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Abstract: Glucokinase (GK) serves as the primary enzyme for regulating human blood glucose levels 

within a narrow physiological range. GK activators represent a promising class of therapeutic agents 

showing promising effects in the treatment of diabetes. The aim of this study was to design a novel 

class of benzamide derivatives with pyrazine substitutions, intending them to function as potential 

activators of GK and subsequently assess their efficacy in managing diabetes. Starting with benzoic 

acid, numerous pyrazine-substituted benzamides were synthesized and subsequently subjected to in 

vitro experiments to assess their ability to activate GK. Docking studies were employed to determine 

the binding interactions for the most suitable conformations in the allosteric region of GK. The 

antihyperglycemic efficacy of the selected compounds was assessed using the oral glucose tolerance 

test (OGTT) in normal rats, guided by the results of both in vitro enzyme assays and in silico 

investigations. After identifying one of the most potent compounds from the antihyperglycemic assay, 

it underwent additional evaluation for its antidiabetic effects in an OGTT assay using induced diabetic 

rats. In vitro, activation of GK revealed that compounds 1, 8, and 9 exhibited the highest activation, 

with activation fold values ranging between 1.90 and 2.10. Subsequent OGTT (normal rats) 

demonstrated promising antihyperglycemic activity for compounds 1 and 8. Confirming consistency 

with both docking studies and in vitro results, the in vivo antidiabetic assay underscored the potential 

therapeutic efficacy of the tested compound. The newly synthesized pyrazine-substituted benzamide 

derivatives serve as promising candidates for the development of allosteric activators of human GK. 

These compounds exhibit safety, efficacy, and oral bioavailability attributes, making them potential 

therapeutic substances for type 2 diabetes management. 

Keywords: diabetes; antidiabetic study; glucokinase; allosteric human gk activators; benzamide 

derivatives. 
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1. Introduction 

The International Diabetes Federation (IDF) has recently released updated statistics 

indicating a significant global increase in the prevalence of diabetes. According to the latest 

IDF Diabetes Atlas, the global prevalence of diabetes has risen by approximately 16% since 

2019, with a current estimate of 537 million people affected globally. This growth corresponds 

to an additional 74 million individuals living with diabetes. The current worldwide incidence 
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of diabetes is 10.5%, and approximately half of those with diabetes are unaware of their 

condition. The IDF predicts that by 2045, there will be 783 million individuals with diabetes 

worldwide, equating to one in eight adults, a 46% increase surpassing the expected population 

growth of 20% during the same period. Excluding the risks of death related to COVID-19, it is 

anticipated that almost 6.7 million individuals will die from diabetes or its complications in 

2021, accounting for more than one in ten (12.2%) of all worldwide fatalities [1]. In individuals 

with diabetes, increased blood glucose levels, known as hyperglycemia, result from insufficient 

insulin or insulin resistance. Despite the availability of various oral drugs, both single-drug 

treatment and combination therapies have shown insufficient efficacy in maintaining optimal 

blood glucose control, mainly due to the potential for hypoglycemia and other toxic 

consequences. Consequently, there has been an accelerated focus on research to identify targets 

and develop novel chemical entities to enhance therapeutic approaches [2-5]. Type 1 diabetes, 

marked by a gradual decline in insulin secretion by β-cells in the pancreas, represents an 

estimated 5-10% of all diabetes cases. In contrast, type 2 diabetes mellitus (T2DM), accounting 

for around 90-95% of all diabetes cases, represents a chronic ailment of energy metabolism 

involving impaired glucose breakdown and diminished insulin action. Despite the array of 

available diabetes treatments, no single medication has proven effective in achieving sustained 

regulation of glycemic content in most people diagnosed with diabetes. Consequently, 

physicians increasingly advocate for early combination therapy with antidiabetic agents [6-9]. 

Overdosing on antidiabetic drugs can lead to severe hypoglycemia with associated toxic 

effects, necessitating immediate medical care. The research community is presently involved 

in the development of novel, safe, and therapeutically unique antidiabetic medicines for use as 

monotherapy with improved efficacy. Recent research incorporating emergent clinical data 

emphasizes the potential of small-molecule glucokinase (GK) activators in addressing this need 

[10]. GK, an enzyme situated within cells, catalyzes the conversion of glucose into glucose-6-

phosphate (G-6-P) through a phosphorylation reaction. Additionally, GK functions as a 

molecular sensor in pancreatic β-cells, establishing a connection between blood glucose levels 

and insulin production via complex signaling pathways, thereby regulating glucose-stimulated 

insulin secretion (GSIR). GK plays a crucial role in controlling glucose metabolism, emerging 

as a potential therapeutic target for type 2 diabetes. Primarily located in pancreatic β-cells and 

liver hepatocytes, GK regulates insulin release in response to glucose in the pancreas and 

governs carbohydrate metabolism in hepatocytes. GK activators, a new class of potential drug 

candidates, demonstrate hypoglycemic activity by modulating the GK enzyme [10-13]. 

Various molecules belonging to different chemical classes have been investigated in recent 

years for their potential as GK activators. These include benzamides [14-30], acetamides 

[31,32], carboxamides [33,36], acrylamides [37], benzimidazoles [38,39], quinazolines [40], 

thiazoles [41,42], pyrimidines [43,44], and urea derivatives [45-53]. While researchers explore 

multiple chemical moieties as GK activators, the predominant focus has been on benzamide 

derivatives due to their distinctive orientations and binding behaviors within the allosteric site. 

A wide range of molecules with potential as GK activators can be generated by incorporating 

diverse functional groups onto the phenyl ring and the amide -NH moiety. Our group recently 

identified novel benzamide compounds with potential GK activation properties [26-30]. 

Aligning with numerous research findings and recognizing the pivotal significance of GK 

activators in managing T2DM, novel allosteric activators of the human GK were designed and 

synthesized using the benzamide scaffold. The benzamide core was selectively substituted to 

establish robust binding interactions with residues in the allosteric region of GK. Furthermore, 
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the proposed derivatives were designed for oral bioavailability by incorporating groups such 

as sulphonamides into the benzamide scaffold.  

