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Abstract

We investigated the effects of garlic oil and diallyl trisulfide on glycemic control in rats with streptozotocin-induced diabetes. Diabetic

rats received by gavage garlic oil (100 mg/kg body weight), diallyl trisulfide (40 mg/kg body weight), or corn oil every other day for 3

weeks. Control rats received corn oil only. Both garlic compounds significantly raised the basal insulin concentration. The insulin

resistance index as assessed by homeostasis model assessment and the first-order rate constant for glucose disappearance were significantly

improved by both garlic compounds (P <0.05). Oral glucose tolerance was also improved by both garlic compounds and was accompanied

by a significantly increased rate of insulin secretion (P <0.05). Glycogen formation (but not that of lactate or carbon dioxide) from glucose

by the soleus muscle in the presence of 10 or 100 AU/ml of insulin was significantly better after treatment with both garlic compounds.

Both garlic oil and diallyl trisulfide improve glycemic control in diabetic rats through increased insulin secretion and increased insulin

sensitivity.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Garlic and garlic constituents prepared by various means

have been shown to have diverse biological activities,

including antitumorigenetic, anticarcinogenic, antiathero-

sclerotic, antithrombotic, antidiabetic, and various other

biological actions [see reviews by Agarwal (1996) and

Augusti (1996)]. According to the report by Ryan et al.

(2001), one-third of diabetic patients take alternative

medications that they consider efficacious, of which garlic

is the most commonly used. The number of studies of the

hypoglycemic effect of garlic is limited, however, and the

results of such studies are inconsistent.

In the 1970s, Jain et al. (1973) and Jain and Vyas (1975)

investigated the hypoglycemic effect of extracts of garlic

with water or several different organic solvents on oral
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glucose tolerance in normal and alloxan-induced diabetic

rabbits. Those authors found all the garlic preparations to

possess an acute hypoglycemic effect, for which the effect

of the ethyl ether extract was competitive with that of

tolbutamide. Later, other researchers also reported a

hypoglycemic effect of garlic oil in diabetic animals

(Begum and Bari, 1985; Farva et al., 1986; Anwar and

Meki, 2003). In diabetic patients, it was reported that garlic

oil can correct hyperglycemia (Duncan, 1999). In addition,

a precursor of garlic oil, S-allyl-cysteine sulfoxide, was

shown to have a hypoglycemic effect similar to that of

glibenclamide (Sheela and Augusti, 1992). The hypogly-

cemic effect of garlic has also been shown in other

nondiabetic hyperglycemia animal models (Kasuga et al.,

1999; Tahiliani and Kar, 2003). However, Swanston-Flatt et

al. (1990) failed to find a hypoglycemic effect of garlic

powder in animals with streptozotocin-induced diabetes.

Similarly, Baluchnejadmojarad and Rohgani (2003a,b)

found no hypoglycemic effect of an aqueous extract of

garlic in rats with streptozotocin-induced diabetes, although
logy 516 (2005) 165 – 173
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they did find a significant effect of garlic on vascular

reactivity. We speculate that these inconsistent results are at

least partly because different preparations or derivatives of

garlic were used in the different studies. The chemicals

present in a garlic product are largely dependent on the

processing conditions, such as temperature, duration of

preparation, and extraction solvents used (Staba et al.,

2001).

According to the method described by Sheen et al.

(1992), we previously prepared stable garlic oil preparations

and investigated some of their biological characteristics

(Chen et al., 2003; Sheen et al., 1999; Liu et al., 1998). The

aim of the present study was to investigate the effects of

garlic oil and one of its major organosulfur compounds,

diallyl trisulfide, on glycemic control and skeletal muscle

glucose utilization in an animal model of diabetes.
2. Materials and methods

2.1. Garlic oil preparation

Garlic oil was prepared as previously described (Sheen et al.,

1992). Briefly, a steam distillation technique was used, and the

final product contained the major essential components of garlic

oil, including 38.6% diallyl disulfide, 30.8% diallyl trisulfide,

10.0% diallyl sulfide, and minor amounts of many other volatile

compounds.

