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Abstract Epidemiological studies have demonstrated

that diabetes mellitus is a serious health burden for both

governments and healthcare providers. This study was

hypothesized to evaluate the antihyperglycemic potential

of eugenol by determine the activities of key enzymes of

glucose metabolism in streptozotocin (STZ)-induced dia-

betic rats. Diabetes was induced into male albino Wistar

rats by intraperitoneal administration of STZ (40 mg/kg

body weight (b.w.)). Eugenol was administered to diabetic

rats intragastrically at 2.5, 5, and 10 mg/kg b.w. for

30 days. The dose 10 mg/kg b.w. significantly reduced the

levels of blood glucose and glycosylated hemoglobin

(HbA1c) and increased plasma insulin level. The altered

activities of the key enzymes of carbohydrate metabolism

such as hexokinase, pyruvate kinase, glucose-6-phosphate

dehydrogenase, glucose-6-phosphatase, fructose-1,6-bis-

phosphatase, and liver marker enzymes (AST, ALT, and

ALP), creatine kinase and blood urea nitrogen in serum and

blood of diabetic rats were significantly reverted to near

normal levels by the administration of eugenol. Further,

eugenol administration to diabetic rats improved body

weight and hepatic glycogen content demonstrated the

antihyperglycemic potential of eugenol in diabetic rats.

The present findings suggest that eugenol can potentially

ameliorate key enzymes of glucose metabolism in experi-

mental diabetes, and it is sensible to broaden the scale of

use of eugenol in a trial to alleviate the adverse effects of

diabetes.
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Introduction

Diabetes mellitus is a disease due to abnormality of glucose

metabolism and it is mainly linked with low plasma insulin

level or insensitivity of target organs to insulin and results

in chronic hyperglycemia, a clinical hallmark of diabetes

[1]. Defects in glucose metabolic machinery and consistent

efforts of the physiological system to correct the metabolic

imbalance pose an over exertion on the endocrine system

leading to the disruption of endocrine control. Deteriora-

tion of endocrine control exacerbates the metabolic dis-

turbances by altering glucose metabolic enzymes which

leads to hyperglycemia [2]. The sustained hyperglycemia

leads to a further impairment of insulin production by b-

cells the so-called glucose toxicity [3]. Hyperglycemia

occurring in diabetes does not only damage cellular pro-

teins, membrane lipids and nucleic acids, but also increase

the rate of onset of disease complications.

Diabetes mellitus affects around 8.3 % of the adult

population globally there are 366 million people currently

known to have diabetes which is estimated to grow to 552

million by 2030 [4]. India has got 62.4 million people live

with diabetes and 77.2 million people are on the threshold

leading as diabetic capital of the world [5]. Liver is an

insulin-sensitive organ mainly involved in the regulation of

glucose metabolism and is responsible for disposal of up to
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one-third of an oral glucose load and is severely affected

during diabetes mellitus. The hallmark of diabetes is

unbalanced glucose metabolism due to lack of insulin. It

has been shown to decrease the activities of enzymes in the

glycolytic and pentose phosphate pathways, while increasing

the activities of gluconeogenic and glycogenolytic pathways

[6]. Maintenance of normoglycemia involves the integration

and coordinated regulation of several metabolic pathways

including gluconeogensis and glycolysis.

Renewed attention to alternative medicines and natural

therapies has stimulated new wave of research to look for

more efficacious agents with lesser side effects. Among the

approaches to overcome diabetes, food plays a key role in

the maintenance of blood sugar level, in the hyper glyco-

sylation of biomolecules associated with diverse metabo-

lisms, and in the prevention of pathologies. In this

connection, a number of bioactive molecules found in

fruits, vegetables, food constituents, and other natural

sources are being continuously explored for their direct or

indirect benefits in preventing and/or management diabetes

[7]. Phenolic acids are secondary metabolites, which are

commonly found in many food constituents and fruits.

Many epidemiological studies have found that the con-

sumption of foods and drinks with high phenolic content is

associated with the prevention of diabetes [8].

