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The effects of alliin and volatile sulfur-containing compounds in garlic on thermogenesis were investigated in 
rats. Rats were fed high-fat diet with or without a ethanol extracted-garlic powder (EE-garlic) supplemented at 
0.8% for 28 days. Afterfeeding, mitochondrial protein content in interscapular brown adipose tissue (IBAT) and 
plasma norepinephrine secretion were significantly greater in rats given EE-garlic as compared with control 
rats. The effects of the administrations of EE-garlic and alliin on norepinephrine secretions were evaluated in 
anesthetized rats. The norepinephrine concentrations of arterial blood were significantly increased by EE-garlic 
and alliin administration. and these increases were dose dependent. The administration of allylsuljides having a 
different number of sulfur atoms (diallyldisulfde and diallyltrisulfide) also significantly increased the norepi- 
nephrine secretion. The effects of the administration of EE-garlic, alliin, and diallyldisuljide on thermogenesis 
were examined by the direct measurement of IBATand rectal temperatures in anesthetized rats. The temperatures 
were significantly increased by the administration of these compounds, and the effect of diallyldisulfide 
disappeared in the presence of P-adrenergic blocker. These results suggest that the administration of alliin and 
volatile sulfur-containing compounds in garlic enhance the thermogenesis by increasing norepinephrine 
secretion via P-adrenergic action. (J. Nutr. Biochem. 9:60-66, 1998) 0 Elsevier Science Inc. 1998 
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Introduction 

For many centuries, the medicinal properties of garlic have 
been well recognized, and it produces the sulfur-containing 
compounds including volatile compounds such as diallyld- 
isulfide and diallyltrisulfide.’ Stall and Seebeck* reported 
that garlic contains odorless sulfur-containing compound 
known as alliin (S-allylcysteine sulfoxide) and an enzyme, 
alliin lyase (alliinase, EC. 4.4.1.4), which catalyzes alliin 
transformation into a volatile compound, allicin. The effects 
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of these volatile or nonvolatile compounds in garlic on 
thermogenesis have not been investigated. We have recently 
reported that the supplementation (0.8%) of heat dried- 
garlic powder (contained 5.05 mg of total diallylsulfides/g) 
to the diet and the administration of diallyldisulfide, a major 
volatile sulfur compound of garlic, enhance triglyceride 
catabolism and growth of interscapular brown adipose 
tissues (IBAT) by increasing norepinephrine secretion in 
rats.3 Norepinephrine secretion from the sympathetic ner- 
vous system controls thermogenesis of brown adipose tissue 
(BAT) by regulating uncoupling protein,‘-7 via P-adrener- 
gic recepter, i.e., B-adrenergic pathway.‘-” The present 
study was performed to investigate the effects of garlic 
administration on thermogenesis in rats, and especially to 
determine the effects of alliin and volatile sulfur-containing 
compounds in garlic on thermogenic activity of IBAT and 
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a-cornstarch 43.’ One half of the animals received the high-fat diet 
alone, whereas the others received the same diet containing 0.8% 
of EE-garlic. Rats weighing 80 to 90 g were separated into two 
groups and were given the diet with or without EE-garlic for 28 
days. Both groups of rats consumed the equal energy during the 
experimental period. At the end of the experimental period, the rats 
were individually transferred to a metabolic cage, where urine and 
feces were separately collected for 1 day. During the collection, 
urine samples were collected on 1 mL of 50% HCl. After the 
collection, urinary creatinine was measured by the method of Clark 
and Thompson.‘6 Fecal samples were dried, weighed, and pulver- 
ized. The fecal samples were extracted by the method of Folch et 
al.” After the collection of urine and feces. in the fed state, rats 
were anesthetized by intraperitoneal injection of a-chrolarose and 
urethan (75 mg/kg and 750 mg/kg. respectively). Blood samples 
were collected from the abdominal aorta, and plasma was sepa- 
rated after centrifugation (3,000g for 15 min) and stored at -40°C 
until assayed. After blood sampling, the liver, kidney, perirenal fat 
pad, epididymal fat pad, and IBAT were immediately excised, 
washed in chilled saline, blotted, weighed, and stored at -40°C for 
further analyses. The plasma was treated with aluminum oxide for 
the determination of epinephrine and norepinephrine concentra- 
tions using HPLC with electrochemical detection.‘8.‘9 Plasma 
triglycerides and free fatty acid concentrations were analyzed 
enzymatically using commercial kits. Plasma total and HDL 
cholesterol concentrations were measured according to the method 
of Pearson et al.” IBAT mitochondrial proteins were isolated by 
the method of Cannon and Lindberg,” and the protein contents 
were measured by the method of Lowry et al.‘* 

