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ABSTRACT: Background: Diabetes mellitus is a chronic disease caused by inherited and /or acquired deficiency in 

the production of insulin or ineffectiveness of the insulin. This life-long disease has been a source of concern since it 

affects mostly individuals in their reproductive age (45-64 years) and high risk of cardiovascular disease, blindness, 

kidney failure, lower limb amputation, nerve disease and fetal organ damage during pregnancy. Although, several 

agents are available for managing diabetes, there is absence of adequate information on the strategies for preventing, 

managing and treating the disease. Discussion: Herein, we gave an account of different strategies that can be 

adopted to prevent and manage diabetes mellitus. We indicated that strategies for preventing and managing diabetes 

include life style modifications, antioxidants, phytotherapy, pharmacological approach, reducing inflammatory 

mediators, targeting key carbohydrate metabolizing enzymes and gene therapy.Conclusion: These strategies can be 

adopted to reduce the high prevalence of diabetes and associated complications.  
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Background: 

 

Diabetes refers to a metabolic disorder characterized by relative or absolute deficiency of insulin 

secretion and/or insulin resistance [1]. The disorder is a worldwide public health problem and one of the 

main chronic syndromes currently affecting mankind, regardless of socioeconomic status and geographic 

location [2]. In almost all high-income countries, diabetes is a leading cause of cardiovascular disease 

(cardiomyopathy), blindness (retinopathy), kidney failure (nephropathy), hepatopathy, nerve damage 

(neuropathy), blood vessel disease leading to heart attack or stroke and lower limb amputation [3, 4]. In 

addition, people with diabetes also have a higher risk of developing infections. Diabetes is also known to 

be one of the foremost causes of mortality and morbidity in the world [5]. The symptoms of diabetes 

mellitus include excessive thirst (polydipsia) and excessive hunger (polyphagia), frequent urination 

(polyuria), tiredness, drowsiness or fatigue, dry itchy skin, weight loss, slow healing of wounds and 

blurred vision. The prevalence of diabetes is increasing at a very alarming rate worldwide. In 2019, the 

global estimate was 463 million adults living with diabetes [4]. This has been projected to increase to 700 

mailto:tomuyak@gmail.com


Biokemistri Volume 32, Number 3 (2020) 

 198 

million by 2045. In Africa, a 2019 estimate of prevalence of diabetes puts it at 19.4 million and is 

projected to increase to 47 million by 2045. In Nigeria, the prevalence of diabetes in 2019 was put at over 

2.7 million cases (20-79 years old) and this has been projected to double by 2045 [4]. Furthermore, one in 

11 adults has diabetes in 2019 while in 2045, it is being projected to be one in 10 adults; one in two adults 

are living with diabetes that is yet to be diagnosed. Every 6 seconds, 1 person dies from diabetes mellitus 

that accounted for 5.0 million deaths in 2019 [4]. 

Diabetes mellitus is categorized into two major types, namely; insulin dependent diabetes mellitus 

(IDDM) or type I diabetes mellitus, which results from the body's failure to produce insulin [6], and non-

insulin dependent diabetes mellitus (NIDDM) or type II diabetes mellitus, which results from insulin 

resistance, a condition in which cells fail to use insulin properly, sometimes combined with relative 

insulin deficiency [7-9]. Furthermore, gestational diabetes (due to insulin blocking hormones during 

pregnancy) develops in some women when they are pregnant. Most of the time, this type of diabetes goes 

away after the baby is born. However, gestational diabetes have a greater chance of developing into type 

2 diabetes later in life. Less common types include monogenic diabetes, which is an inherited form of 

diabetes, and cystic fibrosis-related diabetes.  

Diets with high carbohydrate content have been implicated as one of the major factors of that 

account for the high prevalence of diabetes mellitus. Other causes are genetic factors, obesity, auto-

immune destruction of beta cells of the pancreas. 

With this alarming prevalence and the consequences of the diseases, attempts at documenting 

information on various strategies that can be used to reduce not only the incidence of the disease, but also 

diabetes associated mortality cannot be over emphasized. The main goal of diabetes prevention, 

management and treatment is, as far as possible, to restore carbohydrate metabolism to a normal state. To 

achieve this goal, several strategies are employed to curtail diabetes and prevent or treat many 

complications that can result from diabetes and/or from its treatment. These strategies include: 

 

(a) Life style modifications 

(b) Antioxidant  

(c) Phytotherapy  

(d) Pharmacologic approach 

(e) Targeting key carbohydrate metabolizing enzymes 

(f) Reducing inflammatory mediators 

(g) Gene therapy 

 

Prevention Strategies 

 

(a) Lifestyle modifications 

 

Lifestyle modification involves altering long-term habits, typically of eating or physical activity, and 

maintaining the new behaviour for months or years. Lifestyle modification can be used to treat a range of 

diseases, including obesity and diabetes mellitus. There are essentially seven key self-preservation 

behaviors in patients with diabetes that predict healthy outcomes, namely: eating well, being physically 

active, monitoring blood sugar regularly, compliance and adherence to the medications prescribed, good 

problem-solving skills, healthy coping skills and risk-reduction behaviors. All these seven behaviors have 

proven to show a positive correlation with good glycemic control, reduction of complications and 

improvement in quality of life of diabetic patients. Individuals with diabetes have been shown to make a 

drastic impact on the advancement and development of their disease by partaking in their own care. 

Despite this fact, when looking at a longer-term change in individuals, compliance and adherence to these 

activities is incredibly low. 

One of the essential focuses of preventing diabetes is the “ABCs” of diabetes management: A1c, 

blood pressure and cholesterol. Maintaining an A1c (test that indicates the average level of blood sugar 

over the past 2 to 3 months) level of about 7%, keeping the blood pressure <140/90mmHg, and 
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maintaining Low-Density Lipoprotein (LDL) at <100mg/dL (with no cardiovascular disease) and an LDL 

of <70mg/dL with any type of cardiovascular complications, are key proponents of diabetes prevention 

strategies, which is not only the responsibility of the healthcare provider and the medications prescribed 

to maintain, but the individual themselves. To achieve any of these goals, however, it is important to 

maintain an active lifestyle and to eat properly throughout the day. Evidence-based medicine and research 

has shown a strong trend towards patients taking control of the disease state in their own hands, but that 

means changing a mindset. Medication on its own will help, but without pursuing a balanced lifestyle, 

complications will continue to arise and the progression of the disease will go on. Maintaining an active 

lifestyle can be achieved through the following: 

 

i.  Weight loss: improves insulin resistance and reduces hypertension. People who are overweight or 

obese should therefore be encouraged to achieve and maintain a healthy body weight. 

 

ii.  Physical activity (Exercise): is one of the main pillars in the prevention of diabetes. Increased 

physical activity is important in maintaining weight loss and is linked to reduced blood pressure, 

reduced resting heart rate, increased insulin sensitivity, improved body composition and 

psychological well-being. Sedentary lifestyle is a powerful but modifiable risk factor for type 2 

diabetes mellitus; therefore, moderate exercise is of utmost benefit in patients with diabetes since it 

facilitates glucose uptake into peripheral tissues for energy utilization [10, 11]. There are a few ways 

that exercise lowers blood glucose: 

 

• Insulin sensitivity is increased and the cells are better able to use any available insulin to 

take up glucose during and after the physical activity. 

• The contraction and relaxation of muscles during the physical activity will stimulate another 

mechanism that is completely separate of insulin. This mechanism allows the cells to take up 

glucose and use it for energy whether insulin is available or not. 

• When exercise is done on regular basis, it has the tendency to lower the Glycated 

hemoglobin (A1cs).  

 

The goal here when adopting exercise as a preventive strategy for diabetes is to undertake at least 30 

minutes of activity that makes the body sweat and the individual breathe a little harder most days of the 

week. 

 

iii.  Balanced and Nutritious Diet: Eating well is crucial for preventing diabetes since it is essential for 

health. No foods are strictly off-limits. Focus on eating only as much as the body needs. It is 

advisable to always eat plenty of vegetables, fruits, and whole grains. Choose non-fat dairy and lean 

meats. Limit foods that are high in sugar and fat and keep it about the same from meal to meal. In 

addition, dietary modifications can also be used to manage diabetes most especially Type 2. For 

Type 1 diabetics, there will always be a need for insulin injections throughout their life. However, 

both Type 1 and Type 2 diabetics can see dramatic effects on their blood sugars through controlling 

their diet, and some Type 2 diabetics can fully control the disease by dietary modification [12]. As 

diabetes can lead to many other complications, it is critical to maintain blood sugars as close to 

normal as possible and diet is the leading factor in this level of control [13]. Recent research shows 

that the first step in diabetes management should be for patients to be put on a low carbohydrate diet. 

Patients that are put on a high carbohydrate diet find it very difficult to maintain normal blood 

glucose levels. Patients that are put on a low carbohydrate or restricted carbohydrate diet, manage to 

maintain near normal blood glucose levels and Glycated hemoglobin (A1cs) [14]. Feeding pattern 

should include foods high in fruits, vegetables, low-fat dairy, whole grains, poultry, fish, nuts, low in 
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saturated fat, red meat, sweets, sugar-containing beverages, sodium as well as foods high in protein 

[15, 16]. 

 

iv.  Smoking: This is a well-established risk factor for many chronic diseases, including diabetes and its 

complications. As well as other harmful effects, smoking increases abdominal fat accumulation, 

insulin resistance and makes it harder to undertake exercise. As a preventive strategy for diabetes, all 

smokers should be encouraged to quit smoking. However, weight gain is common when quitting 

smoking and therefore dietary advice on avoiding weight gain should also be given (e.g. managing 

cravings and withdrawal symptoms by using short bouts of physical activity as a stress-relief 

activity, rather than eating snacks).  

 

v.  Stress and depression: There is evidence of a link between depression and both diabetes and 

cardiovascular disease. When the body is stressed, the blood sugar level rises. As a preventive 

strategy, the individual should avoid stress, should not be too anxious as it is possible to forget to 

exercise, eat right or take the prescribed medications. Stress can be managed or relieved by taking 

deep breath, and /or engage in hobbies that will bring about relaxation of the body. 

 

vi.  Sleeping patterns: Both short (<6h) and long (>9h) sleep durations may be associated with a higher 

risk of developing type 2 diabetes. Sleep deprivation may impair the balance of hormones regulating 

food intake and energy balance. Long sleep durations may be a sign of sleep-disordered breathing or 

depression and should be treated appropriately.  