Eugenol (4-allyl-2-methoxyphenol) (Fig. 1) is a natu-

rally occurring phenolic compound extracted from clove,

basil, and nutmeg. It has demonstrated several biological

activities such as antioxidant [9], neuroprotective effects

[10], and antibacterial activity against both gram positive

and gram negative microorganisms [11]. In addition, it has

been widely used as a fragrant and favoring agent in a

variety of food and cosmetic products [12]. Although

eugenol has been subjected to such vast research by many

scientists, however, no systematic studies exist in the lit-

erature on the effect of eugenol in experimental models of

diabetes. Therefore, the objective of this study was to

determine the antihyperglycemic property of eugenol by

assessing activities of the key glucose metabolic enzymes

in streptozotocin (STZ)-induced diabetic rats.

Materials and methods

Chemicals

Eugenol and STZ were purchased from Sigma Chemical

Co (St. Louis, Mo. USA). All other chemicals and solvents

were of analytical grade and purchased from Himedia

Laboratories Pvt. Ltd., Mumbai, India.

Animals

Adult male rats of Wistar strain weighing 180–220 g were

procured from Adhiparasakthi College of Arts and Science,

Kalavai, Tamilnadu. Rats were housed in clean, sterile,

polypropylene cages under standard vivarium conditions

(12 h light/dark cycles) with free access to standard chow

(Hindustan Lever Ltd., Bangalore, India) and water. The

animals were acclimatized for 2 weeks prior to the start of

experiments. The animal experiment was designed and

performed in accordance with the ethical norms approved

by Ministry of Social Justices and Empowerment, Gov-

ernment of India and Institutional Animal Ethics Com-

mittee Guidelines (Reg. No. 1282/ac/09/CPCSEA).

Induction of diabetes

Diabetes was induced in overnight fasted experimental rats

by a single intraperitoneal injection of STZ (40 mg/kg

body weight (b.w.)) dissolved in freshly prepared citrate

buffer (0.1 M, pH 4.5) [13]. STZ injected animals were

allowed to drink 20 % glucose solution overnight to

overcome the initial drug-induced hypoglycemic mortality.

Control rats were injected with same volume of citrate

buffer alone. After 96 h, plasma glucose was determined

and those rats with fasting blood glucose[250 mg/dl were

used in this study.

Experimental design

The animals were randomly divided into six groups of six

animals in each group (24 diabetic surviving and 12 nor-

mal). Eugenol was dissolved in vehicle solution of olive oil

and administered to experimental rats.

Group I Normal control (vehicle treated)

Group II Normal rats received eugenol (10 mg/kg b.w.)

intra gastrically dissolved in 1 ml of olive oil

for 30 days

Group III Diabetic control

Group IV Diabetic rats received eugenol (2.5 mg/kg

b.w.) intra gastrically dissolved in 1 ml of

olive oil for 30 days

Fig. 1 Structure of eugenol
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Group V Diabetic rats received eugenol (5 mg/kg b.w.)

intra gastrically dissolved in 1 ml of olive oil

for 30 days

Group VI Diabetic rats received eugenol (10 mg/kg

b.w.) intra gastrically dissolved in 1 ml of

olive oil for 30 days

Body weight, blood glucose level measurements, food

and water consumption calculations, and physical exam-

inations were conducted periodically. The dosage was

adjusted every week according to any change in body

weight to maintain similar dose per kg body weight of rat

over the entire period of study for each group.

Oral glucose tolerance test

Oral glucose tolerance test (OGTT) was performed

according to the method of Zhang et al. [14]. After over-

night fasting, ‘0’ min blood sample (0.2 ml) was taken

from control and experimental rats. Without delay, a glu-

cose solution (2 g/kg b.w.) was administered by oral

gavage. Blood samples were taken at 30, 60, 90, and

120 min after glucose administration. Blood samples were

collected with potassium oxalate and sodium fluoride and

glucose levels were determined by the kit method of

Trinder [15].

Sample collection

At the end of the experimental period, the animals were

fasted overnight, anesthetized using ketamine (24 mg/kg

b.w. intramuscular injection), and killed by cervical

decapitation. Blood samples were collected in two different

tubes, i.e., one tube is containing potassium oxalate and

sodium fluoride (3:1) mixture for the estimation of plasma

glucose and insulin and another without potassium oxalate

and sodium fluoride (3:1) mixture for serum collection.

Serum and plasma was separated by centrifugation and

used for various biochemical estimations.

Biochemical estimations

Plasma glucose was estimated by using a commercial kit

(Sigma Diagnostics Pvt. Ltd., Baroda, India) by the method

of Trinder [15]. Hemoglobin (Hb) and glycosylated

hemoglobin (HbA1c) were estimated by diagnostic kit

(Agappe Diagnostic Pvt. Ltd., India) [16], respectively.