norepinephrine secretion. To examine the IBAT growth and 
the norepinephrine secretion, the effects of ethanol extract- 
ed-garlic powder (EE-garlic; contained 1.81 mg of total 
diallylsulfides/g) on thermogenesis were investigated in 
high-fat diet fed rats by supplementation at 0.8% to the diet. 
In addition, the effects of EE-garlic, alliin, and volatile 
sulfur-containing compounds in garlic on thermogenesis 
were evaluated by the direct measurements of IBAT and 
rectal temperatures and the norepinephrine secretion in 
anesthetized rats. To determine the thermogenic pathway of 
the administration of major volatile sulfur-containing com- 
pound, the effect of administration of diallyldisulfide were 
also investigated by the direct measurement of IBAT and 
rectal temperatures in the presence of o- and B-adrenergic 
blocking agents. 

Methods and materials 

Animal care 
Male Sprague-Dawley rats (Japan SLC., Shizuoka, Japan) were 
individually housed in stainless steel wire-bottom cages in a room 
maintained at 22 to 24°C and approximately 50% relative humid- 
ity. The room was lighted from 7:00 to 19:OO hr. The rats were 
given a commercial diet (CE-2: Japan Clea Inc., Tokyo, Japan). 
Tap water was freely available. The protocol of this study was 
approved by the Institutional Animal Care and Use Committee of 
Kobe Women’s University, Faculty of Home Economics. 

Chemicals 
EE-garlic was practically odorless, and was a powdered ethanol 
extract of garlic bulb (Riken Chemical Industry Limited Co., 
Kyoto, Japan). The total volatile sulfur-containing compounds in 
EE-garlic were determined after the treatment of enzymatic reac- 
tion by alliin lyase, and they were analyzed by gas-chromatogra- 
phy using diallyldisultide as a standard. The volatile sulfur- 
containing compounds were determined as diallyldisulfide 
equivalent. The data indicated that the EE-garlic used in this study 
contained 1.8 I mg of total diallylsulfides/g; containing trace of 
diallylmonosulfide, 0.11 mg/g of diallyldisulfide, 1.4 mg/g of 
diallyltrisulfide, and 0.3 mg/g of diallyltetrasulfide. The total 
amounts of the volatile sulfur-containing compound in EE-garlic 
(1.81 mg/g) was approximately one third, as compared with the 
heat-dried garlic powder’ (5.05 mg/g), and the EE-garlic had less 
odor than the heat-dried garlic powder. The commercial kits for 
assays of plasma triglycerides (Triglyceride G-Test) and plasma 
free fatty acids (NEFA C-Test) were obtained from Wako Chem- 
ical Ind., Osaka Japan. Alliin (purity, 99.9%) was synthesized by 
the method of Iberl et al.” followed by purification. S-Ally]-L- 
cysteine (99.9%) was synthesized by the method of Lancaster and 
Kelly.‘3 Diallylsulfide (purity, 99.0%) and diallyldisulfide (88.9%, 
the remaining components were diallylmonosultide 5.4% and 
diallyltrisulfide 5.3%) was purchased from Tokyo Chemical Ind. 
(Tokyo, Japan). Diallyltrisulfide was synthesized by the method of 
Kimer and Richter,‘” and was purified using chromatography.‘” 
Its purity was 73.4% and the remaining component was identified 
as diallyldisulfide (24.3%). Phentolamine and propranolol were 
obtained from Sigma Chemical Co., St. Louis, MO, USA. 

Experiment I 
The experimental diets were the high-fat diet (energy density, 
2 1.21 MJ/kg) and were synthetic diets and contained the following 
ingredients, in grams per kilogram; casein 250, shortening 300, 
vitamins 17. minerals 50, cellulose 40, sucrose 300, and 