2. Materials and Methods 

2.1. Materials. 

The study's chemicals, materials, solvents, and proteins were procured from reputable 

sources, including SRL, Spectrochem, Sigma-Aldrich, Merck, S.D. Fine-Chem, LOBA, Fisher 

Scientific, etc., and utilized in their original state without further modification. Melting points 

were determined using a Veego VMP-D melting point apparatus (open capillary tubes). The 

progress of the reaction was monitored through thin-layer chromatography (TLC) on silica gel-

G plates. The confirmation of compound purity was established by the presence of a single spot 

on the TLC plate. Infrared (IR) bands were recorded using a Brucker make alpha 2 opus 

program. The 13C NMR spectra were obtained on a 100 MHz NMR spectrophotometer, while 

the 1H NMR spectra were collected on a Bruker Avance II 300 MHz NMR spectrophotometer 

using dimethyl sulfoxide (DMSO)-d6 as a solvent. The results are expressed in parts per million 

(δ, ppm), referenced to tetramethylsilane (used as an internal standard), and presented as 

downfield values. 

2.2. In silico prediction of pharmacokinetics. 

The proposed compounds' drug-likeness characteristics were assessed using the 

SwissADME tool (http://www.swissadme.ch/) [54]. The drug-likeness of the compounds was 

evaluated based on Lipinski's rule of five [55]. 

2.3. Synthesis. 

In a flat-bottom flask equipped with a magnetic stirrer, 0.01 moles of dry benzoic acid 

were placed. To maintain a steady temperature between 10-15℃, the flask was immersed in a 

cold-water bath. Carefully adding 8.0 mL of chlorosulphonic acid, ensuring no leakage, 

initiated an exothermic reaction. Once the acid completely dissolved and the exothermic 

reaction ceased, the flask's contents were heated in a water bath within the temperature range 

of 70-80℃ for 2 hours to ensure completion of the reaction. The vessel was then cooled. To 

disintegrate any clumps, the flask contents were added to 150 g of crushed ice while stirring. 

The resulting precipitates of 3-(chlorosulfonyl)benzoic acid were filtered using a vacuum filter 

and rinsed with cold water before being left to air dry. The previously obtained product (0.01 

mol) underwent reflux with commercially available amines (0.01 mol) in acetone. The reaction 

continued until completion, as determined by TLC on silica gel G. After cooling, the resulting 

sulphonamides were allowed to air dry. Subsequently, the different sulphonamides (0.01 mol) 

were refluxed with thionyl chloride (0.01 mol) for 3 hours in acetone. Excess thionyl chloride 

was removed through distillation to obtain appropriate benzoyl chlorides. These benzoyl 

chlorides (0.01 mol) were then refluxed with 2-amino-pyrazine (0.015 mol) in acetone. After 

evaporating the acetone, the resulting products (pyrazine-substituted benzamides) were 

purified via recrystallization using ethyl alcohol [56-57]. 
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2.3.1. 3-[(2-Bromophenyl)sulfamoyl]-N-(pyrazin-2-yl)benzamide (1) 

FTIR (ν cm-1): 3366.65, 3224.36, 3040.91, 1694.53, 1639.75, 1591.34, 1514.25, 

1341.60, 1297.09, 1179.69, 696.25, 659.30; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 

1H, NH, Amide), 8.30-8.40 (m, 4H, 4CH, C6H4CO), 7.26 (s, 1H, NH, SO2-NH), 6.40-8.30 (m, 

3H, 3CH, Pyrazin-2-yl), 7.11-7.62 (m, 4H, 4CH, 2-BrC6H4); 
13C-NMR (δ ppm, 100 MHz, 

DMSO-d6): 163.8 (C=O, Amide), 134.0 (C, C1, C6H4), 122.3 (CH, C2, C6H4), 139.5 (C, C3, 

C6H4), 131.0 (CH, C4, C6H4), 129.0 (CH, C5, C6H4), 129.8 (CH, C6, C6H4), 148.0 (C, C2, 

Pyrazin-2-yl), 136.1 (CH, C3, Pyrazin-2-yl), 138.4 (CH, C5, Pyrazin-2-yl), 138.5 (CH, C6, 

Pyrazin-2-yl), 134.5 (C, C1, 2-BrC6H4), 116.7 (C, C2, 2-BrC6H4), 131.4 (CH, C3, 2-BrC6H4), 

126.5 (CH, C4, 2-BrC6H4), 126.2 (CH, C5, 2-BrC6H4), 121.8 (CH, C6, 2-BrC6H4); HRMS (ESI 

TOF) m/z for C17H13BrN4O3S [M+H]+: Calculated: 433.281, Found: 432.5.  

2.3.2. 3-(Ethylsulfamoyl)-N-(pyrazin-2-yl)benzamide (2). 

FTIR (ν cm-1): 3390.19, 3361.88, 2923.92, 2856.58, 1694.10, 1516.77, 1461.45, 

1352.72, 1310.67, 1168.82, 1023.78, 838.53; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 

1H, NH, Amide), 8.32-8.42 (m, 4H, 4CH, C6H4CO), 7.26 (t, 1H, NH, SO2-NH), 6.55-8.35 (m, 

4H, 4 CH, Pyrazin-2-yl), 2.50 (m, 4H, CH, CH2), 1.10 (t, 3H, CH, CH3). 

2.3.3. 3-(Butylsulfamoyl)-N-(pyrazin-2-yl)benzamide (3). 

FTIR (ν cm-1): 3347.97, 3167.36, 3081.51, 2858.91, 1691.68, 1630.03, 1602.03, 

1506.07, 1400.97, 1139.10, 784.96; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 1H, NH, 

Amide, Benzamide), 8.30-8.40 (m, 4H, 4CH, C6H4CO), 7.32 (t, 1H, NH, SO2-NH, 

Sulphonamide), 6.50-8.35 (m, 3H, 3CH, Pyrazin-2-yl), 2.65 (m, 3H, CH2, Butyl), 2.30 (m, 4H, 

CH2, Butyl), 2.28 (m, 5H, CH2, Butyl), 1.12 (t, 2H, CH3, Butyl). 

2.3.4. 3-(Hydroxysulfamoyl)-N-(pyrazin-2-yl)benzamide (4). 

FTIR (ν cm-1): 3543.63, 3350.71, 3167.24, 3080.24, 1693.51, 1514.39, 832.55; 1H-

NMR (δ ppm, 300 MHz, DMSO-d6): 8.90 (s, 1H, NH, Amide), 8.32-8.46 (m, 4H, 4CH, 

C6H4CO), 7.20 (d, 1H, NH, SO2-NH), 6.55-8.30 (m, 3H, CH, Pyrazin-2-yl), 2.30 (d, 1H, OH, 

NH-OH). 

