesis of GSH. High levels of GSH 
which are important as a defense against the generation 
of oxidative stress relates to the activation of PI3k/Akt 
signaling cascade.18,23

DRUGS AFFECTING PATHOGENESIS  
OF DIABETIC NEUROPATHY

Tight glycemic control is vital to prevent the development 
of neuropathy and further worsening of the condition. 
However, over a period of time, glycemic control declines 
due to the progressive nature of diabetes leading to 
increased risk of complications. Ameliorating the neuro
pathy symptoms like pain, numbness, tingling, burning,  
etc., is extremely important. Neuroanalgesics like tricyclic 
antidepressants, selective serotonin and norepinephrine 
reuptake inhibitors, calcium channel alpha 2 delta ligands, 
opioids, Lidocaine patches, etc., are often taken into con-
sideration to improve physical functioning in patients 
complaining of neuropathic pain. Several other agents 
like Alpha lipoic acid, Gamma linolenic acid, Pyridoxine, 
Benfotiamine, Nicotinamide, Methylcobalamin, etc., have 
been considered in the management of diabetic neuropa-
thy. Clinical trials have established the beneficial effects 
of these neurotrophic agents in diabetic neuropathy since 
many years.

Efficacy of Methylcobalamin in diabetic neuropathy 
has been demonstrated in several clinical studies.24,25 
Methylcobalamin is active in spinal fluid, and due to this 
property, it is able to regenerate the damaged neurons and 
restore the normal functions. Methylcobalamin provides 
symptomatic relief by improving nerve conduction veloc-
ity impaired in diabetic neuropathy.26,27 It has been shown 
that exogenous administration of methylcobalamin delays 
the onset of diabetic neuropathy.28 A relatively new class 

Flow Chart 2: Impact of hyperactivity of polyol pathway

AR: Aldose reductase; SDH: Sorbitol dehydrogenase; NADPH: 
Nicotinamide adenine dinucleotide phosphate; AGEs: Advanced 
glycation end products
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of drugs, i.e., aldose reductase inhibitor (ARI), has also 
gained attention worldwide for its efficacy in delaying the 
development of diabetic neuropathy and improving the 
associated symptoms. This class specifically targets polyol 
pathway – the prime pathogenic mechanism of diabetic 
neuropathy. The efficacy of ARI like Epalrestat in improving 
diabetic neuropathy has been widely documented.

EPALRESTAT: A POTENTIAL ARI FOR THE 
TREATMENT OF DIABETIC NEUROPATHY

Epalrestat is a carboxylic acid derivative that has been 
widely documented in the management of diabetic neu-
ropathy.29-32 Epalrestat easily penetrates into the neural 
tissue and potently inhibits the enzyme AR resulting in 
decreased sorbitol accumulation. Epalrestat has remark-
ably shown to improve the neuropathy symptoms like loss 
of sensation and thermal sensitivity, burning sensation, 
numbness, muscle cramps, pain, weakness, dizziness, 
and nerve conduction velocity in patients suffering from 
diabetic neuropathy.26,29,31 Various studies have demon-
strated novel mechanisms of Epalrestat likely to have 
benefits in managing diabetic neuropathy (Flow Chart 3).

Effect of Epalrestat on PI3k/Akt Signaling

Cell proliferation or angiogenesis in a balanced way is an 
important aspect for normal growth. Patients with type 2 
diabetes mellitus are prone to have ischemic vascular dis-
eases and impaired wound healing due to defective angio-
genesis. Epalrestat has been reported to activate PI3k/Akt  
pathway in the endothelial cells leading to increased endo-
thelial cell proliferation.30 Maintenance of adequate blood 
supply to a damaged area assists in earlier regeneration 
of nerves.33 The angiogenic effect of Epalrestat helps in 
reducing the risk of developing neuropathy. Thus, activa-
tion of PI3k/Akt seems to be a plausible mechanism for 
faster wound healing and neuronal growth.

Effect of Epalrestat on GSH Levels

Epalrestat has been reported to increase the biosynthesis 
of GSH, and pretreatment with Epalrestat in Schwann 
cells has shown to have reduced toxicity. Epalrestat 
increases GSH by elevated expression of Nrf2, which is 
a key transcriptor in regulating γ-GCS.34 Also, Epalrestat 
by inhibiting the enzyme AR increases the availability 
of cofactor NADPH for GSH reductase, which is critical 
for maintaining the levels of GSH. Epalrestat by increas-
ing the intracellular concentration of GSH enhances the 
resistance toward redox imbalance, which aids strongly 
in reducing the development of diabetic neuropathy.