The plasma insulin was estimated by using RIA assay kit

(for rats) supplied by Linco Research, Inc. (USA). A por-

tion of the liver tissues were dissected out washed with ice-

cold saline immediately and were homogenized in 0.1 M

Tris–HCl buffer (pH 7.4) for the assay of key enzymes of

glucose metabolism. The homogenate was centrifuged at

10,000 rpm to remove the debris and the supernatant was

used as enzyme source for the assays of hexokinase [17],

pyruvate kinase [18], glucose-6-phosphate dehydrogenase

[19], glucose-6-phosphatase [20], and fructose-1,6-bis-

phosphatase [21]. Another portion of wet liver tissue was

used for the estimation of glycogen content [22]. The

activities of serum aspartate aminotransferase (AST), ala-

nine aminotransferase (ALT), alkaline phosphatase (ALP),

and blood urea nitrogen (BUN) were assayed using com-

mercially available diagnostic kits (Sigma diagnostics

(I) Pvt. Ltd., Baroda, India). Serum activity of creatine

kinase (CK) was measured according to the method of

Szasz et al. [23], respectively. Urine samples was collected

by the method of Demirkan and Melli [24] and urine sugar

was detected by the method of Benedicts [25].The esti-

mation of protein was determined according to the method

of Lowry et al. [26].

Histopathological study

The pancreas samples fixed for 48 h in 10 % formal saline

were dehydrated by passing successfully in different mix-

ture of ethyl alcohol–water, cleaned in xylene and

embedded in paraffin. Sections of pancreas (4–5 lm thick)

were prepared and then stained with hematoxylin and eosin

(H&E) dye, which mounted in neutral deparaffinated

xylene medium for microscopic observations.

Statistical analysis

The statistical significance of the data has been determined

using one-way analysis of variance (ANOVA) and signif-

icant difference among treatment groups were evaluated by

Duncan’s Multiple Range Test (DMRT). The results were

considered statistically significant at p \ 0.05 [27]. All

statistical analyses were made using SPSS 15.0, SPSS Inc,

and Cary, NC.

Results

Effect of eugenol on plasma glucose, insulin levels,

and glucose tolerance

Figure 2 showed the levels of plasma glucose and insulin

in normal control and experimental rats. The levels of

plasma glucose as significantly (p \ 0.05) increased,

whereas plasma insulin level was significantly (p \ 0.05)

decreased in diabetic control rats. Administration of

eugenol (all doses), a significant (p \ 0.05) decrease in

plasma glucose and increase in insulin were observed at the
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end of the experimental period. Eugenol at a dose of

10 mg/kg b.w. showed a highly significant (p \ 0.05)

effect than other dose (2.5 and 5 mg/kg b.w.). Based on

these data, the effective dose was fixed as 10 mg/kg b.w.

and used for further analysis.

The effect of eugenol on oral glucose tolerance of in

control and experimental rats is shown in Fig. 3. The blood

glucose concentration elevated to a maximum value at

60 min after glucose load and declined to near basal level at

120 min, whereas, in STZ-induced diabetic rats, the peak

increase in blood glucose was noticed even after 60 min and

remained high over the next 60 min. Supplementation with

eugenol at a dose of 10 mg/kg b.w. to diabetic rats elicited

significant (p \ 0.05) decrease in blood glucose level than

other dose (2.5 and 5 mg/kg b.w.) at 60 min when compared

with untreated diabetic rats. However, there is no significant

(p \ 0.05) alteration in the rats administered with eugenol

when compared with control rats.

Changes in the body weight, food, water intake,

and urine sugar

The changes in the body weight, food, water intake, and

urine sugar in control and experimental rats are represented

in Table 1. Food, water intake, and urine sugar were ele-

vated, whereas the body weight significantly (p \ 0.05)

decreased in diabetic rats compared with normal control

rats. In diabetic rats treated with eugenol 10 mg/kg b.w.

significantly (p \ 0.05) decreased the food, water intake

and urine sugar, also increased body weight in diabetic rats

when compared with diabetic control rats.

Effect of eugenol on the levels of Hb and HbA1c

The levels of total Hb and HbA1c in normal control and

experimental animals are illustrated in Table 2. The diabetic

rats showed significant decrease in the level of total Hb and

significant (p \ 0.05) increase in the level of HbA1c when

compared with normal control rats. The levels of total Hb

and HbA1c were extensively reversed by the administration

of eugenol (10 mg/kg b.w.) in diabetic rats.

