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This study examines whether the glucose regulating enzymes mediate hypoglycaemic effect of diallyl disulphide 

(DADS) since the biochemical mechanisms by which the latter regulates hepatic glucose-metabolizing enzymes remain 

unknown. Hepatic hexokinase, glucose-6-P-D and pyruvate kinase are the important glucose metabolising enzymes that 

control blood glucose homeostasis and considered to be potential targets for antidiabetic drugs. DADS is an important 

phytoconstituent of garlic (Allium sativum Linn.) which has been reported to possess hypoglycaemic effect. Diabetes was 

induced in rats by alloxan and the diabetic rats were given DADS for 30 days and the effect was compared with the standard 

hypoglycaemic drug metformin. The levels of blood glucose and insulin were measured using spectrophotometer and by 

ELISA method respectively. Activities of hepatic hexokinase, glucose-6-PD, and pyruvate kinase enzymes in hepatic tissues 

were measured in DADS and metformin treated diabetic rats. DADS significantly reduced the level of blood glucose and 

simultaneously augmented those of insulin, pyruvate kinase, hexokinase and glucose-6-PD enzyme activities almost similar 

to metformin. The hypoglycaemic effect of this compound may be explained, in part, by its inhibition of these enzyme 

activities and improved hepatic glucose utilization. This observation offers scope for new therapeutic approach in treating 

diabetes particularly in insulin- resistant cases. 
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Diabetes mellitus (DM) is a metabolic syndrome 

characterised by hyperglycaemia with various 

pathological indicators often associated with 

abnormal lipid and glucose metabolism
1
. DM is 

caused by an insufficiency of either or both insulin 

secretion and action. Glucose is the required principle 

energy source for tissue cells and organs in humans
2
. 

However, chronic elevation of its levels results in 

diabetes and lead to secondary complications
3
. 

The liver plays a pivotal role in buffering the level 

of blood glucose by contributing either in hepatic 

glucose production (HGP) or utilization based on the 

prevailing plasma glucose level to maintain normal 

threshold value. The hepatocytes are coded with an 

array of regulatory mechanisms to maintain the process 

of glycogenolysis, glycolysis, glycogenesis, and 

gluconeogenesis
4
. There are several therapeutic options 

to maintain normoglycemia in diabetes individuals
5
. 

However, the most of the currently available 

antidiabetic medications such as biguanides, 

sulfonylureas, thiazolidinediones, and -glucosidase 

inhibitors used for the treatment of type 2 diabetes
6
 are 

also known to cause unwanted side effects and 

diminution after prolonged use
7
. Metformin is currently 

used as the drug of choice in the treatment of type 2 

diabetes mellitus
8
, being prescribed to at least 120 

million people worldwide. As established in large 

prospective controlled clinical trials, metformin 

improves glycaemic control and reduces cardiovascular 

complications in diabetic patients and is also used to 

prevent chronic hypoglycemia
9
. Hence, search for 

newer drugs becomes necessary and the medicinal 

plants serve as promising source of drug discovery.  

The traditionally used herbal products become the 

highly esteemed cradle of medicine
10

 and also 

contribute as drugs of modern medicine. In this 

aspect, there are more than 65 species of plants with 

hypoglycaemic properties
11

 as per the literature 

sources from numerous databases. One of the most 

dynamic plants is garlic (Allium sativum Linn.) that 
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displayed the significant hypoglycaemic effect in 

earlier studies
12,13

. In addition, it is also reported to 

possess anti-hyperglycemic, anti-atherogenic, anti-

hyperlipidemic properties and most of these activities 

were attributed to the principle compound DADS
14

. 

Ingestion of DADS decreases the risks of 

gastrointestinal cancers
15

 and also have the capability 

to modify numerous biological mechanisms that might 

influence the favourable action on colon carcinogenesis 

and has been shown to have antiproliferative action on 

breast and liver carcinogenesis
15

.  