2.2. Animals and treatments

Four-week-old weanling male Wistar rats were purchased from

the National Animal Breeding and Research Center (Taipei,

Taiwan). The animals were kept under a 12-h light–dark cycle

at an ambient temperature of 23 -C and were given free access to

water and standard rat feed (Rodent Diet 5001; Purina Mills,

Richmond, IN). All animals were allowed to adapt to the

environment for 1 week after their arrival before the experiment

started. Diabetes was induced by the injection of streptozotocin

(65 mg/kg body weight in citrate buffer, pH 4.5) into a lateral tail

vein (Junod et al., 1969). The control rats were injected with the

same volume of vehicle. Three days after the injection, the

diabetic animals were randomly assigned to three groups and

received by gavage garlic oil (100 mg/kg body weight), diallyl

trisulfide (40 mg/kg body weight; LKT Laboratories, Inc., St.

Paul, MN), or the vehicle (corn oil; 2 ml/kg body weight) every

other day for 3 weeks. The control rats received corn oil by

gavage (2 ml/kg body weight). During the 3 weeks of treatment,

the animals were housed in metabolic cages and were given free

access to water and a powdered diet (Rat Diet 5012; Purina Mills,

Richmond, IN). Food and water intakes and urine excretion were

measured.

An insulin-tolerance test was carried out on day 10 after the

injection. After 1-week recovery from the insulin-tolerance test, the

rats were starved overnight and an oral-glucose-tolerance test was

carried out on day 17. The animals were then starved overnight

before they were killed on day 21 for blood collection and soleus

muscle isolation. Blood samples were collected, treated with

heparin, and centrifuged at 500�g for 10 min. The plasma
obtained was stored at �20 -C until analyzed. Measurements of

insulin, fructosamine, and nonesterified fatty acids in plasma were

carried out within 2 weeks. Housing conditions and experimental

procedures were in strict accordance with the European Commun-

ity ethical regulation on the care and use of animals for scientific

research; the present research was moreover approved by the

ethical committee for animal experimentation of Chung Shan

Medical University.

2.3. Insulin-tolerance test and oral-glucose-tolerance test

To test insulin tolerance, an insulin bolus (1 U/kg body weight

human regular insulin; Eli Lilly, Indianapolis, IN) was adminis-

tered by intraperitoneal injection. Samples of blood were with-

drawn from the lateral tail vein immediately before and 5, 10, 15,

30, 60, 90, and 120 min after the injection. Heparin-containing

blood samples were immediately centrifuged, and the plasma was

separated and frozen at �20 -C until analyzed for glucose. The

first-order rate constant for the disappearance rate of glucose (KITT)

estimated from the slope of the regression line of the logarithm of

blood glucose against time was calculated as described by

Akinmokun et al. (1992).

The oral-glucose-tolerance test was performed by orally

administering by gavage a solution of 10% (w/v) glucose (1 g/kg

body weight). Blood samples were withdrawn from the lateral tail

vein immediately before and 5, 10, 15, 30, 60, 90, 120, and 180

min after the bolus glucose loading. Heparin-containing blood

samples were immediately centrifuged, and the plasma was

separated and frozen at �20 -C until analyzed for insulin or

glucose.

2.4. Biochemical analysis of blood samples

For the analysis of glucose, plasma was deproteinized with

5% (v/v) HClO4 and then neutralized with 0.5 M triethanol-

amine/2 M KOH. Universal pH indicator was added to ensure

that the deproteinized samples were properly neutralized.

Glucose concentrations were analyzed enzymatically by the

method of Bergmeyer (1974). The dilution factor during the

deproteinization procedure was adjusted for the concentration of

glucose in each sample. Plasma concentrations of insulin,

fructosamine, and nonesterified fatty acids were determined

spectrophotometrically with a rat insulin enzyme-linked immu-

nosorbent assay kit (Mercodia, Uppsala, Sweden), a fructosamine

kit (Sigma Chemical Company, St. Louis, MO), and a

nonesterified fatty acid kit (Randox Laboratories, Crumlin,

United Kingdom), respectively, according to the manufacturer’s

instructions and were analyzed with a micro-plate reader

(VersaMax; Molecular Devices Ltd., Sunnyvale, CA). The

insulin resistance index as assessed by homeostasis model

assessment (HOMA-IR) was calculated to estimate peripheral

insulin resistance after treatment according to the following

formula, as described by Matthews et al. (1985): fasting plasma

glucose (mg/dl)� fasting plasma insulin (AU/ml)/405.

