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AN ABSTRACT OF THE THESIS OF 

 

Maya Mhamad Dannawi for Master of Science 
                                     Major: Physiology 
 

Title: IMPACT OF INTERMITTENT FASTING ON PREDIABETES-INDUCED 
NEUROPATHY: INSIGHTS ON A NOVEL MECHANISTIC PATHWAY 

 
Background: Prediabetes, also known as intermediate hyperglycemia, is an alarming 
precursor of type 2 diabetes mellitus, which is fraught with complications. 
Peripheral neuropathy is one major complication that is a cause of disability worldwide. A 
growing body of literature links prediabetes, obesity and metabolic syndrome to the risk of 
both diabetic peripheral neuropathy (DPN) and cryptogenic sensory 
peripheral neuropathy (CSPN). Lifestyle changes are key in the management of 
prediabetes. Recent data suggest that intermittent fasting is the cornerstone in the 
management of obesity, however, its role in prediabetic complications is not well 
described. Furthermore, the mechanism of action by which intermittent fasting exert its 
metabolic role remains to be poorly investigated.  

Reactive oxygen species production (ROS) has been described as the final common 
signaling pathway orchestrating the onset and development of complications. Moreover, 
increasing evidence in both experimental and clinical studies suggests that oxidative 
stress plays a major role in the pathogenesis of diabetes and its different complications. 
Cytochromes P450 monooxygenases, especially those involved in the epoxygenase 
pathways controlling EETs production, are considered to be a negative regulator of ROS 
production. Nevertheless, this role has not been fully interrelated to peripheral 
neuropathy. 
 
Aim: In this study we investigated the influence of intermittent fasting on prediabetes-
induced peripheral neuropathy. Furthermore, we explored the cellular and molecular 
mechanistic pathways by which intermittent fasting exerts its effect. 
  
Methods: C57/BL6 mice were recruited and prediabetes was induced by high 
calories/high fat diet feeding. After 8 weeks of high calories/high fat diet feeding, mice 
were exposed to a protocol of alternate day fasting. They were divided as follows: 
1control mice (14.1 kcal% fat), 2control prediabetic mice (60 kcal% fat), prediabetic mice 
that underwent an alternate day fasting protocol with different types of diet; either with 
3(14.1 kcal% fat), 4(30 kcal% fat), 5(60 kcal% fat). Body mass composition (fat, lean and 
free fluids), behavioral (sensory and motor), molecular and biochemical tests were 
performed.  
In parallel, and in order to assess the role of dyslipidemia in vitro, mouse Schwann cells 
MSC80 were treated with saturated palmitate, unsaturated Oleate or with 10mM of 
glucose for 24 hours. 
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Results: High-fat diet consumption lead to neurophysiological defects and sensorimotor 
abnormalities paralleled by a reconditioning of peripheral myelin gene expression, and 
an increase in NADPH-induced ROS generation that is due to an alteration in the 
epoxygenase pathway as assessed by the decrease in CYP1a1/1a2 expression reflecting 
the decrease in EETs production. Intermittent fasting regulates NADPH-derived ROS 
production, restores the homeostatic effect of the CYPs enzymes producing EETs, 
prevents prediabetes-associated neurophysiological and sensorimotor defects and 
reinstates peripheral myelin gene expression. Furthermore, body mass composition 
analysis showed significant variations in the parameters between prediabetic and treated 
mice. To further confirm the role of the falling-off in EETs production in prediabetes-
induced peripheral neuropathy, 5prediabetic mice were treated with AUDA, an sEH 
inhibitor, that increases physiological availability of EETs. Our data using AUDA 
mimicked the beneficial effect observed with the intermittent fasting protocol.  Of 
interest, results of the cultured SCs treated with either, palmitate, oleate or 10mM glucose 
in the presence or absence of AUDA mirrored the in vivo data. 
 
Conclusion: Intermittent fasting and EETs bioavailability proved to have a protective 
effect in reversing the pathogenesis of peripheral neuropathy in the prediabetic state. 
Taken together, our results suggest a novel interventional modality in the management of 
diabetes and its associated complications.  
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CHAPTER I 

 
INTRODUCTION 

 
 

A. Prediabetes 

Diabetes mellitus (DM) is among the prime instigators of death universally. [1] 

Prediabetes, also known as intermediate hyperglycemia, is an alarming precursor of 

diabetes mellitus and specifically type 2 diabetes mellitus. [2, 3] In the past decade, 

prediabetes has gained significant attention because emerging evidence highlighted the 

pivotal role it plays. Actually, it was estimated that every year around 5-10% of 

prediabetic patients become diabetic. [4, 5] Moreover, according to the American 

Diabetes Association (ADA), up to 70% of patients with prediabetes will eventually 

develop diabetes. [6] 

 

1. Epidemiology 

About 84 million adults in the states are currently facing prediabetes; one in 

three adults in the United States. About 90% of these adults are oblivious that they are 

affected with prediabetes and are unknowingly setting themselves up for all the 

consequences that this disease entails. The incidence of diabetes is evidently growing at 

rapid rates globally. In the US alone, up to 1.5 million new diabetic patients are 

diagnosed annually. These increases are matching the rapid increases in the prevalence 

of obesity. [7-9] 
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2. Etiology and risk factors 

There are many factors that could significantly increase the risk of developing 

prediabetes. That includes: age, ethnicity (African American, Latin America, Native 

American, or Asian/Pacific Islander), sex (males), obesity (especially a body mass 

index greater than 25 kg/m2), a high blood pressure, polycystic ovarian syndrome, 

family history of diabetes, improper lifestyle and physical inactivity. [3, 10]  

 

3. Diagnosis 

American diabetes association (ADA) describes prediabetes to be associated with a 

fasting plasma glucose of 100-125 mg/dl and/or a plasma glucose concentration of 140-

199 mg/dl following a 75 g oral glucose tolerance test and/or an HbA1c of 5.7-6.4%. 

[11] 

 

4. Symptoms 

The majority of prediabetic patients do not exhibit symptoms related to diabetes 

other than high levels of blood glucose [10], although these levels do not reach diabetes 

thresholds. [12] Thus, individuals exhibiting some of the risk factors should be 

monitored regularly. Other possible symptoms that could manifest in a minority of the 

patients include: increased appetite, sudden weight loss/ weight gain, weakness and 

fatigue, sweating, slow healing of bruises, blurred vision, recurrent skin infections, gum 

bleeding... [10] 
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5. Glucose Homeostasis 

Glycemia is under a highly homeostatic control. Constantly, the concentration of 

glucose in the bloodstream represents a balance between the entry and exit of glucose 

from the blood circulation via cellular metabolism or excretion. (Figure 1) 

Dysregulation results in increased glucose levels. All of this is subject to multiple 

regulatory mechanisms, with insulin and glucagon playing the fundamental roles. [13] 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Pathophysiology 

Insulin deficiency, insulin resistance, and defective glucose sensing at the level of 

pancreatic beta cells are the central pathophysiological determinants that together 

initiate and intensify the hyperglycemic state in a diabetic condition. [14] 

Figure 1: Glucose and Glycogen homeostatic pathways: Role of insulin and glucagon, 
Benjamin Cummings, 2001 
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Hyperglycemia stimulates an excessive release of insulin by the pancreatic beta 

cells, causing a high exposure to insulin. Thus, the insulin receptors, responsible for 

opening glucose channels that drive glucose into the cells, will eventually become 

desensitized and their response will decrease. This reduction exacerbates the 

hyperglycemic state, prolongs the metabolic disturbances and leads to the development 

of not only type 2 diabetes but also to the development of metabolic syndrome. [15-19]  

Moreover, prediabetes is mainly associated with dyslipidemia. Increasing evidence 

has shown an association of obesity, dyslipidemia specifically, with the prediabetic 

cellular and molecular injuries irrelevant to hyperglycemia. [16] This will largely be the 

focus of our study.  