2.3.5. 3-(Hydrazinesulfonyl)-N-(pyrazin-2-yl)benzamide (5). 

FTIR (ν cm-1): 3534.50, 3391.36, 2923.24, 2856.11, 1741.97, 1515.74, 1459.05, 

1386.35, 1250.89, 1167.71, 832.99; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 1H, NH, 

Amide), 8.30-8.40 (m, 4H, 4CH, C6H4CO), 7.16 (s, 1H, NH, SO2-NH), 6.50-8.35 (m, 3H, 3CH, 

Pyrazin-2-yl), 2.30 (d, 1H, NH, NH-NH2, Hydrazine). 

2.3.6. 3-(Phenylsulfamoyl)-N-(pyrazin-2-yl)benzamide (6). 

FTIR (ν cm-1): 3397.70, 3281.12, 3114.53, 1695.42, 1515.60, 1481.31, 1461.81, 

1160.99, 1093.51, 790.30; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.72 (s, 1H, NH, Amide, 

Benzamide), 8.30-8.40 (m, 4H, 4CH, C6H4CO), 7.15 (s, 1H, NH, SO2-NH), 6.50-8.32 (m, 3H, 

3CH, Pyrazin-2-yl), 7.05-7.60 (m, 5H, 5CH, C6H5).  
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2.3.7. N-(Pyrazin-2-yl)-3-sulfamoylbenzamide (7). 

FTIR (ν cm-1): 3432.83, 2998.06, 2914.21, 1658.37, 1436.17, 1311.90, 1016.45, 

699.27; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 1H, NH, Amide), 8.30-8.40 (m, 4H, 

4CH, C6H4CO), 7.09 (s, 1H, NH, SO2-NH2), 6.50-8.35 (m, 3H, 3CH, Pyrazin-2-yl).  

2.3.8. 3-[(2-Chlorophenyl)sulfamoyl]-N-(pyrazin-2-yl)benzamide (8). 

FTIR (ν cm-1): 3327.89, 2924.63, 1658.91, 1596.37, 1532.37, 1467.07, 1383.26, 

1215.44, 1112.54, 744.88, 693.36; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 1H, NH, 

Amide), 8.30-8.40 (m, 4H, 4CH, C6H4CO), 7.32 (s, 1H, NH, SO2-NH), 6.50-8.32 (m, 3H, 3CH, 

Pyrazin-2-yl), 7.10-7.58 (m, 4H, 4CH, 2-ClC6H4); 
13C-NMR (δ ppm, 100 MHz, DMSO-d6): 

163.8 (C=O, Amide), 133.8 (C, C1, C6H4), 130.7 (CH, C2, C6H4), 130.0 (C, C3, C6H4), 131.0 

(CH, C4, C6H4), 140.0 (CH, C5, C6H4), 120.0 (CH, C6, C6H4), 150.0 (C, C2, Pyrazin-2-yl), 136.5 

(CH, C3, Pyrazin-2-yl), 136.2 (CH, C5, Pyrazin-2-yl), 139.2 (CH, C6, Pyrazin-2-yl), 128.0 (C, 

C1, 2-ClC6H4), 125.5 (C, C2, 2-ClC6H4), 131.5 (CH, C3, 2-ClC6H4), 124.8 (CH, C4, 2-ClC6H4), 

127.5 (CH, C5, 2-ClC6H4), 121.5 (CH, C6, 2-ClC6H4); HRMS (ESI TOF) m/z for 

C17H13ClN4O3S [M+H]+: Calculated: 388.830, Found: 388.5.  

2.3.9. 3-(Propylsulfamoyl)-N-(pyrazin-2-yl)benzamide (9). 

FTIR (ν cm-1): 3430.49, 2997.85, 2914.34, 1658.64, 1436.11, 1311.90, 1016.40, 

699.34; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.90 (s, 1H, NH, Amide), 8.30-8.42 (m, 4H, 

4CH, C6H4CO), 7.26 (t, 1H, NH, SO2-NH), 6.50-8.34 (m, 3H, 3CH, Pyrazin-2-yl), 2.70 (m, 

3H, CH2, Propyl), 2.29 (m, 5H, CH2, Propyl), 1.10 (t, 2H, CH3, Propyl); 13C-NMR (δ ppm, 100 

MHz, DMSO-d6): 163.7 (C=O, Amide), 134.0 (C, C1, C6H4), 120.5 (CH, C2, C6H4), 140.0 (C, 

C3, C6H4), 131.5 (CH, C4, C6H4), 130.0 (CH, C5, C6H4), 131.5 (CH, C6, C6H4), 150.0 (C, C2, 

Pyrazin-2-yl),  135.8 (CH, C3, Pyrazin-2-yl),  137.5 (CH, C5, Pyrazin-2-yl),  139.8 (CH, C6, 

Pyrazin-2-yl), 43.0 (CH2, Propyl), 21.2 (CH2, Propyl), 10.5 (CH3, Propyl); HRMS (ESI TOF) 

m/z for C14H16N4O3S [M+H]+: Calculated: 320.372, Found: 319.8. 

2.3.10. 3-[(2-Nitrophenyl)sulfamoyl]-N-(pyrazin-2-yl)benzamide (10). 

FTIR (ν cm-1): 3579.45, 3234.43, 2923.17, 1698.47, 1515.56, 1460.43, 1162.87, 

1028.08, 822.51; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.73 (s, 1H, NH, Amide), 8.30-8.42 

(m, 4H, 4CH, C6H4CO), 7.18 (s, 1H, NH, SO2-NH), 6.50-8.32 (m, 3H, 3CH, Pyrazin-2-yl), 

7.10-7.59 (m, 4H, 4CH, 2-NO2C6H4). 

2.3.11. 3-[(4-Nitrophenyl)sulfamoyl]-N-(pyrazin-2-yl)benzamide (11). 

FTIR (ν cm-1): 3545.23, 3398.69, 2923.34, 1679.92, 1641.98, 1564.34, 1548.43, 

1512.08, 1452.90, 704.51; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.72 (s, 1H, NH, Amide), 

8.30-8.42 (m, 4H, 4CH, C6H4CO), 7.26 (s, 1H, NH, SO2-NH), 6.50-8.32 (m, 3H, 3CH, Pyrazin-

2-yl), 7.10-7.59 (m, 4H, 4CH, 4-NO2C6H4).  

2.3.12. 3-(2-Phenylhydrazinesulfonyl)-N-(pyrazin-2-yl)benzamide (12). 