2.5. Isolation and incubation of the soleus muscles

Stripped soleus muscles were prepared and incubated as

described by Crettaz et al. (1980), with the modifications given

by Challiss et al. (1983). Briefly, the rats were starved

overnight and were then killed between 0900 and 1000 h by
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cervical dislocation. The diabetic rats weighed approximately

180 g at the time of death, and the weight of their soleus

muscles was suitable for performing the muscle incubation

study (Newsholme et al., 1986). The control rats, however, all

weighed more than 200 g at the time of death. Therefore, for

the study of glucose metabolism in skeletal muscle, normal,

untreated rats weighing 180T10 g were used instead of the

control rats. The soleus muscles were isolated and dissected

longitudinally and were rapidly weighed and tied at the resting

length in situ on stainless steel clips. Mounted muscles were

then placed immediately into 25-ml Erlenmeyer flasks contain-

ing 3.2 ml of preincubation medium (5 mM pyruvate-

supplemented Krebs–Ringer bicarbonate buffer, pH 7.4) at 37

-C. The muscle strips were preincubated in a shaking (100

rpm) water bath at 37 -C for 30 min and were then transferred

to separate flasks containing oxygenated Krebs–Ringer bicar-

bonate buffer (3.5 ml, pH 7.4) containing 5.5 mM glucose,

1.5% (w/v) defatted bovine serum albumin, and 10 or 100 AU/
ml of insulin. Both the preincubation and the incubation media

were gassed for 30 min with O2/CO2 (95:5) before use. To the

incubation medium, 0.4 ACi d-[U-14C]glucose/ml was added.

At the end of 60 min of incubation at 37 -C, the muscles were

removed from the incubation flasks and were quickly frozen in

liquid nitrogen and then stored at �70 -C for the assessment

of glycogen synthesis. The medium in the flasks was used to

assess the formation of lactate and carbon dioxide.

2.6. Determination of glucose metabolism

The formation of glycogen from d-[U-14C]glucose was

estimated by alkaline hydrolysis of muscle according to the

method described by Guendet et al. (1976), with the modification

given by Dimitriadis et al. (1988). Briefly, after carrier glycogen

(5 mg) was added to the hydrolysate, glycogen was precipitated

with 66% ethanol. The glycogen precipitate was washed twice

with ethanol and dissolved in 0.5 ml of water, and radioactivity

was counted. For measurements of glucose oxidation, at the end

of the incubation and after the muscles were removed, the flasks

were rapidly resealed and the incubation was acidified with

perchloric acid (final concentration 4%, w/v); the flasks were left

on ice for 60 min. The 14CO2 was trapped in pieces of filter

paper moistened with 200 AL of 2-phenethylamine:methanol (1:1,
Table 1

Growth characteristics; plasma concentrations of insulin, nonesterified fatty a

streptozotocin-induced diabetic rats who did or did not receive garlic oil or dially

Control DM

Body weight gain (g) 104T19 70

Food intake (g/24 h) 24.3T2.8 33.8

Water intake (ml/24 h) 37T8 130

Urine excretion (ml/24 h) 19T7 107

Insulin (ng/ml) 1.519T0.387 0.156

Nonesterified fatty acids (Amol/l) 515T43 617

Glucose (mg/dl) 109T19 181

Fructosamine (Amol/l) 96T23 175

HOMA-IR 9.77T1.02 1.70

a The insulin resistance index as assessed by homeostasis model assessment.
b Values are the meanTS.D. for six rats per group.
c Significant difference between the control group and the DM group ( P <0.05
d Significant difference between the garlic oil-treated or diallyl trisulfide-treated
v/v) as described by Leighton et al. (1985). To measure the rate

of lactate production, [14C]lactate formed from d-[U-14C]glucose

was separated from other labeled compounds in the incubation

medium by using ion-exchange chromatography as described by

Hammerstedt (1980). In brief, 100 Al of incubation medium was

applied to a column of Dowex AG1 anion exchange resin (Sigma

Chemical Company, St. Louis, MO). The column was washed

with 20 ml of distilled water containing 3 mM d-glucose to elute

the d-[U-14C]glucose and then with 10 ml of 0.5 M formic acid

to elute the [14C]lactate. The radioactivity of the eluate containing

lactate was counted.