 

vii.  Avoid alcohol consumption: Avoiding excess alcohol may make it easier to control the blood sugar 

level of individuals. The American Diabetes Association advises that women who drink alcohol have 

no more than one drink a day and men who drink have no more than two.  

 

viii. Regular check-ups: As a preventive strategy of diabetes, it is advisable to undertake regular check-

ups at least twice a year to check up the levels of A1c (average blood sugar over 3 months), 

cholesterol and blood pressure. The individual should always go for full examination every year. 

Visit a foot doctor to check for problems like foot ulcers and nerve damage. 

 

Finally, at present, type 1 diabetes cannot be prevented. Environmental factors and exposure to some 

viral infections have also been linked to the risk of developing type 1 diabetes. However, there is a lot of 

evidence that lifestyle changes (achieving a healthy body weight and moderate physical activity) can help 

prevent the development of type 2 diabetes. 

 

Management Options 

(b) Antioxidant Strategy 

 

i. Oxidative Stress in Diabetes Mellitus 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are the terms collectively used 

to describe free radicals and other non-radical reactive derivatives. Biological free radicals are highly 

unstable molecules which are products of normal cellular metabolism. They have electrons available to 

react with various organic substrates such as lipids, proteins and deoxyribonucleic acid (DNA) [17]. 

Numerous experimental evidences have highlighted a direct link between oxidative stress and diabetes 

through the measurement of oxidative stress biomarkers in both diabetic patient and rodents [18, 19]. A 

hyperglycemic state can lead to an increase in the levels of oxidative DNA damage markers such as 8-

hydroxy-2’-deoxyguanosine (8-OHdG) and 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG); lipid-

peroxidation products measured as thiobarbituric acid-reactive substances (TBARS); protein oxidation 

products such as nitrotyrosine and carbonyl levels and also lower the activity of antioxidant enzymes. Cell 
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culture studies using pancreatic beta cells, aortic smooth muscle cells and endothelial cells have also 

provided evidence for an increase in ROS production in diabetes [20, 21].  

Free radical formation in diabetes by non-enzymatic glycation of proteins, glucose oxidation and 

increased lipid peroxidation leads to damage of enzymes, cellular machinery and also increased insulin 

resistance due to oxidative stress [18]. Free radical and oxidative stress induced complications from 

diabetes mellitus include coronary artery disease, Neuropathy, nephropathy, retinopathy [22] and stroke 

[23]. In vivo studies support the role of hyperglycemia in the generation of oxidative stress leading to 

endothelial dysfunction in blood vessels of diabetic patients [24]. Increase in the levels of glucose and 

insulin along with dyslipidemia in patients suffering from diabetes develops macroangiopathies that cause 

oxidative stress leading to atherosclerosis [25]. 

ROS level elevation in diabetes may be due to decrease in destruction or/and increase in the 

production by catalase (CAT-enzymatic/non-enzymatic), superoxide dismutase (SOD) and glutathione 

peroxidase (GSH-Px) antioxidants. The variation in the levels of these enzymes makes the tissues 

susceptible to oxidative stress leading to the development of diabetic complications [26]. Therefore, a 

management strategy for diabetes would be to boost the antioxidant enzymatic/non-enzymatic defense 

system of the body of individuals. Antioxidants have already shown to be prospective in the treatment of 

diabetes both type 1 and type 2. Superoxide dismutase provides first line defense against ROS mediated 

cell injury by catalyzing the proportion of superoxide, the primary ROS in oxygen metabolism, to 

molecular oxygen and peroxide whereas catalase regulates hydrogen peroxide metabolism that can, in 

excess, cause serious damage to lipids, RNA and DNA. CAT converts H2O2 catalytically into water and 

oxygen and thus neutralizes it. Furthermore, glutathione peroxidase and glutathione reductase metabolizes 

peroxide (an oxidant) to water and converting glutathione disulfide back into glutathione [18]. 

 

ii. Pathways of Free Radical Generation in Diabetes Mellitus and its Complications 

In diabetes, ROS is thought to be generated through increased polyol pathway [27], increased 

formation of advanced-glycation end products (AGEs) [28] and protein kinase C (PKC) activation [20] 

resulting in damage to macromolecules and organ malfunction. 

 

Aldose Reductase Pathway 

Aldose reductase is the rate limiting enzyme of the polyol pathway. This nicotinamide adenine 

dinucleotide phosphate NADPH-requiring aldose reductase, catalyses the reduction of glucose to sorbitol 

followed by the oxidation of sorbitol to fructose by NAD+ dependent sorbitol dehydrogenase. At normal 

blood glucose concentration (5.5 mM), aldose reductase catalyzed reaction represents less than 3% of 

total glucose utilization [29]. However, hyperglycemia results in saturation of hexokinase and more than 

30% of glucose is directed into the polyol pathway [30]. In a diabetic state, polyol pathway increases in 

tissues such as retina, kidney, peripheral nerves and blood vessels that do not require insulin for cellular 

glucose uptake [31].  

The overall reaction of the polyol pathway leads to a reductive imbalance of NADPH and NADH 

due to a shortage of intracellular NADPH and a surplus of NADH. Increased NADH generation during 

conversion of sorbitol to fructose provides the substrate for NADH oxidase to generate ROS [32]. NADH 

serves as a source of electrons in complex 1 of the electron transport chain resulting in increased 

mitochondrial generation of superoxide radical. In diabetic cells, oxidative phosphorylation in 

mitochondria is enhanced due to increase flux of electron donors into the electron transport chain. This 

drives the inner mitochondrial membrane potential upward causing blockage of electron transfer within 

the complex III [33]. Electrons back up to coenzyme Q results and these electrons are transferred one at a 

time to molecular oxygen, generating superoxide. DNA damage by superoxide and peroxynitrite results in 

the activation of poly (ADP-ribose) polymerase (PARP), a DNA repair enzyme. PARP reduces the 

activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (an enzyme of the glycolytic pathway 

which catalyses the conversion of glyceraldehyde-3-phosphate to 1,3-biphosphoglycerate) by ADP-

ribosylation [34, 35]. 
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The polyol pathway also results in reduction in the bioavailability of NADPH. The reduced 

bioavailability of NADPH negatively affects the antioxidant defence system by depleting glutathione 

(GSH) a very important antioxidant. The polyol pathway serves as a main source of ROS generation in 

the retina [36]. In addition, sorbitol accumulation has been implicated in osmotic swelling of the eye lens 

and cataractogenesis [37]. 

In summary, aldose reductase normally reduces aldehydes generated by reactive oxygen species to 

inactive alcohol. When glucose concentration in the cell becomes too high, aldose reductase reduces that 

glucose to sorbitol. Sorbitol dehydrogenase then oxidises sorbitol to fructose. The buildup of sorbitol has 

damaging effects in cells, including osmotic damage, cataract formation and diabetic retinopathy. 

Therefore, the strategy to manage diabetes and its complications including formation of cataract and 

diabetic retinopathy would be to prevent the accumulation of fructose and sorbitol in the lens by way of  

reducing or inhibiting the activities of the first and the second enzymes of the polyol pathway, the aldose 

reductase and sorbitol dehydrogenase respectively. Aldose reductase inhibitors (ARI) comprise a variety 

of structurally different compounds like plant extracts, animal tissues or specific small molecules. In 

diabetic rats, plant flavonoids, such as quercetin or the isoflavone genistein, have delayed diabetic 

cataract formation [38, 39]. Flavonoids, such as those harboring 3-O-alpha-l-rhamnopyranosyl-(1-->6)-

beta-d-glucopyranoside groups in their C rings, including kaempferol 3-O-alpha-l-rhamnopyranosyl-(1--

>6)-beta-d-glucopyranoside and isorhamnetin 3-O-alpha-l-rhamnopyranosyl-(1-->6)-beta-d-

glucopyranoside have been reported to exhibit the highest degree of rat lens aldose reductase inhibitory 

activity in vitro [40]. Examples of natural products with known AR inhibitory activity are extracts from 

indigenous plants like Ocimum sanctum, Withania somnifera, Curcuma longa, and Azadirachta indica 

[41]. Nonsteroidal anti-inflammatory drugs, such as sulindac, aspirin or naproxen have been reported to 

delay cataract in diabetic rats through a weak AR inhibitory activity [42-44]. 

 

Advanced Glycation End Products (AGEs) Formation Pathway 

Glucose can react spontaneously with free amino groups of protein to form Schiff bases. These 

Schiff bases through complex reactions such as Amadori rearrangement, dehydration and condensation 

forms cross-linked heterogeneous fluorescent derivatives called advanced glycation 

end products (AGEs). Advanced glycation end products constitute a heterogeneous group of molecules 

formed by non-enzymatic reactions of reducing sugars, ascorbate and other carbohydrates with amino 

acids, lipids and nucleic acids [45, 46]. Glycation end product adducts such as pyraline, pentosidine and 

N-Carboxy- methyl lysine are found to be elevated in diabetic tissues [47-49]. 

The mechanism by which glycation alters the cell functions include (i) denaturation and functional 

decline of the target protein and lipid, (ii) organopathy due to accumulation of AGEs in tissue, (iii) 

activation of receptor-mediated signal pathway in cells, (iv) generation of oxidative stress and carbonyl 

stress [50]. Protein glycation and formation of advanced glycation end products (AGEs) play an important 

role in the pathogenesis of diabetic complications like retinopathy, nephropathy, neuropathy, 

cardiomyopathy along with some other diseases such as rheumatoid arthritis, osteoporosis and aging. 

Increased renal AGE in diabetic animals and patients have been linked to structural abnormality observed 

in diabetic nephropathy such as mesangial expansion, glomerular basement membrane thickening 

glomerulosclerosis and tubulointerstitial fibrosis [51]. 

Advanced Glycation End Products level is increased with decreased renal function in type 1 diabetic 

patients [52]. Evidence from clinical studies indicates a correlation between progression of diabetic 

retinopathy and the level of AGE in serum and retinal blood vessels of diabetic patients [53]. High levels 

of serum AGEs have been documented in patients with type 2 diabetes mellitus and coronary heart 

disease [54]. Glycation increases susceptibility of low density lipoprotein (LDL) to oxidative 

modification which is considered a critical step in its atherogenicity [55]. 

