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Abstract 

 The present study was aimed to systematically evaluate the antidiabetic efficacy of a 

newly synthesized Metformin - Resveratrol Aldehyde complex (Met-Res-Aldehyde complex) in 

high fat diet fed - low-dose streptozotocin-induced experimental type 2 diabetes mellitus in 

rats.  Based on the results obtained through toxicity and dosage fixation studies, the diabetic 

group of rats were orally administered 5 mg/kg b.w./rat/day of the Met-Res-Aldehyde complex 

for a period of 30 days. The antidiabetic efficacy of the complex was assessed by measuring the 

levels of vital biochemical indices such as fasting blood glucose, plasma insulin, C-peptide, 

haemoglobin, glycosylated hemoglobin, total protein, urea, uric acid, and creatinine. HOMA-IR 

values were also determined. The presence of sugar in the urine was analyzed.  To understand the 

possible mechanism of action of the synthesized complex, the activity of carbohydrate 

metabolizing enzymes such as hexokinase, pyruvate kinase, lactate dehydrogenase, glucose-6-

phosphatase, fructose 1,6-bisphosphatase, and glucose-6-phosphate dehydrogenase was assayed 

in the liver and kidney tissues. The liver glycogen content and the activity of glycogen regulatory 

enzymes such as glycogen synthase and glycogen phosphorylase were assayed.  Metformin was 

used as a reference drug to compare the effectiveness of the newly synthesized complex. The 

results obtained evidenced the non-toxic as well as hypoglycemic potential of the newly 

synthesized Met-Res-Aldehyde complex. The complex acts through the regulation of activity of 

carbohydrate and glycogen metabolizing enzymes in maintaining the normoglycemia in 

experimental type 2 diabetic rats. 

 

Keywords: HFD- diet fed- Low dose STZ-inducedT2DM, Metformin-Resveratrol -Aldehyde 

complex, Carbohydrate metabolism, Glycogen metabolism, Regulatory enzymes.  
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Introduction 

According to the WHO Constitution established in 1946, health is a basic right for all, 

regardless of age, gender, race, religion, political belief, or economic or social status, and the 

government's commitment and liability is to certify the health of their people [1]. However, 

deterioration of health due to ageing, establishment of diseases, morbidity, and subsequent 

mortality are the requisite laws of natural history that cannot be evaded but can only be 

deferred. Immature mortality due to communicable diseases such as smallpox, cholera, etc., 

is totally eradicated due to the serendipitous advancement of timely and honored antibiotics 

and vaccines. However, the four common behavioral risk factors, namely tobacco use, 

excessive alcohol intake, malnutrition, and lack of exercise, are accountable for about 80% of 

premature mortalities due to non-communicable diseases (NCDs), which mainly include 

cardiovascular diseases, cancer, obstructive pulmonary disease, and diabetes. Due to their 

relatively large populations, low- and middle-income countries account for nearly 80% of 

premature deaths related to NCDs [2, 3]. Prevention and control of NCDs has emerged as a 

global priority in the Sustainable Development Goals (SDG). Most of the NCDs share a 

number of behavioral risk factors that are unlikely to occur in isolation; rather, they 

characteristically congregate and interact to exponentially raise the risks of NCDs. [4, 5]. 

Though diabetes mellitus (DM) was scheduled next to the other three potential NCDs, it 

shares most of the primary as well as secondary complications of the other three NCDs [6, 7]  

and is the second largest negative total effect on global health-adjusted life expectancy 

worldwide [8, 9].  DM is one of the largest global public health struggles, imposing a heavy 

global burden on public health issues in terms of socio-economic development in recent 

decades, and will continue to ascend in the next few decades unless otherwise instantaneous 

remedial measures are initiated to restrain its dominance [10, 11]. 

Diabetes is a multi-factorial, multi-systemic, metabolic, and endocrine disorder that 

arises due to either deficiency (T1DM) and /or inefficiency of insulin (T2DM). T1DM is due 

to the selective destruction of insulin-secreting pancreatic β-cells of the pancreas [12]. T2DM 

accounts for more than 95% of the total diabetic population and is a heterogeneous disorder 

characterized by a progressive decline in insulin action (insulin resistance), followed by the 

inability of β-cells to compensate for insulin resistance (pancreatic β-cell dysfunction) [13]. 

Insulin resistance is a characteristic metabolic defect that precedes overt β-cell dysfunction 

and is primarily associated with resistance to insulin-mediated glucose disposal at the 

periphery and compensatory hyperinsulinemia [14]. The β-cells normally compensate for 

insulin resistance by secreting larger amounts of insulin to maintain glucose homeostasis. In 
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the course of time, however, this β-cell function gets impaired, leading to deterioration in 

glucose homeostasis and subsequent development of impaired glucose tolerance and onset of 

frank diabetes [15, 16].  

According to current WHO diagnostic criteria, diabetes mellitus can be diagnosed 

clinically in three ways, and each, in the absence of uneven hyperglycemia, must be 

confirmed on a subsequent day by any of the three methods, namely, the levels of fasting 

plasma glucose (FPG) less than 120 mg/dl, two-hour postprandial glucose less than 140 

mg/dl, and random glucose less than 180 mg/dl [17, 18].  In recent times, the levels of 

glycosylated haemoglobin (HbA1c), a measure of the percentage of hemoglobin that has been 

bound to circulating blood glucose over the last two to three months, have been used as a 

reliable, non-manipulative, and reproducible biochemical index of both diagnostic and 

prognostic value in the field of early diagnosis and treatment of diabetes [19]. HbA1c is 

defined as a specific glycosylated haemoglobin formed by a non-enzymatic ketamine reaction 

between the carbonyl group of the glucose moiety and the N-terminal of the amino acid, 

valine, in one or both β-chains of haemoglobin [20]. In a single measure, it can be performed 

at any time of the day and does not necessitate any special preparation such as 

fasting.  Recently, HbA1c percentages of less than 7 are regarded as good glycemic control in 

diabetic individuals [21, 22].  

  The primary objective of diabetic treatment is to save the life of the diabetic 

individual and alleviate the allied symptoms, and the secondary objective includes the 

prevention of long-term secondary complications that arise out of chronic hyperglycemia by 

eliminating the associated risk factors to increase life permanence. The non-pharmacological 

therapy or management of diabetes mellitus is recommended for the individuals who have 

impaired blood glucose levels or impaired glucose tolerance (IGT) and mainly includes diet 

control and physical exercise. Overweight or obese individuals are advised by the clinicians 

to restrict calorie intake by consuming food with low fat content.  However, it is mandatory 

to follow the guidelines prescribed by the physicians and qualified dieticians before the 

commencement of the non-pharmacological strategy to avoid unpleasant incidents arising out 

of acute hypoglycemia or hyperglycemia.The chief microvascular complications include 

diabetic retinopathy, diabetic neuropathy, and diabetic nephropathy, and the macro vascular 

complications include cardiovascular complications and cardiac stroke [23, 24]. Nearly 60% 

of individuals with diabetes mellitus have more than one secondary complication caused by 

chronic hyperglycemia. The etiology of late-onset complications of diabetes mellitus is not 
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established yet but is probably multi-factorial and related to the quality of blood glucose 

control [25].  

The impediments of diabetes mellitus are broadly in two types, namely acute and 

chronic complications as well as micro and macrovascular complications. Acute 

complications essentially include acute hypoglycemia, diabetic ketoacidosis, hyperglycemic 

hyperosmolar state, and malignant hyperthermia-like syndrome with 

rhabdomyolysis [26].The established manifestations include increased sweating, trembling, 

uncontrolled tears, confusion, loss of recognition, difficulty in speaking or slurred speech, 

loss of coordination, inability to drink or eat, drowsiness, staring at eye level, palpitation, 

tingling around the mouth, and severe hypoglycemia, which may lead to unconsciousness and 

rarely mortality [27]. Acute complications often occur in type 1 diabetes due to inappropriate 

doses of insulin administration in the form of injections managed independently by the 

patient, or they may be severe, thus threatening life and requiring intensive monitoring. 

Outcomes are improved with timely recognition of the patient at risk, their symptoms, and 

appropriate intervention [28]. The complications of acute hypoglycemia often differ from 

individual to individual. Diabetic hypoglycemia occurs if the blood glucose level of an 

individual falls below the physiological level of 70 mg/dl [26]. 

 Pharmacologically, individuals with chronically elevated levels of fasting, 

postprandial, and random blood glucose and HbA1c levels are treated with drugs having 

diverse mechanism(s) of action, such as drugs capable of stimulating insulin secretion from 

the β-cells of the pancreas (sulfonylureas),  improving insulin sensitivity (thiazolidinediones), 

regulating the process of gluconeogenesis, glycogenesis, and glycogenolysis (Biguanides), 

interfering with the absorption of glucose and other nutrients in the intestine (α-glucosidase 

inhibitors) to control the chronic hyperglycemia and its secondary complications [29, 30].  

However, insulin forms the cornerstone for the successful treatment of both type 1 and type 2 

diabetes. 

 Metformin has been used as a first-line pharmacotherapy in diabetes for more than 50 

years. Metformin traces its origins to the traditional medicinal plant Galegaofficinalis, which 

was used to treat diabetes symptoms in Europe in the 18th century. It was rich in guanidines; 

later, several mono-guanidines and diguanidines were developed [31]. Though the derivatives 

possess significant hypoglycemic properties, the toxicity profile associated with them 

disallowed them from achieving extensive recognition as effective antidiabetic 

medications [32]. The three vital members of the biguanide family were phenformin, 

buphormin, and metformin [33]. In the 1950s all three biguanides were approved for diabetic 
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treatment in Europe [34]. Due to the risk of development of lactic acidosis, phenformin and 

buphormin were withdrawn nearly 20 years after their introduction. Since metformin showed a 

substantially reduced incidence of lactic acidosis, even in patients with compromised renal 

function, it was developed as an antidiabetic drug by Sterne in the year 1950 and was first 

introduced for therapeutic application in France in the year 1959 [35]. The American Diabetes 

Association approved metformin as an oral antidiabetic drug. Subsequently, the European 

Association for the Study of Diabetes (EASD) also approved metformin for the treatment of 

type 2 diabetes [36, 28, 37]. On the basis of data obtained through clinical trials of over 60,000 

patients in Canada and other countries, metformin was approved for marketing as metformin 

hydrochloride in Canada in 1972 [38]. Metformin was added to the   WHO’s essential 

medicines list in the year 2011. [39, 40].  

 

Figure 1: Structure of Metformin 

 Metformin is currently considered the first line of treatment for type 2 diabetes and 

the backbone for combination therapy [41]. Metformin (1, 1-dimethyl biguanide) is an 

important member of the biguanides, which occupies great significance in the clinical field 

for the treatment of type 2 diabetes [42]. Besides reducing the glucose level, it has an insulin-

sensitizing effect with multiple actions on tissues such as the liver, skeletal muscle, 

endothelium, adipose tissue, and ovary [43]. Above all, metformin is relatively much cheaper 

than insulin and avoids possible risk factors associated with severe hypoglycemia and weight 

gain [44]. 

 The pharmacokinetics and metabolic studies evidenced that metformin does not 

appear to be metabolized in humans. It takes 1.5 hours to start functioning after absorption. In 

the digestive tract, it is absorbed in the small intestine [45].  The mean plasma half-life 

following oral administration of metformin ranges between 4 and 8 hours, and the active 

duration is about 6-8 hours [46, 47, 48, 49].  However, plasma half-life is significantly 

prolonged in patients with renal impairment and a close relationship to creatinine clearance. 