2.7. Statistical analysis

The data are expressed as meansTS.D. and were analyzed by

one-way analysis of variance. Student’s t-test was used to detect

differences in means between the control group and the group of

diabetic rats. Duncan’s multiple-comparison test was used to detect

differences among the means of the streptozotocin-injected groups.

P values <0.05 were considered significant. All statistical analyses

were performed with commercially available software (SPSS 12

for WINDOWS; SPSS Inc., Chicago, IL).
3. Results

3.1. Animal characteristics

Induction of diabetes with streptozotocin was associated with

the characteristic development of a slower rate of body weight

gain, greater food and water intakes, greater urine excretion, higher

fasting glucose concentrations, and lower fasting insulin concen-

trations in plasma (Table 1). In addition, concentrations of

fructosamine and nonesterified fatty acids in plasma were

significantly higher in the diabetic group than in the control rats.

Compared with that in the vehicle-treated diabetic group, the rate

of body weight gain, food and water intakes, and urine excretion

were not significantly affected by treatment with garlic oil or

diallyl trisulfide (Table 1). The fasting blood glucose concentration

of the diabetic rats was also not significantly affected by treatment

with garlic oil or diallyl trisulfide. The fructosamine concentration

in plasma was marginally lower in the diabetic rats treated with
cids, glucose, and fructosamine; and the HOMA-IRa of control rats or

l trisulfideb

DM+diallyl trisulfide DM+garlic oil

T20c 61T17 70T15

T7.3c 32.0T6.0 32.8T6.0
T53c 121T25 121T48

T46c 110T26 103T45

T0.038c 0.422T0.180d 0.459T0.178d

T53c 612T61 576T69
T21c 175T13 172T14

T29c 148T13 152T14

T0.41c 4.16T0.67d 4.76T0.38d

).

group and the DM group ( P <0.05).
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diallyl trisulfide and garlic oil- than in the vehicle-treated diabetic

rats but not significantly so. The basal plasma nonesterified fatty

acid concentration was lowered by garlic oil, but not by diallyl

trisulfide, to a value similar to that of the controls. Treatment with

garlic oil and diallyl trisulfide significantly raised the basal insulin

concentration in plasma. To estimate the effect of garlic oil and

diallyl trisulfide on insulin resistance in the diabetic rats, we

calculated the HOMA-IR. Both garlic compounds were able to

ameliorate the insulin resistance that developed in the diabetic rats

(P <0.05).

3.2. Insulin-tolerance test

As shown in Fig. 1A, the difference in blood glucose response

to insulin administration between the control and the vehicle-

treated diabetic animals was dramatic. The greatest decrease in

blood glucose, which occurred 90 min after the insulin bolus, was

16.0T4.1% for the vehicle-treated diabetic group compared with

29.4T10.5% for the control group (P <0.05). In addition, KITT

was significantly slower in the diabetic rats, which confirmed the

development of insulin resistance in these animals (Fig. 1B). At

90 min after the insulin bolus, the drop in blood glucose was

improved by treatment with garlic oil (decrease in blood glucose

of 30.4T10.4%) and diallyl trisulfide (decrease of 31.5T12.0%)
0
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Fig. 1. Effect of treatment with garlic oil or diallyl trisulfide on the decay in

plasma glucose concentrations in response to a bolus injection of insulin as

a function of time (A) and the first-order rate constant for the disappearance

rate of glucose in plasma (KITT) after the insulin bolus (B). An insulin bolus

(1 U/kg body weight) was administered intraperitoneally on day 10 after the

induction of diabetes. The change in plasma glucose concentrations is

presented as the percentage of the glucose value at time zero. Data are

meansTS.D. for six rats per group. *Significant difference between the

control group and the DM group ( P <0.05). #Significant difference

between the garlic oil- or diallyl trisulfide-treated group and the DM group

( P <0.05).
(P <0.05 for the difference between the vehicle-treated diabetic

group and the other treated groups; Fig. 1A). In addition, the

KITT for the insulin-induced plasma glucose decay was signifi-

cantly improved in the diallyl trisulfide- and garlic oil-treated

diabetic groups compared with the vehicle-treated diabetic group

(Fig. 1B).