Experiment 2 
The effects of EE-garlic, alliin (allylcysteine sulfoxide). SallyIlL- 
cysteine. and allylsulfides having a different number of sulfur 
atoms (volatile sulfur-containing compounds in garlic) on norepi- 
nephrine secretion were investigated by using blood samples 
obtained from the abdominal aorta. Rats were anesthetized as 
described above (in Experiment I), and their rectal temperatures 
were maintained between 36.5”C and 37.5”C using a direct- 
current-heating pad. The rats were infused through the right 
femoral vein with 1 mL of either a vehicle (0.9% NaCl solution 
containing 2% ethanol and 0.5% Tween 80) or the same vehicle 
containing each of 0.12 g, 0.24 g or 0.36 g of EE-garlic, or 10, 20, 
or 30 mmol/L of alliin (1.77, 3.54. or 5.3 1 mg, respectively) or of 
S-ally]-L-cysteine (1.93, 3.86, or 5.79 mg. respectively). Blood 
samples were collected from the abdominal aorta IO min after the 
infusion of each compound.23 Blood samples were transferred to 
heparinized tubes, and plasma obtained by centrifugation at 3,000 
g for 15 min, and stored at -40°C until assayed. Plasma norepi- 
nephrine was purified with aluminum oxide, assayed by HPLC 
with electrochemical detection as described previously.‘xm’9 Sim- 
ilarly, the rats were administered each IO mmol/L of allylsulfides 
having a different number of sulfur atoms (diallylmonosulfide, 
1.14 mg; diallyldisulfide, 1.46 mg; or diallyltrisulfide, 1.78 mg). 
and plasma norepinephrine secretions were measured by the same 
method as mentioned above. 

Experiment 3 
The effects of EE-garlic, alliin, and diallyldisulfide administration 
on thermogenesis were investigated by the direct measurement of 
IBAT and rectal temperatures. Rats were anesthetized as described 
above (in Experiment 1). A small incision was made above the 
scapulae, the IBAT was partially separated from the muscle below, 
and a thermister (Model BAT- 12, Sensortek, NJ, USA) was placed 
under the IBAT pad. Another thermister was inserted in the rectum 
(C5 10, Technol Seven Limited Co., Yokohama, Japan). After the 
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Table 1 Effect of EE-Garlic supplementation on energy intake, body 
weight, liver weight, fecal lipid, urinary creatinine, perirenal adipose 
tissue weight, and epididymal fat pad weight in rats fed a high-fat diet for 
28 days (Experiment 1) 

Table 2 Effect of EE-garlic supplementation on plasma concentration 
of triglycerides, free fatty acids, total cholesterol, and HDL-cholesterol in 
rats fed a high-fat diet (Experiment 1) 

High-fat diet 
High-fat EE-garlic- 
supplemented diet 

Energy intake (MJ)’ 6.321 6.321 
Body weight (g) 261.6 + 1.6 258.0 2 3.8 
Liver weight (g) 9.9 ir 0.1 9.3 + 0.2 
Liver lipid (g) 0.57 k 0.03 0.55 t 0.04 
Fecal lipid (mg/day) 85.3 t 15.3 97.4 2 12.9 
Urinary creatinine (kmol/day) 138.8 t 34.5 105.2 t 41.5 
Perirenal fat pad weight (g) 1.78 -e 0.14 1.45 i- 0.04 
Epididymal fat pad weight (g) 5.24 2 0.31 3.76 i 0.36* 

Triglyceride (mmol/L) 11.23 ? 1.04 5.18 2 0.58 
Free fatty acids (kmol/L) 19.29 2 1.52 13.40 2 0.67* 
Total cholesterol (mmol/L) 1.565 5 0.070 1.490 f 0.074 
HDL cholesterol (mmol/L) 0.819 2 0.135 0.549 2 0.033 

Values are means ? SEM for six or seven rats. 
‘Significantly different from high-fat diet group at P < 0.01 

‘Rats were individually given the high-fat diet or the high-fat EE-garlic 
diet, and were received equal energy intake (6.321 MJ of total energy for 
28 days) for each of the both group. Values are means t SEM for seven 
or eight rats. 

concentrations were significantly increased by EE-garlic 
supplementation, while epinephrine levels were not signif- 
icantly affected (Figure 2). 