Effect of eugenol on the activities of hexokinase,

pyruvate kinase, and glucose-6-phosphate

dehydrogenase

Table 3 depicts the activities of glucose metabolic enzymes

in the liver of control and experimental rats. The activities

of hexokinase, pyruvate kinase, and glucose-6-phosphate

dehydrogenase were significantly (p \ 0.05) diminished in

liver tissues of STZ-induced diabetic rats. Oral adminis-

tration of eugenol to diabetic rats extensively increased the

activities of these hepatic enzymes.

Effect of eugenol on the activities of glucose-6-

phosphatase and fructose-1,6-bisphosphatase

Table 4 depicts the activities of gluconeogenic enzymes

(glucose-6-phosphatase and fructose-1,6-bisphosphatase)

in normal control and experimental rats. The actions of

glucose-6-phosphatase and fructose-1,6-bisphosphatase

were significantly (p \ 0.05) increased in liver and kidney

of diabetic rats. Treatment with eugenol to diabetic rats

inverted the changes in the activities of these enzymes.

Effect of eugenol on the activities of AST, ALT, ALP,

CK, and BUN

Table 5 shows the data on the effect of eugenol in the

activities of serum AST, ALT, ALP, CK, and BUN of

control and experimental rats. The activities of AST, ALT,

ALP and the levels of CK and BUN were increased

Fig. 2 Effect of eugenol on plasma glucose and insulin levels. Each

value is mean ± SD for six rats in each group. In each bar, means

with different superscript letter (a–e) differ significantly at p \ 0.05

(DMRT). NC normal control, DC diabetic control, EL eugenol

Fig. 3 Effect of eugenol on oral glucose tolerance test. Each value is

mean ± SD for six rats in each group. NC normal control, DC

diabetic control, EL eugenol
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significantly (p \ 0.05) in the diabetic group of rats when

compared to control group of rats. Oral treatment of

eugenol normalized the activities of these enzymes, CK

and BUN to near normalcy when compared to control

group of rats.

Effects of eugenol on the level of glycogen

Figure 4 represents the effect of eugenol on the level of

glycogen in the liver of control and experimental rats. A

significant (p \ 0.05) decline in the glycogen level was

noted in the liver of diabetic group of rats. Treatment with

eugenol to diabetic groups of rats reinstated the level of

glycogen to near normalcy when compared to control rats.

Effects of eugenol on histology of pancreas

Figure 5a–d represents the histology of pancreas in normal

rat. There were no notable changes in pancreas histology in

normal rats (Fig. 5a). In contrast, STZ administration

showed marked fatty infiltration and shrinkage of islet cells

in the diabetic rats (Fig. 5c). Diabetic rats showed cellu-

larity of pancreatic b-cell isets restored to near normal

upon treatment with eugenol (Fig. 5d).

Discussion

STZ is a 2-deoxy-D-glucose with an N-nitrosomethylurea

moiety at the second carbon atom and the existence of

2-deoxy-D-glucose facilitates preferential uptake of STZ

into the pancreatic b-cells through GLUT2 and the

Table 1 Body weight, food, fluid intake, and urine sugar in STZ-induced diabetic rats before and after treatment with eugenol

Groups Body weight (g) Food intake (g/rat per day) Water intake (ml/rat per day) Urine

sugar
Initial Final Before After Before After

Normal control 201.68 ± 15.36 212.73 ± 16.20a 14.75 ± 1.12 16.95 ± 1.30a 82.51 ± 6.28 81.28 ± 6.19a Nil

Normal ? eugenol

(10 mg/kg)

205.27 ± 15.71 218.43 ± 16.72a 13.56 ± 1.04 17.05 ± 1.30a 81.53 ± 6.24 78.42 ± 6.00a Nil

Diabetic control 205.27 ± 15.71 132.60 ± 10.15b 15.11 ± 1.15 72.85 ± 5.58b 85.58 ± 6.52 184.75 ± 14.07b ???