Most of the oral hypoglycaemic drugs currently used 

for treating diabetes possess antioxidant properties in 

addition to hypoglycaemic activity
16

. However, the 

available antidiabetic drugs often provoke undesirable 

side effects on prolonged use, and hence drugs  

with antioxidant potential without side effects might 

signify a useful ancillary pharmacological approach to 

the successful management of diabetes and its 

complications
17

. DADS offer a therapeutic action in 

oxidative stress-mediated changes caused by alloxan in 

the rat livers
18

.  

In this study, an effort has been made to assess the 

role of DADS on hepatic glucose utilization by 

regulating the glucose metabolising enzymes in diabetic 

rats and compare the action with metformin, a standard 

antidiabetic drug. 
 

Materials and Methods 

Chemicals 

The chemicals such as DADS, metformin, and 

alloxan were bought from Sigma Aldrich Chemicals  

(St. Louis, U.S.A.) and other organic solvents and 

reagents used were of analytical grade procured from 

Thermo Fisher Scientific, India. The serum insulin 

ELISA kits were purchased from Enzo Life Sciences, 

Inc., and standards for pyruvate kinase, glucose-6-PD, 

hexokinase obtained from Randox Laboratories. 
 

Animals 

Male Wistar rats (175±25 g) used for the studies were 

kept in clean polypropylene cages and maintained under 

standard laboratory conditions at (22±2°C and 12 h 

alternating light-dark cycle). They had free access to 

standard pellet diet (Hindustan Lever, Kolkata, India) 

and water ad libitum.  
 

Experimental design 

The rats were divided into four groups each 

comprising of six animals. Rats that received normal 

saline (1 mL/kg b.w., p.o.) served as normal control 

(Group 1). To 18 h fasted rats of other three  

groups, diabetes was induced by alloxan monohydrate 

(150 mg/kg; i.p.) dissolved in normal saline as a  

single dose. After 48 h of injection, hyperglycemia in rats 

was established by testing glucose positivity for  

3 successive days. Rats with blood-glucose levels above 

250 mg/dL were considered as diabetic and chosen  

for further studies
19

. Diabetic rats in group 2  

remained untreated while to group 3 and 4 animals, 

DADS (100 mg/kg/day, p.o.) and metformin  

(150 mg/kg/day, p.o.) were administered respectively for 

30 consecutive days.  

After the experimental period, the animals were 

sacrificed via sodium pentabarbitone injection and blood 

was collected in heparinized plain tubes instantly  

for assays. Liver tissue was removed and washed  

with saline and tissue homogenate was prepared using 

PBS and maintained at 4C until further assay. Blood 

plasma was separated by centrifugation (1700  g,  

15 min, 8°C) and immediately used for glucose 

measurement. 
 

Assay of Insulin 

Serum insulin level was measured by standard 

procedure using rat insulin ELISA kit
20

. During 

incubation, insulin in the sample reacts with peroxidase-

conjugated anti-insulin anti-bodies and they bound to the 

plate well. The bound conjugated insulin was identified 

by reacting with 3, 3, 5, 5-tetramethylbenzidine. The 

reaction was stopped by adding acid to give a 

colorimetric end-point and optical density was measured 

with a microplate auto reader at a wavelength of  

450 nm. The plasma glucose level was measured using 

the glucose diagnostic kit. 
 

Assay of Hexokinase 

The solution mixture contains 0.1 mL of 0.1 M 

ammonium phosphate buffer, pH 7.6, 0.1 mL of 

reduced diphosphopyridine nucleotide, 0.3 mL of 0.1% 

a-glycerophosphate dehydrogenase 0.1 mL of aldolase, 

0.1 mL 0.4% adenosine triphosphate, 0.1 mL 0.07 M 

MgCl2 and 0.1 mL of 0.1 M fructose-6-phosphate. To 

this mixture, 0.2mL of sample was added along with 

distilled water to get the final volume to 3 mL. 

Hexokinase activities were calculated as U/g tissue. 

Protein concentration in liver tissue was measured by 

Lowry method
21

. 
 