FTIR (ν cm-1): 3392.44, 3256.19, 2923.11, 2855.98, 1695.33, 1516.45, 1251.02, 

812.38; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 1H, NH, Amide, Benzamide), 8.30-
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8.40 (m, 4H, 4CH, C6H4CO), 7.09 (s, 1H, NH, SO2-NH), 6.49-8.31 (m, 3H, 3CH, Pyrazin-2-

yl), 7.12-7.64 (m, 5H, 5CH, C6H5). 

2.3.13. 3-(Benzylsulfamoyl)-N-(pyrazin-2-yl)benzamide (13). 

FTIR (ν cm-1): 3430.80, 2998.25, 2914.77, 1658.45, 1436.19, 1406.87, 1311.99, 

1016.31, 699.44; 1H-NMR (δ ppm, 300 MHz, DMSO-d6): 8.75 (s, 1H, NH, Amide), 8.30-8.40 

(m, 4H, 4CH, C6H4CO), 7.23 (t, 1H, NH, SO2-NH), 6.50-8.32 (m, 3H, 3CH, Pyrazin-2-yl), 

7.10-7.59 (m, 5H, 5CH, C6H5), 3.30 (d, 1H, CH, CH2 of Benzyl). 

2.4. In vitro GK assay. 

The GK activity of the synthesized compounds was spectrometrically assessed through 

a coupled reaction with glucose-6-phosphate dehydrogenase (G-6-PDH). Proteins and reagents 

for the assay were obtained from Sigma-Aldrich and SRL. All compounds were prepared in 

DMSO, and the assay was conducted in a final volume of 2000 µL, comprising 25 mM 2-(4-

(2-hydroxyethyl)piperazin-1-yl)ethane sulfonic acid (pH 7.4), 10 mM glucose, 25 mM KCl, 1 

mM MgCl2, 1 mM dithiothreitol, 1 mM adenosine triphosphate, 1 mM nicotinamide adenine 

dinucleotide, 2.5 U/mL G-6-PDH, 0.5 µg GK, and synthesized compounds (10 µM). Upon 

initiating the reaction, the increase in absorbance at 340 nm was monitored over a 3-minute 

incubation period as a measure of GK enzyme activity. The synthesized compounds' fold 

activation of the enzyme was calculated by comparing it with the control (GK activation with 

only DMSO was considered 100%) [27-30]. 

2.5. In vivo evaluation. 

Wistar rats (150-200 g) were procured from Lala Lajpat Rai University of Veterinary 

and Animal Sciences, Hisar. The rats were housed in a controlled environment, maintaining 

room temperature at 22 ± 2 ºC, humidity at 55 ± 5%, and light-dark cycles of 12 hours each. A 

standard pellet diet and unrestricted access to water were provided to the animals before the 

initiation of any dietary interventions. All procedures conducted in this study adhered to the 

rules stipulated by the “Committee for the Purpose of Control and Supervision of Experiments 

on Animals”, Government of India (Approval No. GGSCOP/IAEC/May2023/8). The research 

was carried out in compliance with the guidelines established by the “Institutional Animal 

Ethics Committee” (IAEC).  

2.5.1. OGTT (oral glucose tolerance test) in normal rats (antihyperglycemic study). 

Based on an in vitro GK assay, the effects of three pyrazine-substituted benzamides (1, 

8, and 9) were evaluated using oral glucose tolerance tests in healthy rats. There were five 

different groups of rats, each consisting of six subjects. Prior to treatment, each animal 

underwent a minimum eight-hour fasting period overnight. Group I, the control group, received 

treatment with 0.5% CMC (p.o.). Group II was administered a metformin dosage of 30 mg/kg 

(p.o.). Compounds 1, 8, and 9 were given to Groups III-V at a dosage of 50 mg/kg (p.o.). All 

groups received an oral dose of glucose at 3 g/kg (body weight) 30 minutes after the initiation 

of drug administration. Blood samples were collected from the tail vein before the 

administration of compounds and at 0, 30-, 60-, 90-, and 120 minutes post-glucose 

administration. A glucose testing kit promptly assessed the blood glycemic content level [27-
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30]. To determine the area under the curve (AUC) for glucose, blood glucose data collected 

over a period of 0 to 2 hours were analyzed.  

2.5.2. OGTT assay in induced diabetic rats (antidiabetic study). 

Compound 8's antidiabetic activity was evaluated in an OGTT assay using induced 

diabetic rats based on the outcomes of the antihyperglycemic study conducted on normal rats. 

The study included six distinct groups of rats, with each group comprising six individual rats. 

Before treatment, all animals had a fasting period of at least 8 hours and had unrestricted access 

to a regular diet and water. The rats were housed in polyurethane enclosures under controlled 

room temperature and relative humidity conditions, experiencing a regular 12-hour period of 

light followed by 12 hours of darkness. Hyperglycemia was induced in all fasted rats (except 

the normal control group) by injecting alloxan monohydrate at 150 mg per kg of body weight, 

dissolved in normal saline, and administered intraperitoneally (i.p.). After 72 hours, blood 

sugar levels were assessed using a glucometer, and only rats displaying hyperglycemia were 

selected for subsequent study. The control groups, both normal and diabetic, were given only 

the vehicle (0.5% CMC solution, p.o.). The standard group received metformin treatment at a 

dosage of 30 mg/kg body weight, delivered orally, while the test groups received compound 8 

at varying doses (25, 50, and 100 mg/kg body weight, p.o.). Each animal received an oral dose 

of glucose at 3 g/kg (body weight) precisely 30 minutes after the administration of the drug. 

Blood samples were collected from the tail vein of the animals before drug administration, as 

well as after 0-, 2-, 4-, and 6-hours following glucose loading. Immediate measurement of 

serum glucose levels was performed using a glucometer and the glucose oxidase technique [58-

59].  

2.6. In silico docking study. 

In silico docking analyses of the designed molecules were conducted using AutoDock 

Vina within the allosteric region of the GK [60], utilizing AutoDock Tools installed on 

Windows 11 [61]. Marvin Sketch was employed to generate the 2-D structures of the ligands, 

which were subsequently converted into three-dimensional structures using the Frog2 server 

[62]. The ligands were configured for docking using AutoDock Tools, and PDBQT files were 

generated using the ligands' MOL format. The co-crystallized GK data were obtained from the 

RCSB Protein Data Bank. After a thorough evaluation of multiple entries, the optimal ligand-

bound complex (PDB entry: 3IMX) was chosen through a detailed examination of its 3-D 

structures (based on the low resolution of the ligand-protein complex and binding interactions 

of the ligand with the protein). The complexed activator and all water molecules and ions that 

were not interacting were removed from the PDB file using PyMOL (Schrodinger, LLC). 