Diabetic ? eugenol

(2.5 mg/kg)

206.94 ± 15.84 165.23 ± 12.65c 14.23 ± 1.09 44.27 ± 3.37c 83.46 ± 6.39 124.68 ± 9.54c Nil

Diabetic ? eugenol

(5 mg/kg)

205.73 ± 15.75 181.33 ± 13.88d 16.48 ± 1.26 41.65 ± 3.19c 81.28 ± 6.22 113.60 ± 8.70d Nil

Diabetic ? eugenol

(10 mg/kg)

208.64 ± 15.97 195.34 ± 14.95e 15.80 ± 1.21 37.31 ± 2.86d 83.58 ± 6.40 103.34 ± 7.99e Nil

Values are given as mean ± SD from six rats in each group. Values in a column not sharing a common superscript letter (a–e) differ significantly

at p \ 0.05 (DMRT)

Table 2 Effect of eugenol on the levels Hb and HbA1c in control and

experimental rats

Groups Hb (g/dl) HbA1c (% Hb)

Normal control 14.84 ± 1.13a 7.02 ± 0.53a

Normal ? eugenol (10 mg/kg) 14.98 ± 1.15a 6.56 ± 0.50a

Diabetic control 6.92 ± 0.53b 14.59 ± 1.11b

Diabetic ? eugenol (10 mg/kg) 12.09 ± 0.93c 10.84 ± 0.83c

Values are given as means ± SD for six rats in each group. Values in

a column not sharing a common superscript letter (a–c) differ sig-

nificantly at p \ 0.05 (DMRT)

Table 3 Effect of eugenol on changes in the activities of liver hexokinase, pyruvate kinase, and glucose-6-phosphate dehydrogenase in control

and experimental rats

Groups Hexokinase (lmol of glucose-6-phosphate

formed/h/mg protein)

Pyruvate kinase

(mU/mg of protein)

Glucose-6-phosphate dehydrogenase

(910-4 ml U/mg protein)

Normal control 273.34 ± 20.81a 225.57 ± 17.18a 5.83 ± 0.44a

Normal ? eugenol (10 mg/kg) 274.44 ± 21.01a 231.54 ± 17.72a 5.96 ± 0.46a

Diabetic control 137.25 ± 10.45b 102.45 ± 7.80b 2.93 ± 0.22b

Diabetic ? eugenol (10 mg/kg) 222.69 ± 17.05c 172.7 ± 13.22c 3.84 ± 0.29c

Values are given as means ± SD for six rats in each group. Values in a column in a column not sharing a common superscript letter (a–c) differ

significantly at p \ 0.05 (DMRT)
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N-nitrosomethylurea moiety triggers DNA fragmentation

in pancreatic b-cells through the formation of alkylating

free radicals leading to hasty necrosis of the b-cells thereby

the rate of insulin synthesis is diminished [28]. This con-

dition contributes a number of features similar to type 2

diabetes mellitus, and is exemplified by stable hypergly-

cemia, glucose intolerance, and significantly altered glu-

cose-stimulated insulin secretion both in vivo and in vitro.

Eugenol is a remarkably versatile molecule incorporated as

a functional ingredient in numerous products and has found

application in the pharmaceutical, agricultural, fragrance,

flavor, cosmetic, and various other industries. The ability of

eugenol to significantly reduce fasting plasma glucose

levels in diabetic rats is due to its potential to secrete

insulin from existing islet b-cells and increases the utili-

zation of glucose by the tissues. This was confirmed by the

increased levels of plasma insulin in diabetic rats treated

with eugenol and the increase in the amount of immuno-

reactive insulin-secreting cells in pancreatic islets as shown

by our histopathalogical analysis. Previous data shows that,

gallic acid, a phenolic compound increases insulin release

in experimental diabetic rats [29].

OGTT is acts as a more sensitive measure to assess the

early abnormalities in glucose regulation than fasting

plasma glucose. An increase in the plasma glucose level

after glucose loading during OGTT in diabetic rats. From

the data obtained in the OGTT, it is clear that in untreated

diabetic rats the blood glucose level remained high even

after 120 min. In contrast, in eugenol treated diabetic rats

the blood glucose levels reached a peak and returned again

to fasting levels after 120 min. The impaired glucose tol-

erance observed in diabetic rats was improved to near

normal to the treatment with eugenol by restore the func-

tion of pancreatic tissues by causing an increase in insulin

output or a decrease in the intestinal absorption of glucose.