These pathophysiological events represent a preliminary phase leading to a 

metabolic cascade which potentially has deleterious consequences if not adequately 

addressed. 

 

7. Reversion to normoglycemia: management and treatment 

Following lifestyle and drug-based interventions among prediabetic individuals, 

numerous studies have confirmed a significant decrease in the risk of developing 

diabetes. [20-22] Prediabetes may also be reverted completely back to normoglycemia. 

In a population based observational study in England, up to 80% of the participants with 

impaired fasting glucose at the start of the study had normal fasting glucose after being 

followed up for 10 years. [4] 

According to the research in the field, lifestyle interventions are considered the 

cornerstone in preventing diabetes. However, some anti-diabetic and anti-obesity drugs 

have been shown to also play a pivotal role in delaying the onset of diabetes or even 
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reversing prediabetes. [6, 20] Moreover, some surgical mediations, namely bariatric 

surgeries, have presented promising effects on improving the prediabetic state. [23] 

In summary, the rate of progression from prediabetes to type 2 diabetes became a 

serious and a debilitating problem. The complications associated to type 2 diabetes 

(presented in the below sections) start at the prediabetic stage. Thus, preventative 

interventions at the prediabetic stage become a compelling public health priority.  

 

B. Diabetes Mellitus 

Diabetes is a heterogeneous metabolic disease characterized by hyperglycemia; 

manifested mainly due to a chronic decrease or insufficiency of insulin in the body. [18]  

 

1. Diagnosis 

American diabetes association (ADA) defines diabetes to be associated with a 

fasting plasma glucose of =/> 126 mg/dL, and/or a plasma glucose concentration of 

=/>11.1 mmol/L following a 75 g oral glucose tolerance test and/or an HbA1c of =/> 

6.5%. [11] 

 

2. Epidemiology 

According to the 2014 National Diabetes Statistics Report, an estimated 29.1 

million people, or 9.3% of the population, have diabetes mellitus (Type I or II) in the 

United States. [24] According to the World Health Organization, approximately 347 

million people suffered from diabetes in 2008. This number is estimated to double by 

2030.  
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3. Types of Diabetes Mellitus 

According to the ADA, diabetes is sub-grouped into 4 types. Type 1 diabetes, also 

termed as juvenile diabetes, is mainly an autoimmune disease caused by a total 

destruction of pancreatic β-cells and usually affects adolescents. [25] Type 2 diabetes 

mellitus is manifested by a gradual loss of pancreatic β-cells causing first an increase in 

insulin which is thought to be as a defense mechanism; this is followed by a gradual 

decrease in the insulin bioavailability, coupled with an increase in insulin resistance. 

The third type of diabetes mellitus is gestational diabetes which usually occurs during 

the second or third trimester of pregnancy. [26] Diabetes can also be induced by other 

specific triggers, namely drug or chemical toxicity, genetic disorders, endocrinopathies, 

insulin receptor disorders and in association with pancreatic exocrine disease. [27] 

 

C. Diabetes-induced complications 

The burden of the diabetic complications is significantly increasing in parallel 

with the growing diabetes pandemic. The main instigators and prevention strategies 

remain elusive. While exogenous insulin and other medications can control many 

aspects of diabetes, numerous complications affecting the vascular system, kidneys, 

retina, lens, nerves, and skin are common and are extremely costly in terms of longevity 

and quality of life. [28] 

 

1. Conventional complications: Microvascular and macrovascular  

Diabetes mellitus is usually associated with “conventional” microvascular and 

macrovascular complications affecting several organ systems. The former includes 

retinopathy, nephropathy and neuropathy, recently known as the “triopathy”. Whereas 
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the macrovascular complications comprise peripheral artery disease, accelerated 

cardiovascular impairments, and strokes. [29] (figure 2) 

 

 

 

 

 

 

 

 

 

 

 

2. Non-conventional complications 

Among the “non-conventional” manifestations associated with diabetes, chronic 

complications include dementia, cancer, sexual dysfunction, and depression. [30-32] 

 

D. Neuropathy 

Neuropathy is a heterogenous disease with disparate functional and pathobiological 

mechanisms, mostly associated with diabetes. It may affect both distal and proximal 

nerves comprising small unmyelinated and large myelinated fibers. [33] This disorder is 

divided into central, peripheral and autonomic neuropathy. [34] Furthermore, it can be 

sub-grouped depending on the mechanism of the injury into focal mononeuropathy 

caused by a lesion of a single nerve	or polyneuropathy. [35] 

Figure 2: Conventional diabetic complications  
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1. Diabetic peripheral neuropathy 

Diabetic peripheral neuropathy, which is the main focus of our study, is a common 

disease in the field of neurology, yet its etiology has not been well elucidated. It is the 

most common type of neuropathy targeting 50-70% of diabetic patients. [36] 

Moreover, several studies confirmed that patients with prediabetes have an elevated 

risk of polyneuropathy even before the onset of frank diabetes, and that these patients 

have an elevated risk of metabolic syndrome or its associated abnormalities. [37] 

a. Pathophysiology 

Nervous affiliations throughout the entire body may be affected in DPN depending 

on the duration and severity of the disease. Diabetic peripheral neuropathy adopts a 

“stocking-glove” pattern, where loss of sensation progresses in a distal-to-proximal 

fashion.  

Clinical manifestations are predominantly sensory and can be classified as positive 

such as tingling, burning, or stabbing pain and negative including sensory loss, 

weakness, and numbness. Motor symptoms are not as common and occur later with the 

disease progression. [36, 38] [33]   

Diabetic peripheral neuropathy firstly affects the small diameter thinly myelinated 

Aδ fibers alongside the unmyelinated C fibers, which convey impulses related to 

temperature perception and pain. With the progression of the neuropathy, degeneration 

of the larger myelinated nerve fibers results in a loss of ankle reflexes, sensory ataxia, 

and reduced proprioception. Ultimately, the risk of limb amputations increases as 

diseased tissue develops from ulcer formation and infection. [39]  
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b. Management 

Unfortunately, to date, there is no specific treatment for diabetic neuropathy. The 

management of the disease is limited to analgesic agents that mainly alleviate the 

associated pain. [40]  

c. Dyslipidemia-induced diabetic peripheral neuropathy 

Although diabetes mellitus is well known to cause peripheral neuropathy and 

numerous studies reported hyperglycemic related mechanisms of nerve damage, recent 

clinical studies have revealed an association of obesity with peripheral neuropathy 

irrelevant to hyperglycemia. [41]  A growing body of literature links prediabetes, 

obesity and metabolic syndrome. High fat fed mice, a model of prediabetes and 

dyslipidemia, has been shown by numerous studies to develop a form of neuropathy 

without overt hyperglycemia. [41-48] These facts confirm a possibility that some 

conditions associated with obesity constitute serious risk factors of neuropathy. 

Palmitate, the most abundant saturated fatty acid in the human plasma and the 

adipose tissues, can be used to mimic dyslipidemia and obesity in vitro. [49] It was 

shown to be increased significantly in obese and diabetic patients as compared with 

healthy individuals. [50-52] Palmitate has also been implicated in dysregulation and 

apoptosis in different types of cells including pancreatic beta cells, podocytes, retinal 

cells, cardiac cells, endothelial cells, and most relevant for our study, Schwann cells. 

[53] [54-57] However, its implication in prediabetes has not been identified yet, 

specifically in prediabetes-induced peripheral neuropathy. 

E. Saturated and unsaturated fatty acids in prediabetes and dyslipidemia 

The mechanisms by which palmitate is involved in cell damage and diabetic 

neuropathy are still poorly investigated. While saturated fatty acids, such as palmitate, 
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are involved in cellular dysregulations leading to apoptosis [53, 54, 56, 57], many 

recent studies have reported that monounsaturated fatty acids, including oleate, are 

considered chief moderators that may counteract the deleterious effects of saturated 

fatty acids. [55, 58-65] 

Increasing evidence have shown that palmitate induces oxidative stress [53, 54, 

58, 61, 66], mediating injury and apoptosis of cells in the nervous system [57, 60, 67]. 