A negative correlation has been described between oral dose and drug absorption [50].  It is 

rapidly distributed to all tissues and does not bind with plasma proteins [51, 52].  In contrast 

to phenformin, metformin does not undergo liver metabolism and is excreted unchanged by 

the kidneys. The typical metformin dose ranges from 250 to 2500 mg/day for the treatment of 
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T2DM [53, 54, 54, 55, 56 ]. In humans, the peak concentration is reached between 1 and 3 

hours after the physiological oral dose of metformin [46, 47].  In most cases, metformin 

concentration reaches a maximum concentration within 2 hours of oral administration. 

However, the bioavailability of metformin at therapeutic doses reaches 50 to 60% but may 

drop as the dose is increased [57,58]  Metformin is also excreted by the salivary glands at a 

markedly lower concentration when compared to plasma, with a half-time of about 9 hours. 

In fact, the unpleasant taste that diabetic patients experience is attributed to the presence of 

metformin in their saliva [46]. 

 Metformin is excreted swiftly by the kidneys without any metabolic conversion, and 

the clearance rate is about four times greater than the clearance rate of creatinine in diabetic 

patients with normal renal function [47]. However, the clearance rate of metformin depends 

on the half-time of metformin present in the plasma. Functional impairment of the kidneys 

significantly reduces the excretion of metformin, which ultimately results in an excessive 

transfer of metformin into the tissues. The clearance of metformin from the tissues is 

normally 10 times slower than its elimination by the kidneys [59]. Metformin has no 

clinically relevant interactions with other drugs because it is not metabolized and does not 

inhibit the metabolism of other drugs [48, 60].  

 Experimental and clinical data evidenced that metformin administration tends to 

inhibit hepatic gluconeogenesis, leading to curtailment in endogenous glucose production by 

the liver without a concomitant increase in plasma insulin levels [61, 62]. Gluconeogenesis is 

considered as a crucial process in chronic hyperglycemia, since enhanced and unregulated 

hepatic glucose production is a prominent pathophysiological mechanism, and controlling it 

can improve the prognosis of the disease to a better extent [63]. In fact, gluconeogenesis is 

responsible for about 28-97% of total hepatic glucose output, which in turn further depends 

on the feeding status in the case of normal individuals and can be higher in patients with 

chronic T2D [64]. Metformin’s antihyperglycemic impact via the reduction of hepatic 

gluconeogenesis was first revealed by Zhou et al., (2001), and they observed that it is 

activated AMPK, a cellular basis for the blood glucose lowering action of metformin [65]. 

 Metformin acts  through the inhibition of Krebs cycle and/or oxidative 

phosphorylation by activation of AMP kinase, reduction of intestinal carbohydrate absorption 

leading to reduced post-prandial hyperglycemia, enhanced insulin-stimulated glucose 

transport in skeletal muscle through the increased recruitment and activity of GLUT4 glucose 

transporters, enhances the activity of IRS-2 (“Insulin Receptor Substrate 2”) to boost glucose 

uptake by the cells and enhanced non-oxidative glucose disposal into the\ skeletal muscle, 
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increased free fatty acid esterification and inhibition of lipolysis in adipose tissue, protection 

of  β-cells from glucose toxicity and lipotoxicity including the protection of  β- secretory 

capacity, increased secretion of glucagon-like peptide-1- glucose uptake by peripheral tissues 

mitochondrial oxidative phosphorylation and mitochondrial respiration. This inhibition is 

primarily occurring in energy consumption reactions with the reduction of ATP formation 

and a negative shift of the NADH/NAD+ redox potential [66-71].ATP is known to 

allosterically block the activity of the enzyme pyruvate kinase, and hence a reduction in ATP 

concentration leads to enhanced pyruvate kinase activity and decreased glucose output [72, 

73]. 

 Metformin was also found to activate AMPK activity intracelluarly, which acts as a 

sensor of energy in the cell, and it is observed that on activation of AMPK, the catabolic 

processes of the cells get triggered and lead to generation of ATP, whereas the anabolic 

pathways are disabled using ATP for synthetic processes [65, 74,75]. The decline in energy 

levels by diminished synthesis of ATP and resultant AMP by increased activity of enzyme 

adenylate kinase is observed [76]. Evidence also shows that metformin can even elevate 

AMP levels by blocking the activity of an enzyme, namely AMP deaminase that breaks down 

AMP [77]. Metformin, being a hydrophilic molecule, has been observed to have metal-

binding properties, primarily with copper [78]. Metformin’s hydrophilic nature makes it 

arduous to cross the cell membrane, and hence it depends on the membrane transporters and 

Organic Cation Transporters (OCT), which are responsible for the transport of drugs and 

other molecules across the cell membranes. Metformin has been found to be a substrate of 

OCT3 present in the brush border membrane of the enterocytes [79]. 

 Reduced appetite is a functional action of metformin contributing to weight loss, 

which is beneficial, given that the vast majority of T2DM patients are obese. Insulin-

stimulated glucose transport in insulin-resistant human skeletal muscle is also augmented by 

metformin administration [80]. In adipose tissue, metformin facilitates free fatty acid 

esterification and inhibits lipolysis. The increase in peripheral tissue glucose disposal may 

result in a 20% to 30% reduction in blood glucose levels. Of note, reduction in blood glucose 

and of lipolysis protects β-cells from glucose toxicity and lipotoxicity, respectively, which in 

turn may protect the β-cell secretory functions [81, 82, 83]. It is now widely accepted that 

metformin has a beneficial effect on serum lipids, inflammation, and cardiovascular diseases 

[84, 85, 86]. Most of the beneficial and therapeutic efficacies of metformin are attributable to 

the amelioration of insulin resistance. Since metformin treatment does not promote insulin 

secretion from the β-cells of the pancreas, it is not associated with the risk of hypoglycemia. 
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In general, the assortment and the combined efficacy of the cellular functions of metformin 

justify its characterization as a “multitasking medication.” In addition, evidence also shows 

that there is a disruption in intestinal microbiota in the patients with T2DM, and metformin 

administration was found to modulate the microbiota texture by decreasing the count of 

Bacteroidesfragilis [87]. However, if the HbA1c levels are higher than 7.0% after a prolonged 

period of treatment with metformin, a second medication can be added. Unluckily, metformin 

has several side effects (from mild to serious) that cause lack of adherence, and therefore it is 

the antidiabetic oral therapy with the lowest compliance [88]. 

 Resveratrol is a most convincing polyphenolic composite found in many fruits and 

vegetables, such as peanut sprouts, grapes, and peanuts. Initially, it was extracted from 

Veratrumgrandiflorum or white hellebore, plants [89]. It attracted wider attention only in 

1992, when the cardioprotective effect of red wine was attributed to the presence of 

resveratrol. The word “resveratrol” is derived from a Latin word: “res” means “which comes 

from,”from the plant“veratrum and ol” indicates the presence of alcohol moiety in the 

structure.  The epidemiological finding of an inverse relationship between consumption of 

red wine and incidence of cardiovascular disease has led to the “French paradox,” which is 

consistent with its known activity [90]. The resveratrol content in grapes varies from 0.16 to 

3.54 mg/g; dry grape skin contains about 24 mg/g of resveratrol [91]. The amount found in 

grape skin also varies with grape cultivar, its geographic origin, and exposure to fungal 

infection. It also exists in other nuts and berries, such as cranberry juice, containing about 0.2 

mg/l. It is also documented that red wine contains a much larger number of polyphenolic 

compounds than white wine. The resveratrol concentration ranges from 0.1 to 14.3 mg/l in 

different types of red wine. At the same time, white wine contains only 0.1–2.1 mg/l of 

resveratrol [92]. 

 

Figure 2: Structure of Resveratrol 

 Resveratrol is a stilbenoid, a derivative of stilbene, derived from the enzyme stilbene 

synthase using one molecule of 4-coumaroyl-Co-A and three molecules of malonyl-Co-A as 

substrate. It exists as two geometric isomers: cis- and trans-resveratrol. Trans-resveratrol in 
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the powder form is stable under ‘accelerated stability’ conditions of 75% humidity and 40°C 

in the presence of air. Resveratrol content also remains stable in the skin of grapes and 

pomace taken after fermentation and when stored for longer periods of time [93]. The 

molecular formula of resveratrol is C14H12O3, and the molecular mass is 228.24 gm/mol. The 

melting point of resveratrol is around 256-257°C. Resveratrol is safe and did not cause any 

adverse effects [94].  Resveratrol is metabolized by hydroxylation, glucuronidation, sulfation, 

and hydrogenation. Urinary excretion of resveratrol and its metabolites was rapid, with 77% 

of all urinary agent-derived species excreted within 4 hours after the lowest dose. Excretion 

was mainly through urine (around 73%) and feces after 12 hours. The half-life of resveratrol 

and its metabolites was 9 9hours [95, 96]. In recent decades, it has attracted significant 

attention from medical chemists, diet nutritionists, and health professionals because of its 

numerous beneficial effects, including antiangiogenic, immunomodulatory, antimicrobial, 

neurological, anticancer, antidiabetic, and cardiovascular disease (CVD) prevention [97-104]. 

More recently, we have reported the beneficial and pharmacological properties of resveratrol 

[105]. 

 Streptozotocin (STZ) is the most prominent diabetogenic chemical [106] that is 

widely used in experimental animals for creating animal models of type 1 and type 2 diabetes 

[107].Streptozotocin (also called Streptozocin) or 2-deoxy-2 ([methyl (nitroso) amino] 

carbonyl) amino)-(α and β)-D-glucopyranose [108], was discovered in 1959 as a natural 

antibiotic produced by Streptomyces achromogenes; its toxicity towards pancreatic β-cells 

(diabetogenic action) was reported in 1963 [109]  byRakieten [110]. STZ molecule 

(molecular formula=C8H15N3O7, molecular weight≈265 [111] has two parts: (1) a 

glucopyranosyl group, which facilitates its uptake by pancreatic β-cells by glucose transporter 

2 (GLUT2), and (2) a nitrosourea group, which destructs pancreatic β-cells [109]. More 

recently, we have reported the optimization of the protocol for the successful induction of 

streptozotocin-induced experimental type 2 diabetes in  experimental rats [112]. 

 

Figure 3: Structure of Streptozotocin 
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 Having these beneficial as well as pharmacological aspects of metformin and 

resveratrol, in the present study, we have designed and synthesized a new metformin-

resveratrol-aldehyde complex as an organic ligand and evaluated its toxicity as well as 

antidiabetic properties in a high-fat diet fed to low-dose STZ-induced experimental type 2 

diabetes in rats. 

Materials and Methods 

Chemicals 

 Resveratrol, metformin, streptozotocin, and insulin were obtained from Sigma Aldrich, 

USA. An ultra-sensitive ELISA kit for rat insulin assay was purchased from Crystal Chem 

Inc., Life Technologies, India. All the other chemicals and reagents used were of analytical 

grade and obtained from the Southern Indian Scientific Corporation, Chennai, India. 

Synthesis of Resveratrol Aldehyde 

 Resveratrol aldehyde (RA) (2, 4-dihydroxy-6-((E)-2-(4-hydroxyphenyl)) 

benzaldehyde) was synthesized by the methods of [113, 114].  Resveratrol was treated with 

Vilsmeier reagent (POCl₃, DMF, and MeCN) to synthesize resveratrol aldehyde. Briefly, 

freshly distilled POCl₃ (0.6 ml, 6 mmol) was added dropwise to a solution of resveratrol (912 

mg, 4 mmol) and DMF (464 ml, 6 mmol) in 20 ml of MeCN that was maintained in an ice 

water bath. The mixture was stirred continuously for 1 hr. at room temperature. Then, the 

solution was added to a mixture of ice and water, and the yellow mixture was stirred at 40°C 

in a water bath and extracted with EtOAc (3 × 10 ml) and evaporated. The yellow-colored 

crystals of RA were obtained with a yield of 78%. The overall scheme is represented as 

Scheme 1. 