Diabetes mellitus was characterized by severe loss in body

weight. In this study, diabetic rats showed marked reduction

in their body weights when compared to normal rats, which

could be due to the unavailability of carbohydrates for energy

Table 4 Effect of eugenol on changes in the activities of liver and kidney glucose-6-phosphatase and fructose-1,6-bisphosphatase in control and

experimental rats

Groups Glucose-6-phosphatase (l moles

of Pi liberated/h/mg of protein)

Fructose-1,6-bisphosphatase (lmoles

of Pi liberated/h/mg of protein)

Liver Kidney Liver Kidney

Normal control 1034.85 ± 78.80a 451.36 ± 34.37a 484.37 ± 36.88a 765.58 ± 58.30a

Normal ? eugenol (10 mg/kg) 1082.91 ± 82.89a 448.14 ± 34.30a 477.19 ± 36.53a 758.28 ± 58.04a

Diabetic control 1801.55 ± 137.18b 645.85 ± 49.18b 805.40 ± 61.33b 975.51 ± 74.28b

Diabetic ? eugenol (10 mg/kg) 1360.94 ± 104.17c 518.65 ± 39.70c 543.20 ± 41.58c 844.29 ± 64.62c

Values are given as means ± SD for six rats in each group. Values in a column not sharing a common superscript letter (a–c) differ significantly

at p \ 0.05 (DMRT)

Table 5 Effect of eugenol on the activities of liver AST, ALT, ALP, CK, and BUN in control and experimental rats

Groups AST (IU/L) ALT (IU/L) ALP (IU/L) CK (IU/L) BUN (mg/dl-1)

Normal control 92.78 ± 7.06a 28.19 ± 2.15a 74.15 ± 5.65a 90.34 ± 6.88a 25.84 ± 1.97a

Normal ? eugenol (10 mg/kg) 90.37 ± 6.92a 27.04 ± 2.07a 72.60 ± 5.56a 89.75 ± 6.87a 25.03 ± 1.92a

Diabetic control 142.10 ± 10.82b 57.84 ± 4.40b 151.76 ± 11.56b 168.62 ± 12.84c 47.40 ± 3.61b

Diabetic ? eugenol (10 mg/kg) 103.56 ± 7.93c 35.28 ± 2.70c 88.47 ± 6.77c 103.57 ± 7.93c 31.28 ± 2.39c

Values are given as mean ± SD from six rats in each group. Values in a column not sharing a common superscript letter (a–c) differ significantly

at p \ 0.05 (DMRT)

Fig. 4 Effect of eugenol on the level of liver glycogen. Each value is

mean ± SD for six rats in each group. In each bar, means with

different superscript letter (a–c) differ significantly at p \ 0.05

(DMRT). NC normal control, DC diabetic control, EL eugenol
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metabolism and the loss or degradation of structural proteins

[30]. In addition, the excessive catabolism of protein to pro-

vide amino acids for gluconeogenesis during insulin defi-

ciency results in muscle wasting and weight loss in diabetic

untreated rats. In our study, initial and final body weight, food

and fluid intake were evaluated on daily basis in control and

experimental rats. We found an increased food and water

intake of diabetic rats that result from a chronic reduction in

glucose utilization by the cells and considerable loss of glu-

cose in the urine created a persistent stimulus to eat and drink.

Administration of eugenol for 30 days significantly improved

glycemic control which prevented the loss of body weight and

excess of food and fluid intake on diabetic control rats in dose-

dependent manner. These results were similar to the report of

Pari and Srinivasan [31], who demonstrated the effect of

diosmin in controlling the body weight, desire for food and

water intake under diabetic condition.

Estimation of HbA1c has been found to be particularly

useful in monitoring the effectiveness of therapy in diabetes.

The observed increase in the levels of HbA1c in diabetic

control group rats is due to the presence of excessive

amounts of blood glucose. During diabetes the excess of

glucose present in blood reacts with Hb to form HbA1c,

therefore the total Hb level is decreased in diabetic rats [32].

In our study, oral administration of eugenol prevents a sig-

nificant elevation in HbA1c thereby increasing the level of

Hb in diabetic rats. We understand that this may be due to

the restoration of blood glucose level, thereby reducing the

intensity of Hb glycosylation during the experimental

period.