3.3. Oral-glucose-tolerance test

The results of the glucose-tolerance test performed on day 17

after the induction of diabetes are shown in Fig. 2. After oral

glucose loading, blood glucose concentrations in the vehicle-

treated diabetic rats were dramatically increased, were significantly

higher than the concentrations of the controls, and remained high

between 30 and 180 min after glucose loading (Fig. 2A). At 30 min

after glucose loading, diallyl trisulfide attenuated the increase in

blood glucose compared with that in the vehicle-treated diabetic

rats (Fig. 2A), and this effect was maintained throughout the

investigation period. Garlic oil also showed an effect on blood

glucose similar to that of diallyl trisulfide (significant from 60 min

through 180 min after glucose loading).

The integral values of blood glucose from Fig. 2A were

recalculated and are given in Fig. 2B. Glucose tolerance

deteriorated in the vehicle-treated diabetic animals: the area under

the glucose tolerance curve was significantly greater in the diabetic

group than in the control group. However, this deteriorated glucose

tolerance was attenuated by treatment with diallyl trisulfide and

garlic oil.

Plasma insulin concentrations were measured during the first

60 min of the oral-glucose-tolerance test (Fig. 2C). When

compared with concentrations in the vehicle-treated diabetic

group, plasma insulin concentrations in the control group were

higher at all time points. The peak insulin concentration in the

control group appeared at 10 min after glucose loading. The

vehicle-treated diabetic rats showed a slower insulin response to

glucose loading; the peak plasma insulin concentration in these

rats was at 30 min. Treatment with diallyl trisulfide and garlic oil

attenuated the delayed insulin response to glucose loading; the

peak plasma insulin concentrations in the treated groups was at 10

min (Fig. 2C).

The integral values of plasma insulin from Fig. 2C are

calculated and are given in Fig. 2D. The integral values of plasma

insulin during the oral-glucose-tolerance test for the vehicle-

treated diabetic rats were only 7.56% of the value for the controls

(P <0.05). However, treatment with diallyl trisulfide and garlic

oil significantly improved the insulin response to oral glucose

loading.

3.4. Skeletal muscle glucose metabolism

The utilization of glucose by skeletal muscle in response to

insulin (10 or 100 AU/ml) stimulation is shown in Fig. 3. In the

presence of 10 AU/ml of insulin, the rate of conversion of glucose

to lactate, glycogen, and carbon dioxide was significantly lower by

31.9%, 38.6%, and 35.1%, respectively, in the vehicle-treated

diabetic rats than in the control group. In the presence of 100 AU/
ml of insulin, the rate of the conversion of glucose to lactate,

glycogen, and carbon dioxide was significantly lower by 38.6%,

49.1%, and 36.6%, respectively. The rate of lactate formation in the

diabetic rats, in the presence of 10 and 100 AU/ml of insulin, was

not significantly changed by diallyl trisulfide or garlic oil (Fig.



Fig. 2. Effect of treatment of diabetic rats with garlic oil or diallyl trisulfide on the concentration of plasma glucose as a function of time (A), the increment in

plasma glucose (B), the concentration of plasma insulin as a function of time (C), and the increment in plasma insulin (D) in response to an oral glucose bolus.

A glucose bolus (1 g/kg body weight) was administered orally on day 17 after the induction of diabetes. Glucose was measured in plasma samples from the tail

vein. The data in (B) and (D) are calculated from the areas under the curve of (A) and (C), respectively. Data are meansTS.D. for six rats per group.

*Significant difference between the control group and the DM group ( P <0.05). #Significant difference between the garlic oil- or diallyl trisulfide-treated group

and the DM group ( P <0.05).
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3A). However, the rate of conversion of glucose to glycogen in the

presence of 100 AU/ml of insulin was significantly higher in rats

treated with garlic oil and diallyl trisulfide than in the vehicle-

treated rats (Fig. 3B). Garlic oil significantly lowered the oxidation

rate of exogenous glucose in the presence of both 10 and 100 AU/
ml of insulin (Fig. 3C).
4. Discussion

Garlic has long been believed to possess a hypoglyce-

mic effect (Agarwal, 1996; Augusti, 1996); however, both

effectiveness and ineffectiveness of garlic preparations on

decreasing blood glucose have been reported (Jain et al.,

1973; Jain and Vyas, 1975; Begum and Bari, 1985; Farva
et al., 1986; Anwar and Meki, 2003; Duncan, 1999;