Finally, the inhibition of AGEs formation is another mode for diabetes treatment, which is not 

dependent on the control of blood glucose, and would be useful in the prevention of certain diabetic 

complications [56]. 
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Protein Kinase C (PKC) Activation Pathway 

PKC activation is related to vasoconstriction, proliferation and overgrowth of smooth muscle cells as 

well as accelerated synthesis of extracellular matrix proteins, and thus plays significant roles in the onset 

and progression of vascular cell dysfunction in diabetes mellitus [57-59]. Two major pathways implicated 

in the activation of PKC in hyperglycemia are (a) persistent and excessive activation of several PKC 

isoforms result primarily from enhanced de novo synthesis of diacylglycerol (DAG) from glucose via 

increase in triose phosphate availability [35, 60-62] and (b) interaction between AGEs and their cell-

surface receptors resulting in enhanced activity of PKC isoforms [63, 64]. 

PKC likely regulates diabetic complications on multiple levels such as activation of endothelial nitric 

oxide synthase (eNOS), NAD(P)H oxidase, phospholipase A2 (PLA2), endothelin-1 (ET-1), vascular 

endothelial growth factor (VEGF), transforming growth factor-β (TGF-β), and by activating NF-KB [65]. 

Although, treatments for diabetic retinopathy have involved good metabolic control, laser 

photocoagulation and vitrectomy, the absence of satisfactory visual results have necessitated the exploit 

on the protein kinase c. Inhibitors of PKC such as Ruboxistaurin, an orally PKCβ inhibitor has 

demonstrated in vitro and in vivo benefits in diminishing cell and blood flow alterations related to 

hyperglycemia and has a potential use as a therapy for diabetic retinopathy with both anatomic and 

functional benefits. The ability of Ruboxistaurin in reducing visual loss in patients with diabetic 

retinopathy has also been demonstrated [66].  

 

Antioxidants as Therapeutic Agents in the Management of Diabetes Mellitus 

ROS has been implicated as a major cause of the metabolic memory after glucose normalization due 

to the chains of reactions leading to cell damage and loss of cellular function. The ability of ROS to 

directly oxidize and damage DNA, proteins, and lipids has implicated oxidative stress as a major ‘player’ 

in the onset and progression of late-diabetic complications [67]. In the absence of an appropriate 

condensation by antioxidant defense network, increased oxidative stress leads to activation of stress-

sensitive intracellular signaling pathways and the formation of gene products that cause cellular damage 

and contribute to late diabetic complications [68-71]. Due to the implication of hyperglycemia-induced 

oxidative stress in diabetes, these patients should in theory benefit from antioxidant supplementation. 

Therefore, the inhibition of intracellular free radical formation through the provision of antioxidants 

would provide a therapeutic strategy to prevent oxidative stress and related diabetic vascular 

complications. Antioxidants may act at different levels, inhibiting the formation of ROS and RNS or 

scavenge free radicals, or increase the antioxidants defense enzyme capabilities. Supplementation with 

antioxidants and/or factors essential to nitric oxide (NO) production may potentially improve endothelial 

dysfunction in T2DM by re-coupling eNOS and mitochondrial function, as well as decreasing vascular 

NAD(P)H oxidase activity [72]. However, for macrovascular/microvascular complications, the 

antioxidant therapy would be beneficial if both the blood pressure and optimal glucose level are 

controlled and there is adequate management of dyslipidemia [73]. 

Generally, antioxidants can be classified into enzymatic antioxidants and non-enzymatic antioxidant 

while the antioxidant therapy can be classified as antioxidant enzyme and substrates, biogenic elements, 

combined drugs, synthetic antioxidants, and drugs with antioxidant activity. The enzymatic antioxidant 

systems, such as copper, zinc, manganese superoxide dismutase, glutathione peroxidase, glutathione 

reductase, and catalase may remove the ROS directly or sequentially, preventing their excessive 

accumulation and consequent adverse effects while the non-enzymatic antioxidant systems consisting of 

glutathione, ubichinol, and uric acid or derivatives of the diet such as vitamins C and E, carotenoids, 

lipoic acid, selenium scavenge molecules that are endogenously produced [74].  Furthermore, exogenous 

antioxidants can compensate for the lower plasma antioxidant levels often observed in type 2 diabetes 

mellitus and in pre-diabetic individuals, whether their diabetes is primarily genetic in origin or due to 

obesity and a sedentary lifestyle [75]. In diabetes, the clinical benefits of Vitamin C (ascorbic acid) and 

vitamin E (tocopherol) lies in the ability of vitamin C to interact with glucose transporters and alter 

glucose homeostasis while vitamin D improve insulin sensitivity in animals [76]. Vegetables and fruits 
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have in their natural composition other substances besides these antioxidant vitamins, which guarantees 

health benefits associated with its consumption. These compounds are widespread in virtually all plant 

foods, often at high levels, and include phenols, phenolic acids, and flavonoids [77]. Flavonoids have 

been implicated to play positive roles in maintaining blood glucose levels, glucose uptake and insulin 

secretion and modulating immune function to prevent specific type of diabetes mellitus [78]. 

 

(c) Phytotherapy 

Although, several anti-diabetic drugs are commercially available for treating diabetes mellitus, many 

of them are out of reach for a significant proportion of the population and are beset with some adverse 

effects [79]. The limitations and side effect of these conventional anti-diabetic drugs necessitate the 

search for alternative or complementary medicine that can enrich the therapeutic arsenal of diabetes 

mellitus. The use of medicinal plants and their phytochemicals for treating diabetes is not just a search for 

safer alternatives to pharmaceuticals, which transiently lower the blood glucose, preventing heart disease 

and high blood pressure, but also enhances the antioxidant system, insulin action and secretion [80].  

Most of these plants have been found to contain secondary metabolites like glycosides, alkaloids, 

terpenoids, and flavonoids among others that are confer anti-diabetic activity on the botanicals. Different 

mechanisms of action have been identified for the beneficial effects of these plants in diabetes (Table 1). 

These include (i) rejuvenation of beta cells and stimulation of insulin secretion and insulin release from 

beta cells of islets, (ii) reduction in insulin resistance, (iii) blood glucose lowering effect, (iv) anti-oxidant 

activity and (v) anti-inflammatory action. The different types of secondary metabolites confer antidiabetic 

activity to the plants in various ways. Specifically, saponins stimulate insulin release from the pancreas 

while flavonoids are known to regenerate the damaged beta cells in the diabetic rats and acts as insulin 

secretagogues [81]. Furthermore, alkaloids exert anti-hyperglycemic activity by an extrapancreatic 

mechanism independent of insulin secretion [82]. Tannins have also been implicated to exhibit anti-

diabetic activity through its glucose transport-stimulatory property [83]. 

 

(d) Pharmacological Approach 

Insulin Therapy 

Insulin is a peptide hormone secreted from the β-cells of pancreas in response to hyperglycemic 

condition [101]. Insulin is made up of two amino acid chains, A (acidic) and B (basic), joined by disulfide 

linkages. Insulin is a protein and is degraded in the gastro-intestinal tract; therefore insulin cannot be 

administered orally. It is administered subcutaneously in most cases and is the mainstay of therapy for 

individuals with type-1-diabetes [102]. Insulin is classified based on differences in molecular structures as 

rapid-acting, short acting, intermediate-acting or long-acting. Most diabetic patients require a combination 

of a shorter acting insulin to cover increased glucose levels after a meal and longer acting insulin to 

maintain a basal level. This is usually accomplished by giving twice-daily doses of intermediate-acting 

insulin combined with a rapid- or short acting insulin before breakfast and the evening meal [103]. 

Alternatively, a dose of long acting insulin is administered in the evening and doses of rapid acting 

or short-acting insulin are given before each meal. Insulin requirements change because of stress, 

infection, illness, emotional disturbances and pregnancy [102]. Adults should keep their blood glucose 

levels between 80 and 140 mg/dL before meals and at bedtime [104]. 

The injection site should be rotated frequently to prevent lipodystrophy which looks like lumps or 

small dents in the skin surface. Insulin is best absorbed from the abdomen, then the arms and legs and last 

the buttocks [102]. Rotating the injection sites within one body region for a period of time versus 

injecting in a different area of the body each day will decrease the variability in insulin absorption [105]. 

There is always a risk of hypoglycemia (low blood glucose) with insulin therapy [102]. 
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Table 1: Selected Medicinal Plants with Scientifically Validated Anti-diabetic Activity 

 

Botanical name Family Active constituents Anti-diabetic Effects References 

Cochlospermum planchonii Cochlospermaceae Saponins Reduces alloxan-induced 

hyperglycemia and metabolic disorders 

associated with diabetes 

Yakubu et al. [84] 

Leonotis leonurus Lamiaceae Total phenolics and falvonoids Reduces streptozotocin-induced 

elevated blood glucose and 

dyslipidemia; potentiate insulin 

secretion 

Oyedemi et al. [85] 

Zingiber officinale Zingiberaceae Free and bound polyphenol Ameliorated liver disorders caused by 

streptozotocin; has antiglycation and 

hypolipidemic and ameliorated 

pancreatic and renal derangement 

Kazeem et al. [86]; 

Kazeem et al. [87]; 

Kazeem et al. [88] 

Eugenia jambolana         Myrtaceae Kaempferol, isoquercetin  Hypoglycemic, anti-hyperlipidemic, 

antioxidant effect              

Rizvi and Mishra [89] 

Ocimum sanctum L.        Lamiaceae   Tannins, saponins, terpenoids Stimulates insulin secretion, anti-

hyperglycemic 

Pattanayak et al. [90] 

Ficus exasperate Moraceae Saponins, flavonoids and 

alkaloids 

Has antidiabetic activity and could be 

used to control metabolic disorders that 

characterize diabetes 

Yakubu et al. [91] 

Nigella sativa Ranunculaceae Alkaloids, thymoquinone Anti-hyperglycemic, decreases 

oxidative stress and preserves 

pancreatic beta-cell integrity      

   Mathur et al. [92] 

Fadogia agrestis Rubiaceae Saponins, alkaloids and 

flavonoids 

Has antidiabetic activity and can be 

used to manage complications arising 

from diabetes 

Yakubu and Ogunro [93] 
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Botanical name Family Active constituents Anti-diabetic Effects References 

Senna fistula Leguminosae Alkaloids, flavonoids, 

saponins, terpenoids and fibres 

Has anti-hyperglycemic activity and is 

effective in controlling some metabolic 

disturbances associated with diabetes 

Ayinla et al. [94] 