Therefore, palmitate can hypothetically be used in studies as a potent mediator of 

diabetic neuropathy. On the other hand, oleate may act as a potential beneficial 

therapeutic agent that reverses the adverse effects of palmitate. [55, 60-62, 64, 65] 

 

F. Intermittent fasting as a potential management for prediabetes  

Lifestyle changes are key in the management of prediabetes. Recent data suggest 

that intermittent fasting is the cornerstone in the management of metabolic disorders 

and obesity. [68-71]  However, its role in prediabetes and prediabetic complications is 

not described.  

 

1. Overview  

Intermittent fasting is a form of abstinence from food for a certain period of time 

depending on the specific regimen followed. It has long been adapted either for 

religious or for social motives. However, it gained significant scientific exposure for the 

favorable outcomes it has shown in the past years.  

Strict diets and calorie restriction regimens have long been used by people, 

however due to the increased burden of this regimen on people and the significant 

limitations and restrictions associated with it, intermittent fasting has been slowly 
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stealing the spotlights and gaining people’s appreciation. [70, 72] There are various 

protocols of intermittent fasting depending on the time point. 

 

2. Types of Intermittent Fasting 

a. Alternate day fasting 

Alternate day fasting is one of the most popular and commonly followed approaches 

of intermittent fasting. It consists of a fast day where subjects abstain from food for an 

entire day, this is followed by an ad libitum food access regimen the next day. To 

reduce stress markers, some studies allow a minimal calorie intake, 25% of the regular 

calorie consumption, on the fast day. This type has been suggested to be highly 

effective in weight loss and considered a positive influence on metabolic biomarkers 

and cardiovascular risk factors. [73] 

b. Time restricted feeding 

Time restricted feeding, sometimes referred to as the 16:8 fasting regimen, is 

another popular form of intermittent fasting. It consists of having a fixed timeframe 

between fasting and ad libitum food access every day. The fasting period usually varies 

between 3-10 hours depending on the sex, age, and the subject’s will power. Animal 

studies have showed that time restricted feeding was associated with significant 

enhancements in body mass index, lipid profile enhancements, glucose and insulin 

homeostasis. [74-76] 

 

c. 5:2 fasting 

This regimen consists of having 2 fasting days with none to minimum energy intake, 

while feeding ad libitum the other days of the week. [69] 
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d. Religious fasting 

Theoretically speaking, religious fasting regimens are considered the oldest forms of 

intermittent fasting and the basis of its presence scientifically. There are many forms 

depending on the religion. This type has been studied clinically and experimentally and 

it proved to have profitable metabolic and health outcomes. [69] 

 

3. Intermittent fasting in obesity and diabetes 

It is of utmost importance to prevent the progression of prediabetes into diabetes, as 

its complications are debilitating. Increasing evidence has shown that intermittent 

fasting might serve as a therapeutically convenient approach for diabetes. Studies have 

shown that intermittent fasting was successful in restoring pancreatic beta cells, 

enhancing health metabolic parameters, decreasing cardiovascular disease risk factors 

and ameliorating diabetic complications.  [77-83]  

The mechanism of action by which intermittent fasting exert its metabolic role has 

not yet been well elucidated. Further studies are needed to assess its role in prediabetes 

and in the possibility of completely reversing the metabolic parameters and the 

associated complications.  

 

4. Intermittent fasting and diabetic complications 

Intermittent fasting has been shown to ameliorate the diabetic state and to play a 

role in decreasing the severity of the diabetic complications. Some studies have shown 

that intermittent fasting was successful in alleviating the neuropathic phenotype in a 

mouse model and preventing the progression of type one diabetic nephropathy. [84, 85] 

Moreover, a study confirmed that intermittent fasting was able to prevent diabetic 
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retinopathy. [86] However, its role and mechanisms of action in neuropathy is still not 

well described.  

 

5.  Intermittent fasting and oxidative stress 

The effect of intermittent fasting on oxidative stress has not been explained 

explicitly before. However, few studies have tackled this relation and proved some 

beneficial effects of intermittent fasting in an oxidative-stress state. [87-90] 

 

G. Oxidative stress 

Human body is constantly exposed to various reactions and pathways that could 

lead to the production of reactive species entitled free radicals: reactive oxygen species 

(ROS),	reactive nitrogen species (RNS),	and reactive chlorine species (RCS). The 

transfer of their free unpaired electron triggers an oxidation of cellular machinery. In 

order to preserve the homeostatic state of our bodies, endogenous or exogenous 

antioxidant systems that counterbalances and confronts the injurious outcomes of such 

species exist. Any disparity between the quantity of the free radicals and the 

antioxidants lead to the phenomenon of “oxidative stress”. [91]  Thus, oxidative stress 

develops when the organism fails to detoxify the free radicals that are produced during 

metabolic activity. This could play a major role in the development of chronic and 

degenerative diseases such as cancer, autoimmune disorders, neurodegenerative 

diseases and diabetes. [92] 
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1. Underlying pathogenic mechanisms in diabetes 

Reactive oxygen species production (ROS) has been described as the final common 

signaling pathway orchestrating the onset and development of diabetic complications. 

Increasing evidence in both experimental and clinical studies suggests that oxidative 

stress plays a major role in the pathogenesis of diabetes and its different complications. 

It is believed that in the onset and progression of the various diabetic complications, 

free radicals lead to the damage of lipids, proteins, DNA, and other macromolecules, 

affecting cell signaling pathways, eventually leading to cell death. [93] 

Free radicals are produced excessively in diabetes by glucose oxidation, non-

enzymatic glycation of the cellular matrix; lipids and proteins, and the subsequent 

oxidative degradation of glycated proteins. Abnormal levels of free radicals and the 

associated decline of the antioxidative defense mechanisms can lead to cell apoptosis, 

increased lipid peroxidation, and the development of insulin resistance. (figure 3) All of 

this is considered  a  prime trigger for the development of the diabetic complications. 

[94] 

 

2. Reactive oxygen species 

Reactive Oxygen Species (ROS) are oxygen-containing chemically active molecules 

that are byproducts of ongoing cellular reactions. The most abundant ones are 

peroxides, superoxide, and hydroxyl radical. Dyslipidemia and hyperglycemia have 

been shown to disrupt the oxidant-antioxidant equilibrium by instigating additional 
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ROS production. [95-97] Subsequently, the identification of cellular sources of ROS is 

central to understanding its related pathobiology in diabetes.  

 

3. Sources of reactive oxygen species 

Intracellular glucose metabolism is associated with ROS production via glucose 

autoxidation, mitochondrial oxidative phosphorylation, and the production of advanced 

glycation end products. Additionally, a number of enzymes have been implicated in 

diabetic-induced ROS production and are reported to include nicotinamide adenine 

dinucleotide phosphate oxidase (7 distinct isoforms), nitric oxide synthase, 

lipoxygenases, cyclooxygenases, xanthine oxidase, and notably cytochrome P450 

monooxygenases. [98] (figure 4) 

 

Figure 3: Reactive oxygen species sources and pathways, Krishna et al. 2011 
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4. Oxidative stress in diabetic peripheral neuropathy 

Oxidative stress has been reported to be associated with diabetic complications and 

specifically peripheral neuropathy. Schwann cells are the regenerating key factors in 

peripheral neuropathy, and they have been reported to be impaired in diabetes through 

hyperglycemic and oxidative stress pathways.  [99, 100] However, the relation between 

prediabetes induced-neuropathy, and oxidative stress is not elucidated yet. [101-105] 

 

H. Cytochromes P450  

The Cytochromes P450 monooxygenases are a fundamental source of reactive 

oxygen species production. Cytochromes P450, which have a pigment (P) that has a 

450-nm spectral peak when reduced and bound to carbon monoxide, are a large family 

of hemoproteins. They are mainly responsible of the oxidation or reduction of 

endogenous molecules (hormones, cholesterol, saturated and unsaturated fatty acids 

eicosanoids, steroids, acids, and vitamins), and exogenous molecules (environmental 

Figure 4: Sources of ROS, Eid et al, 2014 
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chemicals, pollutants and drugs).  Mainly, this metabolism leads to a successful 

detoxification of many compounds. However, sometimes it can lead to the production 

of many harmful molecules associated with many diseases such as cancer, birth defects 

and diabetes. [106]  

Cytochromes P450 have been described to be bound to membranes of both the 

mitochondria and the endoplasmic reticulum and to be associated with redox reactions. 