Swanston-Flatt et al., 1990; Baluchnejadmojarad and

Rohgani, 2003a,b). In the present study, we investigated

the hypoglycemic effect of garlic oil and one of its major

organosulfur compounds, diallyl trisulfide, in a widely

used animal model of diabetes (Junod et al., 1969; Like

and Rossini, 1976). We showed that streptozotocin

injection caused a slower rate of body weight gain,

hyperphagia, polydipsia, polyuria, hyperglycemia, and

insulinopenia, which were accompanied by elevated

plasma concentrations of glycosylated proteins and non-

esterified fatty acids (Table 1). The lower hypoglycemic

response of the streptozotocin-injected rats to a bolus

intraperitoneal insulin injection and the lower HOMA-IR

suggest insulin insensitivity in these diabetic animals (Fig.



Fig. 3. Effect of treatment of diabetic rats with garlic oil or diallyl

trisulfide on rates of glucose conversion to lactate (A), glycogen (B), and

carbon dioxide (C) in the presence of 10 or 100 AU/ml of insulin.

Muscles were isolated from diabetic rats or normal control rats. Data are

meansTS.D. for six rats per group. *Significant difference between the

control group and the DM group ( P <0.05). #Significant difference

between the garlic oil-treated or diallyl trisulfide-treated group and the

DM group ( P <0.05).
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1). In addition, the impairment in glucose tolerance and the

lowered insulin secretory capacity (Fig. 2) of the strepto-

zotocin-injected rats indicate that the characteristics of our

animals are comparable with those previously reported for

streptozotocin-induced diabetes and with the characteristics

of diabetes (Like and Rossini, 1976; Dall’Aglio et al.,

1983; Rossetti et al., 1990).

Garlic oil was previously reported to lower fasting

blood glucose concentrations in rats with streptozotocin-

induced diabetes and in patients with diabetes (Begum

and Bari, 1985; Farva et al., 1986; Anwar and Meki,

2003; Duncan, 1999). In the present study, however, we

were unable to show the same effect with either garlic oil

or diallyl trisulfide. We interpret the different results of

our study as being partly due to differences in the way

the garlic oil was prepared, in the route of administration,

in the dose given, and in the duration of treatment.

Although we did not find the fasting blood glucose

concentration to be affected by either garlic oil or diallyl

trisulfide, these two garlic compounds improved insulin

sensitivity in the fasting state and after an intraperitoneal

insulin bolus and improved the tolerance to an oral

glucose challenge in the diabetic rats (Table 1; Figs. 1

and 2). Because insulin secretion during the oral-glucose-

tolerance test was also higher with treatment with garlic

oil and diallyl trisulfide, however, we cannot know

whether the improved glucose tolerance was because

the garlic oil and diallyl trisulfide increased insulin

sensitivity and subsequently attenuated the deterioration

of h-cell function or vice versa. A direct stimulatory

effect of a garlic compound on the pancreas for the

secretion of insulin has been shown only with S-allyl-

cysteine sulfoxide, a precursor of garlic oil (Augusti and

Sheela, 1996). The ability of garlic oil and diallyl

trisulfide to act as secretagogues should be investigated

further.

Raised nonesterified fatty acid concentrations in

plasma have been proposed as a major cause of insulin

resistance and may reduce the secretion of insulin in

diabetes (Randle, 1998). In incubated pancreas islet cells

from Zucker rats, it was reported that raised blood

nonesterified fatty acid concentrations lowered the insulin

secretion stimulated by high concentrations of glucose

(Lee et al., 1994). In addition, raised blood nonesterified

fatty acid concentrations were shown to be associated

with reduced insulin sensitivity in rats (Kruszynska et

al., 1991). Therefore, the improved in vivo glucose

tolerance and hypoglycemic response to the insulin bolus

in the garlic oil-treated diabetic rats may be partly

explained by lowered nonesterified fatty acid concen-

trations in blood.