 

Scheme- 1: Synthesis of Resveratrol Aldehyde 

Synthesis of a mixed ligand from Metformin hydrochloride and Resveratrol Aldehyde (M - 

RA). 

 Mixed ligand 4-(E)-((amino(E)-(2,4-dihydroxy -6-(4-Mixed ligand 4-(E)- 

hydroxyphenethyl)benzylidene)amino)(dimethylamine)methyl)amino)methyl)amino) methyl)-5-

(4-hydroxyphenethyl)benzene-1,3-diol was prepared by refluxing the mixture of 1 mmol (0.2 g) 

of metformin with 2 mmol (0.5 g) of resveratrol aldehyde in 50 mL of methanol for about 6 hours. 
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The pale-yellow-colored compound was dried, and the yield was 92 mg (72%). The proposed 

scheme is represented in Scheme 2. 

 

Scheme -2: Synthesis of Metformin- Resveratrol Aldehyde mixed ligand. 

 The physico-chemical parameters of resveratrol aldehyde and metformin-

resveratrolaldehyde mixed ligand were recorded. The resveratrol aldehyde and the mixed 

ligand were subjected to spectral characterization by FT-IR, ¹H NMR, ¹³C NMR, and mass 

spectral analysis, as we have reported earlier [115]. 

Experimental Animals 

 Male albino rats of the Wistar strain weighing around 160 to 180 g were procured 

from the Tamil Nadu Veterinary and Animal Sciences University, Chennai, and were housed 

in the Biomedical Research Unit and Lab Animal Centre, Saveetha Dental College and 

Hospitals, Chennai, under standard husbandry conditions (12 ± 1 h light and dark cycle, 

relative humidity 55% ± 10%). The animals were fed with a balanced diet (Hindustan Lever 

Ltd., Bangalore, India) and water ad libitum. The rat pellet diet is composed of 55% nitrogen-

free extract, 21% protein, 5% fat, and 4% fiber (w/w) with sufficient levels of vitamins and 

minerals. The experimental design was strictly conducted according to the ethical norms 

approved by the Ministry of Social Justice and Empowerment, Government of India, and 

Institutional Animal Ethics Committee Guidelines (Approval number-

BRULAC/SDCH/SIMATS/IAEC/08-2022/137) for the examination of experimental pain in 

conscious animals and to fix the effective dose of the Met-Res-Aldehyde complex for 

treatment. 

Acute Toxicity and Dosage Fixation Studies 

 Acute toxicity studies were performed as per OECD guidelines for testing of 

chemicals in normal rats. Graded doses (2.5 mg, 5 mg, 7.5 mg, and 10 mg/kg b.w./rat/day) of 

Met-Res-Aldehyde complex dissolved in 5% DMSO were orally administered to rats using 
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gavages.  All observations were systematically recorded, with individual records being 

maintained for each animal. Cage side observations included the evaluation of skin and fur, 

eyes, respiratory effects, lethargy, autonomic effects such as salivation, diarrhea, and 

urination, and central nervous system effects including tremors and convulsions, changes in 

the level of activity, gait, and posture. The changes in food consumption, fluid intake, and 

body weight were continuously monitored for a period of 30 days. Macroscopic examinations 

were also performed on vital organs.  The suitable optimum dosage of the drug was assessed 

by administering graded dosages of the complex for different periods (15, 30, and 45 days) to 

determine the dose-dependent hypoglycemic effect in HFD fed-low-dose-STZ-induced 

diabetic rats by monitoring the fasting blood glucose levels periodically. 

Experimental Design 

 The rats were allocated into two dietary regimens by feeding either a normal pellet 

diet (NPD) or a high-fat diet (HFD) for 2 weeks of dietary manipulation. HFD contains 

powdered NPD, 365 g/kg; lard, 310 g/kg; casein, 250 g/kg; cholesterol, 10 g/kg; vitamin and 

mineral mix, 60 g/kg; DL-methionine, 3 g/kg; yeast powder, 1 g/kg; and NaCl, 1 g/kg. After 

2 weeks of HFD supplementation, Group II, Group III, and Group IV rats were injected with 

a single dose of STZ (35 mg/kg b.w./rat); control rats (Group I) fed with NPD were injected 

intraperitoneally with the same volume of freshly prepared cold citrate buffer (pH 4.5, 0.1 

mol/L) only [116]. After one week of STZ injection, rats having fasting blood glucose levels 

≥ 300 mg/dL were considered diabetic rats and chosen for further studies. 
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The animals were divided into four groups, each comprising six rats, as follows: 

Group 1 :  Control. 

Group 2 :  HFD+STZ induced experimental type 2 diabetic rats. 

Group 3 :  HFD+STZ-induced diabetic rats treated with Met-Res-Aldehyde complex (5 

mg/kg b.w./rat/day) for 30 days. 

Group 4 :  HFD+STZ-induced diabetic rats treated with metformin 500 mg/kg 

b.w./rat/day for 30 days. 

During the experimental period, body weight, blood glucose, food and water 

consumption, and physical examinations were determined at regular intervals. The dosage 

was adjusted every week according to any change in body weight to maintain a similar dose 

per kg of body weight of rats over the entire period of study for each group. At the end of the 

treatment period, the rats were fasted overnight, anesthetized (ketamine, 80 mg b.w. i.p.), and 

sacrificed by cervical decapitation. The blood was collected with and without anticoagulant 

for plasma or serum separation, respectively. The liver and kidney tissues were selectively 

dissected out and washed in ice-cold saline and used for further experimental studies. 

A known amount of the selected tissues was homogenized in Tris-HCl buffer (100 

mM, pH 7.4) at 4°C in a Potter-Elvehjem homogenizer with a Teflon pestle at 600 rpm for 3 

minutes. The homogenate was centrifuged at 12,000xg for 30 minutes at 4°C. The 

supernatant was collected as tissue homogenate, which was used to assay various parameters. 

The protein content in the tissue homogenate was estimated by the method of Lowry et al., 

(1951) [117]. A portion of the wet liver tissue was used for the estimation of glycogen 

content. 

Oral Glucose Tolerance Test (OGTT) 

On the day prior to sacrifice, an oral glucose tolerance test (OGTT) was performed in 

all the groups of rats. Blood samples were collected through retro-orbital bleeding from all 

groups of rats deprived of food overnight. Successive blood samples were taken at 0, 30, 60, 

90, and 120 minutes following the oral administration of 2 mg/kg b.w. of glucose solution 

[118]. All the blood samples were collected with EDTA for the estimation of glucose by the 

glucose oxidase/peroxidase diagnostic enzyme kit (Span Diagnostic Chemicals, Surat, India), 

and the analysis was performed according to the manufacturer’s instructions. 

Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) 

 As the insulin abnormality cannot be accurately detected by a single determination of 

insulin or glucose levels, the insulin resistance was evaluated by homeostasis model 

assessment of insulin resistance (HOMA-IR) as follows [119]. 
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  HOMA-IR = Fasting insulin level × Fasting blood glucose/405 

Biochemical Parameters 

At the end of the experimental period, overnight fasted rats were anesthetized using 

ketamine (80 mg/kg b.w./rat.) and sacrificed by cervical decapitation. Blood samples were 

collected with and without anticoagulant for separation of plasma and serum, respectively. 

For the estimation of glycogen [120], liver tissue was excised, washed with ice-cold saline, 

stored at −70°C, and used. The basic biochemical parameters, such as fasting blood glucose 

[121], glycosylated hemoglobin [122], plasma protein [117] blood urea [123] and serum 

creatinine [124] levels, were estimated. Urine strips were used to detect the presence of 

glucose in urine. The levels of plasma insulin and C-peptide were assayed by ELISA using a 

rat insulin assay kit (Linco Research, St. Charles, MO, USA). The supernatant obtained from 

the centrifugation of the liver homogenate was used as an enzyme source for the assay of 

hexokinase, pyruvate kinase, lactate dehydrogenase, glucose-6-phosphatase, fructose-1, 6-

bisphosphatase, glucose-6-phosphate dehydrogenase, glycogen synthase, and glycogen 

phosphorylase. 

Statistical Analysis 

The values are expressed as mean values of six rats in each group ± SEM. Data 

analysis was done with SPSS software. The hypothesis testing method included one-way 

analysis of variance (ANOVA) followed by post hoc testing performed with least 

significance difference (LSD). The value of P < 0.05 was considered to indicate statistical 

significance. 

Results and Discussion 

Effects of the Met-Res-Aldehyde complex on changes in body weight, food, and 

water intake. The changes in body weight, food intake, and water intake of control and 

experimental rats are represented in Table 1 as well as Figures 4a, 4b, and 4c. Body weight 

was significantly decreased, whereas food intake and water intake levels were significantly 

increased in experimental diabetic rats compared with the normal control group of rats in the 

present study. No significant changes were observed in normal control group of rats. All 

these changes observed in diabetic rats were significantly improved on the oral administration 

of the Met-Res-Aldehyde complex, evidencing that the newly synthesized complex treatment 

causes improvement in metabolic activity of the system and maintains glucose homeostasis. 

The data obtained also provides evidence for the non-toxic as well as beneficial effect of the 

newly synthesized complex. 
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The aim of the present study was to investigate the anti-diabetic potential of the newly 

synthesized Met-Res-Aldehyde complex in high fat diet fed- low dose STZ-induced 

experimental diabetes in rats. Diabetes mellitus due to impaired glucose homeostasis is the 

frequently arising endocrine disorder that leads to the dysfunctional characteristics of 

multisystem in the body. Systemic and metabolic disturbances due to diabetes ultimately 

result in chronic hyperglycemia.  In the diabetic control group, the characteristic loss of body 

weight is caused by an increase in muscle wasting and loss of tissue proteins [125]. The 

difference in the body weight observed during the period of treatment with the Met-Res-

Aldehyde complex was less as compared to the diabetic control group, which may be due to 

its tissue protective effect in controlling muscle wasting which in turn may be due to the 

reversal of gluconeogenesis and may also be due to proper glycemic control. Based upon 

these results, it can be hypothesized that the Met-Res-Aldehyde complex probably acts by 

releasing more insulin from the residual pancreatic β-cells of pancreas. Treatment with the 

Met-Res-Aldehyde complex as well as metformin resulted in increased body weight and 

decreased food and water intake in diabetic rats. An increase in the body weight of HFD fed- 

low dose STZ-induced diabetic rats treated with the Met-Res-Aldehyde complex might be 

due to an enhancement in glycemic control and increased synthesis of structural proteins 

[126]. Earlier, we reported that oral administration of resveratrol at a concentration of 5 

mg/kg b.w./rat/day for 30 days significantly improved the body weight gain in streptozotocin-

nicotinamide-induced experimental type 2 diabetes in rats [97]. 

The diabetic group of rats showed a significant increase in food and water intake 

when compared to the control group of rats. Subsequent to the oral administration of the 

complex as well as metformin to the diabetic group of rats, the levels were found to be 

similar to that of the control group of rats. The classic symptoms of diabetes, such as 

polyphagia and polydipsia, were exhibited in high fat diet fed- low-dose-STZ-induced 

experimental diabetic rats, and this may be attributed to the non-availability of glucose to the 

cells due to insulin deficiency and/or insulin resistance. Increased food and water intake was 

observed in the diabetic group of rats, indicating the improvement in the polyphagic and 

polydipsic condition, followed by weight loss due to excessive breakdown of tissue proteins. 