[107] Furthermore, CYPs are reported to be major sources of free radicals, mainly 

reactive oxygen species, in numerous tissues [108-110] with implications in diabetic 

complications. [111, 112] In humans, approximately 60 CYP genes have been 

identified; any polymorphism associated with a gene is associated with enzyme 

dysfunction and a range of disorders. [113] 

 

1. CYP450 involvement in arachidonic acid metabolism 

Arachidonic acid, a 20-carbon chain polyunsaturated fatty acid, is an integral 

constituent of the biological cell membrane. It’s associated with a lot of metabolic 

pathways and signaling cascades involved in treatment and diagnosis of a lot of diseases 

including neuropathy. [114-119] Cytochromes p450 are one of the enzymes involved in 

the arachidonic acid metabolism. Arachidonic acid release is induced by the action of 

phospholipase A2 on membrane phospholipids. Free arachidonic acid may be 

metabolized through three separate pathways by either the cyclooxygenases, 

lipoxygenases or CYP450 monooxygenases. CYP isoforms, involved in the 

monooxygenase pathway, may be classified as epoxygenases or hydroxylases. These 

enzymes convert arachidonic acids into expoxyecosatetraenoic acids (EET) or hydroxy-

eicosatetraenoic acids (HETE) respectively. [120] (figure 5) 
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2. Different families and subfamilies of CYP450 

The human cytochrome P450 (CYP) superfamily comprises around 60 genes. 

Cytochrome P450 proteins are conveniently arranged into families and subfamilies on 

the basis of percentage amino-acid sequence identity. To date, no studies have explicitly 

described the fluctuations of CYPs in obesity linked to neuropathy. Some studies 

showed how the CYP450 appear to be isozyme-specific. However, the effect of obesity 

on the majority of the cytochromes P450 isozymes is inconclusive and further 

investigations are needed. [121] 

 

3. Cytochromes epoxygenases:  

Epoxygenases are a group of the CYP450 enzymes that participate in the 

metabolism of some polyunsaturated fatty acids, primarily arachidonic acid, to epoxide 

products: the eicosatrienoic acid epoxides (EETs). These CYP epoxygenases are sub-

Figure 5: Arachidonic Acid metabolism, Konkel et al. 2011 
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grouped into 2 subfamilies the CYP1 and CYP2 isozymes. [107, 113] It is noteworthy 

to mention that, in injurious cases, EETs are converted excessively into a 20 times less 

metabolically active form dihydroxyeicosatrienoic acids (DHETs) by soluble epoxide 

hydrolases sEH.  

Cytochromes P450 monooxygenases, especially those involved in the 

epoxygenase pathways controlling EETs production, are considered to be a negative 

regulator of ROS production. Nevertheless, this role has not been fully interrelated to 

peripheral neuropathy. 

4. Cytochromes hydroxylases:  

The ω-hydroxylation (addition of a hydroxyl moiety at the terminal ω-carbon) of 

arachidonic acids produces 20-hydroxyeicosatetraenoic acid (20-HETE) and is 

catalyzed by ω - hydroxylases of the CYP4A and CYP4F subfamilies. [107, 113] 

 

5. Role of CYP450 in prediabetes and diabetic complications 

Many experiments have reported the variations of EETs and HETEs in diabetes. 

We and others have previously shown that in diabetes the bioavailability of EETs 

(product of the action of epoxygenases: CYP1 or CYP2) decreases while HETEs 

(product of the action of hydroxylases: CYP4) increase. It has been also established that 

oxidative stress followed by these fluctuations could play a key role in the pathogenesis 

of the diabetic complications. [112, 122] 

Moreover, some studies highlighted beneficial effects of EETs in diabetes. One 

study in 2016 reported that elevated levels of EETs managed to reduce insulin 

resistance, decrease the beta cells destruction, and thus control insulin sensitivity in 

diabetes. [116] 
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6. Soluble epoxide hydrolase inhibiton  

The inhibition of soluble epoxide hydrolase has gained significant attention in 

the past decade. Metabolically stable drugs that inhibit sEH started to emerge in the 

field of diabetic neuropathy and confirmed promising outcomes in restoring the 

homeostatic balance in CYP450 mechanisms and ROS production. AUDA (12-(3-

adamantan-1-yl-ureido) dodecanoic acid) inhibits the enzyme soluble epoxide hydrolase 

that converts EETs to DHETs; increasing the bioavailability of EETs. (figure 6) This 

increase is thought to play a major role in stabilizing the negative consequences of 

oxidative stress-related nerve damages. Many experimental studies have reported that 

targeting and inhibiting sEH had promising therapeutic effects on cardiovascular 

pathology, inflammations, diabetic nephropathy and diabetic neuropathy. [114, 115, 

117-119, 123]  

 

 

Figure 6: Role of soluble epoxide hydrolase inhibitors, Pillarisetti et al. 2015 
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CHAPTER II 

HYPOTHESIS AND AIM OF THE STUDY 

 
Peripheral neuropathy may be more common in patients with prediabetes than 

previously thought and early interventions may be warranted in this patient population. 

Thus, understanding the mechanistic pathway correlating prediabetes and peripheral 

neuropathy is of great importance to improve the quality of life of patients and to design 

novel therapeutic intervention approach. Lifestyle modification (dietary approach and 

exercise) as well as drug-based interventions are known to play a major role in reducing 

the burden of prediabetic complications. However, what constitute the best approach in 

lifestyle modification and what is the most suitable pharmacological intervention in 

prediabetes management are not well identified.     

In this study, we aim to explore if prediabetes induces sensorimotor deficits and 

investigate the role of CYP450 in prediabetes induced-neuropathy in cultured cells (in 

vitro) and experimental animal models (in vivo). Moreover, we want to assess the effect 

of intermittent fasting on the observed homeostatic/ functional changes in prediabetes-

induced neuropathy and to correlate the change in EETs bioavailability with 

prediabetes-induced neuropathy. 

We hypothesize that intermittent fasting may reverse some of the prediabetes-

associated complications specifically peripheral neuropathy. Furthermore, we suspect 

that the beneficial effect of intermittent fasting is due to a decrease in oxidative 

damage (Figure 7).  
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Antioxidant therapy alone has been insufficient in halting the progression of 

Diabetic peripheral neuropathy. Subsequently, targeted therapy based on identifying 

specific cellular sources of reactive oxygen species (ROS), is of great importance. 