Liver is an insulin-sensitive tissue and plays a major role

in glucose metabolism by regulating the interaction between

glucose utilization and gluconeogenesis. A partial or total

deficiency of insulin causes derangement in glucose

metabolism that decreases the activities of hexokinase,

pyruvate kinase and glucose-6-phosphate dehydroge-

nase, causing impaired peripheral glucose utilization and

improved hepatic glucose production. The main objective of

the study is to determine whether eugenol is implicated as an

antihyperglycemic agent, which modulates key enzymes

involved in glucose metabolism. In this study, eugenol

administration to diabetic rats modulated key glucose

metabolizing enzymes in liver, which result in normal blood

glucose homeostasis.

Fig. 5 a–d Represents the microphotographs of hematoxylin and eosin

(409) staining of pancreas tissues of normal and STZ-induced diabetic

rats. a Shows normal pancreatic b-cell islets with normal cellularity

and normal histology of pancreas. b Shows normal rat pancreas treated

with eugenol (10 mg/kg) showing normal architecture of pancreatic

cells. c STZ-induced diabetic rats showing fatty infiltration and

shrinkage of islets cells. d Diabetic rats treated with eugenol (10 mg/kg)

shows near to normal cellularity of pancreatic b-cell islets when

compared to normal pancreas

Mol Cell Biochem (2014) 385:159–168 165

123



Hexokinases serve as the gateway through which glu-

cose enters glycolysis, by catalyzing the phosphorylation of

glucose to yield glucose-6-phosphate, the initial and rate-

limiting step of the glycolytic pathway. It is an insulin-

dependent and insulin-sensitive enzyme and are almost

completely inhibited or inactivated in diabetic rat liver in

the absence of insulin [33]. Hexokinase is significantly

reduced in diabetic rats; this may be the reason for the

diminished consumption of glucose in the system and

increased blood sugar levels [34]. In our study, the increase

in the activity of hexokinase as observed in the diabetic

animals administered with eugenol protects the hepatic

tissues against STZ-induced diabetes by stimulating insulin

from the remnant b-cells. Our results are in harmony with

Kanchana et al. [35] who reported that sinapic acid, a

phenolic acid improved hexokinase in STZ-induced dia-

betic rats.

Pyruvate kinase is a ubiquitously expressed key glyco-

lytic enzyme that catalyzes the conversion of phosphoenol

pyruvate to pyruvate with the generation of ATP and the

altered expression could be expected to impair the glucose

metabolism and energy production. Its activity decreases in

diabetes mellitus and increases by the administration of

insulin to diabetic rats in the liver tissues [36]. Hence, the

observed decline in the activity of pyruvate kinase in the

liver tissue of STZ-induced diabetic rats is promptly

responsible for the reduced glycolysis and amplified glu-

coneogenesis signifying that these two pathways are dis-

torted in diabetes [37]. Oral administration of eugenol to

diabetic rats resulted in a significant enhance in plasma

insulin level that augment the Pyruvate kinase activity to

near normalcy.

Glucose-6-phosphate dehydrogenase is the first rate

limiting enzyme of the pentose phosphate pathway, which

results in the production of ribose-5-phosphate and the

reducing equivalent, NADPH [38]. A decrease in the

activity of glucose-6-phosphate dehydrogenase slows down

the pentose phosphate pathway in diabetic conditions,

which affects the concentration of NADPH and increases

oxidative stress, leading to diabetic complications [39]. In

our study, administration of eugenol significantly increased

the activity of glucose-6-phosphate dehydrogenase in dia-

betic state. It provides hydrogen, which binds NADP? and

produce NADPH and enhances the synthesis of fats from

carbohydrates, i.e., lipogenesis, finally the plasma glucose

levels were decreased.

Gluconeogenesis is a main cause of the elevated hepatic

glucose production, contributing 50–60 % of the released

glucose. Excessive hepatic glucose production via the

gluconeogenesis pathway is partially responsible for the

elevated glucose levels observed in diabetes mellitus [40].