Assay of pyruvate kinase 

Pyruvate kinase (PK) activity was determined in the 

liver homogenate of all the experimental groups. To  

0.1 mL of sample added 100 µL of 50 mM of glycyl 
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glycine, 100 µL of 15 mM ethylene diamine tetra acetic 

acid (EDTA) and 100 µL of 5 mM potassium phosphate. 

The total activity of PK was resolute in the supernatants 

and measured in Units/g tissue
22

. 
 

Assay of Glucose-6-Phosphate dehydrogenase 

The liver tissue (50 mg) homogenized in 200 μL 

assay buffer and centrifuged (13000  g, 10 min.). The 

final volume of test sample was adjusted to 50 μL/ 

well with assay buffer in a 96-well plate. About 92 μL 

assay buffer, 8 μL GDH developer, and 10 μL 2 M 

glucose were added to each well-comprising  

test samples. The mix was incubated for 3 min at  

37°C and OD was measured at 450 nm in a microplate 

reader
23

. 
 

Statistical analysis 

Data obtained from the experiments are presented 

as the mean ± SD of six values. For statistical 

analysis, data were subjected to one-way analysis of 

variance (ANOVA) followed by Student’s t-test. A 

level of P <0.05, P <0.01, P <0.001 was taken as 

significant. The statistical analysis was done using the 

SPSS statistical package (Version 22.0). 

 

Results 

Effect of DADS on glucose and insulin levels 

The effect of DADS on the levels of blood glucose 

and plasma insulin in alloxan- induced diabetic rats  

are presented in (Table 1). Diabetic rats showed 

significantly (P <0.001) elevated fasting blood glucose 

levels and decreased insulin levels when compared  

to control rats. The altered levels of insulin and  

blood glucose were reverted to near normal values  

after oral treatment with DADS suggesting the 

regulation of glucose homeostasis. The normalising 

level of insulin in the DADS fed group reveals  

the hypoglycaemic action which is comparable with that 

of metformin activity. 
 

Effect of DADS on glucose metabolising enzymes  

The results indicated the role of DADS in influencing 

hepatic glucose utilization in alloxan diabetic liver by 

increasing the activities of glucose metabolising enzyme 

hexokinase and regulatory enzymes pyruvate kinase, and 

G-6PD are presented in (Figs. 1-3). It is evident from the 

data that activities of pyruvate kinase, hexokinase and 

glucose-6-PD were significantly (P <0.01) lowered in 

the diabetic group when compared to normal rats 

whereas, the enzyme activities are significantly elevated 

in DADS and metformin- treated rats as compared to 

diabetic rats. DADS influence increased glucose 

utilization by increasing glycolytic enzyme activity 

which is comparable with standard anti-diabetic drug 

metformin. 

Table 1— Effect of DADS and metformin on plasma glucose  

and insulin levels in diabetic rats. 

Groups Glucose (mg/dL) Insulin (pg/mL) 

Normal control 85.76 ±1.33 0.36 ± 0.00 

Diabetic rats 286.70 ± 1.20*** 0.15 ± 0.00*** 

Diabetic + DADS 99.46 ± 0.32c 0.27 ± 0.00 c 

Diabetic + Metformin 108.80 ± 0.74 @@@ 0.23 ± 0.00@@@ 

Results are expressed as Mean ± SD (n =6); ***P <0.001 as 

compared to normal control group; @@@,cP <0.001 as compared to 

DM control group. 

 
 

Fig. 1 — Effect of DADS and metformin on hepatic Hexokinase 

activities in diabetes mellitus induced rats. Results are expressed 

as Mean ± SD (n =6); ***P <0.001 as compared to normal  

control group; cP <0.001 as compared to DM control group; 
@@@P <0.001 as compared to DM control group 

 

 
 

Fig. 2 — Effect of DADS and metformin on hepatic Pyruvate 

kinase activities in diabetes mellitus induced rats. Results are 

expressed as Mean ± SD (n =6); ***P <0.001 as compared to 

normal control group; bP <0.01 as compared to DM control group; 
@@P <0.01 as compared to DM control group 
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Discussion 

The major goal of diabetes management is to keep the 

level of blood glucose in the normal range by proper 

utilisation of cells. Blood glucose control is an important 

constituent in preventing acute or long-term diabetic 

complications
24

. Though insulin resistance is the starting 

pathogenic factor in type 2 diabetes, β-cell failure is 

responsible for insulin deficiency and impaired glucose 

tolerance to explicit type 2 diabetes
25

. Insulin resistance 

in the peripheral tissues allied with increased hepatic 

glucose production to release into blood stream are 

responsible for increased fasting blood glucose levels in 

diabetic rats.  