Amongst the various sources of ROS, Cytochromes P450 emerged as major family of 

enzymes responsible for the production of superoxide (O2•−) and hydrogen peroxide 

(H2O2), but it’s role in the progression peripheral neuropathy is not yet identified. In 

this study we also hypothesize, that intermittent fasting regulates the homeostatic 

levels of cytochromes P450 enzymes, especially those involved in the epoxygenase 

pathway (EET production), controlling thus, indirectly, the production of ROS, and 

protecting the peripheral nerves.  (figure 7) 
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Figure 7: Hypothesis and aim of the study 
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CHAPTER III 

 
MATERIALS AND METHODS 

 
 

 

A. Protein extraction and Lowry assay 

To extract proteins, cultured MSC80 cells or mouse sciatic nerves were lysed using 

cold phosphate buffered saline (PBS) and then they were centrifuged at 1,400 rpm for 5 

minutes at 4°C and the supernatant was removed. Next, we added over the pellet a 

RIPA buffer containing 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxylate, 

150 mM sodium chloride, 100 mM EDTA, 50 mM Tris-hydrochloride, 1% Tergitol 

(NP40), 1% of the protease and phosphatase inhibitors and 1mM phenylmethylsulfonyl 

fluoride. The lysates were left to rotate overnight at 4oC. The next day, they were 

sonicated for 20 cycles 30s/cycle at 4°C and then centrifuged at 13,600 rpm for 30 

minutes at 4°C. Protein concentration in the supernatants was measured using the 

Lowry Protein Assay. 

 

B. Western Blot 

 For immunoblotting, 20-40 μg of proteins were separated on 12-15% 

polyacrylamide gel Electrophoresis (Bio-Rad Laboratory, CA, USA) and transferred to 

nitrocellulose membranes (Bio-Rad Laboratory, CA, USA). The blots were blocked 

with 5% bovine serum albumin (BSA) in Tris-buffered saline for one hour and then 

incubated overnight with rabbit polyclonal anti-CYP4a1/4a2/4a3 (1:500, Abcam), 
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mouse polyclonal anti-CYP 1a1/1a2 antibody (1:500, Detroit R&D), rabbit polyclonal 

anti-MPZ (1:500, Abcam) and mouse polyclonal anti-HSC70 (1:1000, Abcam) which 

was considered our housekeeping gene. The primary antibodies were detected using 

horseradish peroxidase–conjugated IgG (1:10000, Bio-Rad). Bands were visualized by 

the stain-free chemidoc imaging system (Bio-Rad Laboratory, CA, USA). 

Densitometric analysis was performed using Image J software. 

 

C. NADPH oxidative activity assay 

 NADPH oxidase activity was measured in sciatic nerves and in Schwann cells. 

Proteins were extracted from sciatic nerves using cooled mortar and pestle by smashing 

the frozen nerve and suspending the remnants in the lysis buffer (20 mM KH2PO4 (pH 

7.0), 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, and 0.5 

μg/ml leupeptin). Cultured MSC80 cells were washed twice with ice-cold PBS and 

scraped from the plate on ice using the lysis buffer as well. To start the assay, 10-30 μg 

of homogenates were added to 50 mM phosphate buffer (pH 7.0) containing 1 mM 

EGTA, 150 mM sucrose, 5 μM lucigenin (behaving as the electron acceptor), and 100 

μM NADPH (acting as the substrate for the NADPH oxidase). Photon emission 

expressed as relative light units (RLU) was measured every 30 s for 5 minutes in a 

luminometer. Superoxide production was expressed as relative light units/min/mg of 

protein. Protein content was measured using the Bio-Rad protein assay reagent. 

 

D. In vivo: Animal experimental design 
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All animal work was conducted according to the institutional guidelines and 

approved by the Institutional Animal Care and Use Committee. All animals were kept 

in a temperature-controlled room and on a 12/12 - dark/light cycle and had standard 

chow (containing 14.1% fat) and water access. Body weight and Blood glucose levels 

changes were monitored once a week via tail vein punctures and a glucometer. 

 Thirty  male 6-weeks-old  C57BL/6J mice were divided into 6 groups (n=5/group): 

1) Control group, that were fed normal chow for 18 weeks (duration of the study) 

(Control), 2) Prediabetic group fed a high fat diet of 60% fat (HFD-60) for 18 weeks, 

(Prediabetic), 3) Prediabetic group fed a high fat diet of 60% fat for 8 weeks followed by 

an alternate day fasting protocol (ADF) combined with  dietary fat reversal (14.1% fat 

intake) for 10 weeks (Prediabetic + ADF 14.1% fat), 4) prediabetic group fed a high fat 

diet of 60% fat for 8 weeks followed by an alternate day fasting protocol combined with  

dietary fat reversal (30% fat intake) for 10 weeks, (Prediabetic + ADF 30% fat), 5) 

prediabetic group, that were fed a HFD-60 for 8 weeks then underwent a protocol of 

ADF while keeping the 60 % fat intake for 10 weeks, (Prediabetic + ADF 60% fat) 6) 

Prediabetic group, that were fed a HFD-60 for 8 weeks then were treated with  AUDA 

(20 mg/Kg – oral gavage) while keeping the 60 % fat intake for 10 weeks, (Prediabetic 

+ ADF 60%). 

Prior to sacrifice, sensory-motor dysfunction was assessed using the Raised Beam 

Walking Test and Plantar AnalgesiaTest. 
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Table 1: Animal work experimental design 

 

 

 

 

 

 

 

 

 

E. Alternate day fasting 

The specific diet for each group was removed every other day around 10 a.m. for 24 

hours, during which access to water only was allowed ad libitum. The next day, food 

was provided; and mice had unrestricted access to food for the following 24 hours. 
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F. Diet Composition 

In order to prepare our different types of diet we used 8604 diet which is a fixed 

formula, non-autoclavable diet, designed to support growth and reproduction of rodents. 

It consists of the ingredients that are simplified below. (figure 8) Moreover, to make a 

high fat diet we used Ghee from Mazola vegetables, its ingredients are also elucidated 

below.  (figure 9) 

 

 

Figure 8: Dietary composition of the normal chow (Envigo) 
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G. Drug administration 

AUDA was dissolved in methylcellulose and DMSO (5%). It was administered 

orally with a gavage needle at a 20 mg/Kg dose daily for 10 weeks with the same diet 

(HFD-60). It is noteworthy to mention that in order to decrease the variables that could 

affect our results, the control group and the control prediabetic group were treated with 

the dissolving solution (methylcellulose + 5% DMSO) which was also administered by 

oral gavage. 

 

H. Raised Beam Walking test 

Motor coordination and balance assessment is performed via the Raised beam 

walking test [124]. Animals were placed on a platform with a rod of 1.2 cm diameter, 

100 cm length and around 70 cm above a flat surface. At one end of the rod, we set a 

secure platform to house the animal. First, the mice were allowed to adapt, and they 

were trained for 2 days to cross. On the third day, videos were taken, and the time 

acquired to cross the beam, the speed, the number of stops and the number of 

Figure 9: Dietary composition of Ghee used to make a high fat diet (Mazola) 
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faults/slips were recorded for analysis. Each measurement was performed 3 

times/animal.  

 

I. Hind Paw Withdrawal test 

Thermal algesia and pain perception were assessed for this study using the Hind 

paw withdrawal test [125]. The IITC plantar Analgesia meter was used and set up 

according to the manufacturer’s protocol. The test is characterized by a heating beam 

set at an idle intensity of 2% and active intensity of 25% with a cut-off time set at 20 

seconds. The platform onto which animals were placed for acclimation was set at 32 °C. 

The heating beam was targeted at the hind paw of animals and the time to sense the heat 

and withdraw their paws was recorded for analysis. Each measurement was performed 7 

times/animal.  

 

J. Body mass composition analysis 

Fat mass, free Body fluid and lean mass values from the mice were documented 

non-invasively prior to sacrifice using the minispec body composition analyzer LF110 

(Bruker). It uses a magnetic resonance technology and is based on Time Domain NMR. 

It acquires and analyzes TD-NMR signals from all protons in the entire sample volume 

to provide the components of interest.  

 

K. Sacrifice and organs harvesting 

Mice were sacrificed following a 10-week treatment at the age of 6 months; blood 

glucose levels were recorded the same day. Fasting blood glucose was measured the day 

before to minimize stress before the sacrifice. At sacrifice, we collected blood directly 



 

 

31 

from the heart after the mice were deeply anesthetized. Sciatic nerves were flash frozen 

in liquid nitrogen and stored at -80 °C for proteins and RNA extraction for further 

molecular studies. 