The rate of gluconeogenesis is regulated by the activity

of two rate limiting gluconeogenic enzyme, glucose-6-

phosphatase and fructose-1,6-bisphosphatase. Glucose-6-

phosphatase, a key enzyme in the homeostatic regulation of

blood glucose and is critical in providing glucose to other

organs during diabetes [41]. Fructose-1,6-bisphosphatase is

a key regulatory enzyme of the hepatic gluconeogenesis

and appeared as a target for efficient and safe glycemic

control in diabetes [42]. The activities of the gluconeogenic

enzymes such as glucose-6-phosphatase and fructose-1,6-

bisphosphatase, increased significantly in the liver and

kidney of diabetic rats [43], which may be due to insulin

deficiency. In this study, eugenol decreased the activities of

glucose 6-phosphatase and fructose-1,6-bisphosphatase in

diabetic rats. These results conclusively prove that eugenol

normalizes disturbed glucose metabolism by enhancing

glucose utilization and by decreasing hepatic glucose

production through insulin release and indicates its bene-

ficial effect in the treatment of diabetes mellitus. These

results are agreement in with Celik et al. [37] who reported

that caffeic acid, a phenolic compound improves glu-

cose metabolism in diabetic rats by the inhibition of

gluconeogenesis.

Liver AST, ALT, and ALP enzymes are used as indices

of liver damage. Elevation of biomarker enzymes such as

ALT, AST, and ALP in serum was presumed to be due to

the decreased blood insulin [44] and mainly due to the

leakage of these enzymes from the liver cytosol into the

blood stream, which gave an indication on the hepatotoxic

effect of STZ. Insulin deficient state leads to breakdown of

protein thereby enhancing amino acid catabolism and thus

providing substrates for gluconeogenesis. However, euge-

nol-treated diabetic rats, significantly lower the levels of

these hepatic enzymes suggesting that eugenol may protect

the hepatic tissue damage caused by STZ-induced diabetes.

These results are in agreement with Yogalakshmi et al. [45]

who reported that eugenol improved hepatic marker

enzymes in thioacetamide-induced hepatotoxicity rats.

Urea is the major nitrogen containing metabolic product

of protein metabolism. Accumulation of urea nitrogen in

experimental diabetes may due to the enhanced breakdown

of both liver and plasma proteins [46]. Alterations in

nitrogen homeostasis leads to increased hepatic elimination

of urea nitrogen and increased peripheral release of

nitrogenous substances. Thus, the observed negative

nitrogen balance may partly because of changes occurring

within the hepatocytes. Several clinical studies have dem-

onstrated that elevated blood glucose levels are a risk factor

for the development of diabetic cardiovascular complica-

tions. The cardiotoxicity of xenobiotics can be evaluated

using the serum activity of marker enzyme CK. However,

Hayden and Tyagi [47] linked the observed increase in the

serum CK levels of diabetic rats to cardiac muscular

damage caused by the disease. In line with the findings

of Hayden and Tyagi [47] the serum CK activities of
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untreated STZ diabetic rats which were significantly ele-

vated in this study indicates damage to cardiac muscle of

the rats. The oral administration of eugenol prevented the

increase in the levels of blood urea and improved the CK

activities in diabetic rats. These findings suggest that

eugenol possesses the potential to attenuate renal and car-

diac injury caused by hyperglycemic state.

Glycogen is crucial to glucose homeostasis; muscle

glycogen is used as a source of glucose-6-phosphate to

generate ATP by rapid anaerobic glycolysis, and liver

glycogen is used as a source of glucose that is released into

the bloodstream to prevent hypoglycemia during diabetes.

Insulin regulates blood glucose homeostasis by stimulating

the utilization of glucose by liver [48]. Since STZ causes

selective destruction of b-cells of islets of langerhans,

resulting in marked decrease in insulin levels, it could be

predicted that glycogen levels in hepatic tissues decrease as

the influx of glucose in the liver is inhibited in the absence

of insulin [49]. Our results showed that upon supplemen-

tation of diabetic rats with eugenol significantly increased

the glycogen content in liver due to increased secretion of

insulin or increased activity of hexokinase in the liver can

cause the increased utilization of glucose for energy pro-

duction and thereby increased the levels of glycogen con-

tent in liver. This suggests the possible role of eugenol on

the utilization and storage of glucose in the hepatic tissues

of the experimental diabetic rats. Our results are also in

agreement with the results published in a previous study,

the lowering of blood glucose levels was accompanied by

increased liver glycogen content after caffeic acid supple-

mentation on glucose metabolism in db/db mice [50].

Conclusion

The administration of eugenol to diabetic rats resulted in a

significant restoration of the plasma glucose, insulin,

HbA1c, glycogen and the activities of key enzymes

involved in the metabolism of glucose. In conclusion, that

eugenol possesses significant antihyperglycemic activity

without any side effects, it may be useful in the treatment

of diabetes even though clinical studies to evaluate this

possibility may be warranted.
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