Protein processing and the creation of the PDBQT file from the PDB file were performed using 

AutoDock Tools, with the addition of all polar hydrogen atoms. The macromolecule was 

docked, and grid settings were determined through the "Grid" function in AutoDock Tools. A 

configuration file named "conf.txt" was created, presenting extensive information on the search 

space's grid dimensions, protein and ligand characteristics, and geometric properties. To 

evaluate the reliability of the docking approach, the reference ligand was initially docked into 

the GK's active site, and the resulting binding pose was compared with that of the co-

crystallized GK activator. Ligand molecules were docked using AutoDock Vina, and 

techniques were employed to determine the rankings of the docked ligands. After completing 

https://doi.org/10.33263/LIANBS143.127
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS143.127  

 https://nanobioletters.com/ 8 of 20 

 

the docking process, the specific ligand pose with the most favorable binding free energy (ΔG) 

was selected. A more in-depth analysis of hydrogen bonds, hydrophobic interactions, and other 

significant aspects of the docked poses was conducted using PyMOL and Discovery Studio 

(Dassault Systèmes, Biovia Corp) [63-67]. 

2.7. In silico toxicity evaluation. 

The pyrazine-substituted benzamide derivatives underwent in silico evaluation to 

assess their potential toxicity. This evaluation was performed utilizing the pkCSM web-based 

application [68-69]. 

3. Results and Discussion 

3.1. In silico drug-likeness. 

The SwissADME online platform provides complimentary access to a reliable set of 

prediction models for various physicochemical attributes, pharmacokinetics, drug 

compatibility, and suitability for medicinal chemistry [54]. In silico ADME prediction was 

conducted due to laboratory studies' time and cost constraints. Ensuring the success of a 

potential lead chemical in clinical trials is a crucial step. An optimal drug is characterized by 

rapid absorption, uniform distribution across the body, efficient metabolism, and excretion 

without adverse side effects. The characteristics typically seen in "drug-like" molecules include 

a molecular weight not exceeding 500, a log P value of 5 or less (milog), and a maximum of 

10 hydrogen bond acceptors, with generally no more than 5 hydrogen bond donors, as specified 

by Lipinski's rule of five (RO5) for drug-likeness. Conducting a more in-depth analysis of the 

compounds adhering to these criteria helps in selecting candidates for further development 

[55]. Every developed compound adhered to Lipinski’s rule of five (RO5), as indicated in Table 

1.  

Table 1. Predicted physicochemical characteristics of the designed pyrazine-substituted benzamide derivatives. 

Compound M.W. HBA HBD TPSA (Å²) Log P Sol. GI ab BBB PGP Lipinski #  

1 433.28 5 2 109.43 1.52 + High No No 0 

2 306.34 6 2 109.43 1.02 +++ High No No 0 

3 334.39 6 2 109.43 1.46 ++ High No No 0 

4 294.29 7 3 129.66 0.6 +++ High No No 0 

5 293.30 7 3 135.45 0.23 +++ High No No 0 

6 354.38 5 2 109.43 1.53 ++ High No No 0 

7 278.29 6 2 123.42 0.40 +++ High No No 0 

8 388.83 5 2 109.43 1.44 ++ High No No 0 

9 320.37 6 2 109.43 1.25 ++ High No No 0 

10 399.38 7 2 155.25 1.02 ++ Low No No 0 

11 399.38 7 2 155.25 0.86 ++ Low No No 0 

12 369.40 6 3 121.46 1.50 ++ High No No 0 

13 368.41 6 2 109.43 1.99 ++ High No No 0 

M.W.: Mol. weight; HBA: Number of H-bond acceptors; HBD: Number of H-bond donors; TPSA: Topological 

polar surface area; Log P: Partition coefficient, Log Po/w (iLOGP); Sol.: Solubility class; +++: Very soluble; ++: 

Soluble, +: Moderately soluble; GI ab: GI absorption; BBB: BBB penetration; PGP: PGP substrate; Lipinski #: 

No. of violations to Lipinski’s rule of 5. 

Since all these designed derivatives demonstrated promising characteristics for 

medication development, Table 1 shows that most compounds exhibited a notable degree of 

gastrointestinal (GI) absorption. Moreover, it was determined that all the proposed compounds 

are not P-glycoprotein (PGP) substrates. The impermeability of the blood-brain barrier (BBB) 
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suggests that these compounds are not likely to cross into the brain. Overexpression of P-

glycoprotein (PGP) in the gastrointestinal tract can hinder the uptake of drugs into blood 

capillaries. 

3.2. Chemistry. 

The procedure for synthesizing the designed molecules is outlined in Scheme 1. In 

summary, 3-(chlorosulfonyl)benzoic acid (b), prepared by chloro sulfonation of benzoic acid 

(a), was refluxed with commercially available amines to obtain the proposed sulphonamides 

(c). The benzoyl chlorides (d), obtained via the refluxing of the aforementioned products with 

thionyl chloride, were then subjected to reflux with 2-amino-pyrazine to synthesize the 

intended pyrazine-substituted benzamides (e). The final products were produced with 

satisfactory yields (Table 2). The synthesized compounds underwent characterization using 

FTIR, 1H-NMR, 13C-NMR, and mass spectroscopy. 

The proton NMR spectral characterization of the prepared analogs revealed a singlet 

signal corresponding to one proton of the carboxamide (CONH) scaffold at around δ 9.0 ppm. 

This observation provides evidence for the formation of a benzamide bond in all the 

synthesized compounds. The occurrence of a singlet signal for one NH proton at about δ 7.20 

ppm for the sulphonamide (SO2NH) group indicates the formation of sulphonamide derivatives 

through the reaction between the corresponding amines and derivatives of sulphonyl chloride. 