Effect of Epalrestat on NGF Concentration

It has been found that the concentration of NGF is less 
in wounds of diabetics, and several studies have dem-
onstrated the association of high NGF levels with better 
wound healing. Treatment with Epalrestat has shown 
to increase the messenger ribonucleic acid expression of 
NGF.15 This elevates NGF concentration and improves 
wound healing. Thus, Epalrestat has the potential for 
improving diabetic wound healing through upregulation 
of NGF concentration.

A clinical study has revealed that treatment with 
Epalrestat increases the nerve fiber length.35 The possible 
mechanism for this effect is increase in the NGF concen-
tration which leads to nerve regeneration. This regenera-
tion of nerve fiber aids in delaying the onset of diabetic 
neuropathy and improving the neuropathy symptoms.

COMBINATION THERAPY FOR THE 
MANAGEMENT OF DIABETIC NEUROPATHY

More than one agent is frequently employed in the 
management of neuropathy associated with diabe-
tes. Clinical trials have established the efficacy of 

Flow Chart 3: Beneficial actions of Epalrestat in diabetic neuropathy
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different combinations including Pregabalin, Epalrestat, 
Methylcobalamin, Alpha lipoic acid, Benfotiamine, 
Gabapentin, Venlafaxine, Amitriptyline, Nortriptyline, 
Morph i ne,  and Tramadol. 36 -39 Epalrestat  and 
Methylcobalamin in combination have shown to elucidate 
more beneficial effects than administering them alone. 
The synergistic effect of these agents results in better 
resolution of neuropathic symptoms.

The postmarketing surveillance involving 1,327 
neuropathic patients revealed that the combination of 
Pregabalin and Methylcobalamin was well tolerated 
and efficacious in reducing neuropathic pain.38 A clini-
cal trial demonstrated that the cotherapy of Gabapentin 
and Morphine had significant efficacy in reducing pain 
involving neuropathic patients.40 Combined treatment 
with Gabapentin and Nortriptyline showed significant 
improvement in neuropathic pain as compared with 
either drug administered alone.39

A 12-week randomized comparative study in 220 
patients with diabetic neuropathy found Epalrestat and 
Methylcobalamin combination was associated with faster 
and better symptomatic relief than Epalrestat alone. The 
study concluded that the combination of Epalrestat and 
Methylcobalamin is a better option for the treatment of 
diabetic neuropathy.31 Additionally, the postmarketing 
surveillance on fixed dose combination of Epalrestat 
and Methylcobalamin in 500 diabetic patients suffering 
from peripheral neuropathy confirmed the safety and 
efficacy of this combination therapy in the management 
of diabetic neuropathy.32

The earlier observations were corroborated in our 
two recent studies conducted on 100 and 50 neuropathic 
patients respectively. These patients were treated with 
fixed dose combination containing Epalrestat 50 mg 
and Methylcobalamin 500 μg administered thrice daily 
for 12 weeks. Reduction in neuropathy symptoms was 

observed in 98 and 96% (Graph 1) of patients respectively, 
in these studies. In 100-patient study, 95% of cases expe-
rienced normal tendon reflex, whereas in the 50-patient 
study, all the cases achieved normalization of tendon 
reflex at the end of treatment (Graph 2). Significant 
resolution of neuropathic pain was observed in both 
the studies. The efficacy of treatment was found to be 
very good in more than 85% of patients; tolerability was 
observed to be good to excellent according to physi-
cians as well as patients. No major adverse events were  
evidenced in both the studies.

CONCLUSION

The understanding about the development of neuropathy 
is gaining importance from a novel perspective pertain-
ing to IR in neurons. The neuronal IR hampers PI3k/Akt-
mediated neurotrophic effect of NGF and also adversely 
affects the biosynthesis of GSH. The ARI Epalrestat acti-
vates PI3k/Akt pathway, increases NGF, and enhances 
GSH levels with potential benefits in improving diabetic 
neuropathy.

REFERENCES

	 1.	 IDF Diabetes Atlas. 7th ed. 2015.
	 2.	 Adgaonkar A, Dawange A, Adgaonkar S, Kale V, Shekokar P.  

Clinical profile of peripheral neuropathy in diabetes mellitus 
by nerve conduction study. Sch J Appl Med Sci 2014;2(6A): 
1973-1977.

	 3.	 Centers for Disease Control and Prevention. National diabetes 
fact sheet: National estimates and general information on 
diabetes and prediabetes in the United States, 2011. Available 
from: http://www.cdc.gov/diabetes/pubs/pdf/ndfs_2011.pdf

	 4.	 Callaghan B, Cheng H, Stables C, Smith A, Feldman E. 
Diabetic neuropathy: clinical manifestations and current 
treatments. Lancet Neurol 2012 Jun;11(6):521-524.

	 5.	 Hosseni A, Abdollahi M. Diabetic neuropathy and oxida-
tive stress: therapeutic perspectives. Oxid Med Cell Longev  
2012.