However, oral treatment with the newly synthesized complex to the diabetic group of rats 

decreased the food and water consumption, which could be due to an improved control of 

hyperglycemia. 
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Table -1 Effect of Met-Res - Aldehyde complex treatment on body weight, food and 

water intake in the experimental groups of rats after 30 days. 

Groups 

Body 

Weight  - 

Initial (g) 

Body 

Weight - 

final (g) 

Food intake 

(mg/rat/day

)Initial 

Food 

intake 

(mg/rat/da

y)Final 

Water 

intake 

(ml/rat/day) 

Initial 

Water intake 

(ml/rat/day) 

Final 

Control 

168.66± 0.71 

 

184.66±1.11
a 

 

18.5 ± 5.46 
20.66± 

4.25a 
28.6 ± 7.85 32.5± 1.80a 

Diabetic 

 
169.83± 0.60 

150.00±0.85
b 

33.83 ±1.07 36 ± 1.46b 60.2 ± 4.01 72.83± 13.01b 

Diabetic+

Met-Res- 

Aldehyde 

complex 

170.16± 0.70 
179.66±0.76

0c 
35.5 ±1.52 

 

32.66± 

1.40b 

 

59.8 ± 2.72 34.66 ± 1.58a 

Diabetic 

+ 

Metformi

n 

169.33 ±1.25 
182.00 

±0.96ac 
37.16± 0.60 

31.83± 

0.60b 
57 ± 4.09 32.16 ± 1.51a 

 

Values are presented as mean ± standard error of the mean (n=6). One-way Anova followed 

by post hoc test LSD was done. Results were compared with acontrol rats, bdibetic rats. 

Values are statistically significant at p<0.05.       

 

 

 
Values are presented as mean ± standard error of the mean (n=6). One-way Anova followed 

by post hoc test LSD was done. Results were compared with acontrol rats, bdibetic rats. 

Values are statistically significant at p<0.05.       
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Values are presented as mean ± standard error of the mean (n=6). One-way Anova followed 

by post hoc test LSD was done. Results were compared with acontrol rats, bdibetic rats. 

Values are statistically significant at p<0.05 

 

 

 
 

Values are presented as mean ± standard error of the mean (n=6). One-way Anova followed 

by post hoc test LSD was done. Results were compared with acontrol rats, bdibetic rats. 

Values are statistically significant at p<0.05 

 

Effect of oral administration of the Met-Res-Aldehyde complex on glucose tolerance in 

diabetic rats after oral glucose load. 

 

 Figure-5shows the blood glucose levels of control and experimental groups of rats 

after an oral glucose load. After the oral glucose load, blood glucose levels peaked at 60 min 

and then gradually declined to near physiological levels at 120 min, indicating the 

maintenance of normoglycemia in the control group of rats, whereas, in the case of the high 

fat diet fed -low-dose-streptozotocin-induced experimental type 2 diabetic group of rats, the 

blood glucose concentration before the oral glucose load was significantly higher than the 
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glucose levels observed in the control group of rats, and the peak increase in blood glucose 

concentration was observed after 60 min and remained elevated over the next 60 min 

[127,128].  

 A high-fat diet fed with a low dose of STZ causes selective as well as irreversible 

damage to the insulin secretion of β-cells of the pancreas, which results in increased levels of 

blood glucose, which in turn may be due to increased production and/or decreased utilization. 

Oral administration of the Met-Res-Aldehyde complex (metformin-resveratrol aldehyde 

complex) to HFD-STZ-induced diabetic rats at a concentration of  5mg/Kg b.w./rat/day for 30 

days showed a statistically significant decrease in blood glucose concentration at 60 and 120 

min., indicating its blood glucose-lowering efficiency, which in turn may be due to the insulin 

secretory and/or insulin mimetic properties of the newly synthesized complex, and the 

hypoglycemic efficacy was comparable with metformin. This effect may occur due to a 

reduction in intestinal glucose absorption or induction of a glycogenic process along with a 

reduction in glycogenolysis and gluconeogenesis. The observed levels of blood glucose in 

untreated diabetic rats were due to the selective toxic effect of STZ, which causes tissue 

damage in the pancreas that destroys β-cells and results in insulin deficiency. Insulin deficiency 

ultimately causes increased blood glucose [129]. The reduction in blood glucose levels brought 

about by the Met-Res-Aldehyde complex was quite comparable with the reduction brought 

about by metformin, a standard reference drug that has been widely prescribed for the treatment 

of type 2 diabetes [130]. 

 The oral glucose tolerance test (OGTT) is an established measure of effective glucose 

utilization by the system that generally aids in the premature diagnosis of diabetes [131,132].  

OGTT is widely used to evaluate obvious insulin release and insulin resistance in various 

clinical conditions. Impaired glucose tolerance (IGT) due to pancreatic dysfunction results in 

the defective utilization of glucose by the tissues and increased hepatic gluconeogenesis [133]. 

OGTT has been the basis for diagnosing diabetes for several decades. It efficiently detects 

prediabetes as well as individuals with impaired glucose tolerance. It has the effectiveness for 

evaluating insulin sensitivity and β-cell function during glucose administration via a 

physiological transmission [134]. OGTT is widely used to evaluate the disease progression 

and outcome of therapeutic treatment and to assess the physiological and pathophysiological 

conditions of diabetes mellitus. It provides significant and valuable information for predicting 

the ensuing incidence of diabetes. The improved glycemic control in oral glucose tolerance 

tests by the Met-Res-Aldehyde complex shows that the complex treatment is capable of 

lowering the blood glucose levels during oral glucose load [135].  Further, our results are 
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inconsistent with a previous report that oral administration of resveratrol at a concentration of 

5 mg/kg b.w./rat/day for 30 days in streptozotocin-nicotinamide-induced experimental type 2 

diabetes [97]. 

 
Values are presented as mean ± standard error of the mean (n=6). One-way Anova followed 

by post hoc test LSD was done. Results were compared with acontrol rats, bdibeticrats.Values 

are statistically significant at p<0.05.  

The homeostatic model assessment is a mathematical method used to quantify insulin 

resistance (HOMA-IR) and pancreatic β-cell function. In the present study, diabetic rats 

showed a significant increase in HOMA-IR when compared with the control rats. Met-Res-

Aldehyde complex administration significantly decreased the HOMA-IR index in diabetic 

rats. Diabetic rats showed a significant elevation of HOMA-IR, and it was decreased 

significantly upon administration of the Met-Res-Aldehyde complex and metformin. The 

altered level of HOMA-IR was reverted to near normal in diabetic rats treated with the newly 

synthesized complex. Insulin resistance is a characteristic metabolic defect that precedes 

overt β-cell dysfunction and is primarily associated with resistance to insulin-mediated 

glucose disposal at the periphery and compensatory hyperinsulinemia. Pancreatic β-cell 

dysfunction with progressive loss of insulin secretion, consequent to the development of 

insulin resistance, is the established key defect associated with characteristics of type 2 

diabetes. High fat diet feeding results in insulin resistance through the Randle or glucose-fatty 

acid cycle. This results in inhibition insulin-stimulated glucose transport, thereby diminishing 

the β-cell function through chronic elevation of free fatty acids [136]. The observed decrease 

in HOMA-IR evidenced that the complex treatment significantly controlled the insulin 

resistance and improved the pancreatic β-cell function via ameliorating the glucolipotoxicity 

(Figure -6). 
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Figure 6: Effect of Met-Res-Aldehyde complex treatment on HOMA-IR .Values are given as 

means ± SEM for six rats in each group. One – way ANOVA followed by post hoc test LSD 

was done. Values are statistically significant at *p 

 

The homeostasis model assessment of insulin resistance (HOMA-IR) developed by 

[137] Matthews et al., (1985) has been extensively used for the assessment of insulin 

resistance.  Insulin resistance is the primary metabolic defect associated with obesity and 

appears to be the primary mediator of metabolic syndrome [138]. The majority of genes 

associated with the initiation and onset of diabetes mellitus have been linked to the β-cell 

dysfunction and impairment of β-cell mass. If the β-cell mass is reduced by 50%, the 

secretory burden for the remaining β-cells increases by 100%, thereby leading to chronic β-

cell stress [139]. The altered level of HOMA-IR was reverted back to near normal level in 

diabetic rats treated with the Met-Res-Aldehyde complex, evidencing the insulin sensitivity 

reduction efficacy of the newly synthesized complex. 

 

Effect of oral administration of Met-Res-Aldehyde complex on blood glucose, plasma 

insulin, C-peptide, hemoglobin, glycosylated hemoglobin and urine sugar levels in 

experimental groups of rats. 

 

 Table-2 shows the levels of blood glucose, plasma insulin, C-peptide, haemoglobin, 

glycosylated haemoglobin, and urine sugar in control and experimental groups of rats. There 

was a significant elevation in the levels of blood glucose, glycosylated haemoglobin of 

diabetic rats as compared with the control group of rats.  Upon treatment with the Met-Res-

Aldehyde complex, the diabetic rats showed a significant decrease in the levels of blood 
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glucose and glycosylated haemoglobin, and an increase in haemoglobin content, which were 

comparable with the control group of rats. Moreover, the significantly diminished plasma 

insulin level of diabetic rats was improved to near physiological level by the administration 

of the Met-Res-Aldehyde complex. The urine sugar found in the diabetic rats was drastically 

controlled by the oral administration of the newly synthesized complex as well as metformin. 

 

Table -2 showsthe levels of blood glucose, plasma insulin, C-peptide, haemoglobin, 

glycosylated haemoglobin and urine sugar in control and experimental groups of rats. 

 

Groups Control Diabetic 

Diabetic+Met-

Res- Aldehyde 

complex 

Diabetic+ 

Metformin 

Blood Glucose 78.16±2.31a 257.16± 

4.86b 

88.5 ±  1.38a 86.16 ± 2.02a 

Plasma Insulin 13.5 ± 0.76a 7.16 ± 1.60b 11.83 ± 1.04a 12.83  ± 

0.60a 

C-Peptide 2.06  ±  

0.20a 

0.075 ± 

0.03b 

1.31 ± 0.25a 1.55 ± 0.25a 

Hemoglobin 15.66 ± 

1.45a 

10.5 ± 0.76b 12.83±  0.47ab 14.33  ± 

0.66a 

Glycosylated 

haemoglobin 

5.21 ± 

0.25a 

8.81  ± 

0.28b 

6.9  ± 0.35c 6.58  ± 0.57ac 

Urine Sugar Nil +++ Nil Nil 

 

Units: mg/dl for blood glucose, µU/ml for plasma insulin, pmol/ml for plasma C-peptide, 

g/dl for hemoglobin, % hemoglobin for HbA1c,+++ indicates more than 2% sugar. 

 

 Blood glucose is a reliable biochemical index for the diagnosis of diabetic conditions 

and is regulated by insulin that aids in the regulation of uptake, storage, and utilization of 

blood glucose. STZ administration causes irreversible damage to the pancreatic β-cell 

through the generation of excessive oxidative stress, which resulted in increased levels of 

blood glucose. The elevated levels of fasting blood glucose level observed in the diabetic 

group of rats may be primarily due to the excessive release of glucose from the liver by the 

processes of gluconeogenesis and glycogenolysis. Based on the results obtained from this 

methodical study, it can be concluded that oral administration of the Met-Res-Aldehyde 

complex at a concentration of 5 mg/kg body weight/rat/day for 30 days significantly reduces 

the blood glucose levels in high-fat-diet-fed, low-dose-streptozotocin-induced experimental 

type 2 diabetic rats, which could be due to improvement in insulin secretion and/or reduction 

of insulin resistance. Likewise, the observed increase in fasting blood glucose level in high 
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fat diet fed - low-dose STZ-induced experimental diabetic rats may be due to increased 

production and/or diminished utilization.   