The presence of a single signal (related to C2), two doublet signals (related to C4 and C6), and 

a double doublet signal (related to C5) within the δ 7.5-8.0 ppm range on the benzamide scaffold 

confirms the meta positioning of the benzamide and sulphonamide functional groups about 

each other. In the 1H-NMR spectra, two doublet and one singlet signals corresponding to 3 

protons (aromatic CH) were detected at about δ 6.5-8.0 ppm, affirming the synthesis of the 

intended derivatives through the reaction of benzoyl chloride with 2-amino-pyrazine. The 13C-

NMR spectra signal around δ 165 ppm indicated the presence of a carbonyl (amide) bond, 

supporting the formation of the benzamide linkage in these derivatives. FTIR spectra of the 

prepared compounds displayed NH- vibrations (str.) (indicating the presence of an amide) 

above 3500 cm-1. Additionally, CH- stretching (aromatic) vibrations were observed above 3000 

cm-1. The spectra also revealed SO2 stretching vibrations, both asymmetric and symmetric, in 

the range of 1399-1301 cm-1 and 1199-1101 cm-1, respectively.  
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Scheme 1. Synthetic pathway of pyrazine-substituted benzamides. Reagents and Conditions: (i) HSO3Cl, 10-

15℃ (till reaction completion), 80℃, stirring, 2 h; (ii) NH2-R, acetone, reflux, 3-4 h; (iii) Thionyl chloride 

(SOCl2), acetone, reflux, 3-4 h; (iv) 2-Amino-pyrazine, acetone, reflux, 3-4 h. 

Peaks corresponding to SO2NH stretching were observed around 3399-3001 cm-1, 

confirming that these newly synthesized derivatives contain a sulphonamide moiety and a 

benzamide functional group. Stretching vibrations for the carbonyl group (C=O) were observed 

within the range of 1699-1601 cm-1, indicating that these analogs contain a benzamide carbonyl 
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group in their structure. The occurrence of NH-bending vibrations near 1600 cm-1 depicted the 

presence of an aromatic NH- moiety in the structure of these molecules. 

Table 2. Physicochemical properties of the newly synthesized pyrazin-2-yl-substituted benzamide. derivatives. 

Compound R Mol. Formula M. Pt. (℃) Rf
* % Yield 

1 2-BrC6H4 C17H13BrN4O3S 162-163 0.73 56 

2 -C2H5 C13H14N4O3S 142-143 0.55 52 

3 -C4H9 C15H18N4O3S 145-147 0.52 48 

4 -OH C11H10N4O4S 156-157 0.49 53 

5 -NH2 C11H11N5O3S 156-158 0.68 45 

6 -C6H5 C17H14N4O3S 160-162 0.45 53 

7 -H C11H10N4O3S 150-152 0.59 57 

8 2-ClC6H4 C17H13ClN4O3S 165-167 0.61 55 

9 -C3H7 C14H16N4O3S 141-143 0.70 58 

10 2-NO2C6H4 C17H13N5O5S 166-168 0.59 60 

11 4-NO2C6H4 C17H13N5O5S 167-168 0.57 57 

12 -NHC6H5 C17H15N5O3S 156-158 0.42 61 

13 -CH2C6H5 C18H16N4O3S 158-160 0.47 50 

*TLC mobile phase: Toluene: Ethyl acetate (7:3). 

3.3. In vitro GK assay. 

The in vitro GK examination results illustrate how much the synthesized compounds 

activate the GK enzyme compared to the control (DMSO), as shown in Figure 1. Among the 

synthesized compounds tested, compounds 1, 8, and 9 demonstrated the most pronounced GK 

activity in the assay, showing a GK activation fold ranging from 1.9 to 2.10 compared to the 

control. Compounds 10, 11, 12, and 13 also exhibited significant activations of GK, with fold 

activation ranging from 1.48 to 1.86. On the other hand, compounds 3, 4, 5, and 6 displayed a 

poor level of GK activation, with a fold activation ranging from 1.27 to 1.37. Compounds 2 

and 7 did not yield successful results in the in vitro GK assay. Among all the synthesized 

derivatives, molecule 8, which contains the N-2-chlorophenyl sulphonamide moiety, showed 

the greatest GK activity with a GK activation factor of 2.10. Compound 1, with a derivative 

containing an N-2-bromophenyl sulphonamide moiety, exhibited a significant 2.04-fold 

increase in activation compared to the control. Compound 8, with a derivative containing an 

N-2-chlorophenyl sulphonamide moiety, also showed a significant 2.04-fold increase in 

activation compared to the control. 

 
Figure 1. In vitro GK activation potential (fold activation of GK) of the designed pyrazine-substituted 

benzamide derivatives. 

3.4. In-vivo study. 

3.4.1. OGTT assay in normal rats. 

After conducting a screening utilizing the in vitro GK assay, compounds 1, 8, and 9 

were selected for further evaluation of their ability to reduce glucose levels using the OGTT 
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assay in normal rats, with metformin as the reference antidiabetic medication, the 

antihyperglycemic action was assessed by measuring blood glycemic concentrations (mg/dL) 

at different time points (Figure 2) and calculating the glucose AUC (Figure 3). The findings 

from the antihyperglycemic activity testing showed that compound 8 exhibited higher 

effectiveness than compounds 1 and 9 in the OGTT experiment conducted on normal rats. 

Compound 8 demonstrated almost equal potency to the standard medication after 60 minutes 

and reduced blood glucose levels to the same extent as the standard drug after 120 minutes. 

Moreover, compound 8 exhibited a considerable reduction in glucose AUC relative to both the 

control and analogs, similar to that of the standard. The antihyperglycemic activity test findings 

demonstrated that compounds 1, 8, and 9 exhibited a comparable trend of blood glucose 

reduction to metformin. Compound 8 showed considerable efficacy in the in-vivo experiment 

compared to conventional metformin. Throughout the 120-minute duration of the OGTT assay, 

each compound tested for its antihyperglycemic effect successfully lowered blood glucose 

levels to an acceptable range. Importantly, no hypoglycemic effects were observed during the 

entire study period (0-120 minutes). 

 
Figure 2. Effect of compounds 1, 8, and 9 on glycemic content of blood at specified time intervals in normal rat 

OGTT model. Ctrl = Control (CMC) and Met = Metformin. All values are expressed as mean ± standard 

deviation (n = 6). 

 
Figure 3. Glucose AUC reduction was exhibited by compounds 1, 8, and 9 in the OGTT model (normal rats). 

Ctrl = Control (Vehicle, i.e., CMC only) and Met = Metformin (Standard drug). All values are expressed as 

mean ± standard deviation (n = 6). 