DADS treatment for 30 days reduced the level of 

blood glucose in alloxan-induced diabetic rats, a 

desirable criterion for any potential anti-diabetic agent 

and also no hypoglycaemic condition was observed in 

treated group
26

. DADS treatment also significantly 

increased the low serum insulin and induced attenuation 

of glucose metabolic disorder through regulations of 

glucose metabolic enzymes.  

Diabetes induced hyperglycaemia is due to lack of 

insulin or subnormal functioning of insulin arises 

because of disturbances in glucose metabolism caused 

by a reduced activity of several regulatory key enzymes 

of glycolysis such as HK, PK and G-6PD, resulting in 

impairment in glucose utilization by peripheral cells and 

augmented hepatic glucose production. In diabetic 

condition, the activities of these enzymes are hindered 

due to insulin resistance because it is an insulin-

dependent enzyme
27

. Markedly reduced level of insulin 

diabetic rats eventually leads to the impairment in the 

effect of hexokinase since insulin deficiency which 

finally leads to the onset of chronic hyperglycemia 

which is a hallmark of diabetes
28

.  

The activities of key enzymes of carbohydrate 

metabolism such as hexokinase, pyruvate kinase, and 

glucose-6-phosphate dehydrogenase in hepatic tissues 

were evaluated to establish the regulatory effect of 

DADS in glucose homeostasis in comparison with the 

hypoglycaemic drug Metformin. An increase in 

glycolytic enzymes (HK and PK) enhances peripheral 

glucose utilization through glycolysis and could 

contribute to the anti-hyperglycaemic effect of DADS. 

The hypoglycaemic action of DADS is highly operative 

in bringing down the level of blood glucose to near 

normoglycemia and also increased glucose utilization 

through glycolysis by increasing the activities of key 

enzymes. This may be due to its ability to inhibit 

CYP2E1, enhance antioxidant enzyme activities, and 

suppress inflammation
29

.  

Goudappala et al and Yusuf et al have reported that 

hypoglycemic effects of the antidiabetic drug are due to 

the mechanism arbitrated by hepatic glucose-regulating 

enzymes
29,30

. Upon oral treatment with DADS, the 

diabetic rats displayed not only the elevated hepatic 

hexokinase, pyruvate kinase, and G-6-PDactivity but 

also significantly lowered the insulin levels compared 

with the standard metformin group, which might explain 

the glucose-lowering activity of DADS. 
 

Conclusion 

The results of the study revealed how the regulation 

of glucose metabolising enzymes could be utilised as 

targets in treating type 2 diabetes either by directly using 

targeted inhibition or indirectly as a consequence of 

inducing energy stress. The later mechanism may 

contribute significantly to the apparent glucose- 

lowering effect of many biologically active secondary 

metabolites. The increased activity of these glucose 

regulating enzymes by DADS facilitates glucose 

oxidation leading to controlled glucose homeostasis in 

diabetic conditions. However, further studies are 

warranted at molecular levels to elucidate the actual 

mechanism of action of DADS by which hypoglycaemic 

effect is brought about. 
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Fig. 3 — Effect of DADS and metformin on hepatic Glucose-6-

phosphate dehydrogenase activities in diabetes mellitus induced 

rats. Results are expressed as Mean ± SD (n =6); **P <0.01 as 

compared to normal control group; aP <0.05 as compared to DM 

control group; @P <0.05 as compared to DM control group 



GOUDAPPALA et al.: DIALLYL DISULPHIDE REGULATES GLUCOSE METABOLISING ENZYMES 

 

 

571 

References 
1 Mistry KN, Dabhi BK & Joshi BB, Evaluation of oxidative 

stress biomarkers and inflammation in pathogenesis of 

diabetes and diabetic nephropathy. Indian J Biochem 

Biophys, 57 (2020) 45. 