 All vertebrate life forms on the earth are fuelled by glucose, which is derived from the 

foods consumed. However, the living body can derive glucose from proteins and fats. The 

glucose is absorbed in the small intestine by the intestinal brush border villi and enters the 

bloodstream and is transported to every living cell in the body, wherein it is burned or 

oxidized in the process known as cellular respiration to generate energy in the form of ATP. 

Fasting glucose levels are decisive for early diagnosis and management of diabetes and 

provide a baseline for treatment effectiveness. Maintenance of fasting blood levels within the 

physiological level can reduce the development of secondary complications of diabetes such 

as retinopathy, neuropathy, nephropathy, and cardiovascular complications[140,141,142]. 

Additionally, FBG level is often used to exclude diabetes mellitus in those suspected of 

diabetes insipidus. Thus, fasting blood glucose level is the “standard” test for the diagnosis of 

diabetes. The liver plays an essential role in the maintenance of normal blood glucose levels 

and is the primary organ responsible for endogenous glucose production. In fasting 

conditions, the liver produces glucose, whereas in the postprandial state, it stores excess 

glucose in the form of glycogen [143]. Oral administration of the Met-Res-Aldehyde 

complex treatment to a diabetic group of rats significantly reduced the fasting blood glucose 

level, evidencing its anti-hyperglycemic nature, which in turn may be due to its insulin 

secretory and/or insulin mimetic properties. Therefore, it is concluded that the Met-Res-

Aldehyde complex possesses notable antidiabetic activity. 

 The decreased plasma insulin level in experimental diabetic rats was restored to near 

physiological levels in the Met-Res-Aldehyde complex as well as in metformin-treated 

diabetic rats. The observed decrease in insulin level in the experimental diabetic rats is 

mainly due to the specific cytotoxic effect of STZ on the pancreatic β-cell. Additionally, the 

insulin resistance induced by the high fat diet feeding is also responsible for the observed 

decrease in the levels of insulin. The observed increase in insulin level in newly synthesized 

complex-treated diabetic rats evidenced that the treatment with the complex improved the 

insulin secretion as well as the tissue-protective nature of the complex. Further, treatment 

with the complex results in the stimulation of insulin secretion from the remnant cells of 

pancreatic β-cells. Dysregulation of carbohydrate metabolizing enzymes in diabetes due to 

insulin deficiency and/or its resistance increases the hepatic glucose production and decreases 

the storage of glucose as glycogen [144,145,146]. Insulin essentially controls the hepatic 
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glucose production by regulating the activities of key enzymes involved in gluconeogenesis 

and glycogen metabolism [147]. 

  C-peptide is a cleavage product of insulin biosynthesis and is subsequently released 

along with insulin in equimolar amounts to the blood circulation [148]. It consists of 31 

amino acids and has a half-life of 30 minutes. C-peptide has been considered to be a 

biologically inert substance [149]. It is considered to be a reliable maker of residual β-

cell function and plays a vital role in the maintenance of vascular homeostasis and exerts 

physiological effects of importance for the prevention and treatment of T1DM [150, 151]. 

The prime task of C-peptide is to facilitate proper folding of proinsulin by aiding disulfide 

bond formation within A- and B-chains [152, 153]. C-peptide possesses insulin-mimetic 

property, thereby activating insulin receptors and increasing the rate of glycogenesis and 

diminishing glucose-stimulated insulin secretion [154]. The nanomolar concentration of C-

peptide binds exclusively to G protein-coupled receptors with successive activation of Ca²⁺-

dependent intracellular signaling pathways and stimulation of Na⁺/K⁺-ATPase activities. 

Physiological concentrations of C-peptide activate extracellular signal-regulated kinases, 

phosphatidylinositol 3-kinase (PI3K), and protein kinases C (PKC), elevate intracellular 

calcium, and stimulate peroxisome proliferator-activated receptor-gamma (PPAR-gamma). 

C-peptide is reported to alleviate incipient diabetic nephropathy by reducing glomerular 

hyperfiltration, improving functional reserve, reducing urinary albumin excretion, and 

preventing glomerular and renal hypertrophy in diabetic rats [155]. C-peptide is a potential 

marker of pancreatic β-cell destruction and is an index of endogenous insulin secretory 

capacity [156]. The oral treatment with the newly synthesized complex to diabetic rats 

elevated the C-peptide level through the activation of remnant pancreatic β-cells. The 

antidiabetic activity of the complex is associated with an increase in plasma insulin and C-

peptide levels, suggesting an insulin mimetic activity of the complex. Thus, the increased 

levels of insulin and C-peptide observed in the complex-treated rats evidenced that the 

complex is capable of stimulating insulin secretion from the remnant pancreatic β-cell. 

  The deficiency and/or inefficiency of insulin may be responsible for the decreased 

levels of haemoglobin in experimental diabetic rats [157]. The observed decrease in the level 

of haemoglobin in experimental diabetic rats may be due to the formation of glycosylated 

hemoglobin, and the restoration of haemoglobin content was observed in diabetic rats treated 

with the complex as well as metformin for 30 days, evidencing the antihyperglycemic 

efficacy of the newly synthesized complex. 
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 The marked increase in glycosylated haemoglobin (HbA1c) levels observed in 

diabetic animals is in accordance with a previous report [158,159]. However, treatment with 

the Met-Res-Aldehyde complex as well as metformin decreased the elevation of HbA1C, 

thereby increasing the level of total haemoglobin in diabetic rats. The decrease in HbA1c 

levels and increase in total hemoglobin levels might be due to improved glycemic control by 

the Met-Res-Aldehyde complex. Analysis of glycatedhaemoglobin (HbA1c) in blood 

provides evidence about an individual’s average blood glucose levels during the previous two 

or three months, which is the predicted half-life of red blood cells (RBCs). In the normal 120-

day life span of the red blood cell, due to chronic hyperglycemia, a glucose molecule binds 

with haemoglobin through a non-enzymatic pathway, forming glycosylated 

hemoglobin.  This phenomenon was first identified by  Koeniget al., (1976) [160]. The 

HbA1c is now recommended as a standard of care for testing and monitoring diabetes, 

specifically type 2 diabetes [161]. Extensive studies on HbA1c bring out its clinical 

significance as a reliable, reproducible, convenient, and non-manipulative biochemical index 

in assessing the degree of protein glycation and metabolic control as compared to a one-point 

blood glucose assessment. HbA1c is likely to be a more physiological assessment of glucose 

intolerance than the artificial conditions of the oral glucose tolerance test, and hence it is 

considered as a preferential tool for the early diagnosis and prognosis of diabetes mellitus 

[162]. 

 During chronic hyperglycemia, the excessive blood glucose irreversibly binds to the 

N-terminal valine of the β-chain of haemoglobin. The process of glycation at other positions, 

such as lysine on the β-chain or at sites on the α- chain, may be imperative at higher levels of 

glycation. The percent glycation of haemoglobin also depends on the average age of the 

erythrocytes in the blood samples, and the percent HbA1c values are higher in older cells 

[163]. HbA1c determination may also be used as a significant tool to stratify the risk of 

development of both micro- and macrovascular complications due to persistent 

hyperglycemia. Each one percent reduction in glycatedhaemoglobin was associated with a 

significant reduction in diabetes-related secondary complications [164]. 

 Glycosylated haemoglobin is defined as a function of glucose glycation at one or 

more sites on the haemoglobin molecule and the International Diabetes Federation 

recommended the diagnosis of diabetes mellitus by assessing HbA1c levels. Extensive 

studies on HbA1c bring out the importance of HbA1c as a non-manipulative and reliable 

biochemical parameter in assessing the metabolic control as compared to one-point blood 

glucose estimation [165]. During persistent hyperglycemia, the excessive glucose present in 
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the blood irreversibly binds to the N-terminal valine of the β-chain of haemoglobin [166]. 

However, the process of glycation at other positions, such as lysine on the β-chain or at sites 

on the α-chain, may be imperative at higher levels of glycation. The formation of HbA1c is a 

two-step process in which glucose initially binds with the N-terminal valine of the β-chain to 

form an unstable aldimine, which subsequently undergoes an Amadori rearrangement to form 

a stable ketoamine. The first reaction is rapid and reversible, while the second step is 

irreversible. However, there is rapid formation and dissociation of the aldimine dependent 

upon the ambient glucose concentration and a slower rate of ketoamine formation. The 

percent glycation of haemoglobin depends on the average age of the erythrocytes in the blood 

sample, and the percent HbA1c is higher in older cells. HbA1c level represents average 

glycemia over the entire 120-day lifespan of the red blood cells [167,168]. 

 HbA1c remains in the blood circulation for the rest of the lifetime of erythrocytes. 

The non-enzymatic, irreversible covalent bonding of excessive glucose present in the 

circulation with haemoglobin in the blood results in the generation of glycosylated 

haemoglobin which is a critical parameter for assessing the long-term glycemic control and 

predicting the incidence of secondary complications of diabetes [169]. HbA1c was introduced 

into clinical practice in the 1980s and subsequently has become a cornerstone of clinical 

therapy [170]. The International Diabetes Federation and the American College of 

Endocrinology recommend HbA1c values below 6.5% as the normal range, while the range 

recommended by the American Diabetes Association extends to 7%. However, higher than 

expected values can be observed in people with a lower RBC turnover, such as those with 

vitamin B12 or folate deficiency, and lower than expected.  Since HbA1c reflects the average 

plasma glucose level maintained over the previous 8 to 12 weeks, it is often considered a vital 

index in the diagnosis and prognosis of diabetes. Oral administration of the newly 

synthesized complex significantly decreased the levels of glycosylated haemoglobin, 

suggesting that it may prevent oxidative damage caused by the glycation reaction in chronic 

hyperglycemic conditions. These results on the levels of fasting blood glucose and 

glycosylated haemoglobin indicate the glucose lowering as well as beneficial effects of the 

complex in preventing the pathogenesis of diabetic complications caused by impaired glucose 

metabolism. 

  Urine sugar present in diabetic rats was absent in complex-treated diabetic rats, 

evidencing the hypoglycemic as well as renoprotective efficacy of the newly synthesized 

complex. Monitoring glucose in the body is a key component of managing and detecting 

metabolic conditions, especially diabetes. Sugar (glucose) in urine is medically termed 
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glucosuria.  The consequence of chronic hyperglycemia on the sugar concentrations present 

in urine has been known since ancient times. Normally, kidneys filter glucose from the blood 

and reabsorb it back into the bloodstream through renal tubules. However, when blood sugar 

levels are too high, exceeding the renal threshold (around 180 mg/dL), the kidneys can no 

longer reabsorb all the glucose, and the excess spills into the urine. Below the renal threshold 

level of blood glucose, sugar is absent in the urine, while above this level, appreciable 

amounts of sugar appear in the urine and gradually increase both in total amount and in 

percentage concentration as the blood sugar levels become progressively higher. Thus, the 

appearance of glucose in urine is reflected in the concept of renal threshold for glucose 

excretion. In general, urine sugar concentration defines the level of plasma glucose. 