3.4.2. OGTT assay in induced diabetic rats. 

Compound 8 (25, 50, and 100 mg/kg body weight) was further evaluated for its 

antidiabetic properties by an OGTT test in alloxan-induced diabetic rats. Metformin, a common 

antidiabetic medicine, was used as a standard drug. The antidiabetic action was assessed by 

measuring glycemic concentration in blood (in mg/dl) at different timing intervals (Figure 4). 
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Compound 8 displayed increased activity with an increase of the dose from 25 mg/kg to 100 

mg/kg at 2, 4, and 6 h intervals. Compound 8 at 100 mg/kg (body weight) dose exhibited almost 

equal potency to the reference medication (i.e., metformin, 30 mg/kg body weight) at intervals 

of 2, 4, and 6 hours. 

 
Figure 4. Effect of compound 8 on glycemic content of blood at specified time intervals in induced diabetic rat 

OGTT model. Ctrl = Control (CMC only) and Met = Metformin. All values are expressed as mean ± standard 

deviation (n = 6). 

3.5. In silico docking study. 

In silico virtual screening is indeed a practical approach in drug discovery and various 

scientific fields to identify a secure and efficient remedy for major ailments, including T2DM. 

In this study, in silico molecular docking investigations were performed to discover the affinity 

and binding interactions of the designed GK activators using AutoDock Vina in the allosteric 

site of GK (PDB ID: 3IMX). The docking protocol used in this study was first validated by 

redocking the respective co-crystallized GK activator in the allosteric site of GK. The re-

docked GK activator produced a pose similar to that of the co-crystallized activator with the 

GK protein (Figure 5A) with a docking score (ΔG, kcal/mol) of -10.8 (PDB ID: 3IMX), 

indicating that a rational docking protocol was used in this study.  

 
Figure 5. (A) The accuracy of the docking protocol was confirmed by conducting a redocking of the co-

crystallized GK activator. The ligand that underwent redocking (yellow) exhibited a pose closely resembling 

that of the co-crystallized GK activator (green); (B) Overlay of the docked pose of the designed ligands (yellow) 

with that of the co-crystallized GK activator (green). 

The designed compounds were docked in the allosteric site of human GK comprising 

Arg63, Ser69, Tyr215, Met210, Tyr214, Val452, and Val455 residues. Assessing the binding 

energy (ΔG) proves crucial in identifying potential drug candidates for various ailments. A 

molecule with lower binding energy indicates greater stability in the protein-ligand complex. 

The GK enzyme's allosteric region found a comparable binding pattern when the positioned 

design compounds were compared to the co-crystallized ligand (PDB ID: 3IMX), as depicted 
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in Figure 5B. The molecular docking analyses indicated that these compounds have a 

complementary conformation when bound to the allosteric region of GK. Table 3 illustrates 

the docking score (ΔG) and the residues involved in hydrogen bonding and hydrophobic 

interactions. 

Table 3. Illustration of docking scores (ΔG) and identifies the residues engaged in binding interactions of the 

designed compounds with the GK protein. 

Ligand ΔG 
H-Bond Interactions 

Hydrophobic interactions (residues involved) 
Residue Distance (Å) 

1 -9.4 
Arg63 

Tyr214 

2.24, 2.93 

3.13 

Pi-Sigma (Ile159); Pi-Alkyl (Arg63, Pro66, Trp99, Ile211, 

Leu451, Val455, Ala456, Lys459); Pi-Sulfur (Tyr214) 

2 -7.7 

Ser64 

Pro66 

Ser69 

Tyr214 

2.51 

2.77 

3.20 

2.89 

Pi-Pi T-shaped (Trp99, Tyr214); Pi-Alkyl (Val91, Leu451, 

Ala454, Val455); Pi-Sulfur (Tyr214) 

3 -7.3 Tyr214 2.15 
Pi-Sigma (Ile159); Pi-Alkyl (Arg63, Pro66, Ile211, Tyr214, 

Val455, Ala456, Lys459); Alkyl (Met210, Ile211) 

4 -7.4 
Arg63 

Ile211 

3.04 

2.66, 2.69 

Pi-Alkyl (Val62, Arg63, Pro66, Ike159, Val455, Ala456, 

Lys459); Pi-Sulfur (Tyr214) 

5 -7.1 

Ser64 

Pro66 

Tyr214 

2.44, 2.40 

2.41 

2.56 

Pi-Sigma (Ile159); Pi-Alkyl (Pro66, Ile211, Val455, Ala456, 

Lys459) 

6 -8.4 - - 

Pi-Pi T-shaped (Trp99, Tyr215); Pi-Sigma (Val455); Pi-

Alkyl (Val62, Pro66, Ile159, Ile211, Leu451, Ala454, 

Val455, Ala456); Pi-Sulfur (Tyr214) 

7 -6.4 Trp99 2.81 
Pi-Pi T-shaped (Trp99); Pi-Alkyl (Ile211, Val455); Pi-Sulfur 

(His218) 

8 -9.3 
Arg63 

Leu451 

3.13 

3.09 

Pi-Pi T-shaped (Trp99); Pi-Sigma (Ile211) 

Pi-Alkyl (Val62, Pro66, Ile159, Leu451, Val455, Ala456, 

Lys459); Pi-Sulfur (Tyr214) 

9 -9.3 
Arg63 

Leu451 

3.05 

2.35 

Pi-Sigma (Ile211); Pi-Alkyl (Val62, Pro66, Ile159, Val455, 

Ala456, Lys459); Alkyl (Leu451, Ala454, Val455); Pi-Sulfur 

(Tyr214) 

10 -8.8 
Arg63 

Trp99 

3.05 

3.30 

Pi-Sigma (Val455); Pi-Alkyl (Val62, Pro66, Ile159, Ile211, 

Ala454, Val455, Ala456); Pi-Sulfur (Tyr214) 

11 -8.9 
Ser69 

Tyr214 

3.16 

3.31 

Pi-Pi T-shaped (Trp99, Tyr215); Pi-Sigma (Val455); Pi-

Alkyl (Val62, Pro66, ILe159, Ile211, Leu451, Val455, 

Ala456, Lys459); Pi-Sulfur (Tyr214) 

12 -9.2 
Arg63 

Tyr214 

2.38, 3.33 

2.53 

Pi-Cation (Tyr214); Pi-Pi Stacked (Tyr214) 

Pi-Sigma (Met235, Val455); Pi-Alkyl (Arg63, Pro66, Ile159, 

Ile211, Val452, Lys459) 

13 -9.1 
Arg63 

Leu451 

3.04 

3.07 

Pi-Pi T-Shaped (Trp99, Tyr215); Pi-Alkyl (Val62, Arg63, 

Pro66, Val91, Ile159, Ile211, Leu451, Ala454, Val455, 

Ala456, Lys459); Pi-Sulfur (Tyr214) 