2 Shivaswamy V, Boerner B & Larsen J, Post-transplant 

diabetes mellitus: causes, treatment, and impact on outcomes. 

Endocrine Rev, 37 (2016) 37. 

3 Lotfy M, Adeghate J, Kalasz H, Singh J & Adeghate E. 

Chronic complications of diabetes mellitus: a mini review. 

Curr Diabetes Rev, 13 (2017) 3. 

4 Petersen MC, Vatner DF & Shulman GI, Regulation of 

hepatic glucose metabolism in health and disease. Nat Rev 

Endocrinol, 13 (2017) 572. 

5 Rosenstock J, Nino AJ, Soffer J, Mallory JM, Erskine LM, 

Acusta A, Dole JF, Carr M & Home P, Near-normoglycemia, 

with meaningful discontinuations of prandial insulin, by 

adding weekly albiglutide (albi) to uncontrolled basal/bolus 

insulin-treated type 2 diabetes (T2DM). Diabetes, 67 (2017) 

1073. 

6 Pareek KK, Mathur G & Ramchandani GD, Anti-diabetic 

Agent and Cancer. J Assoc Physicians India, 67 (2019) 66. 

7 Gowda CVY & Kashinath RT, Correlation of uric acid levels and 

purine metabolism enzyme activities in plasma and liver tissues 

of diabetic rats. Indian J Biochem Biophys, 56 (2019) 439. 

8 Aroda VR, Knowler WC, Crandall JP, Perreault L,  

Edelstein SL, Jeffries SL, Molitch ME, Pi-Sunyer X,  

Darwin C, Heckman-Stoddard BM & Temprosa M, 

Metformin for diabetes prevention: Insights gained from the 

diabetes prevention program/diabetes prevention program 

outcomes study. Diabetologia, 60 (2017) 1601. 

9 Xie X, Huang X, Tang H, Ye F, Yang L, Guo X, Tian Z,  

Xie X, Peng C & Xie X, Diallyl disulfide inhibits breast 

cancer stem cell progression and glucose metabolism by 

targeting CD44/PKM2/AMPK signaling. Curr Cancer Drug 

Targets, 18 (2018) 592. 

10 Mahajon B & Murthy R, Traditional Herbal Remedies for 

Complications of Diabetes Mellitus. Sci Fed J Herbal Med,  

1 (2017) 38. 

11 Oguntibeju OO, Hypoglycaemic and anti-diabetic activity of 

selected African medicinal plants. Int J Physiol Pathophysiol 

Pharmacol, 11 (2019) 224. 

12 Rahimi-Madiseh M, Heidarian E, Kheiri S & Rafieian-Kopaei M, 

Effect of hydroalcoholic Allium ampeloprasum extract on 

oxidative stress, diabetes mellitus and dyslipidemia in alloxan-

induced diabetic rats. Biomed Pharmacother, 86 (2017) 363. 

13 Sabiu S, Madende M, Ajao AA, Aladodo RA, Nurain IO & 

Ahmad JB, The genus allium (Amaryllidaceae: alloideae): 

features, phytoconstituents, and mechanisms of antidiabetic 

potential of Allium cepa and Allium sativum Linn.. In 

Bioactive Food Diet Interven Diab, 1 (2019) 137. 

14 Mamun MA, Hasan N, Shirin F, Belal MH, Khan MA, 

Tasnin MN, Islam MD, Islam A, Ara T, Karim MR & 

Rahman KZ, Anti-hyperglycemic and anti-hyperlipidemic 

activity of ethanol extract of garlic (Allium sativum Linn.) in 

streptozotocin-induced diabetic mice. Int J Med Health Res, 

3 (2017) 63. 

15 Goudappala P, Sukumar E & Kashinath RT, Diallyl disulfide 

improves the liver antioxidant potential in diabetes-mediated 

oxidative damage in rats. Drug Invent Today, 11 (2019) 1271. 