 While blood sugar testing is common, checking normal sugar levels in urine also 

provides valuable insights into your health. Urine glucose testing is a non-invasive and cost-

effective method often used as an initial screening tool or to monitor diabetic 

patients.  Glucose in urine can be detected through routine urine tests and is often a sign of 

uncontrolled blood sugar levels, potentially indicating diabetes or other underlying health 

issues. The ease of collection and testing makes assessment of urine sugar concentration more 

acceptable for the physicians than the measurement of the blood glucose concentration. One 

limitation of urine sugar concentration as an indicator of plasma glucose concentration is the 

wide range of glucose levels found at each concentration of urine sugar. Hence, multiple 

urine sugar determinations may be useful for defining the average plasma glucose 

concentration and thereby be helpful for the general management of diabetes. Glucosuria not 

only indicates uncontrolled diabetes but also potentially gestational diabetes, kidney diseases 

(renal glycosuria), severe stress, or certain medications, and it requires prompt medical 

attention to manage underlying causes like diabetes mellitus, as excess sugar in urine can 

feed bacteria, thereby causing the risk of urinary tract infections and serious renal disorders. 

 The effect of oral administration of the newly synthesized metformin-resveratrol 

aldehyde complex on the activities of pathophysiological enzymes such as aspartate 

transaminase (AST), alanine transaminase (ALT) and alkaline phosphatase (ALP) in the 

serumof control and experimental groups of rats are represented in Table 3. The activities of 

these enzymes in the diabetic group of rats were significantly increased as compared with the 

control group of rats. However, oral treatment with the complex significantly normalized the 

altered levels in comparison with the diabetic group of rats. The efficacy of the complex was 

comparable with diabetic rats treated with metformin.Table 3. The activities of serum 

transaminases and alkaline phosphates in the control and experimental groups of rats. 
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Table -3 The activities of serum transaminases and alkaline phosphatase in the control 

and experimental groups of rats. 

 

GROUPS AST ALT ALP 

Control 38.83  ±  1.77a 18.18±1.44a 84.68±0.86a 

Diabetic 51.33 ± 2.62b 47.52±2.38b 155.85±5.66b 

Diabetic+Met-Res-Aldehyde 

complex  
34.16 ± 1.01a 23.53±1.75a 99.865±4.58c 

Diabetic + Metformin 32.16±1. 07a 21.71±1.17a 101.88±1.00c 

 

Enzyme activities are expressed as:AST and ALT: µ moles of pyruvate liberated/h/mgof 

protein; ALP: µ moles of phenol liberated/min/mg of protein. Results are expressed as mean 

± SEM [n = 6]. One-way ANOVA followed by post-hoc test LSD. The results were 

compared with a control rats, b diabetic rats. Values arestatistically significant at *P < 0.05. 

Aminotransferases such as AST and ALT are cytosolic enzymes that have leaked into 

the blood circulation and serve as a marker of tissue injury, more specifically hepatocytes, as 

well as renal injury. The observed decrease in the activities of AST and ALT in the liver and 

kidney tissues indicates the extensive tissue damage caused by STZ, which is further 

evidenced by the increased activities of these enzymes in the serum of the diabetic group of 

rats [171-173].  Further, the elevated levels of these enzymes whose plasma concentration is 

above the homeostatic limit could be associated with various forms of disorders that affect 

the functional integrity of the liver and other vital organs [174]. Alkaline phosphatase is a 

membrane-bound enzyme, and it acts as a marker of biliary function and cholestasis.  It is 

hypothesized that elevations in the activities of enzymes in the serum are considered as 

predictors of diabetes [175]. Further, elevation in the activity of these enzymes, whose gene 

transcription is suppressed by insulin, could indicate impairment in the insulin signaling 

pathway rather than purely tissue injury [176]. Other potential explanations for the observed 

elevation in the activity of the enzymes in the insulin-resistant state include oxidative stress 

from reactive lipid peroxidation, peroxisomal β-oxidation, and recruited inflammatory cells. 

The insulin-resistant state is also characterized by an increase in proinflammatory cytokines 

such as TNF - α, which may also contribute to hepatocellular injury [177].  However, the 

diabetic group of rats treated with the newly synthesized complex at a concentration of 5 

mg/kg b.w./day for 30 days significantly diminished the activity of these enzymes to their 

basal levels, suggesting the tissue-protective nature of the complex. Earlier, we reported the 

tissue-protective nature of resveratrol in streptozotocin-nicotinamide-induced experimental 

type 2 diabetes in rats [97]. 
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Effect of Met-Res-Aldehyde complex on levels of plasma protein, urea, creatinine and 

uric acid. 

The levels of plasma protein, urea, creatinine, and uric acid are illustrated in Table 4. 

The induced diabetic rats also showed a significant  increase in the urea, uric acid, and 

creatinine and decreased levels of plasma protein as compared with control rats. It is well 

known that the absolute or relative lack of insulin secretion leads to defective amino 

acid/protein metabolism, which may be a more important factor than chronic hyperglycemia 

in the etiology of diabetic complications [178]. Moreover, the total muscle protein catabolism 

is due to a net increase in protein breakdown rather than a decline in protein synthesis 

[179].  The alterations in protein metabolism could indeed be responsible for many of the 

chronic complications of diabetes, since they may involve both structural and functional 

proteins. Imbalance between synthesis and catabolism of proteins can have dramatic 

consequences in the metabolism of many tissues such as gut, skeletal muscle, and heart [180].  

Experimentally induced diabetes in a rat model indicates several alterations of amino 

acid metabolism, which may be attributed to increased muscle proteolysis, reduced protein 

synthesis, an energy-dependent process in the liver, and stimulated hepatic gluconeogenesis 

utilizing gluconeogenic amino acids [181]. Digheet al., (1984) reported that accelerated 

proteolysis of uncontrolled diabetes occurs as a result of deranged glucagon-mediated 

regulation of cAMP formation during insulin deficiency [182]. This readily accounts for the 

observed decreased protein content in the experimental diabetic rats. The observed reduction 

of the level of total proteins in experimental diabetic rats was attributed to localized damage 

in the endoplasmic reticulum, which results in the loss of p450, leading to its functional 

failure with a decrease in protein synthesis. The rise in protein levels in the treated groups 

suggests the stabilization of endoplasmic reticulum leading to protein synthesis [183]. 

Administration of the Met-Res-Aldehyde complex may enhance the protein synthesis by 

stabilizing the structure and functions of the endoplasmic reticulum. 

Table-4 Effect of Met-Res- Aldehyde complex on plasma protein, blood urea and serum 

creatinine and Uric acid  in control and experimental groups of rats. 

 

Groups 
Plasma 

Protein (g/dl) 
Urea (mg/dl) 

Serum 

Creatinine(mg/dl) 

Uric 

acid(mg/dl) 

Control 8.16 ± 0.54a 25.5  ± 1.17a 0.89  ± 0.02a 4.36 ± 0.31a 

Diabetic 5.33 ± 0.33b 49.66  ± 

7.10b 

2.11  ± 0.43b 7.61 ±1.20b 

Diabetic + Met-Res - 6.16  ± 0.47b 29.33  ± 0.71a 1.27  ± 0.01ab 3.60 ± 0.41a 
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Aldehyde complex  

Diabetic + Metformin 7.16  ± 0.54ab 32.83  ± 1.40a 1.22  ± 0.03a 3.55 ± 0.33a 

 

Values are presented as mean±standard error of the mean (n=6). One-way Anova followed by 

post hoc test LSD was done. Results were compared with acontrol rats, bdiabetic rats. Values 

are statistically significant at p<0.05.  

The levels of urea, uric acid, and creatinine were significantly increased in the 

diabetic group, and treatment with the Met-Res-Aldehyde complex significantly reversed 

these values to physiological values. A similar effect was observed in the metformin-treated 

group. Levels of urea, uric acid, and creatinine acid are the key indices in the hyperglycemia-

mediated renal dysfunction [184]. Urea and creatinine are nitrogenous end products of 

metabolism. Urea is the primary metabolite derived from dietary protein and tissue protein 

turnover. Creatinine is a byproduct of the breakdown of creatine and phosphocreatine, which 

are considered energy storage compounds in muscles. It is produced in the muscles by the 

non-enzymatic changes of creatine and phosphocreatinine. The serum creatinine level may 

vary based on a number of factors, including the diet composition, muscle mass, and gender. 

An increase in creatinine level usually occurs simultaneously with an increase in blood urea 

nitrogen [185]. Serum creatinine level concentration is often used as a variable not only to 

assess the impairment of kidney function but also as a clinical endpoint to detect treatment 

related to toxic effects of compounds on the kidney in experimental animals  [186,187]. The 

liver has a crucial role in the assembly of creatinine through methylation of guanidine 

aminoacetic acid [188]. 

Urea is an organic compound known to play a vital role in the metabolism of 

nitrogen-containing compounds [189]. Oral treatment with the Met-Res-Aldehyde complex 

reversed the levels to near normalcy, denoting that it antagonizes metabolic complications 

like diabetic nephropathy.  Uric acid, one of the major endogenous water-soluble antioxidants 

of the body, has been thought to be a metabolically inert end product of purine metabolism 

[190]. Elevated levels of serum uric acid are due to either an increase in uric acid production 

or a decrease in its excretion [191]. Accumulation of purines is the main source for the 

production of uric acid by the activity of xanthine oxidase. This accumulated purine evidence 

the increased oxidative stress, which is closely related to diabetes and its vascular 

complications. Thus, the elevated levels of circulating uric acid level may be an indicator that 

the body is trying to protect itself from the deleterious effects of free radicals by increasing 

the products of endogenous antioxidants such as uric acid [192]. The decreased levels of urea, 

uric acid, and creatinine and increased level of plasma protein are comparable with 

metformin-treated rats. 
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Effect of Met-Res-Aldehyde complex supplementation on the activity of carbohydrate 

metabolizing enzymes in the liver tissue of control and experimental groups of rats. 

The activities of (E.C.No - 2.7.1.1), pyruvate kinase (E.C.No - 2.7.1.40), lactate 

dehydrogenase (E.C.No - 1.1.1.27), glucose-6-phosphatase (E.C.No - 3.1.3.9), fructose-1, 6-

bisphosphatase (E.C.No - 3.1.3.11) and glucose-6-phosphate dehydrogenase(E.C.No - 1.1.149) in 

liver  tissue of control and experimental groups of rats were presented in Tables 5 and 6, 

respectively. A significant alteration in the activity of these enzymes was observed in the liver 

tissues of experimental diabetic rats when compared to the control group of rats. However, upon 

treatment with the Met-Res-Aldehyde complex in diabetic rats, the activities of these enzymes 

were reversed to normal, and the efficacy was similar to that of metformin-treated rats (Table 5). 

 

Table -5 Effect of Met-Res-Aldehyde complexon the activities of Hexokinase, Pyruvate 

kinase and Lactatedehydrogenase in the liver tissue of control and experimental groups 

of rats. 

 

Groups Hexokinase 
Pyruvate 

Kinase 

Lactate 

Dehydrogenase 

Control 255.83 ± 2.08a 208.16 ±6.96a 236.5 ± 14.12a 

Diabetic 139.33 ±  2.96b 139.83 ±24.40b 417.83 ± 77.83b 

Diabetic+Met-Res - 

Aldehyde complex  

205.33 ±1.25a 180.33 ±5.94ab 310.5 ± 3.54ab 

Diabetic + Metformin 216.83 ±5.74a 187 ± 2.29ab 292.83 ± 4.23ab 

 

Units are expressed as: µmoles of glucose-6-phosphate formed/h/mg of protein for 

hexokinase, mU/mg of protein for pyruvate kinase. Values are presented as mean ± standard 

error of the mean (n=6). One-way Anova followed by post hoc test LSD was done. Results 

were compared with acontrol rats, bdibeticrats.Values are statistically significant at p<0.05. 