An additional beneficial effect of garlic oil and diallyl

trisulfide on insulin secretion and insulin sensitivity may be

via the antioxidant capacity of these compounds. Chronic

hyperglycemia causes increased concentrations of reactive

oxygen species and decreased enzymatic and nonenzymatic
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cell antioxidant defenses (Catherwood et al., 2002; Bonne-

font-Rousselot et al., 2000). Reactive oxygen species have

been suggested to be involved in h-cell dysfunction and

insulin resistance (Evans et al., 2003). With garlic oil

prepared in the same manner as in the present study and

with its three major organosulfur compounds (diallyl

sulfide, diallyl disulfide, and diallyl trisulfide), Wu et al.

(2001) showed an improved enzymatic antioxidant defense

system in liver and red blood cells from normal rats. The

greatest antioxidant effect among the three major orga-

nosulfur compounds was shown by diallyl trisulfide.

Recently, garlic oil was also shown to reduce oxidative

stress in streptozotocin-induced diabetes (Anwar and Meki,

2003).

Because garlic oil and diallyl trisulfide improve insulin

sensitivity and oral glucose tolerance, one would expect

the glycemic control of diabetic animals treated with these

two compounds to improve. Such improvement may be

reflected in the level of glycosylation of plasma proteins,

which could reflect overall hyperglycemia during the

elapsed 2 weeks, and is usually measured as the fructos-

amine concentration in plasma (Baker et al., 1985). A

trend for improved glycemic control was shown in the

concentration of plasma fructosamine in both treated

diabetic groups; however, the decreased concentration

found was not significant (Table 1). Our interpretation

of this unexpected result is that the sample for fructos-

amine measurement was collected at the time the animals

were killed, which was after the animals had experienced

a bolus insulin injection, glucose loading, and three

occurrences of overnight starvation over 2 weeks. This

handling of the animals may have altered the glycation of

protein.

Under the action of insulin, skeletal muscle mass is

the main consumer of glucose in the body, and therefore

skeletal muscle is the primary site responsible for the

reduced insulin-induced glucose utilization in diabetic

states (DeFronzo et al., 1982). In the presence of

insulin, glucose utilized by skeletal muscle is oxidized

and converted to glycogen and lactate. Streptozotocin-

induced diabetes in rats has been reported to reduce

basal and insulin-stimulated glucose utilization and

lactate production in skeletal muscle in vitro, at least

partly because of a lower glucose transporter-4 content

and glucose transport rate and lower glycogen synthase

activity in skeletal muscle (Maegawa et al., 1986;

Munoz et al., 1996; Oku et al., 2000). As noted in

the present study, streptozotocin-induced diabetes resulted

in a lower conversion of exogenous glucose to lactate

and glycogen in the soleus muscles. In addition, the

conversion of glucose to carbon dioxide in insulin-

stimulated states was suppressed.

In the presence of physiologic concentrations of insulin,

the lactate production rate in skeletal muscles from

diabetic rats treated with garlic oil or diallyl trisulfide

was not significantly affected; however, the glycogen
synthesis rate was significantly increased in both groups

(Fig. 3). Because of the major contribution of muscle

glycogen synthase activity on the regulation of insulin

action (Cohen, 1987), the results of the present study

suggest that garlic oil and diallyl trisulfide may have a

regulatory effect on the activity of this enzyme. On the

other hand, we found that treatment with diallyl trisulfide

did not significantly affect the glucose oxidation rate in

skeletal muscle in vitro, but garlic oil significantly

lowered the rate in the presence of physiologic concen-

trations of insulin. This effect of garlic oil may be

explained by data from George and Eapen (1974), who

reported that garlic oil inhibits phosphorylation in mito-

chondria from the liver of mice, thus suppressing

oxidative metabolism in the cells. Because the oxidation

of glucose contributes relatively little to overall glucose

utilization in skeletal muscle in the presence of physio-

logic concentrations of insulin, the improvement in the

conversion of glucose to glycogen with garlic oil could

play a major role in the insulin-stimulated glucose

clearance in streptozotocin-induced diabetes found in the

present study.

In conclusion, with the use of an streptozotocin-induced

diabetes model in rats, we showed that treatment with

garlic oil can improve glycemic control via significantly

improved insulin sensitivity, glucose tolerance, insulin

secretion, and improved glucose utilization by skeletal

muscle in the presence of insulin. Diallyl trisulfide is an

important functional component of the hypoglycemic effect

of garlic oil.
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