16 Bhattacherjee D, Basu C, Bhardwaj Q, Mal S, Sahu S, Sur R 

& Bhabak KP, Design, synthesis and anti-cancer activities of 

benzyl analogues of garlic-derived Diallyl Disulfide (DADS) 

and the corresponding diselenides. Chemist Select, 2 (2017) 

7399. 

17 Vasantha KY, Singh RP & Sattur AP, A preliminary 

pharmacokinetic  and  toxicity  study  of  nigerloxin. Indian J 

Biochem Biophys, 55 (2018) 44. 

18 Goudappala P & Sukumar E, Effect of diallyl disulphide on 

glucose utilization in isolated alloxan diabetic liver. Biomed 

Res, 29 (2018) 976. 

19 Barooti A, Kamran M, Kharazmi F, Eftakhar E, Malekzadeh K, 

Talebi A & Soltani N, Effect of oral magnesium sulfate 

administration on blood glucose hemostasis via inhibition of 

gluconeogenesis and FOXO1 gene expression in liver and 

muscle in diabetic rats. Biomed Pharmacother, 109 (2019) 

1819. 

20 Andersen PL & Vermette P, Intracellular insulin 

quantification by cell-ELISA. Exp Cell Res, 347 (2016)14. 

21 Hingst JR, Bjerre RD, Wojtaszewski JF & Jensen J, Rapid 

radiochemical filter paper assay for determination of 

hexokinase activity and affinity for glucose-6-phosphate.  

J Appl Physiol, 127 (2019) 661  

22 Guan M, Tong Y, Liu X, Dong D & Zhou Y, Enzyme  

kinetic assay to measure the activity of tumour M2  

pyruvate kinase in breast cancer patients. Ann Clin Lab Sci, 

47 (2017) 676. 

23 Kalaivani K & Sankaranarayanan C, Modulatory effect of 

isopulegol on hepatic key enzymes of glucose metabolism in 

high-fat diet/streptozotocin-induced diabetic rats. Archives 

Physiol Biochem, 10 (2019) 1. 

24 Foster NC, Beck RW, Miller KM, Clements MA, Rickels MR, 

DiMeglio LA, Maahs DM, Tamborlane WV, Bergenstal R, 

Smith E & Olson BA, State of type 1 diabetes management 

and outcomes from the T1D Exchange in 2016–2018. 

Diabetes Technol Ther, 21 (2019) 66. 

25 Wang J & Guo HM, Astragaloside IV ameliorates high 

glucose-induced HK-2 cell apoptosis and oxidative stress by 

regulating the Nrf2/ARE signaling pathway. Exp Ther Med, 

17 (2019) 4409. 

26 Kumar Goudappala P, Sukumar E, Gowda YCV & 

Kashinath RT, Effect of diallyl disulphide (DADS) on 

gluconeogenesis: a study in isolated alloxan induced diabetic 

liver. Pharmacog J, 11 (2019) 777. 

27 Dong L, Hou X, Liu F, Tao H, Zhang Y, Zhao H & Song G, 

Regulation of insulin resistance by targeting the insulin-like 

growth factor 1 receptor with microRNA-122-5p in hepatic 

cells. Cell Bio Int, 43 (2019) 553. 

28 Sharma S, Mishra V & Srivastava N, Protective effect of 

Trigonella foenum-graecum and Cinnamomum zeylanicum 

against diabetes induced oxidative DNA damage in rats. 

Indian J Biochem Biophys, 57 (2020) 15. 

29 Goudappala P, Sukumar E & Kashinath RT, Influence of 

diallyl disulphide on hepatic gluconeogenesis suppression by 

CREB Binding protein phosphorylation. Int J Res Pharm Sci, 

10 (2019) 1327. 

30 Yusuf M, Nasiruddin M, Sultana N, Akhtar J, Khan MI  

& Ahmad M, Regulatory mechanism of caffeic acid on 

glucose metabolism in diabetes. Res J Pharm Tech, 12 

(2019) 4735. 

 