Senna alata Fabaceae Flavonoids, alkaloids, 

saponins, phenolics and 

tannins 

Has anti-diabetic activity and enhanced 

the activity of hexokinase 

Yakubu et al. [95] 

Allium sativum Amaryllidaceae Allicin, allixin, ajoene Improvement in insulin sensitivity, 

anti-hyperglycemic, anti-

hyperlipidemic and antioxidant effect              

Kavishankar et al. [96] 

Gymnema sylvestre Asclepiadaceae Gymnemic acid, flavones Anti-hyperglycemic, anti-inflammatory 

and hypolipidemic effect 

Kanetkar et al. [97] 

Tinospora cordifolia Menispermaceae Alkaloids, steroids, cardiac 

glycosides 

Antioxidant activity, promotes insulin 

secretion, inhibition of gluconeogenesis 

and glycogenolysis 

Saha and Ghosh [98] 

Alarngium lamackii Alangiaceae - Has anti-diabetic activity and 

antioxidant activity 

Kumar et al. [99] 

Andrographis paniculata Acanthaceae Andrographolide Posses anti-diabetic activity and was 

effective in restoring the disturbed 

metabolic profile associated with 

diabetes 

Akhtar et al. [100] 
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Insulin acts on specific receptors located on the cell membrane of practically every cell, but their 

density depends on the cell type: liver and fat cells are very rich. The insulin receptor is a receptor 

tyrosine kinase (RTK) which is a heterotetrameric glycoprotein consisting of 2 extracellular α and 2 

transmembrane β subunits linked together by disulfide bonds, orienting across the cell membrane as a 

heterodimer  It is oriented across the cell membrane as a heterodimer. The α subunits carry insulin 

binding sites, while the β subunits have tyrosine kinase activity. Insulin stimulates glucose transport 

across cell membrane by ATP dependent translocation of glucose transporter GLUT4 to the plasma 

membrane. The second messenger PIP3 and certain tyrosine phosphorylated guanine nucleotide exchange 

proteins play crucial roles in the insulin sensitive translocation of GLUT4 from cytosol to the plasma 

membrane, especially in the skeletal muscles and adipose tissue. Over a period of time insulin also 

promotes expression of the genes directing synthesis of GLUT4. Genes for a large number of enzymes 

and carriers are regulated by insulin through Ras/Raf and MAP-Kinase as well as through the 

phosphorylation cascade. 

 

Pramlintide 

Pramlintide, an amylin analog, is an agent that delays gastric emptying, blunts pancreatic secretion of 

glucagon, and enhances satiety. It is U.S. Food and-Drug Administration (FDA-approved for use in adults 

with type 1 diabetes. It has been shown to induce weight loss and lower insulin doses. Concurrent 

reduction of prandial insulin dosing is required to reduce the risk of severe hypoglycemia [106]. 

 

Pancreas and Islet Transplantation 

Pancreas and islet transplantation have been shown to normalize glucose levels but require lifelong 

immunosuppression to prevent graft rejection and recurrence of autoimmune islet destruction. Given the 

potential adverse effects of immuno-suppressive therapy, pancreas transplantation should be reserved for 

patients with type 1 diabetes undergoing simultaneous renal transplantation, following renal 

transplantation, or for those with recurrent ketoacidosis or severe hypoglycemia despite intensive 

glycemic management [106, 107]. Islet transplantation remains investigational. Auto-islet transplantation 

may be considered for patients requiring total pancreatectomy for medically refractory chronic 

pancreatitis [106]. 

 

α-Glucosidase Inhibitors 

Alpha-glucosidase inhibitors are oral antidiabetic drugs used for type 2 diabetes mellitus that work 

by preventing the digestion of carbohydrates (disaccharides to monosaccharide) [108]. Alpha-glucosidase 

inhibitors, such as acarbose and miglitol, are indicated in combination with sulfonylureas for the 

management of type 2 diabetes [109, 110]. These drugs do not target a specific pathophysiologic aspect of 

diabetes. This class of oral hyperglycemic agents competitively inhibits enzymes in the small intestinal 

brush border that are responsible for the breakdown of oligosaccharides and disaccharides into 

monosaccharides suitable for absorption [111]. It works primarily on α-glucosidase, which is found 

predominantly in the proximal half of the small intestine. The intestinal absorption of carbohydrates is 

therefore delayed and shifted to more distal parts of the small intestine and colon. This retards glucose 

entry into the systemic circulation and lowers postprandial glucose levels. Alpha-glucosidase inhibitors 

act locally at the intestinal brush border and are not absorbed. They are excreted in feces. The main side 

effects of α-glucosidase inhibitors are gastrointestinal; specifically, bloating, abdominal discomfort, 

diarrhoea and flatulence occur in about 20% of patients [110, 111]. 

 

Insulin Sensitizers (Thiazolidinediones) 

Thiazolidinediones are a class of medications used in the treatment of type 2 diabetes mellitus [112]. 

They function as ligands for the peroxisome proliferator-activated receptor gamma (PPARγ), which is 

most highly expressed in adipocytes. These nuclear receptors, which are ligand-activated transcription 



Biokemistri Volume 32, Number 3 (2020) 

 208 

factors, play an integral part in the regulation of the expression of a variety of genes involved in 

carbohydrate and lipid metabolism [111].  

Thiazolidinediones improve insulin sensitivity, particularly in the peripheral tissues. Although 

unproven, this appears to be mainly mediated through an effect on adipocytes, since there are fewer 

PPARγ receptors in muscle tissue. In the adipocyte, differentiation is enhanced, lipolysis is reduced, and 

levels of circulating adipocytokines or “adipokines” are altered, namely a decrease in tumour necrosis 

factor-α and leptin and an increase in adiponectin. All these effects decreased tumour necrosis factor-α 

and free fatty acid levels and increased adiponectin levels are expected to enhance insulin sensitivity 

[113]. 

Direct comparisons of thiazolidinediones with metformin and sulfonylureas also demonstrate similar 

efficacy. Preliminary data suggest that thiazolidinediones may have beneficial effects beyond that of 

glycemic control. These include reduced urinary albumin excretion, increased levels of high-density 

lipoprotein cholesterol and reduced triglyceride levels, lower blood pressure and reduced levels of 

plasminogen activator inhibitor-1 [112]. 

 

Biguanides 

Biguanides are a class of drugs that function as oral antihyperglycemic drugs used for the 

management of type 2 diabetes mellitus or pre-diabetes treatment [114]. Over 30 years ago, various 

biguanides (e.g., metformin, phenformin, buformin) were used in different countries for the treatment of 

diabetes. 

Metformin is the first-line medication for the treatment of type 2 diabetes. It works by decreasing 

glucose production by the liver and increasing the insulin sensitivity of body tissues. The mechanisms by 

which metformin exerts its antihyperglycemic effects are still not entirely clear. Its major action on 

patients with diabetes is to decrease hepatic glucose output, primarily by decreasing gluconeogenesis, but 

it may also, as a lesser effect, increase glucose uptake by skeletal muscles [114]. Zhou et al. [115] 

discovered that metformin activates hepatic and muscle adenosine monophosphate-activated protein 

kinase (AMPK), an enzyme normally activated by adenosine monophosphate, the breakdown product of 

adenosine triphosphate and a cellular signal for increased energy requirements. Activation of hepatic 

AMPK results in the phosphorylation and inhibition of acetyl-coenzyme A carboxylase, which catalyzes 

the rate-limiting step of lipogenesis. This block in fatty acid synthesis promotes fatty acid oxidation. 

 

Insulin Secretagogues 

Insulin secretagogues are compounds that help the pancreas to synthesize and release (or secrete) 

insulin [116]. Insulin secretagogues can be divided into two subclasses: sulfonylureas and non-

sulfonylureas. 

Sulfonylureas are a class of organic compounds widely used in the management of type 2 diabetes. 

They act by increasing insulin release from the beta cells of the pancreas [117]. Sulfonylureas that are 

currently available are gliclazide, glimepiride, glyburide, and the older agents, chloropropamide and 

tolbutamide. The last two are now rarely used. Sulfonylureas bind to the sulfonylurea receptor on the 

surface of pancreatic β-cells. The sulfonylurea receptor is intimately involved with subunits of an 

adenosine triphosphate sensitive potassium channel (kir6.2). The binding of a sulfonylurea to the 

sulfonylurea receptor–kir6.2 complex results in closure of the potassium channels and inhibition of the 

efflux of potassium ions from the resting β-cell. This results in depolarization of the cell membrane and, 

in turn, the opening of voltage-dependent calcium channels. The influx of calcium causes microtubules to 

contract and the exocytosis of insulin from vesicles [111]. 

Sulfonylureas do not directly affect insulin sensitivity. The increase in insulin sensitivity seen after 

treatment with these drugs is secondary to improved metabolic control. Sulfonylureas are predominantly 

metabolized by the liver and cleared by the kidneys. Several metabolites of glyburide are partially active, 

so that if clearance is impaired in the kidney, the accumulating metabolites can have a significant 

hypoglycemic effect [117]. 
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Non-sulfonylureas are involved in inhibition of the amount of glucose produced by the liver and 

increase the insulin-receptor binding as well as stimulate tissue uptake of glucose [118]. This relatively 

new class of medications is currently represented by nateglinide and repaglinide [118]. Repaglinide is a 

benzoic acid derivative, and nateglinide is a phenylalanine derivative [119]. The mechanism of action of 

these drugs is similar to that of the sulfonylureas (closure of the potassium-adenosine triphosphate 

channel, leading to calcium-dependent insulin secretion). However, they bind to the sulfonylurea receptor 

at a different site and with different kinetics than the sulfonylureas. Thus, the onset of action is faster and 

the half-life is shorter, which results in a brief stimulation of insulin release [119]. These compounds are 

metabolized in the liver through the cytochrome P450 system into inactive biliary products [119]. 

The efficacy of repaglinide appears to be similar to that of sulfonylureas; postprandial hyperglycemia 

is well controlled [118]. These medications can be used either as monotherapy or in combination with 

other OHAs (but not sulfonylureas) [111]. Figure 1 shows the causes of hyperglycemia and sites of action 

of oral hyperglycemic drugs. 