‘Significantly different from high-fat diet group at P < 0.01. Experiment 2 

IBAT and rectal temperatures reached a steady state, rats were 
given individually an intramuscular injection of 0.12 g of EE- 
garlic, or 10 mmol/L each of alliin (containing 1.77 mg/mL) or 
diallyldisulfide (containing 1.46 mg), which were dissolved in 1 
mL of 0.9% NaCl solution containing of 2% ethanol and 0.5% 
Tween 80 as the vehicle or the vehicle alone. IBAT and rectal 
temperatures were recorded every min for 120 min. The effects 
were compared with the injection of vehicle (0.9% NaCl solution 
containing 2% ethanol and 0.5% Tween 80), and IBAT and rectal 
temperatures were monitored. The effects of diallyldisulfide ad- 
ministration in the presence or absence of a-blocker or B-blocker 
on thermogenesis were also investigated by the direct measure- 
ments of IBAT and rectal temperatures as mentioned above, after 
rats were given an intramuscular injection of o-blocker, phentol- 
amine (3 mg/kg) or B-blocker, propranolol (10 mg/kg) before 
anesthesia. After IBAT and rectal temperatures reached a steady 
level, 10 mmol of diallyldisulfide (containing 1.46 mg/mL) was 
injected intramuscularly, the changes in temperatures were com- 
pared with those after the injection of I mL of the vehicle (0.9% 
NaCl solution containing 2% ethanol and 0.5% Tween 80). 

Statistical analysis 

All data are presented as means ? SEM. Statistical analyses were 
performed using analysis of variance24 and Duncan’s multiple- 
range test.25 

Results 

Experiment I 

The mean values of perirenal fat pad weight and epididymal 
fat pad weight were significantly lowered by EE-garlic 
supplementation, although there were no differences in 
body weight, liver weight, urinary creatinine and perirenal 
adipose tissue weight (Tubk 1). Plasma concentrations of 
triglycerides and free fatty acids were significantly de- 
creased by EE-garlic supplementation. In contrast, there 
were no significant differences in plasma total cholesterol or 
I-IDL cholesterol concentrations (Table 2). IBAT mitochon- 
drial protein were significantly greater in rats given EE- 
garlic powder, although there were no significant differ- 
ences in IBAT weight (Figure 1). Plasma norepinephrine 

High-fat diet 
High-fat EE-garlic- 
supplemented diet 

The effects of the administration of EE-garlic, alliin, and 
allyl-L-cysteine on norepinephrine secretions are shown in 
Figures 3-5. Plasma norepinephrine concentrations were 
significantly increased by administration of 0.24 and 0.36 
mg of EE-garlic as compared with the infusion of a vehicle 
or of 0.12 mg of EE-garlic (Figure 3), and there was a 
significant positive correlation between the norepinephrine 
secretion and the EE-garlic dose (P < 0.01, r = 0.65). 
Plasma norepinephrine concentrations were significantly 
increased by administrations of 1.77, 3.54, and 5.31 mg of 
alliin as compared with the vehicle (Figure 4). The effect of 
the administration of alliin on plasma norepinephrine con- 
centrations was also dose dependent (P < 0.001, r = 
0.934). On the other hand, the effect of S-allyl-L-cysteine 
was not dose dependent within the dose used in this study 
(1.93 to 5.79 mg), although the effect of this compound was 
significant (Figure 5). The effects of the administration of 
allylsulfides having different numbers of sulfur atoms on 
plasma norepinephrine secretions are shown in Figure 6. 
Plasma norepinephrine concentrations were significantly 

Figure 1 Effect of EE-garlic supplementation on IBAT weight and on 
IBAT mitochondrial protein contents in rats fed a high-fat diet for 28 
days (Experiment 1). Values are means 2 SEM of five or six rats. 
*Significantly different from high-fat diet fed group at P < 0.01. 
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17 High-fat diet 
6o t=3 High-fat EEgarlic supplemented diet 
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Epinephrine Norepinephrine 

Figure 2 Effect of EE-garlic supplementation on epinephrine and 
norepinephrine secretions in plasma (Experiment 1). Values are 
means 2 SEM of six or seven rats. *Significantly different from the 
high-fat diet fed group at P < 0.01. 

increased by the administration of diallyldisulfide and 
diallyltrisulfide (containing two and three sulfur atoms, 
respectively), whereas the effect of diallylmonosulfide was 
similar’to that of the vehicle used for this experiment. 

Experiment 3 

The effects of the administration of EE-garlic, alliin, and 
diallyldisulfide on the thermogenesis are shown in Table 3. 
The increases in temperature of the IBAT and rectum in the 
administration of EE-garlic, alliin, and diallyldisulfide were 
significantly different from the vehicle alone. The effects of 
diallyldisulfide administration on temperature increases in 
the IBAT and rectum after the pretreatment with o-blocker 
or B-blocker are shown in Table 4. The effect of diallyldi- 
sulfide was not affected by the pretreatment of o-blocker, it 
disappeared when rats were pretreated by P-blocker. This 
finding suggests that the mechanism of the increased ther- 
mogenesis by diallyldisulfide administration was by 
B-adrenergic action. 