Graph 1: Percentage of patients experiencing reduction in 
neuropathy symptoms

Graph 2: Percentage of patients with normal tendon reflex



Manish Maladkar et al

14

	 6.	 Simons A, Orcutt K, Madsen J, Scarbrough P, Spitz D. 
Oxidative stress in cancer biology and therapy. Dordrecht: 
Springer; 2012. p. 21-46.

	 7.	 Song G, Ouyang G, Bao S. The activation of Akt/PKB 
signaling pathway and cell survival. J Cell Mol Med 2005 
Jan-Mar;9(1):59-71.

	 8.	 Xu N, Lao Y, Zhang Y, Gillespie D. Akt: A double-edged sword 
in cell proliferation and genome stability. J Oncol 2012;2012:15. 
Available from: http://dx.doi.org/10.1155/2012/951724.

	 9.	 Chang F, Lee J, Navolanic P, Steelman L, Shelton J, Blalock W, 
Franklin R, McCubrey J. Involvement of PI3K/Akt pathway 
in cell cycle progression, apoptosis, and neoplastic transfor-
mation: a target for cancer chemotherapy. Leukemia 2003 
Mar;17(3):590-603.

	 10.	 Brunet A, Datta S, Greenberg M. Transcription-dependent  
and -independent control of neuronal survival by the PI3K–
Akt signaling pathway. Curr Opin Neurobiol 2001;11:297-305.

	 11.	 Kim B, Feldman E. Insulin resistance in the nervous system. 
Trends Endocrinol Metab 2012 Mar;23(3):133-141.

	 12.	 Toth C, Brussee V, Martinez J, Mcdonald D, Cunningham F,  
Zochodne D. Rescue and regeneration of injured periph-
eral nerve axons by intrathecal insulin. Neuroscience 2006 
May;139(2):429-449.

	 13.	 Hong J, Qian T, Le Q, Sun X, Wu J, Chen J, Yu X, Xu J. NGF 
promotes cell cycle progression by regulating D-type cyclins 
via PI3K/Akt and MAPK/Erk activation in human corneal 
epithelial cells. Mol Vis 2012 Mar;18:758-764.

	 14.	 Fantacci D, Capozzi D, Ferrara P, Chiaretti A. Neuroprotective 
role of nerve growth factor in hypoxic-ischemic brain injury. 
Brain Sci 2013 Sep;3(3):1013-1022.

	 15.	 Nakagaki O, Miyoshi H, Sawada T, Atsumi T, Kondo T, 
Atsumi T. Epalrestat improves diabetic wound healing 
via increased expression of nerve growth factor. Exp Clin 
Endocrinol Diabetes 2013 Feb;121(2):84-89.

	 16.	 Pittenger G, Vinik A. Nerve growth factor and diabetic neu-
ropathy. Exp Diabesity Res 2003 Oct-Dec;4(4):271-285.

	 17.	 Hers, et al. The mechanism of the transformation of glucose 
in fructose in the seminal vesicles. Biochimica et biophysica 
acta 1956; 22(1):202-203.

	 18.	 Ramana K. Aldose reductase: new insights for an old enzyme. 
Biomol Concepts 2011 Apr;2(1-2):103-114.

	 19.	 Arora M, Singh U. Molecular mechanisms in the pathogenesis 
of diabetic nephropathy: an update. Vascul Pharmacol 2013 
Apr;58(4):259-271.

	 20.	 Yagihashi S, Mizukami H, Sugimoto K. Mechanism of 
diabetic neuropathy: Where are we now and where to go?  
J Diabetes Investig 2011 Jan;2(1):18-32.

	 21.	 Townsend D, Tew K, Tapiero H. The importance of glu-
tathione in human disease. Biomed Pharmacother 2003 
May-Jun;57(3-4):145-155.

	 22.	 Kerksick C, Willoughby D. The antioxidant role of glutathione 
and N-acetyl-cysteine supplements and exercise-induced 
oxidative stress. J Int Soc Sports Nutr 2005 Dec;2(2):38-44.

	 23.	 Yama K, Sato K, Abe N, Murao Y, Tatsunami R, Tampo Y. 
Epalrestat increases glutathione, thioredoxin, and heme 
oxygenase-1 by stimulating Nrf2 pathway in endothelial 
cells. Redox Biol 2015;4:87-96.

	 24.	 Dominguez J, Ng A, Damian L. A prospective, open label, 
24-week trial of methylcobalamin in the treatment of diabetic 
polyneuropathy. J Diabetes Mellitus 2012 Nov;2(4):408-412.

	 25.	 Zhang M, Han W, Hu S, Xu H. Methylcobalamin: a poten-
tial vitamin of pain killer. Neural Plast 2013;2013. Doi: 
10.1155/2013/424651.