To harvest the sciatic nerves of these mice, each mouse was pinned to a dissecting 

board in a supine position. 70% ethanol was used to disinfect the skin. Using a razor 

blade, a deep cut was made at the base of the tail along the vertebral column. Both hind 

limbs were held together in position using one hand and the base of the tail was held 

with the other. To expose the sciatic nerves, the tail was pulled away from the hind limb 

at the point of the cut. The part of the nerve that runs along the lumbo-sacral region was 

exposed and appears as a thick whitish cord. This step was performed with caution 

because excessive pulling force could thin or break it, or even distort the histological 

morphology of the myelin. [126] 

 

L. Lipid profile analysis 

Non-Esterified Fatty Acids, total Cholesterol levels and Triglyceride levels were 

measured from the serum collected from mice at sacrifice.  

 

M. HbA1c measurement 

HbA1c done using the variant II Hemoglobin Testing System (BIORAD) on blood 

samples collected from the mice models at sacrifice. 

 

N. ROS generation: Detection of superoxide via HPLC 

The HPLC-based assay allows separation of superoxide-specific EOH from the 

nonspecific ethidium. Briefly, quantification of DHE, EOH, and ethidium 
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concentrations was performed by comparison of integrated peak areas between the 

obtained and standard curves of each product under chromatographic conditions 

identical to those described above. EOH and ethidium were monitored by fluorescence 

detection with excitation at 510 nm and emission at 595 nm, whereas DHE was 

monitored by ultraviolet absorption at 370 nm. The results are expressed as the amount 

of EOH produced (nmol) normalized for the amount of DHE consumed (i.e., initial 

minus remaining DHE in the sample; μmol). 

 

O. In Vitro: Cell culture experimental design 

Mouse Schwann cells (MSC80) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) (Sigma-Aldrich, Steinheim, Germany) containing 10% Fetal Bovine 

Serum (FBS) (Sigma-Aldrich) and 1% Penicillin/Streptomycin (PS) (Sigma-Aldrich). 

Cells were incubated at 37 °C with 5% CO2 until confluency was reached. For 

experimental work, cells were serum starved with 2% FBS and 1% PS for 12 hours and 

then were treated with a series of supplements depending on the condition. We had 14 

different conditions that were divided as follows. There were 7 main conditions that 

were either pre-treated or not with 1 µM AUDA (synthesized at AUB, chemistry 

department, laboratory of Professor Kamal Bou Hadir) for 1 hour: Control (Ctrl) 

incubated with 5mM glucose and considered euglycemic, or with 127 µM Oleate (O) 

(Sigma-Aldrich), or with 127 µM Palmitate (P) (Sigma-Aldrich), or with 15 mM 

Glucose, or a combination of Palmitate and Oleate, or a combination of Palmitate and 

15 mM Glucose, or a combination of Palmitate and Oleate and 15 mM Glucose. The 

cells were exposed to the different conditions for 24 hours before harvesting. (figure 8) 
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P. Statistical analysis 

Results are expressed as mean ± SE from multiple independent experiments. 

Statistical significance is assessed by one-way ANOVA and subgroup analysis were 

done using the Fisher method.  

* p<0.05 vs. control and   #  p<0.05 vs. prediabetic. 

 

 

Figure 10: Cell culture experimental design 
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CHAPTER IV 

RESULTS 

 
 
A. In vivo Experiments 

 

1. Metabolic parameters  

Prediabetes is associated with a wide-range of alterations in the metabolic parameters. 

Changes in glucose levels and lipid metabolism were evaluated in prediabetic mice 

(high calories/60% fat food regimen) as well as in prediabetic mice that underwent a 

protocol of alternate day fasting (ADF) combined to a food regimen with different fat 

percentages (60% or dietary reversal regimen of 30% fat, 14.1% fat). Our data show 

that alternate day fasting reduces the weight gain induced by high calories/60% fat 

feeding. This was associated with a decrease in the random blood glucose levels along 

with a reduction in the prediabetes-increased HbA1c levels (Figure 11-13). 

Furthermore, total cholesterol (TC) levels, triglyceride (TG) levels, and levels of the 

FFA, released from triglyceride by the actions of lipoprotein lipase and hepatic 

lipase (NEFA), are elevated in blood of prediabetic mice. ADF whether combined to a 

14.1%, 30% or 60% high fat diet intake reduces the levels of TC, TG and NEFA. Of 

interest, treatment of the prediabetic mice on 60% fat with AUDA did not show any 

effect on the measured metabolic parameters. (Figure 12) 
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Figure 11: Metabolic Parameters (n=5) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs prediabetic  

Figure 12: Lipid Profile Analysis (n=5) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs prediabetic  
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Figure 13: Random Blood Glucose levels at the beginning of study, week4, week8, week12, week16, and 
week18 (prior to sacrifice) n=5 
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2. Food intake  

Throughout the study, we recorded the average amount of food consumed by the 

different groups of mice per week. Our data show no statistically significant changes in 

the amount of food consumed between the control mice and the mice that underwent an 

ADF protocol with dietary fat reversal to 14.1% fat or 30% fat. Moreover, we did not 

see significant changes between the amount of food consumed between prediabetic 

mice and prediabetic mice that underwent an ADF protocol with the same high fat diet 

regimen (60% fat). Food intake of prediabetic mice and prediabetic mice that underwent 

an ADF protocol with 60% fat was significantly increased in comparison with the 

control littermates. In addition, prediabetic mice that underwent an ADF protocol with 

dietary fat reversal showed significant decrease in food consumption in comparision to 

the prediabetic mice. (Figure 14) 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14: Average of food intake of mice per week (g) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs prediabetic  
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3. Energy Efficiency 

Energy efficiency was calculated as weight gained for 100 Kcal of food consumed 

throughout the study. Our results suggest that the total energy efficiency was 

significantly decreased in the prediabetic mice managed with ADF with dietary fat 

reversal to 14.1% fat and with prediabetic mice managed with ADF that were 

maintained on a high fat diet regimen with 60% fat. (figure 15) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Total energy efficiency throughout the study (weight gain in g per 100 Kcal consummed) (n=5) 
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4. Body mass composition 

Body composition assessment upon high fat feeding show a significant increase in body 

weight and fat mass percentage in the prediabetic group when compared to their control 

littermates (Figure 16-A, 16-B). In contrast, lean mass percentage was reduced in the 

prediabetic group of mice when compared to the control, while the percentage of free 

fluids did not differ between the two groups (Figure 16-C, 16-D). Interestingly, when 

prediabetic mice followed the alternate day fasting protocol combined to a dietary 

restriction intake of fat, 14.1% or 30% or were kept on 60% fat, body weight and fat 

percentage were reduced, while the lean mass percentage was increased. Furthermore, 

the percentage of free fluids was only decreased in the prediabetic mice that had a 

dietary intake reversal to 14.1% of fat accompanied by ADF (Figure 16-D). As for the 

prediabetic mice that were treated with AUDA, we did not observe any change in the 

body mass composition parameters when compared to the prediabetic mice group 

(Figure 16)    



 

 

40 

 

 

 

Figure 16: Body mass composition (n=5) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs prediabetic  
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5. Plantar algesia test 

Increasing evidence have shown that prediabetes is associated with the 

development of sensory deficits reflecting nerve injury and damage in the peripheral 

nervous system. [41-48]  We used the hind paw withdrawal test to assess thermal 

algesia in the prediabetic mice as well as the prediabetic mice that underwent a 24 hours 

alternate day fasting protocol with different fat percentages (14.1%, 30%, and 60%). 