Compound 1 underwent a detailed analysis to elucidate its binding interactions with the 

allosteric site residues of the GK protein (Figure 6). In the docking of compound 1 with the 

GK protein, notable interactions were observed. Specifically, three hydrogen bonds were 

identified: one between the C=O group of the GK's Arg63 residue and the NH group of the 

CONH moiety (bond distance: 2.24 Å), another involving the NH group of GK's Arg63 residue 

and the N atom of the pyrazine-2-yl ring (2.93 Å), and a third linking the OH group of GK's 

Tyr214 residue with the S=O group of the SO2NH moiety (3.13 Å). Compound 1 exhibited 

hydrophobic interactions within GK's allosteric site, involving Pi-Sigma interactions (between 

the pyrazin-2-yl ring and Ile159 residue), Pi-Alkyl interactions (involving the pyrazin-2-yl ring 

with Arg63, Pro66, Trp99, Ile211, Leu451, Val455, Ala456, Lys459 residues; the bromo group 

of the 2-bromophenyl ring with Trp99 residue; the central phenyl ring or benzamide scaffold 

https://doi.org/10.33263/LIANBS143.127
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS143.127  

 https://nanobioletters.com/ 14 of 20 

 

with Ile211 and Val455 residues; and the 2-bromophenyl ring with Leu451 and Val 455 

residues), and Pi-Sulfur interactions (between the sulfur of the SO2NH moiety and Tyr214 

residue). These diverse interactions contribute to the robust binding and stability of compound 

1 within the allosteric site of the GK protein.  

 
Figure 6. Interaction analysis of compound 1 with GK. (A) Superimposition of the docked pose of Compound 1 

(yellow sticks) with that of the co-crystallized GK activator (green sticks); (B) Orientation of the compound 1 in 

the allosteric site within the GK protein; (C) Compound 1 in a 3D docked pose illustrating hydrogen bond 

interactions; (D) 2D docked pose of compound 1 showing hydrogen bonds (green dashes) and hydrophobic 

interactions (pink & purple dashes) with the GK protein. 

3.6. In silico toxicity evaluation. 

The newly designed derivatives' possible toxicity (mutagenic, carcinogenic, 

cardiotoxicity, immunotoxicity, skin irritation, and reproductive toxicity) was accessed using 

the pkCSM online tool (Table 4). pkCSM is an openly available online tool that uses graph-

based markers to efficiently assess small compounds' pharmacokinetic and toxicity 

characteristics [68-69]. Compounds 10 and 11 were forecasted for mutagenicity (AMES 

toxicity), while hepatotoxicity was predicted for all the designed compounds, excluding 

compound 7. Additionally, compounds 1, 6, 8, 10, 11, and 12 were predicted to have cardiac 

toxicity (hERG II inhibition). The 1.709 to 2.769 mol/kg range was predicted for oral rat acute 

toxicity (LD50). Chronic oral rat toxicity was predicted to be between 1.224 and 1.892 log 

mg/kg_bw/day. It was predicted that the maximum amount (of designed compounds) that 

humans might tolerate would be between 0.015 and 0.780 log mg/kg/day. A prior evaluation 

that is carried out in silico may be a useful supplement to future investigations on the potential 

dangers of compounds. 

Table 4. Predicted toxicity probability (presence or absence) for the designed compounds via pkCSM analysis. 

Compound AMES 

toxicity 

Max. 

tolerated dose  

hERG I 

inhibition 

hERG II 

inhibition 

Rat acute 

tox. 

Rat chronic 

tox. 

Hepato-

toxicity 

Skin 

toxicity 

1 No 0.214 No Yes 2.337 1.224 Yes No 

2 No 0.695 No No 2.339 1.670 Yes No 

3 No 0.780 No No 2.319 1.742 Yes No 

4 No 0.751 No No 2.769 1.730 Yes No 

5 No 0.730 No No 2.760 1.756 Yes No 

A B

C D
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Compound AMES 

toxicity 

Max. 

tolerated dose  

hERG I 

inhibition 

hERG II 

inhibition 

Rat acute 

tox. 

Rat chronic 

tox. 

Hepato-

toxicity 

Skin 

toxicity 

6 No 0.015 No Yes 2.366 1.238 Yes No 

7 No 0.517 No No 1.709 1.231 No No 

8 No 0.216 No Yes 2.323 1.240 Yes No 

9 No 0.721 No No 2.380 1.684 Yes No 

10 Yes 0.053 No Yes 2.549 1.709 Yes No 

11 Yes 0.027 No Yes 2.630 1.892 Yes No 

12 No 0.238 No No 2.298 1.498 Yes No 

13 No 0.209 No No 2.254 1.299 Yes No 

AMES Toxicity: Mutagenic or carcinogenic potential; Max. Tolerated Dose: Maximum tolerated human dose 

(log mg/kg/day); hERG I inhibition: hERG I inhibition (cardiotoxicity); hERG II inhibition: hERG II inhibition 

(cardiotoxicity); Rat Acute Tox.: Oral rat acute toxicity (LD50) (mol/kg); Rat Chronic Tox.: Oral rat chronic 

toxicity (log mg/kg_bw/day); Skin Toxicity: Skin sensitization. 

4. Conclusions 

In conclusion, this study focused on the design, synthesis, and evaluation of novel 

pyrazine-substituted benzamides as potential activators of human GK for the treatment of 

T2DM. The synthesized compounds underwent comprehensive assessments, including in vitro 

enzymatic tests, computer-based docking analyses, and in vivo experiments. Compounds 1, 8, 

and 9 emerged as the most potent GK activators in vitro, exhibiting activation fold values 

between 1.90 and 2.10. Following OGTT in healthy rats, compounds 1 and 8 demonstrated 

promising antihyperglycemic effects, consistent with both in vitro results and docking studies. 

In vivo, evaluation of compound 8 revealed remarkable efficacy in lowering blood glucose 

levels during OGTT in healthy rats, comparable to the standard diabetes drug metformin. 

Moreover, computational docking analyses provided insights into the interactions between the 

designed compounds and residues in the allosteric site of GK, supporting the alignment of in 

silico predictions with experimental results. These findings underscore the potential of the 

newly developed pyrazine-substituted benzamides as promising candidates for GK activators, 

characterized by their demonstrated safety, efficacy, and oral bioavailability, making them 

viable therapeutic options for T2DM management.  
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