 

 
Figure 1: Causes of hyperglycemia and sites of action of oral antihyperglycaemic drugs 

Source: Florence and Yeager [109]         

 

Sodium-Glucose Co-transporter 2 Inhibitors 

Sodium-glucose co-transporter 2 (SGLT2) inhibitors provide insulin-independent glucose lowering 

by blocking glucose reabsorption in the proximal renal tubule by inhibiting SGLT2. These agents provide 

modest weight loss and blood pressure reduction in type 2 diabetes. There are three FDA-approved agents 

for patients with type 2 diabetes, but none are FDA-approved for the treatment of patients with type 1 

diabetes [2]. The FDA issued a warning about the risk of ketoacidosis occurring in the absence of 

significant hyperglycemia (euglycemic diabetic ketoacidosis) in patients with type 1 and type 2 diabetes 

treated with SGLT2 inhibitors. Symptoms of ketoacidosis include dyspnea, nausea, vomiting, and 

abdominal pain. Patients should be instructed to stop taking SGLT2 inhibitors and seek medical attention 

immediately if they have symptoms or signs of ketoacidosis [120]. 

 

(e) Targeting key carbohydrate metabolizing enzymes 

Reduction of Glucose-6-phosphate dehydrogenase inhibition 

Glucose-6-phosphate dehydrogenase (G6PD) is the first and rate-limiting enzyme of the pentose 

phosphate pathway, which results in the production of ribose-5-phosphate and nicotinamide adenine 
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dinucleotide phosphate-reduced (NADPH). The entire antioxidant system as well as other reductant-

requiring process, relies on adequate supply of NADPH because it is the principal intracellular reductant 

for all cells [121]. Several authors have also reported that G^PD is the principal source of NADPH and 

therefore, any decrease in the activity of G6PD will consequently lead to decreased NADPH and make 

cells very sensitive to oxidative damage [121, 122]. In addition, any changes in G6PD activity will alter 

NADPH levels and impact the antioxidant system [123]. Xu et al. [121] in their conclusion suggested that 

chronic hyperglycemia leads to a decrease of G6PD activity in the kidney cortex, which leads to increased 

oxidative stress. This acquired inhibition in diabetic kidneys may partly be due to decreased expression 

and increased phosphorylation of G6PD caused by the activation of protein kinase A (PKA). Therefore, a 

strategy for the prevention of diabetic complication most especially nephropathy would be to explore 

agents that can enhance the activity of G6PD which will reduce the oxidative stress that eventually leads 

to diabetic complications in animals. 

 

Inhibition of a-amylase activity 

Carbohydrates are the major constituents of the human diet and mainly play a role in the energy 

supply. These complex components of dietary carbohydrates are broken down to monosaccharides by the 

α-amylase and glucosidases since it is only in this form that they can be absorbed from intestinal lumen 

and transported into blood circulation [124]. Alpha-amylases constitute a family of endoamylases that 

catalyze the cleavages of α-D-(1-4) glycosidic bonds hydrolyzing carbohydrates into glucose and thus 

elevating the level of glucose in diabetic patients [125]. Retardation of carbohydrate digestion by 

inhibition of enzymes such as α-amylase would lead to reduction in the level of blood glucose and hence 

could be considered as a therapeutic strategy for the treatment of diabetes. Alpha-amylase inhibitors 

therefore have a therapeutic role in the management of diabetes. The inhibition of pancreatic alpha-

amylase is one of the therapeutic targets for delaying oligosaccharide digestion to absorbable 

monosaccharides in the intestinal brush border, resulting in reduced postprandial hyperglycemia [126]. 

Alpha-amylase inhibitors currently in clinical use to reduce or delay the digestion of carbohydrates and 

provide short-term glycemic control include acarbose and miglitol. The shortcoming associated with these 

α-amylase inhibitors is their non-specificity in targeting different glycosidases and have also been 

reported to produce serious side effects such as hypoglycemia, diarrhea, flatulence, and bowel bloating 

that limit their use as a therapeutic drug [111]. 

 

Inhibition of glucokinase activity 

Glucokinase is a unique isoform of the hexokinase enzymes, which are known to phosphorylate D-

glucose and other hexoses. Glucokinase (hexokinase IV) has a major role in the control of blood glucose 

homeostasis because it is the predominant hexokinase expressed in the liver and also has a very high 

control strength on hepatic glucose disposal [127]. It serves as a glucose sensor of the insulin-producing 

pancreatic islet β-cells, controls the conversion of glucose to glycogen in the liver and regulates hepatic 

glucose production [128]. Glucokinase is currently considered a strong candidate target for 

antihyperglycemic drugs for type 2 diabetes [128]. This is supported by the impact of mutations in the 

glucokinase gene on blood glucose concentration in humans. Inactivating mutations that lower the 

enzyme affinity for glucose or compromise glucokinase expression cause diabetes (maturity onset 

diabetes of the young type 2), whereas activating mutations lower blood glucose [128]. Pharmacological 

activators of glucokinase (GKAs) that mimic the effect of activating mutations represent a potential novel 

strategy for antihyperglycemic therapy [128, 129]. 

 

Fructose-1,6-bisphosphatase activity 

 

Fructose-1,6-bisphosphatase is an enzyme that converts fructose-1,6-bisphosphate to fructose-6-

phosphate in gluconeogenesis and the Calvin cycle which are both anabolic pathways. Overproduction of 

glucose via gluconeogenesis is a principal cause of the high blood glucose levels found in patients with 

type 2 diabetes, and is inadequately controlled by currently available medications. The enzyme fructose-
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1,6-bisphosphatase (FBPase), a major control point in the pathway of gluconeogenesis, is recognized as 

an attractive target for pharmacological intervention [130]. The strategy here is to explore the activator of 

the enzyme, fructose-1,6-bisphosphatase which will enhance the rate of clearance of glucose, the 

causative agent of diabetes mellitus. 

 

 

 

(f) Inflammatory mediators 

 

Inflammation is considered to be a key regulator of the pathogenesis of type 2 diabetes mellitus, but 

what triggers this inflammation still unknown [131]. However, it is possible that obesity might be a 

contributory factor. Obesity is associated with enlargement of adipose tissue and consequently increases 

the number of adipose tissue macrophages [132]. These macrophages are responsible for almost all 

adipose tissue tumor necrosis factor-α (TNF-α) expression, significant amounts of interleukin-6 (IL-6), 

and other acute-phase response markers and mediators of inflammation [133]. Many pro-inflammatory 

cytokines play a central role in inflammatory reaction and have been reported to increase the risk of type 

2 diabetes [134]. These pro-inflammatory cytokines can enhance insulin resistance directly in adipocytes, 

muscle and hepatic cells, leading to systemic disruption of insulin sensitivity and impaired glucose 

homeostasis. Increased levels of these pro-inflammatory cytokines can also lead to hepatic production and 

secretion of acute-phase proteins such as C-reactive protein (CRP), plasminogen activator inhibitor-1 

(PAI-1), amyloid-A, 1-acid glycoprotein, and haptoglobin which have been reported to appear in the early 

stages of type 2 diabetes, and their circulating concentrations increase as the disease progresses [131, 

134]. TNF-α, secreted by adipose tissue, may play a critical role in insulin resistance and the pathogenesis 

of type 2 diabetes. The strategy here would be explore anti-inflammatory agents through multiple 

mechanisms that may include inhibiting the activation of NF-κB signaling pathway, as target in the 

management of diabetes. 

 

(g) Gene therapy 

Gene therapy is an experimental technique that uses gene to treat or control prevent diseases. 

Technology for gene therapy is advancing rapidly such that there are multiple pathways possible to 

support endocrine function, with potential to practically cure diabetes [135, 136]. Gene therapy can be 

used to manufacture insulin directly. An oral medication, consisting of viral vectors containing the insulin 

sequence is digested and delivers its genes to the upper intestines. Those intestinal cells will then behave 

like any viral infected cell, and will reproduce the insulin protein. The virus can be controlled to infect 

only the cells which respond to the presence of glucose, such that insulin is produced only in the presence 

of high glucose levels. Due to the limited numbers of vectors delivered, very few intestinal cells would 

actually be impacted and would die off naturally in a few days. Therefore, by varying the amount of oral 

medication used, the amount of insulin created by gene therapy can be increased or decreased as needed. 

As the insulin-producing intestinal cells die off, they are boosted by additional oral medications [135, 

137].  

Gene therapy might eventually be used to cure the cause of beta cell destruction, thereby curing the 

new diabetes patient before the beta cell destruction is complete and irreversible [138]. Gene therapy can 

be used to turn duodenum cells and duodenum adult stem cells into beta cells which produce insulin and 

amylin naturally. By delivering beta cell DNA to the intestine cells in the duodenum, a few intestine cells 

will turn into beta cells, and subsequently adult stem cells will develop into beta cells [137]. This makes 

the supply of beta cells in the duodenum self replenishing, and the beta cells will produce insulin in 

proportional response to carbohydrates consumed [139].  

 

Conclusion 

 

https://en.wikipedia.org/wiki/Gene_therapy
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Diabetes is a high rising disease with its attendant consequences that include weight loss, organ 

dysfunction, other complications and mortality. As a result, efforts should be geared at arresting this 

deadly disease by preventing the onset and adequate management strategies that include life style 

modifications, use of antioxidants, phytotherapy (the use of medicinal plants), pharmacologic approach, 

targeting key carbohydrate metabolizing enzymes, reducing the generation of inflammatory mediators and 

gene therapy. 

 

Declarations  

 

Funding 

None received  

 

Availability of data and materials 

Not applicable. 

 

Authors’ contributions 

EAB conceived the manuscript, ADM wrote the first draft, MTY finalized the draft, EAB proofread 

the manuscript. All authors participated in the writing of the report and approved the final version of the 

manuscript. 

 

Competing interests  

 

The authors declare that they have no competing interests. 

 

 

References 
 
1. Rekha N, Balaji R, Deecaraman M. Antihyperlipidemic effects of extracts of the pulp of Syzygium cumini and 

bark of Cinnamon zeylanicum in streptozotocin-induced diabetic rats. J Appl Biosci. 2010; 28:1718-1730. 

2. Barceló A, Rajpathak S. Incidence and prevalence of diabetes mellitus in the Americas. Rev Panam Salud Pública 

2001; 10:300-308. 

3. Aljabri KS, Bokhari SA, Khan MJ. Glycemic changes after vitamin D  supplementation in patients with 

type 1 diabetes mellitus and vitamin D deficiency.  Ann Saudi Med. 2010; 30(6): 454–508. 