 

Diabetes mellitus due to insufficient secretion and/or resistance to insulin action 

causes disturbances in the uptake of glucose and its utilization in a number of ways. The 

glycolytic pathway is the initiation step of glucose oxidation to generate energy in the form of 

ATP, and the key enzymes involved in the glucose metabolism are hexokinase, pyruvate 

kinase, lactate dehydrogenase, glucose-6-phosphatase, glucose-6-phosphate dehydrogenase, 

and fructose-1, 6-bisphosphatase. In diabetes, impairment of function occurs at various stages 

of glucose metabolism, which includes intestinal absorption, intracellular transport, decreased 

efficiency of the glycolytic pathway, the tricarboxylic acid cycle, the hexose monophosphate 

(HMP) shunt, and the glycogen synthetic and degradation pathways [193]. Also, glucose 

synthesis from gluconeogenesis enhances the level of blood glucose in diabetic patients. The 
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activities of hexokinase, pyruvate kinase, and glucose-6-phosphate dehydrogenase were 

significantly diminished, and the activities of lactate dehydrogenase, glucose-6-phosphatase, 

and fructose-1.6-bisphosphatase were significantly increased in the liver and kidney tissues of 

HFD fed- low-dose STZ-induced diabetic rats. Treatment with the newly synthesized 

complex to a diabetic group of rats, similar to metformin, significantly regulated the altered 

activities of these enzymes to near normalcy in liver and kidney tissues. 

  The liver is the primary site of endogenous glucose production [194] with a minor 

contribution from the kidney [195] and produces glucose by gluconeogenesis as well as 

glycogenolysis. Elevated levels of endogenous glucose production are a common abnormality 

associated with diabetes that, in concurrence with deprived pancreatic function and reduced 

glucose clearance; contribute to chronic hyperglycemia, a characteristic feature of diabetes. 

Insulin regulates the metabolism by modulating the uptake and utilization of blood glucose in 

target tissues such as liver, skeletal muscle, and adipose tissue by modulating the activities of 

several metabolic enzymes. Deng et al., (2008) reported that resveratrol improves muscular 

glucose uptake via both insulin-dependent and non-insulin-dependent pathways [196]. 

Glycolysis, the major metabolic pathway, utilizes glucose as an energy source in cells. 

The first step in the sequence of reactions of glycolysis is the phosphorylation of glucose to 

prepare it for further breakdown in order to play a crucial function in tissue intermediary 

metabolism. The vital reason for the immediate phosphorylation of glucose is to prevent 

diffusion out of the cell. This conversion is catalyzed by the enzyme hexokinase. This 

enzyme catalyzed the addition of a charged phosphate group (phosphorylation) to glucose to 

form glucose-6-phosphate in the presence of Mg²⁺ and ATP. Hexokinases have been found in 

every organism tested, ranging from bacteria, yeast, plants, and vertebrates, including human 

beings. There are four important mammalian hexokinase isoenzymes designated as 

hexokinase I, II, III, and IV, or hexokinases A, B, C, and D, that vary in their sub-cellular 

locations and substrate specificity. The molecular weight of the hexokinases was found to be 

approximately 100 KD [197]. 

Each isoenzyme has a common ATP binding site core surrounded by variable 

sequences that determine substrate specificity/affinity and other properties. The mammalian 

hexokinase IV, also referred to as glucokinase, has unique characteristics and functions 

compared to other hexokinases. It plays an important regulatory role in carbohydrate 

metabolism in the liver, pancreas, brain, and intestine.  In the pancreatic β-cell, the enzyme 

glucokinase serves as a glucose sensor to control the release of insulin and glucagon. Reports 

on animal models and isolated hepatocytes established that hepatic hexokinase exerts a strong 
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impact on glucose utilization and controls the process of glycogenesis [198] and their levels 

are very low in both human and rodent diabetes. Insulin administration rapidly reinstates 

hexokinase activity in the hepatocytes. Because of these observations, restoration of hepatic 

hexokinase activity provides a possible therapeutic strategy for diabetes 

treatment.  Hexokinases I, II, and III have a high affinity for glucose and are feedback-

inhibited by physiologic concentrations of glucose-6-phosphate, whereas glucokinase 

(hexokinase IV or glucokinase), the major glucose phosphorylating enzyme, has a lower 

affinity for glucose, and its abundance is regulated transcriptionally by insulin and glucagon 

and post-translationally by the glucokinase regulatory protein [199]. Hexokinase has high 

affinity for glucose even at low concentrations (below 1 mM) and glycogen synthesis, 

whereas hexokinase IV, or glucokinase, can only phosphorylate glucose, if the concentration 

of this substrate is high enough; its Km for glucose is 100 times higher than hexokinase I, II 

and III  [200]. 

The modulation of hexokinase activity, the prime enzyme for maintaining 

normoglycemia, occurs due to the changes in the amount of enzyme present within the cell. 

This may be the reason for diminished utilization of glucose in the system and increased 

amount of glucose in the circulation. Primary cultures of rat hepatocytes have exhibited the 

induction of hexokinase activity by insulin, which is the result of an increase of synthesis of 

the enzyme [201]. In STZ-induced diabetic rats, the low level of hexokinase synthesis and its 

activity were correlated with low levels of mRNA coding for hexokinase, and administration 

of insulin increases translatable hexokinase mRNA, the rate of synthesis, and the activity of 

enzymes [202].  Hence, a possible explanation of observed enhanced activity of hexokinase is 

that the newly synthesized complex treatment may activate the mRNA coding for hexokinase 

in diabetic rats.  The markedly decreased level of insulin in the experimentally induced 

diabetic group of rats ultimately leads to impairment in the activity of hexokinase, since 

insulin deficiency is a hallmark of diabetes [203].  However, the modest increase in the 

activity of hexokinase as observed in the diabetic rats treated with the newly synthesized 

complex suggests the protection of the hepatic and extrahepatic tissues against STZ-induced 

selective pancreatic β-cell toxicity by stimulating insulin secretion from the remnant β-cells. 

The data obtained also provide evidence that a modest augmentation of hexokinase activity in 

the liver and kidney tissues enhances glucose metabolism and promotes overall glucose 

homeostasis in complex treated diabetic rats and the efficacy was comparable with metformin 

treatment. 

  Pyruvate kinase (PK) is a ubiquitously expressed, rate-controlling, key glycolytic 

enzyme that catalyzes the final irreversible conversion of phosphoenol pyruvate to pyruvate 
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with the release of ATP. The product, pyruvate, feeds into a number of metabolic pathways, 

such as the TCA cycle and gluconeogenesis, which place pyruvate kinase at a primary 

intersection. Johnson et al., (1979) first reported the crystalline structure of PK, isolated from 

cat muscle [204]. Four distinct isoenzymes are distinguished in vertebrate tissues: M1 (in 

skeletal muscle), M2 (in kidney, adipose tissue, and lungs), L (in liver), and R (in red blood 

cells). Each of these isoenzymes has different kinetic properties reflecting the different 

metabolic requirements of the tissues [205]. Several physiological activators control the 

activity of PK, which essentially includes H⁺, K⁺, Mn²⁺, and Mg²⁺ [206]. 

PK is regulated by its own substrate, phosphoenol pyruvate, and fructose-1, 6-

bisphosphate, and an intermediate in the glycolytic pathway, which both up-regulate pyruvate 

kinase. In doing so, it drives glycolysis to operate faster when more substrate is available 

[207]. It has also been reported that nutrients themselves play an important role in the 

regulation of PK activity. PK and G6PDH deficiencies are approximately equally common 

and together constitute most of the cases of the human hereditary disorders, including non-

spherocytichaemolytic anemia due to erythroenzymopathies [208].  High fat diet feeding 

decreased the activity of PK, while a high-sucrose diet increased it in vivo and in 

vitro through independent acute hormone actions [209,210]. PK isoenzymes in body fluids 

can be quantitatively assayed [211]. In all eukaryotes, PK is cytosolic, and almost all 

organisms have at least one PK gene and one enzyme [212]. The decrease in the activity of 

PK in diabetic conditions alters the glucose metabolism and ATP production, which might be 

promptly responsible for the reduced glycolysis and amplified gluconeogenesis [213]. Oral 

administration of the Met-Res-Aldehyde complex to the diabetic rats showed a notable 

increase in the PK activity suggesting the regulatory role of the complex in ameliorating 

chronic hyperglycemia. 

  The observed decrease in the activity of PK in the liver and kidney tissues of 

experimental diabetic rats readily accounts for the decreased utilization of glucose (glycolysis) 

and increased production of glucose (gluconeogenesis) by the liver and kidney, indicating 

that these two pathways are altered in diabetes. Gluconeogenesis and glycolysis are 

coordinated so that one pathway is relatively active, while the other is highly inactive [214]. 

Likewise, when gluconeogenesis is stimulated, as in starvation, glycolysis must be 

suppressed in liver and kidney tissues [215]. The existence of multiple isoenzymes of PK 

facilitates these demands [216]. The effect of insulin on the activity of PK has been 

investigated in several studies. The total liver PK activity was found to be decreased by 40% 

when rats were rendered diabetic and increased back to normal values within 1 or 2 days of 
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insulin therapy [217]. An increase in rat liver PK activity was observed within 10 minutes 

after the administration of insulin via the portal vein [218]. 

 The observed increase in the activity of PK in the liver and kidney tissues of newly 

synthesized complex-treated diabetic rats is probably the result of an altered endocrine status in 

addition to any possible direct effect of the complex on the PK activity in these cells. However, 

on the basis of previous reports, it is assumed that the PK activity is accelerated by the complex 

at least partially by facilitating the glycolytic pathway and suppression of gluconeogenesis via 

its insulin mimetic actions [98]. 

Lactate dehydrogenase is a terminal glycolytic enzyme that facilitates the 

interconversion of pyruvate to lactate to yield energy under anaerobic conditions [219] and the 

interconversion reaction occurs in both cytosolic and mitochondrial compartments [220]. This 

enzyme is a tetramer composed of two different kinds of subunits: M-muscle type and H-heart 

type. The biosynthesis of each of these subunits is apparently controlled by separate 

genes.  LDH activity is altered by glucose, insulin, and NADH, as well as increases in 

mitochondrial membrane potential, cytosolic free ATP, and cytosolic free calcium ions [221]. 

The decreased activity of LDH in tissues could be important to ensure that a high proportion of 

both pyruvate and NADH supplied by the glycolytic pathway is subsequently oxidized by 

mitochondria. Indeed, the elevated levels of LDH are observed in experimental diabetic 

animals, which are attributed to impaired glucose-stimulated insulin secretion [222]. Thus, the 

normal glucose metabolism and insulin secretion in T cells are perturbed with the increased 

activity of LDH, and it therefore may be directly responsible for insulin secretory defects in 

diabetes. Oral administration of the Met-Res-Aldehyde complex as well as metformin to 

diabetic groups of rats showed a significant reduction in the LDH activity, probably due to the 

regulation of the NAD+/NADH ratio by the oxidation of glucose. 