Discussion 

The present study has investigated the effects of alliin and 
volatile sulfur-containing compounds in garlic on thermo- 
genesis in rats. From the measurement of IBAT mitochon- 
drial protein and plasma norepinephrine secretion, it was 
suggested that growth of IBAT is enhanced more by 
EE-garlic supplementation in high-fat diet fed rats. Our 
previous paper has reported that supplementation of heat- 
dried garlic powder to the high-fat diet and diallyldisulfide 
enhances growth of IBAT by increasing norepinephrine 
secretion in rats3 It was suggested that effects of these two 
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Figure 3 Effects of EE-garlic administration on plasma norepineph- 
rine concentrations (Experiment 2) Rats were received an infusion of 1 
mL of the vehicle (0.9% NaCl solution containing 2% ethanol and 0.5% 
Tween 80) or 1 mL of 0.12, 0.24, or 0.36 g of EE-garlic into the right 
femoral vein. Ten min after the infusion, the abdominal aortic blood was 
collected. Values were means k SEM for five or six rats. Means not 
sharing a common superscript letter are not significantly different at 
P < 0.05. 

garlic preparations on thermogenesis were similar in the 
enhancement of IBAT growth and norepinephrine secretion, 
although the total amounts of the volatile sulfur-containing 
compounds in the EE-garlic was lowered to approximately 
one third, as compared with the heat-dried garlic powder.3 
Furthermore, it could be thought that there were very little 
of the volatile sulfur-containing compounds in EE-garlic 
unless these compounds were determined after the treatment 
of enzymatic reaction by alliin lyase. The present study 
indicated that the administrations of alliin (a nonvolatile 
sulfur-containing compound in garlic) and EE-garlic en- 
hanced the norepinephrine secretion in situ and these 
increases were dose dependent. Therefore, we speculate that 
EE-garlic contains significant amounts of alliin, and that the 
alliin directly or indirectly stimulates the enhancement of 
norepinephrine secretion. In contrast, S-allyl-L-cysteine ad- 
ministration increased the norepinephrine secretion as com- 
pared to the administration of the vehicle, but this increase 
was not dose dependent. Accordingly, it was indicated that 
the mechanism of action for increasing norepinephrine 
secretion by S-allyl-L-cysteine was different from that of 
alliin. Sundaram and Milner documented the effects of 
organosulfur compounds in garlic on the growth of canine 
mammary tumor cells in culture.26 They noted that water- 
soluble organosulfur compounds (S-allyl-cysteine) did not 
significantly alter the growth, but oil-soluble organosulfur 
compounds (diallylmonosulfide, diallyldisulfide, and dial- 
lyltrisulfide) markedly inhibited the growth of these cells. 
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Figure 4 Effects of alliin administration on plasma norepinephrine Figure 5 Effects of S-allyI+-cysteine administration on plasma nor- 
concentrations (Experiment 2). Rats were received an infusion of 1 mL epinephrine concentrations (Experiment 2). Rats were received an 
of the vehicle (0.9% NaCl solution containing 2% ethanol and 0.5% infusion of 1 mL of vehicle (0.9% NaCl solution containing 2% ethanol 
Tween 80) or 1 mL of the vehicle containing alliin (S-allylkcysteine and 0.5% Tween 80) or 1 mL of the vehicle containing S-allylk-cysteine 
sulfoxide) 1.77 mg (10 mmol/L), 3.54 mg (20 mmol/L) or 5.31 (30 1.93 mg (10 mmol/L), 3.86 mg (20 mmol/L), or 5.79 mg (30 mmol/L) into 
mmol/L) into the right femoral vein. Ten minutes after the infusion, the the femoral vein. Ten minutes after the infusion, the abdominal aortic 
abdominal aortic blood was collected. Values are means k SEM of four blood collected. Values were means k SEM of four or five rats. Means 

or five rats. Means not sharing a common superscript are significantly not sharing a common superscript letter are significantly different at 

different at P < 0.05. P < 0.05. 