4. International Diabetes Federation (IDP). Diabetes Atlas, 9th Edn. 2019. www.diabetesatlas.org 

5. Can A, Akev N, Ozsoy N. Effect of Aloe vera leaf gel and pulp extracts on the  liver in type-II diabetic rat 

models. Biol Pharmaceut Bull 2004; 27(5): 694-698. 

6. Verge CF, Gianani R, Kawasaki, E. Predicting type one diabetes in first degree  relatives using a 

combination of insulin, GAD and ICA512bdc/1A-2 autoantibodies. Diabetes 1996; 45: 926-933. 

7. WHO. Diabetes Action Now Booklet. Geneva, Switzerland: World Heal Organization; 2004. Available from: 

http://www: who.int/diabetes/booklet [Last accessed on 2008 Oct 31]. 

8. Bastaki S. Diabetes mellitus and its treatment. Int. J. Diabetes Metabol. 2005; 13: 111-134. 

9. Pierre W, Gildas AJH, Ulrich MC, Modeste WN, Benoıt NT, Albert K. Hypoglycemic and hypolipidemic effects 

of Bersama engleriana leaves in nicotinamide/streptozotocin-induced type 2 diabetic rats. BMC Complement 

Altern Med 2012;12: 264. 

10. Goldhaber-Fiebert JD, Goldhaber-Fiebert SN, Tristan ML. Randomized controlled community-based nutrition 

and exercise intervention improves glycemia and cardiovascular risk factors in type 2 diabetic patients in rural 

Costa Rica. Diabetes Care 2003; 26: 24-29. 

11. Funnell, M.M., Brown, T.L., Childs, B.P. (2010). National standards for diabetes self-   management education. 

Diabetes Care. 2010;33:S89-S96.  

12. Pastors JG, Franz MJ, Warshaw H, Daly A, Arnold MS. How effective is medical nutrition therapy in diabetes 

care? J Am Diet Assoc 2003; 103:827-831. 

http://www.diabetesatlas.org/


M. T. Yakubu et al. 

   

 

213 

13. Tuomilehto J, Lindstrom J, Eriksson JG, Valle TT, Hamalainen H, Ilanne-Parikka P, Keinanen-Kiukaanniemi S, 

Laakso M. Prevention of type 2 diabetes mellitus by changes in life style among subjects with impaired 

glucose tolerance. The New England J Med. 2001; 344 (18): 1343-1350. 

14. Fortes RC, Novaes MR, Recova VL, Melo AL. Immunological, hematological, and glycemia effects of dietary 

supplementation with Agaricus sylvaticus on patients'  colorectal cancer. Exp Biol & Med. 2009; 234 (1): 

53-62. 

15. Franz MJ, Bantle JP, Beebe CA, Brunzell JD, Chiasson JL, Garg A, Holzmeister LA, Hoogwerf B, Mayer-Davis 

E, Mooradian AD, Purnell JQ, Wheeler M.  Evidence-based nutrition principles and recommendations for 

the treatment and  prevention of diabetes and related complications. Diabetes Care 2002; 25: 148-198. 

16. Pastors JG, Warshaw H, Daly A, Franz M, Kulkarni K. The evidence for the  effectiveness of medical nutrition 

therapy in diabetes management. Diabetes Care 2002; 25:608-613. 

17. Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. Free radicals and antioxidants in normal 

physiological functions and human disease. Int J Biochem Cell Biol 2007; 39(1): 44-84. 

18. Maritim A, Sanders R, Watkins J. Diabetes, oxidative stress, and antioxidants: a review. J Biochem and Mol 

Tox. 2003; 17(1): 24-38. 

19. Pham-Huy LA, He H, Pham-Huy C. Free radicals, antioxidants in disease and health.   IJBS 2008; 4(2): 89-96. 

20. Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura M, Aoki T. High glucose level and free fatty acid 

stimulate reactive oxygen species production  through protein kinase C-dependent activation of NAD(P)H 

oxidase in cultured vascular  cells. Diabetes 2000; 49(11): 1939-1945. 

21. Lee JL, Suh KS, Choi MC, Chon S, Oh S, Woo JT, Kim SW. Kaempferol protects HIT-15 pancreatic beta-cells 

from 2-deoxy-D-ribose-induced oxidative damage. Phytother Res. 2010; 24:419-423. 

22. Phillips M, Cataneo RN, Cheema T, Greenberg J. Increased breath biomarkers of oxidative stress in diabetes 

mellitus. Clin. Chim. Acta. 2004; 344 (1-2): 189-194. 

23. Asfandiyarova N, Kolcheva N, Ryazantsev I, Ryazantsev V. Risk factors for stroke in type 2 diabetes mellitus. 

Diab Vasc Dis Res. 2007; 3: 57-60. 

24. Ceriello A. Oxidative stress and diabetes-associated complications. Endocr Pract. 2006; 12 (l): 60-62. 

25. Giugliano D, Ceriello A, Paolisso, G. Diabetes mellitus, hypertension, and cardiovascular disease: which role for 

oxidative stress? Metabolism 1995: 44(3); 363-368. 

26. Lipinski B. Pathophysiology of oxidative stress in diabetes mellitus. J. Diabetes Complications 2001; 15(4): 

203-210. 

27. Chung SS, Ho EC, Lam KS, Chung SK. Contribution of polyol pathway to diabetes-induced oxidative stress. J 

Am Soc Nephrol. 2003; 14:S233-S236.  

28. Baynes JW, Thorpe SR. Role of oxidative stress in diabetic complications: a new perspective on an old 

paradigm. Diabetes 1999; 48: 1-9. 

29. Morrison AD, Clements Jr RS, Travis SB, Oski F, Winegrad AI. Glucose utilization by the polyol pathway in 

human erythrocytes. Biochem Biophys Res Comm. 1970; 40(1):199-205. 

30. Gonzalez RG, Barnett P, Aguayo J, Cheng H, Chylack L. Direct measurement of polyol pathway activity in the 

ocular lens. Diabetes 1984; 33(2):196-199. 

31. Chung SS, Ho EC, Lam KS, Chung SK. Contribution of polyol pathway to diabetes-induced oxidative stress. J 

Am Soc  Nephrol 2003; 14(8 Suppl): S233–S236. 

32. Morre DM, Lenaz G, Morre DJ. Surface oxidase and oxidative stress  propagation in aging. J Exp Biol 

2000; 203(10): 1513-1521. 

33. Yang X, Trumpower BL. Protonmotive Q cycle pathway of electron transfer and energy transduction in the 

three-subunit ubiquinol-cytochrome c oxidoreductase complex of Paracoccus denitrificans. J Biol Chem 1988; 

263(24): 11962-11970. 

34. Soriano FG, Virag L, Jagtap P, Szabo E, Mabley JG, Liaudet L, Marton A. Diabetic endothelial dysfunction: the 

role of poly (ADP-ribose) polymerase activation. Nature Med. 2001; 7(1): 108-113. 

35. Du X, Matsumura T, Edelstein D, Rossetti L, Zsengeller Z, Szabo C, Brownlee M. Inhibition of GAPDH 

activity by poly (ADP-ribose) polymerase activates three major pathways of hyperglycemic damage in 

endothelial cells. J Clin Invest. 2003; 112(7):1049-1057. 

36. Mara L, Oates PJ. The polyol pathway and diabetic retinopathy. In. Contemporary Diabetes: Diabetic 

Retinopathy, Duh, E. (ed). Humana Press, Totowa, NJ. 2008; pp. 159-186. 

37. Patel D, Prasad S, Kumar R, Hemalatha S. Cataract: A major secondary complication of diabetes, its 

epidemiology and an overview on major medicinal plants screened for anticataract activity. Asian Pac J 

Tropical Dis 2011; 1(4):323-329. 



Biokemistri Volume 32, Number 3 (2020) 

 214 

38. Varma SD, Shocket SS, Richards RD. Implications of aldose reductase in cataracts in human diabetes. Invest 

Ophthalmol Visual Sci. 1979; 18(3): 237-241.  

39. Huang R, Shi F, Lei T, Song Y, Hughes CL, Liu G. Effect of the isoflavone genistein against galactose-induced 

cataracts in rats. Exp Biol Med. 2007; 232(1): 118-125. 

40. Lim SS, Jung YJ, Hyun SK, Lee YS, Choi JS. Rat lens aldose reductase inhibitory constituents of Nelumbo 

nucifera stamens. Phytother Res 2006; 20(10):825-830. 

41. Halder H, Joshi S, Gupta SK. Lens aldose reductase inhibiting potential of some indigenous plants. J 

Ethnopharmacol. 2003; 86(1): 113-116. 

42. Sharma YR, Vajpayee RB, Bhatnagar R, Mohan M, Azad RV, Kumar M, Nath R. Topical sulindac therapy in 

diabetic senile cataracts: cataract-IV. Indian J Ophthalmol. 1989; 37(3): 127-133.  

43. Gupta SK, Joshi S. Relationship between aldose reductase inhibiting activity and anti-cataract action of various 

non-steroidal anti-inflammatory drugs. Develop in Ophthalmol. 1991; 21; 151-156.  

44. Gupta SK, Joshi S. Naproxen: an aldose reductase inhibitor and potential anti-cataract agent. Develop in 

Ophthalmol. 1991;  21: 170-178. 

 45. Vlassara H, Palace M. Diabetes and advanced glycation end products. J Intern  Medicine. 2002; 251(2): 

87-101. 

46. Peppa M, Uribarri J, Vlassara H. The role of advanced glycation end products in the development of 

atherosclerosis. Curr Diabetes Rep 2004; 4(1): 31-36. 

47. Stitt AW. Advanced glycation: an important pathological event in diabetic and age  related ocular disease. Br 

J Ophthalmol. 2001; 85(6): 746-753. 

48. Wautier J, Guillausseau P. Advanced glycation end products, their receptors and  diabetic angiopathy. 

Diabetes Metabol. 2001; 27(5): 535-544. 

49. Ahmed N. Advanced glycation end products-role in pathology of diabetic  complications. Diabetes Res Clin 

Pract. 2005; 67: 3-21. 

50. Yonekura H, Yamamoto Y, Sakurai S, Watanabe T, Yamamoto H. Roles of the receptor for advanced glycation 

endproducts in diabetes-induced vascular injury. J Pharmacol Sci. 2005; 97:305-311. 