The results of this test show that prediabetic mice took a significantly longer time to 

sense the heat of the beam and withdraw their paws. By contrast, prediabetic mice on 

ADF regimen with either 14.1%, 30% or 60% fat intake had a significantly lower 

latency suggesting that the ADF restored thermal algesia. Of interest, increases in the 

physiological availability of EETs, using the pharmacological soluble epoxide 

hydrolase inhibitor AUDA, mimicked the effect of ADF associated with or without 

dietary fat reversal (Figure 17) 

 

 

 

 

 

 

 

 

 

 

 
Figure 17: Plantar analgesia test (n=3) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # 
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6. Beam walking test  

Peripheral neuropathy is also associated with motor dysfunctions. To further 

confirm the severity of prediabetes-induced peripheral neuropathy, we used the beam 

walking test. The data from the test showed a relatively longer period of time for the 

prediabetic mice to cross the beam with an increased tendency to slip in comparison to 

their controls that seemed to cross with minimal setbacks. Notably, prediabetic mice 

that were subject to ADF regimen with (60% fat) or with ADF with dietary fat reversal 

(14.1% or 30% fat) show a significant improvement in their assessed motor dysfunction 

and performed similar to the control group (Figure 18). A similar pattern was observed 

in mice treated with AUDA (Figure 18).  

 

 

 

 

Figure 18: Beam walking Test (n=5) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs prediabetic  
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7. Myelin Protein Alteration 

Myelin Protein Zero (P0) is the predominant protein (60%) of the PNS produced 

solely by Schwann cells. Defects in P0 expression have been implicated in neurological 

disorder such as in demyelinating neuropathies. [35] 

A significant reduction of MPZ was observed in sciatic nerves isolated from the 

prediabetic mice. Intriguingly, alternate day fasting or soluble epoxide hydrolase 

inhibition by AUDA reversed this effect and restored MPZ protein to levels compared 

to that of the control littermates. (Figure 19) 

 

 

 

 

 

 

 

 

 

Figure 19: Myelin Protein Zero expression in Sciatic nerves (n=3) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs prediabetic  
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8. ROS generation  

ROS production was shown by our group and others to be associated with diabetes 

induced microvascular complications [112, 122]. To determine if intermittent fasting 

regulates ROS production through a NADPH-dependent mechanism, we assessed 

superoxide production in the sciatic nerves isolated from the different groups of mice 

(Figure 16-B). Our data show that superoxide generation and NADPH oxidase activity 

are markedly increased in the prediabetic mice (Figure 20). These observations are 

reversed with the intermittent fasting regimen whether accompanied with dietary fat 

reversal (14.1% or 30% fat intake) or not (60% fat intake) (Figure 20). In parallel 

experiments, our data show prediabetic mice on a 60% fat diet have a decrease in ROS 

production and NADPH oxidase activity when treated with the sEH inhibitor, AUDA, 

suggesting that one of the major sources of ROS in this prediabetes-induced peripheral 

injury is cytochrome P450.    

 

 

 

 

 

 

 

 

 

 

 

Figure 20: ROS production in sciatic nerves (n=5) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs prediabetic  

 

A: NADPH oxidase activity assay (n=5) B: ROS production by HPLC test (n=3) 
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9. Cytochromes P450 alterations in prediabetes-induced peripheral neuropathy 

 

CYP reactions in vivo require the cofactor NADPH as the source of electrons and an 

additional enzyme, cytochrome P450 reductase. Our laboratory has previously 

identified CYPs as a major source of ROS generation. However, the role of CYPs in 

neuropathy or prediabetes-induced neuropathy is not yet described. Our data show that 

CYP1A1/1A2 a major cytochromes P450 subfamily of the epoxygenase pathway (EETs 

production) is significantly reduced in the isolated sciatic nerves of the prediabetic mice 

when compared to their control littermates. This decrease in the protein expression of 

CYP1a1/1a2 is partially reversed with the alternate day fasting regimen accompanied 

with dietary fat reversal (14.1% or 30% fat intake) and significantly restored with 60% 

fat intake (Figure 15). As expected, treatment with AUDA, restored the homeostatic 

expression of CYP1A1/1A2 protein (Figure 21). 

 

 

 

 

 

 

Figure 21: CYP1a1/1a2 expression in Sciatic nerves (n=5) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs 
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B. In vitro Experiments 

To further confirm our in vivo data, in vitro experiments were designed to simulate the 

prediabetes state in cultured Schwann cells and examine the associated CYP450 

alterations. For that     , MSC80s were treated with saturated palmitate, unsaturated 

oleate, 15mM of glucose, or their combinations in the presence or absence of the sEH 

inhibitor (increases in EETs physiological levels), AUDA. 

 

1. Myelin Protein alteration 

Myelin alteration is a crucial process to maintain peripheral nerve integrity [35].  Our 

preliminary data show that Myelin protein zero (MPZ) protein expression , a major 

structural component of the myelin sheath in the peripheral nervous system, is altered in 

the cultured MSC80 in the presence of palmitate or 15mM of glucose but not in the 

presence of oleate suggesting a form of reconditioning of peripheral myelin gene 

expression in the prediabetic state (figure 22).  

 

 

 

 

 

 

 

 

Figure 22: Myelin Protein Zero expression in MSC80s (n=1) 
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2. NADPH oxidase activity assay analysis 

Superoxide anion generation reflected by the NADPH oxidase assay () show that 

cultured MSC80 cells have an increase in superoxide anion production when treated 

with palmitate, a combination of palmitate and oleate or a combination of palmitate, 

oleate and 15mM of glucose. However, treatment with either oleate or 15mM of 

glucose alone did not affect the ROS production as assessed by the NADPH oxidase 

activity (Figure 23). Of interest, treatment with AUDA reduced the observed increase 

in superoxide anion generation that was illustrated in the palmitate, the combination of 

palmitate and oleate or the combination of palmitate, oleate and 15mM glucose 

treatments. (Figure 24) Taken together, these data suggest that the saturated FFA 

palmitate is the driving component leading to ROS generation (Figure 23, 24). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Effect of free fatty acids and 15 mM Glucose on ROS production (n=3) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control 
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A: Effect of oleate B: Effect of palmitate C: Effect of 15 mM Glucose 

D: Effect of palmitate + oleate D: Effect of palmitate + 15 mM Glucose + oleate 

Figure 24: Effect of AUDA on ROS production in MSC80 (n=3) 

Data are expressed as mean± standard error of mean (SEM). * p<0.05 vs control; # p<0.05 vs associated condition 

without AUDA treatment 
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3. Cytochromes P450 1A1/1A2 alterations in prediabetes-induced peripheral 

neuropathy 

Our animal experiments data suggest that Cytochromes P450 1A1/1A2 alterations in 

prediabetes orchestrate the production of reactive oxygen species and induces peripheral 

nerve damage. Of interest, immortalized mice Schwann cells in vitro, show a decrease 

in Cytochromes P450 1A1/1A2 protein expression (suggesting a decrease in EETs 

availability) when exposed to 24 hours of palmitate, a combination of palmitate and 

oleate, or a combination of palmitate, oleate and 15 mM of glucose. No changes were 

observed when cultured MSC80 were exposed to 24 hours of oleate. (Figures 23).  

Furthermore, the preincubation with AUDA in the presence of the different treatments 

(oleate, palmitate, 15mM glucose or their combinations) restored, to a certain extent, the 

homeostatic levels of the cytochrome P450 1A1/1A2 protein expression.  

Taken together, our in vitro data suggest that prediabetes-induced myelin alteration 

could be controlled by the epoxygenase pathway that is in turn monitoring the ROS 

production in this system. (Figure 25). 
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A: Effect of oleate B: Effect of palmitate C: Effect of 15 mM Glucose 

D: Effect of palmitate + oleate D: Effect of palmitate + 15 mM Glucose + oleate 

Figure 25: CYP 1a1/1a2 expression in MSC80 (n=3) 
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CHAPTER V 

 
DISCUSSION 

 
 
 

Prediabetes is associated with dyslipidemia, intermediate hyperglycemia and 

increased levels of HbA1c. [127] Our mice exhibited blood glucose concentrations and 

HbA1c levels that fit the diagnosis criteria for prediabetes. Intermittent fasting was 

successful in reversing these levels to values comparable to that of the controls. 