The previous paper reported that diallyldisulfide enhances 
norepinephrine secretion in a dose-dependent manner.’ In 
the present study, we found that norepinephrine secretion 
was increased by the administrations of diallyldisulfide and 
related sulfur-containing compounds in garlic, including 
alliin. This observation suggests that volatile and nonvola- 
tile sulfur-containing compounds in garlic enhance norepi- 
nephrine secretion in rats. It may be that various tissues in 
the rat have alliin lyase-like enzyme activity (alliinase, EC. 
4.4.1.4) that catalyzes the reaction of alliin to a volatile 
compound, diallylthiosulfinate (allicin); however, further 
experiments are necessary to clarify this point. It is possible 
that polysulfides in garlic collaborate with ally1 portion and 
sulfur atoms, and play a role in the stimulation of norepi- 
nephrine secretion in rats. 

BAT has long been recognized as a major site of 
metabolic heat generation (non-shivering thermogenesis) in 
mammalian neonates and in cold-exposed adult ani- 
mals.“,7%‘7 The major effector of BAT thermogenesis is 
believed to be norepinephrine released from the sympathetic 
nerve terminals densely innervating this tissue via 
P-adrenergic receptors.” In the present study, thermogenic 
effects of volatile and nonvolatile sulfur-containing com- 
pounds in garlic (diallyldisulfide and alliin, respectively), 
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and EE-garlic were evaluated by direct measurements of 
temperatures of the IBAT and rectum temperatures. It was 
found that the nonvolatile sulfur-containing compound of 
garlic and alliin, enhanced thermogenesis similar to dial- 
lyldisulfide. 

Furthermore, to determine the mechanism of thermogen- 
esis by garlic constituents, we examined the effects of 
diallyldisulfide on IBAT and rectal temperatures in the 
presence or absence of oL-adrenergic blocker, phentolamine, 
and P-adrenergic blocker, propranolol. Flaim et al.8 re- 
ported the effects of (Y- and P-adrenergic antagonists (phen- 
tolamine and propranolol, respectively) on the neurally 
induced temperature changes of IBAT. These authors sug- 
gested that the temperature increase appears to be mediated 
via both 01- and P-adrenergic receptors, although the 
P-pathway is quantitatively more significant. Mohel et al.‘” 
reported that oxidative metabolism of isolated brown adi- 
pocytes is directly increased in vitro by adding norepineph- 
rine and is suppressed by the addition of P-blockers such as 
propranolol. Although norepinephrine, which is the natural 
mediator of thermogenesis in the BAT, interacts with both 
a-adrenergic and P-adrenergic receptors, most heat pro- 
duced by brown adipocytes is caused by the interaction with 
P-receptors. lo In the present study, it was found that the 
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Figure 6 Effects of allylsulfides containing a different number of sulfur 
atoms on plasma norepinephrine concentrations (Experiment 2). Rats 
were received an infusion of 1 mL of the vehicle (0.9% NaCl solution 
containing 2% ethanol and 0.5% Tween 80) or 1 mL of each 10 mmol/L 
containing 1.14 mg of diallylmonosulfide, 1.46 mg of diallyldisulfide, or 
1.78 mg of diallyltrisulfide into the right femoral vein. Ten minutes after 
the infusion, the abdominal aortic blood was collected. Values are 
means -c SEM of four or five rats. Means not sharing a common 
superscript letter are significantly different at P < 0.05. 

administration of diallyldisulfide enhanced thermogenesis 
by increasing temperatures caused by heat productions via 
P-adrenergic action. This observation is similar to the 
mechanism of thermogenesis regulated by capsaicin.29T30 
Furthermore, from the lowering effect of plasma triglycer- 

Table 3 Effects of EE-garlic, alliin and diallyldisulfide administration on 
the increase in temperatures of the IBAT and rectum (Experiment 3)’ 

Increasing temperature (“C)’ 

IBAT Rectum 

Vehicle3 
EE-garlic3 
Alliin3 
Diallyldisulfide3 

0.31 2 0.06-a 
1.36 2 0.18-b 
0.88 I 0.18-b 
1.18 + 0.14-b 

0.32 2 0.10-a 
1.37 2 0.14-b 
0.92 + 0.19-b 
1.25 2 0.17-b 

Values were means 2 SEM. Means not sharing a common letter (a, b) 

‘Rats were given individually the vehicle, alliin, or diallyldisulfide, and 
IBAT and rectal temperatures were directly measured by thermisters for 

are significantly different at P < 0.05. 