51. Yamagishi S, Matsui T. Advanced glycation end products, oxidative stress and  diabetic nephropathy. 

Oxid Med and Cell Longevity 2010; 3(2): 101-108. 

52. Miura J, Yamagishi S, Uchigata Y, Takeuchi M, Yamamoto H, Makita Z, Iwamoto Y. Serum levels of non-

carboxymethyllysine advanced glycation end products are correlated to severity of microvascular 

complications in patients with Type 1 diabetes. J Diabetes Complications 2003; 17(1): 16-21. 

53. Ono Y, Aoki S, Ohnishi K, Yasuda T, Kawano K, Tsukada Y. Increased serum levels of advanced glycation 

end-products and diabetic complications. Diabetes  Res Clin Prac. 1998; 41(2): 131-137. 

54. Kilhovd BK, Berg TJ, Birkeland KI, Thorsby P, Hanssen KF. Serum levels of advanced glycation end products 

are increased in patients with type 2 diabetes and coronary heart disease. Diabetes Care 1999; 22(9): 1543-

1548. 

55. Bowie A, Owens D, Collins P, Johnson A, Tomkin GH. Glycosylated low density lipoprotein is more sensitive 

to oxidation: implications for the diabetic patient? Atherosclerosis 1993; 102(1): 63-67. 

56. Jung HA, Jung YJ, Yoon NY, Jeong DM, Bae HJ, Kim DW, Na DH, Choi JS. Inhibitory effects of Nelumbo 

nucifera leaves on rat lens aldose reductase, advanced glycation endproducts formation, and oxidative stress. 

Food Chem Toxicol. 2008; 46(12): 3818-3826.  

57. Koya D, King GL. Protein kinase C activation and the development of diabetic  complications. Diabetes 

1998; 47(6): 859-866. 

58. Meier M, King GL. Protein kinase C activation and its pharmacological inhibition in vascular disease. Vasc 

Med. 2000; 5(3): 173-185. 

59. Way K, Katai N, King G. Protein kinase C and the development of diabetic vascular complications. Diabet Med. 

2001; 18(12): 945-959. 

60. Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W, King GL. Preferential elevation of protein kinase C 

isoform beta II and diacylglycerol levels in the  aorta and heart of diabetic rats: differential reversibility to 

glycemic control by islet cell transplantation. Proc Natl Acad Sci. 1992; 89(22): 11059-11063. 

61. Shiba T, Inoguchi T, Sportsman JR, Heath WF, Bursell S, King GL. Correlation of diacylglycerol level and 

protein kinase C activity in rat retina to retinal  circulation. Am J Physiol Endocrinol Metabol. 1993; 265(5): 

E783-E793. 

62. Giacco F, Brownlee M. Oxidative stress and diabetic complications. Circ Res. 2010; 107(9):1058-1070. 

63. Derubertis FR, Craven PA. Activation of protein kinase C in glomerular cells in diabetes: mechanisms and 

potential links to the pathogenesis of diabetic glomerulopathy. Diabetes 1994; 43(1): 1-8. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Jung%20YJ%5BAuthor%5D&cauthor=true&cauthor_uid=16881021
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hyun%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=16881021
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20YS%5BAuthor%5D&cauthor=true&cauthor_uid=16881021
https://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=16881021
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jung%20HA%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jung%20YJ%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoon%20NY%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeong%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bae%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/?term=Na%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=18952135
https://www.ncbi.nlm.nih.gov/pubmed/18952135


M. T. Yakubu et al. 

   

 

215 

64. Thallas-Bonke V, Thorpe SR, Coughlan MT, Fukami K, Yap FY, Sourris KC, Penfold SA. Inhibition of 

NADPH oxidase prevents advanced glycation end product–mediated damage in diabetic nephropathy through 

a protein kinase C-α-dependent pathway. Diabetes 2008; 57(2): 460-469. 

65. Noh H,  King G. The role of protein kinase C activation in diabetic nephropathy. Kidney Int. 2007; 72: S49-S53. 

66. Gálvez MI. Protein kinase C inhibitors in the treatment of diabetic retinopathy. Curr Pharm Biotechnol. 2011; 

12(3):386-391. 

67. Rosen P, Nawroth P, King G, Moller W, Tritschler H, Packer L. The role of oxidative stress in the onset and 

progression of diabetes and its complications: a summary of a Congress Series sponsored by 

UNESCO‐MCBN, the American Diabetes Association and the German Diabetes Society. Diabetes Metabol 

Res Rev. 2001; 17(3): 189-212. 

68. Nourooz-Zadeh J, Rahimi A, Tajaddini-Sarmadi J, Tritschler H, Rosen P, Halliwell B, Betteridge D. 

Relationships between plasma measures of oxidative stress and metabolic control in NIDDM. Diabetologia 

1997; 40(6): 647-653. 

69. Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001; 414(6865): 813-

820. 

70. Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Oxidative stress and stress activated signaling pathways: a 

unifying hypothesis of type 2 diabetes. Endocr Rev. 2002; 23(5): 599-622. 

71. Santos JM, Mohammad G, Zhong Q, Kowluru RA. Diabetic retinopathy, superoxide damage and antioxidants. 

Curr Pharm Biotechnol. 2011;12(3):352-361. 

72. Hamilton SJ, Chew GT, Watts GF. Therapeutic regulation of endothelial dysfunction in type 2 diabetes mellitus. 

Diab Vasc Dis Res. 2007; 4:89-102. 

73. Jakus V. The role of free radicals, oxidative stress and antioxidant systems in diabetic vascular disease. Bratisl 

Lek Listy. 2000; 101:541-551. 

74. da Silva SB, Costa JP, Pintado ME, Ferreira DC, Sarmento B. Antioxidants in the prevention and treatment of 

diabetic retinopathy. J Diabetes Metab. 2010; 1:111. 

75. Ruhe RC, McDonald RB. Use of antioxidant nutrients in the prevention and treatment of type 2 diabetes. J Am 

Coll Nutr. 2001; 20:363S–3699S. 

76. Girgis CM, Clifton-Bligh RJ, Hamrick MW, Holick MF, Gunton JE. The roles of vitamin D in skeletal muscle: 

form, function, and metabolism. Endocr Rev. 2013; 34(1):33-83. 

77. Pietta PG. Flavonoids as antioxidants. J Nat Prod. 2000; 63:1035-1042. 

78. Hajiaghaalipour F, Khalilpourfarshbafi M, Arya A. Modulation of glucose transporter protein by dietary 

flavonoids in type 2 diabetes mellitus. Int J Biol Sci. 2015; 11:508-524. 

79. Kumar R, Laloo D, Hemalatha S. Diabetes mellitus: An overview on its pharmacological aspects and reported 

medicinal plants having antidiabetic activity. Asian Pac J Trop Biomed. 2012; 2:411-420. 

80. Surveswaran S, Zhong Cai Y, Corke H, Sun M. Systematic evaluation of natural phenolic antioxidants from 133 

Indian medicinal plants. Food Chem. 2007;102:938-953. 

81. Geetha BS, Mathew BC, Augusti KT. Hypo-glycemic effects of Leucodelphinidin derivatives from Ficus 

bengalensis Linn. on diabetic dogs. Indian J Physiological Pharmacol. 1994; 38: 220-222. 

82. Punitha ISR, Shirwaikar A, Shirwaikar A. Antidiabetic activity of benzyl tetra isoquinoline alkaloid berberine in 

streptozotocin-nicotinamide induced type 2 diabetic rats. Diabetologia Croatica 2006; 34(4): 117-128. 

83. Liu X, Kim J K, Li Y, Li J, Liu F, Chen X. Tannic acid stimulates glucose transport and inhibits adipocyte 

differentiation in 3T3-L1 Cells. J Nutr. 2005; 135(2): 165-171. 

84. Yakubu MT, Akanji MA, Nafiu MO. Anti-diabetic activity of aqueous extract of Cochlospermum planchonii 

root in alloxan-induced diabetic rats. Cam J Exptal Biol. 2010; 6(2): 91-100. 

85.  Odeyemi SO, Yakubu MT, Afolayan AJ. Antidiabetic activities of aqueous leaves extract of Leonotis leonurus 

in streptozotocin induced diabetic rats. J Med Plants Res. 2011; 5(1): 119-125. 

86. Kazeem MI, Akanji MA, Yakubu MT, Ashafa AOT. Protective effect of free and bound polyphenol extracts 

from Ginger (Zingiber officinale Roscoe) on the hepatic antioxidant and some carbohydrate metabolizing 

enzymes of streptozotocin-induced diabetic rats. Evid-Based Complem Altern Med-Special Issue. 2013; vol. 

2013, Article ID 935486, 7 pages. 

87. Kazeem MI, Akanji MA, Yakubu MT, Ashafa AOT. Antiglycation and hypolipidemic effects of polyphenols 

from Zingiber officinale Roscoe (Zingiberaceae) in streptozotocin-induced diabetic rats. Tropical J Pharmaceu 

Res. 2015; 14(1): 55-61. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=G%C3%A1lvez%20MI%5BAuthor%5D&cauthor=true&cauthor_uid=20939796
https://www.ncbi.nlm.nih.gov/pubmed/20939796


Biokemistri Volume 32, Number 3 (2020) 

 216 

88. Kazeem MI, Akanji MA, Yakubu MT. Amelioration  of  pancreatic  and  renal  derangements  in streptozotocin-

induced  diabetic  rats  by  polyphenol  extracts  of  Ginger (Zingiber  officinale)  rhizome. Pathophysiol. 2015; 

22: 203-209. 

89. Rizvi SI, Mishra N. Traditional Indian medicines used for the management of  diabetes mellitus. J 

Diabetes Res. 2013; Volume 2013, Article ID 712092, 11 Pages 

90. Pattanayak P, Behera P, Das D, Panda SK. Ocimum sanctum Linn. A reservoir plant for therapeutic applications: 

An overview. Pharmacogn Rev. 2010; 4(7): 95-105. 

91. Yakubu MT, Salau AK, Oloyede OB, Akanji MA. Anti-diabetic activity of aqueous leaf extract of Ficus 

exasperata in alloxan-induced diabetic Wistar rats. Cam J Exptal Biol. 2014; 10(1): 35-43. 

92. Mathur ML, Gaur J, Sharma R, Haldiya KR. Antidiabetic properties of a spice plant Nigella sativa. J Endocrinol 

Metabol. 2011; 1(1): 1-8. 