	 26.	 Maladkar M, Rajadhyaksha G, Venkataswamy N, Hariharan R,  
Lohati S. Efficacy, safety, and tolerability of epalrestat 
compared to methylcobalamine in patients with diabetic 
neuropathy. Int J Diabetes Dev Ctries 2009 Jan;29(1):28-34.

	 27.	 Mizukami H, Ogasawara S, Yamagishi S, Takahashi K, 
Yagihashi S. Methylcobalamin effects on diabetic neuropathy 
and nerve protein kinase C in rats. Eur J Clin Invest 2011 
Apr;41(4):442-450.

	 28.	 Jian-bo L, Cheng-ya W, Jia-wei C, Xiao-lu L, Zhen-qing F, 
Hong-tai M. The preventive efficacy of methylcobalamin on 
rat peripheral neuropathy influenced by diabetes via neural 
IGF-1 levels. Nutr Neurosci 2010 Apr;13(2):79-86.

	 29.	 Hotta N, Akanuma Y, Kawamori R, Matsuoka K, Oka Y,  
Shichiri M, Toyota T, Nakashima M, Yoshimura I, Shakamoto N,  
et al. Long-term clinical effects of epalrestat, an aldose reduc-
tase inhibitor, on diabetic peripheral neuropathy. Diabetes 
Care 2006 Jul;29(7):1538-1544.

	 30.	 Suzuki K, Tanaka S, Yanagi K, Lijima T, Niitani M, Coletta C,  
Szabo C, Aso Y. Epalrestat induces cell proliferation and 
migration in endothelial cells via mTOR activation through 
PI3/Akt signaling. Diabetol Int 2014 Jun;5(2):105-111.

	 31.	 Maladkar M, Saggu N, Moralwar P, Mhate A, Zemse D, 
Bhoraskar A. Evaluation of efficacy and safety of epalrestat 
and epalrestat in combination with methylcobalamin in 
patients with diabetic neuropathy in a randomized, compara-
tive trial. J Diabetes Mellitus 2013 Feb;3(1):22-26.

	 32.	 Maladkar M, Sankar S, Patel P. Post-marketing surveillance 
of epalrestat and methylcobalamin – Game changer in the 
management of diabetic neuropathy: an Indian perspective. 
Indian Pract 2014 Jan;66(12):683-689.

	 33.	 Avogaro A, Albiero M, Menegazzo L, Kreutzengberg S,  
Fadini G. Endothelial dysfunction in diabetes the role of repa-
ratory mechanisms. Diabetes Care 2011 May;34(2):S285-S290.

	 34.	 Sato K, Yama K, Murao Y, Tatsunami R, Tampo, Y. Epalrestat 
increases intracellular glutathione levels in Schwann cells 
through transcription regulation. Redox Biol 2013 Nov;2:15-21.

	 35.	 Yasuda H, Hirai A, Joko M, Terada M, Kawabata T, Maeda K, 
 Haneda M, Kashiwaqi A, Maeda T, Kikkawa R. Effect of 
aldose reductase inhibitor on cutaneous nerve fiber length 
in diabetic patients. Diabetes Care 2000 May;23(5):705.

	 36.	 Vasudevan D, Naik M, Mukaddam Q. Efficacy and safety of 
methylcobalamin, alpha lipoic acid and pregabalin combi-
nation versus pregabalin monotherapy in improving pain 
and nerve conduction velocity in type 2 diabetes associated 
impaired peripheral neuropathic condition. Ann Indian Acad 
Neurol 2014 Jan;17(1):19-24.

	 37.	 Sujitha, S, Sivakumar R, Radhakrishnan P, Chitra K, Shibin S,  
Shafeer P. Comparison of pregabalin-methylcobalamin with 
gabapentin-methylcobalamin therapy in diabetic neuropa-
thy: a prospective study on quality of life. Am J Pharm Health 
Res 2014;2(9):72-83.

	 38.	 Prabhoo R, Panghate A, Dewda R, More B, Prabhoo T, Rana R.  
Efficacy and tolerability of a fixed dose combination of meth-
ylcobalamin and pregabalin in the management of painful 
neuropathy. N Am J Med Sci 2012 Nov;4(11):605-607.

	 39.	 Gilron I, Bailey J, Tu D, Holden R, Jackson A, Houlden R. 
Nortriptyline and gabapentin, alone and in combination for 
neuropathic pain: a double-blind, randomised controlled 
crossover trial. Lancet 2009 Oct;374(9697):1252-1261.

	 40.	 Gilron I, Bailey J, Tu D, Holden R, Weaver D, Houlden R. 
Morphine, gabapentin, or their combination for neuropathic 
pain. N Engl J Med 2005 Mar;352(13):1324-1334.