The activities of glucose-6-phosphatase and fructose 1, 6-bis phosphatase were 

significantly increased in diabetic rats when compared to control rats. The activity of glucose-

6-phosphate dehydrogenase was significantly decreased.  However, upon treatment with the 

Met-Res-Aldehyde complex in diabetic rats, the activities of these hepatic enzymes reverted 

to normalcy and the effect was comparable to metformin-treated rats (Table -6). 

Table – 6 Effect of Met-Res- Aldehyde complex on the levels of glu-6-phosphatase,  

 fructose-1,6-bisphosphatase and glucose- 6-phosphate dehydrogenase in the

 control and experimental groups of rats. 

 

Groups 
Glucose-6-

phosphatase 

Fructose - 1, 6 -

bisphosphatase 

Glucose-6-phosphate 

dehydrogenase 

Control 1053.33 ± 20.50a 446.16 ± 25.93a 512.83  ± 43.80a 
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Diabetic 1841.83 ± 236.96b 809.16± 123.44b 244.83  ± 48.93b 

Diabetic+Met-Res- 

Aldehyde complex  

1210  ± 21.64a 513.66  ±  3.41a 395.5  ± 46.83ab 

Diabetic + Metformin 1126.66 ± 6.85a 523.33 ± 8.53a 425 ± 7.30a 

 

Units are expressed as: µmol of pi liberated/h/mg of protein for glucose-6-phosphatase and 

fructose-1,6-bisphosphatase and µmol of NADPH/min/mg of protein for glucose-6-phosphate 

dehydrogenase. Values are presented as mean ± standard error of the mean (n=6). One-way 

Anova followed by post hoc test LSD was done. Results were compared with acontrol rats, 
bdibetic rats. Values are statistically significant at p<0.05.  

 

Glucose-6-phosphatase is a crucial gluconeogenic enzyme in the homeostatic 

regulation of blood glucose and is critical in providing glucose to other organs during 

diabetes, prolonged fasting, or starvation [223,224]. It catalyzes the dephosphorylation of 

glucose-6-phosphate to free glucose as the terminal step in gluconeogenesis and 

glycogenolysis.  This reaction occurs in the lumen of the endoplasmic reticulum, and the 

enzyme complex is composed of a glucose-6-phosphate catalytic subunit that hydrolyzes the 

glucose-6-phosphate to glucose and phosphate [225]. The activity of glucose-6-phosphatase 

is stimulated by cAMP and repressed by insulin, and its diminished activity leads to severe 

metabolic disorders mainly characterized by hypoglycemia.  Van Schaftingen and Gerin 

(2002) demonstrated that glucose-6-phosphatase activity impairs hepatic glucose utilization 

while simultaneously enhancing hepatic glucose production [226]. Insulin deficiency 

achieved in experimental diabetic rats enhances glucose-6-phosphatase activity in both liver 

and kidney tissues, and the activity is reverted back to normal level after treatment with the 

synthesized complex. 

 Fructose-1, 6-bisphosphatase is a highly regulated, rate-limiting enzyme that catalyzes 

the dephosphorylation of fructose-1, 6-biphosphate to fructose-6-phosphate, the second to last 

step in the gluconeogenic pathway [224]. Its activity is abundant in the liver and kidney tissues 

but is scantily expressed in the pancreatic β-cells under normal conditions and appears as a 

target for efficient and safe glycaemic control in diabetes [227]. The increased activity of 

fructose-1,6-bisphosphatase in the hepatic and renal tissues of HFD-STZ-induced diabetic rats 

was suggested as a possible mechanism for the production of increased endogenous glucose 

after it was shown that diabetics have an increase in gluconeogenesis from glycerol 

[228,229].Activation of gluconeogenic enzymes is due to the state of insulin deficiency and 

availability of a surplus of gluconeogenic substrates [140] [Chen et al., 2000] In our study, oral 

administration of the metformin-resveratrol aldehyde complex diminishes the activities of 
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fructose-1, 6-bisphosphatase in HFD-STZ-induced diabetic rats. The reduction in the activities 

of glucose-6-phosphatase and fructose-1, 6-bisphosphatase can lead to decreased 

gluconeogenesis, thereby reducing the endogenous production of glucose. 

Glucose-6-phosphate dehydrogenase (G6PDH) an archetypical X-linked 

“housekeeping” enzyme, catalyzes the first and rate-limiting step in the pentose phosphate 

pathway, which results in the production of ribose-5-phosphate and NADPH, which are 

needed for the maintenance of reduced glutathione and reductive biosynthesis [230]. The 

activity of glucose-6-phosphate dehydrogenase is found to be decreased in diabetic 

conditions [231]. Oral administration of the Met-Res-Aldehyde complex to HFD fed- low 

dose STZ-induced diabetic rats significantly increased the activity of glucose-6-phosphate 

dehydrogenase. Earlier reports have demonstrated that NADPH produced by G6PDH is 

essential for both the generation of reactive oxygen species such as superoxide anions and 

nitric oxide and the elimination of these radicals via glutathione peroxidase and catalase in 

hepatic as well as extrahepatic tissues [232]. The activity of G6PDH is also regulated through 

alternative splicing [233] in response to hormonal and nutritional cues such as glucose and 

lipids [234].  Increased expression of G6PDH has been associated with increasing glutathione 

levels and resistance to oxidative stress [235]. Notably, it has also been shown that modest 

changes in G6PDH activity itself have significant effects on cell growth and death in a 

variety of cell types [236]. However, the observed decrease in the activity of G6PDH in 

experimental diabetic rats might also suggest a decrease in metabolism via a 

phosphogluconate oxidation pathway [237].This is consistent with previously published data 

in which G6PDH activity has also been observed in liver and kidney tissues of diabetic rats 

[238,239]. Further, the present study suggests that decreased G6PDH activity is of 

significance in the pathogenesis of diabetic complications, and the activity of G6PDH is 

regulated to near normalcy by the treatment with the newly synthesized complex. 

Table -7 represents’ the effect of Met-Res-Aldehyde complex treatment on the level of 

glycogen and the activities of glycogen synthase and glycogen phosphorylase in the liver of 

control and experimental groups of rats. A significant decrease in the glycogen content as well 

as in the glycogen synthase activity and a concomitant increase in the activity of glycogen 

phosphorylase were observed in the liver of HFD-STZ-induced diabetic rats as compared with 

control rats. Treatment with reinstated the glycogen level and the activities of glycogen 

synthase and glycogen phosphorylase were significantly improved to near physiological levels 

when compared to the control group of rats. The effect was comparable to metformin treatment. 
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Table – 7 Effect of Met- Res - Aldehyde complex on the levels of Glycogen, Glycogen 

synthase and Glycogen phosphorylase in the control and experimental groups of rats. 

 

Groups Glycogen Glycogen synthase Glycogen phosphorylase 

Control 59.5 ± 7.91a 791.16 ± 79.58a 601.16 ± 10.89a 

Diabetic 27.5 ± 6.17b 525.83 ± 43.97b 837 ± 68.61b 

Diabetic+Met-Res-

Aldehyde complex 

47.83 ± 3.00ab 714.5 ± 21.39a 668.66 ± 16.16a 

Diabetic + Metformin 49.5 ± 1.17a 735.33 ± 16.57a 681 ± 7.97a 

 

Units are expressed as: µmol of UDP formed/h/mg protein for glycogen synthase and µmol pi 

liberated/h/mg protein for glycogen phosphorylase. Values are presented as mean ± standard 

error of the mean (n=6). One-way Anova followed by post hoc test LSD was done. Results 

were compared with acontrol rats, bdibetic rats. Values are statistically significant at p<0.05. 

 

Glycogen is the primary intracellular storage form of glucose for virtually every 

organism from yeast to primates, and its levels in various tissues are a direct reflection of 

insulin activity, as insulin promotes intracellular glycogen deposition by stimulating glycogen 

synthase and inhibiting glycogen phosphorylase [240]. Glycogen forms an energy reserve 

that can be quickly mobilized to meet an instant need for glucose but one that is less compact 

than the energy reserves of triglycerides.  Under classical definitions, the functions of 

glycogen seem obvious: muscle glycogen is degraded to generate ATP during increased 

energy demand, whereas hepatic glycogen is broken down for the release of glucose into the 

bloodstream to supply other tissues [241].  The liver plays a central role in the maintenance 

of blood glucose homeostasis. Glycogen metabolism in hepatic tissue is one of the major 

metabolic processes involved in glucose homeostasis. It has been well established that the 

balance between the levels of insulin and glucagon is vital for this regulation. Glycogen 

synthase, a crucial and rate-limiting enzyme in tissues with non-oxidative glucose disposal, 

catalyzes the conversion of glucose-1-phosphate to glycogen in animal cells [242]. There are 

two mammalian isoforms of glycogen synthase. One appears to be expressed only in the liver 

tissue, while the second is expressed in skeletal and cardiac muscles as well as adipose tissue, 

kidney, and brain. The activity of glycogen synthase is regulated by decreased cellular 

glycogen content, hormone signaling, sub-cellular localization, targeting of phosphatase, and 

allosteric activation by glucose-6-phosphate [243]. 

Glycogen phosphorylase, a rate-limiting enzyme of glycogenolysis, cleaves alpha (1 to 4) 

linkages to remove glucose molecules from the glycogen. This enzyme exists as a dimer with 

each subunit linked to the essential cofactor pyridoxal phosphate, which donates the phosphate as 
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an electron donor for the release of glucose-1-phosphate [241]. Its activity is regulated by 

phosphorylation and by allosteric binding of AMP, ATP, glucose-6-phosphate, and glucose [244]. 

Since streptozotocin causes selective destruction of pancreatic β-cells, resulting in an apparent 

decline in insulin levels, it is responsible for the decreased glycogen levels in major storage 

tissues such as liver, kidney, and skeletal muscle, as they depend on insulin for the entry of 

glucose into the cells for energy generation. During diabetic conditions, the glycogen content, 

glycogen synthase activity, and responsiveness to insulin signaling are diminished, and glycogen 

phosphorylase activity is significantly increased.  The observed significant increase of liver 

glycogen level in the Met-Res-Aldehyde complex-treated diabetic groups may be due to 

reactivation of the glycogen synthase system. Similarly, the decreased activity of glycogen 

phosphorylase showed that the Met-Res-Aldehyde complex and metformin treatment produce 

more insulin from the remnant pancreatic β-cells and increase glycogen content in the liver. The 

efficacy was comparable with diabetic rats treated with metformin alone. Earlier, we reported that 

the oral administration of resveratrol at a concentration of 5 mg/kg b.w./rat/day for a period of 30 

days to streptozotocin-nicotinamide-induced experimental type 2 diabetic rats modulated the 

activity of carbohydrate and glycogen metabolizing enzymes by stimulating the remnants of β-

cells to secrete more insulin, thereby normalizing the altered glycogen content in the liver 

[97,98].The experimental results obtained indicate that the Met-Res-Aldehyde complex has 

considerable antidiabetic activity and is capable of maintaining the liver glycogen level. 

Conclusion 

Based on the results obtained from this methodical study, it can be concluded that oral 

administration of the metformin-resveratrol aldehyde complex at a concentration of 5 mg/kg 

body weight/rat/day for 30 days significantly reduces the blood glucose levels in high fat diet 

fed-low-dose-streptozotocin-induced experimental type 2 diabetic rats, which could be due to 

improvement in insulin secretion and/or insulin resistance. Oral treatment with the newly 

synthesized complex restored the activities of key enzymes involved in the metabolism of 

glucose and glycogen. Therefore, it is concluded that the Met-Res-Aldehyde complex is non-

toxic and has complementary potency to develop as an antihyperglycemic agent for the 

treatment of diabetes mellitus and its secondary complications. 
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