93. Yakubu MT, Ogunro OB. Effects of aqueous extract of Fadogia agrestis stem in alloxan-induced diabetic rats. 

Bangladesh J Pharmacol. 2014; 9:356-363. 

94. Ayinla MT, Owoyele BV, Yakubu MT. Antidiabetic activity of aqueous extract of Senna fistula leaves in 

streptozotocin-induced diabetic rats. Nig J Biochem & Mol Biol. 2014; 29(2): 93-106. 

95. Yakubu MT, Uwazie JN, Igunnu A. Anti-diabetic activity of aqueous extract of Senna alata (Fabacea) flower in 

alloxan-induced diabetic male rats. Cam J Biol Biochem Sci. 2016; 24: 07-17. 

96. Kavishankar GB, Lakshmidevi N, Murthy SM, Prakash HS, Niranjana SR. Diabetes and medicinal plants-A 

review. Int J Pharm Biomed Sci. 2011; 2(3): 65-80. 

97. Kanetkar P, Singhal R, Kamat M. Gymnema sylvestre: a memoir. J Clin Biochem Nutr. 2007; 41(2): 77-81. 

98. Saha S, Ghosh S. Tinospora cordifolia: One plant, many roles. Ancient Sci Life 2012; 31(4): 151-159. 

99. Rajesh K, Dinesh KP, Satyendra KP, Kirshnamurthy S, Siva H.  Antidiabetic activity of alcoholic leaves extract 

of Alangium lamarckii Thwaites on streptozotocin-nicotinamide induced type 2 diabetic rats. Asian Pac J 

Tropical Med. 2011; 904-909. 

100. Akhtar MT, Mohd-Sarib MS, Ismail IS, Abas F, Ismail A, Lajis NH, Shaari, K. Anti-diabetic activity and 

metabolic changes induced by Andrographis paniculata plant extract in obese diabetic rats. Molecules 2016; 

21: 1-18 

101. Sonksen P, Sonksen J. Insulin: understanding its action in health and disease. Br J Anaesth. 2000; 85(1): 69-79. 

102. Ballington DA, Laughlin MM. Pharmacology for Technicians (4th edn.). St. Paul, MN: Paradigm Publishing. 

2010.  

103. de Souza AM, Lopez JA. Insulin or insulin-like studies on unicellular organisms: a review. Braz. Arch. Biol. 

Technol. 2004; 47 (6):973-981. 

104. Facts and Comparisons. Insulin. 2010. Retrieved January 5, 2010 from

 http://www.factsandcomparisons.com/ 

105. ASHP. Drug Information. Insulin General Statement. 2009. Retrieved January 5, 2010 from STAT! Ref Online. 

106. American Diabetes Association (ADA). Pharmacologic approaches to glycemic treatment. Diabetes Care 2017; 

40(Suppl. 1): S64-S74. 

107. American Diabetes Association. Pancreas and islet transplantation in type 1 diabetes. Diabetes Care 2006; 

29:935 

108. Benalla W, Bellahcen S, Bnouham M. Antidiabetic medicinal plants as a source of alpha glucosidase inhibitors. 

Curr Diabet Rev. 2010; 6 (4): 247-254.  

109. Florence JA, Yeager BF. Treatment of type 2 diabetes mellitus. Am Fam Physician 1999; 59(10): 2835-2844. 

110. Ji F, Xiao G, Dong L, Ma Z, Ni J. Development of α-glucosidase inhibitor from medicinal herbs. Zhougguo 

Zhong Yao Za Zhi 2010; 35(12): 1633-1640.  

111. Cheng AY, Fantus IG. Oral antihyperglycemic therapy for type 2 diabetes mellitus. CMAJ. 2005; 172 (2):152-

155. 

112. Krentz AJ, Friedmann PS. Type 2 diabetes, psoriasis and thiazolidinediones.  Int J Clin Pract. 2006; 60 

(3):362-363. 

113. Ferwana M, Firwana B, Hassan R, Al-Mallah MH, Montori VM, Muurad MH. Poiglitazone and risk of bladder 

cancer: a meta-analysis of controlled studies. Diabetes Med. 2013; 30 (9): 1026-1032. 

114. Kirpichnikov D, McFarlane SI, Sowers JR. Metformin: an update.  Ann Intern Med. 2002; 137:25-33. 

115. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J. Role of AMP-acitvated protein kinase in 

mechanism of metformin action. J Clin Invest. 2001; 108(8):1167-1174. 

116. Triplitt CL, Reasner CA. Pharmacotherapy: a pathophysiologic approach (8th edn.). New York: McGraw-Hill. 

2011; pp. 1274.   

http://www.factsandcomparisons.com/


M. T. Yakubu et al. 

   

 

217 

117. Hemmingsen B, Schroll JB, Lund SS, Wetterslev J, Gluud C, Vaag A, Sonne DP, Lunstrom LH, Almdal T. 

Sulfonylurea versus metformin monotherapy in patients with type 2 diabetes: a Cochrane systematic review 

and meta-analysis of randomized clinical trials and trial sequential analysis. CMAJ Open 2013; 2(3): E162-

E175. 

118. Marbury T, Huang WC, Strange P, Lebovitz H. Repaglinide versus glyburide: a one-year comparison trial. 

Diabetes Res Clin Pract. 1999; 43(3):155-166. 

119. Hatorpe V. Clinical pharmacokinetics and pharmacodynamics of repaglinide. Clin Pharmacokinet. 2002; 

41:471-483. 

120. U.S. Food and Drug Administration. SGLT2 Inhibitors: Drug Safety Communication – Labels to Include 

Warnings About Too Much Acid in the Blood and Serious Urinary Tract Infections. 2016; Available online 

http://www.fda.gov/safety/medwatch/safetyinformation/safetyalertsforhumanmedicalproducts/ucm475553.htm

. Accessed 3 October 2016 

121. Xu Y, Osbourne BW, Stanton RC. Diabetes causes inhibition of glucose-6-phosphate dehydrogenase via 

activation of PKA, which contributes to oxidative stress in rat kidney cortex. Am J Physiol Renal Physiol. 

2005; 289: F1040-47.  

122. Hashida K, Sakakura Y, Makino N. Kinetic studies on the hydrogen peroxide elimination by cultured PC12 

cells: rate limitation by glucose-6-phosphate dehydrogenase. Biochim Biophys Acta 2002; 1572: 85-90. 

123. Zhang Z, Apse K, Pang J, Stanton RC. High glucose inhibits glucose-6-phosphate dehydrogenase via cAMP in 

aortic endothelial cells. J Biol Chem. 2000; 275: 40042-40047. 

124. Dewi RT, Iskandar YM, Hanafi M, Kardono LBS, Angelina M, Dewijanti ID, Banjarnahor SD. Inhibitory 

effect of Koji Aspergillus terreus on α-glucosidase activity and postprandial hyperglycemia. Pak J Biol Sci. 

2007; 10:3131-3135. 

125. Kandra L. α-amylases of medical and industrial importance. J Mol Struct. 2003; 666-667:487-498. 

126. Sim, L, Jayakanthan, K, Mohan S, Nasi R, Johnston BD, Pinto BM, Rose DR. New glucosidase inhibitors from 

an ayurvedic herbal treatment for type 2 diabetes: structures and inhibition of human intestinal maltase-

glucoamylase with compounds from Salacia reticulate. Biochem 2010; 49(3): 443-451. 

127. Agius L. Glucokinase and molecular aspects of liver glycogen metabolism. Biochem J. 2008; 414: 1-18. 

128. Matschinsky FM, Magnuson MA, Zelent D, Jetton TL, Doliba N, Han Y, Taub R, Grimsby J. The network of 

glucokinase-expressing cells in glucose homeostasis and the potential of glucokinase activators for diabetes 

therapy. Diabetes 2006; 55: 1-12. 

129. Agius L. New hepatic targets for glycaemic control in diabetes. Best Pract Res Clin Endocrinol Metab. 2007; 

21: 587-605. 

130. van Poelje PD, Dang Q, Erion MD. Discovery of fructose-1,6-bisphosphatase inhibitors for the treatment of 

type 2 diabetes. Curr Opin Drug Discov Devel. 2007; 10(4):430-437. 

131. Pickup JC, Crook MA. Is type II diabetes mellitus a disease of the innate immune system?. Diabetologia 1998: 

41(10): 1241-1248. 

132. Goyal R, Faizy AF, Siddiqui SS, Singhai M. Evaluation of TNF-α and IL-6 levels in obese and non-obese 

diabetics: pre- and post-insulin effects. North Am J Med Sci. 2012; 4(4): 180-184. 

133. Popko K, Gorska E, Stelmaszczyk-Emmel A, Plywaczewski R, Stoklosa A, Gorecka D, Pyrzak B, Demkow U. 

Proinflammatory cytokines Il-6 and TNF-α and the development of inflammation in obese subjects. Eur J Med 

Res. 2010; 15: 120-122. 

134. Hu FB, Meigs JB, Li TY, Rifai N, Manson JE. Inflammatory markers and risk of developing type 2 diabetes in 

women. Diabetes 2004; 53(3): 693-700. 

135. Barnard N. "13". Dr. Neal Barnard's program for reversing diabetes: The scientifically proven system for 

reversing diabetes without drugs. New York, NY:Rodale/Holtzbrinck Publishers. 2007. 

136. Sheridan C. Gene therapy finds its niche. Nature Biotechnol. 2011; 29(2): 121-128. 

137. Gardlik R, Palffy R, Hodosy J, Lukacs J, Turna J, Celec P, Palffy H, Lukacs T. Vectors and delivery systems in 

gene therapy. Med Sci Monit. 2005; 11(4): RA110-121. 

138. Voltarelli JC, Couri CE, Stracieri AB. Autologous nonmyeloablative hematopoietic stem cell transplantation in 

newly diagnosed type 1 diabetes mellitus. JAMA. 2007; 297 (14): 1568-1576.  

139. Couri CE, Oliveira MC, Stracieri AB. C-peptide levels and insulin independence following autologous 

nonmyeloablative hematopoietic stem cell transplantation in newly diagnosed type 1 diabetes mellitus. JAMA. 

2009; 301(15): 1573-1579. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=van%20Poelje%20PD%5BAuthor%5D&cauthor=true&cauthor_uid=17659484
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dang%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=17659484
https://www.ncbi.nlm.nih.gov/pubmed/?term=Erion%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=17659484
https://www.ncbi.nlm.nih.gov/pubmed/17659484