120 min. See the text in details. 
‘Increasing temperature denotes the differences between tempera- 
tures before the administration and at the maximum temperature after 
the administration. 
3Rats were given an intramuscular injection of 0.12 g of EE-garlic and of 
10 mmol/L each of alliin (1.77 mg) or diallyldisulfide (1.46 mg) that was 
dissolved in 1 mL of the vehicle (0.9% NaCl solution containing 2% 
ethanol and 0.5% Tween 80). 
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Table 4 Effects of diallyldisulfide on increasing temperatures of the 
IBAT and rectum in the presence or absence of the cY-adrenergic 
blocker, phentolamine, or p-adrenergic blocker, propranolol (Experi- 
ment 3)’ 

Increasing temperature (“C)” 

IBAT Rectum 

Vehicle3 
Diallyldisulfide3 

(a-blocker) 
Vehicle 
Diallyldisulfide 

(P-blocker) 
Vehicle 
Diallyldisulfide 

0.30 -c 0.04 0.32 t 0.10 
0.70 t 0.11* 0.71 ? 0.08* 

0.56 I 0.09 0.56 + 0.09 
1.26 ? 0.14* 1.20 2 0.23* 

0.24 2 0.10 0.26 2 0.10 
0.33 2 0.18 0.34 2 0.17 

‘Rats were given an intramuscular injection of or-blocker (phentolamine) 
or P-blocker (propranolol) followed by the injection of the vehicle or 
diallyldisulfide solution. IBAT and rectal temperatures were directly 
measured by thermisters for 120 min. See the text in details. 
‘Increasing temperature denotes the differences between tempera- 
tures before administration and at the maximum temperature after the 
administration of diallyldisulfide. 
3Rats were given an intramuscular injection of 10 mmol/L of diallyldis- 
ulfide (1.46 mg) dissolved in the vehicle (0.9% NaCl solution containing 
2% ethanol and 0.5% Tween 80). Values were means 2 SEM. 
*Asterisks indicate significant differences between the vehicle and the 
diallyldisulfide at P < 0.01 

ide concentration, the increase of IBAT growth and norepi- 
nephrine secretion in rats fed a high-fat diet, we speculated 
that thermogenesis via P-adrenergic action by garlic sup- 
plementation resulted in the enhancement of triglyceride 
catabolism and energy expenditure. 

We have also confirmed in the same method that the 
thermogenic effects of diallyldisulfide was demonstrated by 
comparison to the pungent compounds in some spices 
(allylisothiocyanate, piper-me and capsaicin). The results 

Table 5 Effects of diallyldisulfide and the pungent compounds in 
some spices on the thermogenesis of IBAT and rectum’ 

Increasing temperature (“C)* 

IBAT Rectum 

Vehicle3 
Diallyldisulfide3 
Allylisothiocyanate3 
PipeTine 
Capsaicin3 

0.00 t 0.17-a 
0.88 k 0.21 -b 
0.51 * 0.12-a 
0.75 + 0.08-b 
1.79 -t 0.26-c 

0.00 t 0.11 -a 
1 .lO * 0.25-c 
0.48 + 0.02-b 
0.78 + 0.09-bc 
1.75 2 0.35-c 

‘Rats were given individually the vehicle, diallyldisulfide, or some pun- 

Values were means 5 SEM. Means not sharing a common letter are 

gent compounds. IBAT and rectal temperatures were directly mea- 
sured by thermisters for 120 min. See the text in details. 
‘Increasing temperature denotes the differences between tempera- 

significantly different at P < 0.05. 

tures before the administration and at the maximum temperature after 
the administration. 
3Rats were given intramuscular injection of 10 mmol of each allylisothio- 
cyanate (0.99 mg), piperine (2.85 mg), diallyldisulfide (1.46 mg), or 
capsaicin (3.05 mg) that wasdissolved in 100 WLofthevehicle (dimethyl- 
sulfoxide). Diallyl disulfide and allylisothiocyanate were obtained from 
Tokyo Chemical Ind., Tokyo, Japan. Piperine and capsaicin were ob- 
tained from Sigma Chemical Co., St. Louis, MO, USA. 
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were shown in Table 5. It was found that thermogenesis was 
enhanced by the administration of these pungent com- 
pounds and that the potential for inducing thermogenesis 
was capsaicin > diallyldisulfide > piperine > allylisothio- 
cyanate (Table 5). Therefore, the present study indicate that 
alliin and volatile sulfur-containing compounds in garlic 
enhance thermogenesis via P-adrenergic action of the sym- 
pathetic nervous system by increasing norepinephrine se- 
cretion in rats. 
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