However, AUDA did not reverse blood glucose levels which remained relatively high 

till the sacrifice. This is actually explained by the fact that AUDA is not described as a 

hypoglycemic drug suggesting that the improvements associated with AUDA are 

attributed to its physiological action in the CYP450 pathways rather than the effect of 

normalization of blood glucose levels.  

Lipid profile analysis show significant increases in the levels of Non-Esterified 

fatty acids, Total cholesterol and Triglycerides levels in the prediabetic state, 

confirming the manifestation of dyslipidemia. These levels were restored when mice 

underwent a protocol of alternate day fasting with 60% fat and dietary reversal with 

14.1% and 30% fat.  

In line with these observations, body mass composition analysis showed a 

similar pattern. Body weight was significantly increased in our prediabetic model. 

Interestingly, all mice treated with alternate day fasting whether with a low-fat (14.1%), 

an intermediate-fat (30%) or a high-fat diet (60%) exhibited significant decreases in 



 

 

52 

body weight when compared to the prediabetic mice. ADF could successfully maintain 

this weight reduction even when the diet was sustained at 60% fat content.  

The percentage of fat mass levels were also significantly increased in the 

prediabetic state. This increase was restored upon management with ADF implicating 

that the beneficial effects of intermittent fasting are not really prompted by the 

limitation of food intake and its associated weight decrease but rather to its action on 

physiological pathways. The fact that prediabetic mice treated with ADF with a high-fat 

diet (60%) showed a decrease in fat mass percentage in comparison with the prediabetic 

mice, taking into consideration that on average the 2 groups consumed the same 

quantity of food of the same diet per week, implicates that intermittent fasting increased 

significantly fat metabolism. Prediabetes significantly decreased the percentage of lean 

mass and it was restored upon management with ADF. This provides evidence that 

intermittent fasting may be effective for maintaining lean mass during weight loss. In 

summary, ADF was associated with a decrease in percentage of fat mass and an 

increase in percentage of lean mass, suggesting that on fast days the body breakdowns 

fat first for energy and stores lean mass as a defense mechanism even with a high-fat 

diet. 

Moreover, prediabetes can be associated with nerve injury and damage. This 

was validated in our study. The peripheral nervous system comprises a meshwork of 

nerves, glial cells and ganglia outside the brain and spinal cord. It plays a crucial role in 

relaying motor and sensory inputs from the central nervous system to the rest of the 

body. In the Plantar Analgesia Test, it is expected that mice with no peripheral nerve 

injury are capable of thermal sensation and withdrawal of the paw prior to tissue 

damage, while those with peripheral nerve injury lack sensation. [48] Indeed, the results 
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of the plantar analgesia test in our study test show that prediabetic mice took a 

significantly longer time to sense the heat of the beam and withdraw their paws 

compared to the controls, which was significantly restored upon management with 

alternated day fasting and sEH inhibition by AUDA. 

As for the Beam Walking Test, which we used to assess motor function and 

balance, the performance of prediabetic mice was poor relative to control mice; this was 

reversed after intermittent fasting and sEH inhibition by AUDA. The findings of the 

two tests imply impaired sensorimotor dysfunctions within the peripheral nerves. This is 

in line with what was previously reported in literature that prediabetes could also induce 

peripheral nerve injury with overt clinical manifestations. [41-48] 

  Schwann cells are the myelinating cells found in the peripheral nervous system. 

They are involved in the conduction of impulses along the axons of nerves (including 

the sciatic nerves), nerve development, and regeneration, as well as providing trophic 

support for the neurons. [35] MPZ expression, an omnipotent myelin protein in the 

PNS, was shown to be significantly downregulated in vivo (sciatic nerves) and our 

preliminary data showed a trend of decrease in vitro (MSC80s). This supports the idea 

of the presence of serious alterations in the myelination process in the prediabetic state.  

Given together, our results show that our animal and cell culture models 

exhibited prediabetes and a form of nerve damage, myelination dysregulations and 

sensorimotor deficits representing peripheral neuropathy. Intermittent fasting and sEH 

inhibition by AUDA were successful in reversing these molecular and phenotypic 

changes.  

On the other hand, growing evidence in the literature suggests a solid 

implication of oxidative stress and increased ROS production as prime instigators of 
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diabetic complications. [91, 93, 94] To ensure the liability of the oxidative stress 

pathway, we measured ROS generation levels by the HPLC test and NADPH oxidase 

activity assay. ROS production and NADPH oxidase activity were both significantly 

increased in the prediabetic state and reduced upon treatment.  Moreover, numerous 

studies in the field reported a considerable alteration in the arachidonic acid 

metabolism, mainly the CYP450 pathways. Our previous work in the lab linked diabetic 

nephropathy with a decrease in EETs (product of CYP1 and CYP2 subfamilies) and an 

increase in HETEs (product of CYP4 subfamilies). [112, 122] Findings from our study 

were novel in suggesting a significant decrease in CYP1a expression in prediabetic-

induced neuropathy models. Alternate day fasting with dietary reversal to 14.1 or 30% 

fat or a protocol of alternate day fasting with 60% fat were successful in reversing these 

molecular disturbances and restoring homeostatic balances. This entails that ADF 

succeeded in attenuating the alterations associated with ROS production which 

alleviated PNS injury and nerve damage. To further confirm the key role of EETs, 

prediabetic mice were treated with AUDA, an sEH inhibitor, that increases 

physiological availability of EETs. sEH inhibition has been previously described to 

reverse some of the molecular and phenotypic alterations associated with oxidative 

stress in neuropathy. [117-119] Our data using AUDA mimicked the beneficial effect 

observed with the intermittent fasting protocol sustaining its role in a novel mechanistic 

pathway that involves CYP450 enzymes. 

Of interest, results of our cultured MSC80s treated with saturated or unsaturated 

fatty acids and glucose mirrored the in vivo data. Unsaturated fatty acids have been 

shown by numerous studies to be a major toxic free fatty acid in the human tissues and 

to have protective effects against the deleterious consequences of saturated fatty acids. 



 

 

55 

[56, 57, 60, 61, 64, 65] In fact, our study offered evidence that oleate prevented 

palmitate-induced Schwann cell injury and the associated ROS production. These 

results suggest that unsaturated fatty acids are the prime fatty acids involved in the 

pathogenesis of prediabetes and the associated disturbances.  

Taken together, these findings showed that prediabetes increased ROS 

production through NADPH upregulation and CYP1a downregulation. Dyslipidemia-

induced ROS generation and EET reduction resulted in injury in the peripheral nervous 

system manifested by abnormal sensorimotor response. Alternate day fasting with a 

high-fat diet of 60% fat or with dietary reversal to 14,1% or 30% fat show beneficial 

effect on the pathogenesis of prediabetes and reversed the associated damages. This 

suggests that the action of fasting itself (and not the limitation of food intake) was 

successful in restoring and normalizing the deleterious consequences of prediabetes.  
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CHAPTER VI 

CONCLUSION 

To sum up, our study successfully described a novel pathway in the 

pathogenesis of prediabetic neuropathy. Dyslipidemia and intermediate hyperglycemia 

altered the CYP50 pathway by decreasing EETs bioavailability. These alterations might 

serve as plausible instigator of ROS overproduction. Moreover, our results suggest that 

oxidative stress is one of the final common signaling pathways orchestrating 

myelination alterations leading to nerve injury and damage in a prediabetic state. 

Furthermore, our study confirmed that upon management with intermittent fasting, we 

are restoring metabolic, molecular and phenotypic alterations back to homeostatic 

balance. 
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