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Abstract
Aged garlic extract (AGE) is known to have a protective effect against immune system, endothelial function, oxidative stress and inflammation. 

We examined the effects of exercise with and without aged garlic extract administration on body weight, lipid profiles, inflammatory cytokines, 
and oxidative stress marker in high-fat diet (HFD)-induced obese rats. Forty-five Sprague-Dawley rats were fed either a HFD (HFD, n = 40) or 
a normal diet (ND, n = 5) for 6 weeks and thereafter randomized into ND (n = 5), HFD (n = 10), HFD with AGE (n = 10), HFD with Exercise 
(n = 10), or HFD with Exercise+AGE (n = 10) for 4 weeks. AGE groups were administered at a dose of 2.86 g/kg·body weight, orally. Exercise 
consisted of running 15-60 min 5 days/week with gradually increasing intensity. AGE (P < 0.01), Exercise, and Exercise+AGE (P < 0.001) attenuated
body weight gain and food efficiency ratio compared to HFD. Visceral fat and liver weight gain were attenuated (P < 0.05) with all three interventions
with a greater effect on visceral fat in the Exercise+AGE than AGE (P < 0.001). In reducing visceral fat (P < 0.001), epididymal fat (P < 0.01) 
and liver weight (P < 0.001), Exercise+AGE was effective, but exercise showed a stronger suppressive effect than AGE. Exercise+AGE showed 
further additive effects on reducing visceral fat and liver weight (P < 0.001). AGE significantly attenuated the increase in total cholesterol and low-density
lipoprotein-cholesterol compared with HFD (P < 0.05). Exercise+AGE attenuated the increase in triglycerides compared with HFD (P < 0.05). Exercise
group significantly decrease in C-reactive protein (P < 0.001). These results suggest that AGE supplementation and exercise alone have anti-obesity, 
cholesterol lowering, and anti-inflammatory effects, but the combined intervention is more effective in reducing weight gain and triglycerides levels
than either intervention alone.
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Introduction5)

The prevalence of obesity has been known to indicate serious 
public health problems in the world. It is strongly associated with 
metabolic syndrome and many chronic diseases that result from 
an imbalance between energy intake and physical activity [1-3]. 
Excess energy intake and reduced energy expenditure promotes 
metabolic dysfunction [4-7], oxidative stress and inflammatory 
pathologic factors that increase the secretion of interleukin-6 
(IL-6), tumor necrosis factor-alpha (TNF-α), and C-reactive 
protein (CRP) [1,2,4,5,8].

Increased adipose tissue plays an important role in the 
development of low-grade inflammation, which is characterized 
by cytokine production and stimulation of inflammatory cytokine 
signaling pathways [9]. Pro-inflammatory cytokines are associated 
with dyslipidemia and atherosclerosis [10]. Potential therapeutic 
regimens for severe obesity are non-conservative dietary inter-
ventions, drug therapy, and bariatric surgery [11]. Other inter-
ventions performed either alone or in combination include 
improving nutritional habits, increasing physical activity levels, 
and undergoing psychological treatment [12]. 

Previous studies have documented that nutritional application 
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Normal diet (D10012G) HF diet (D12451)
g kcal g kcal

Protein 20.0 20.3 24 20
Carbohydrate 64.0 63.9 41 35
Fat 7.0 15.8 24 45
Total 100.0 100
kcal/g 3.9 4.73
1) All dietary components were prepared by Research Diets.

Table 1. Composition of experimental diets1)

Variable ND
(n = 5)

HFD
(n = 10)

HFD + AGE
(n = 10)

HFD + Exercise 
(n = 10)

HFD + Exercise + AGE
(n = 10)

Initial Body weight (g) 421.66 ± 24.51**a 480.90 ± 30.03b 470.78 ± 20.66b 472.50 ± 26.73b 478.17 ± 16.66b

Final weight (g) 507.46 ± 29.71***ab 601.65 ± 43.09c 543.84 ± 43.58**b 500.53 ± 27.94***a 465.71 ± 51.40***a

Weight gain (g) 85.80 ± 5.98*cd 120.75 ± 34.27d 73.06 ± 27.38**c 28.03 ± 46.48***b -12.46 ± 49.77***a

Average weight gain (g/week) 21.46 ± 1.50*cd 30.22 ± 8.56d 18.29 ± 6.85**c 7.01 ± 11.63***b -3.11 ± 12.44***a

Food intake (g/week) 191.96 ± 11.00***c 147.07 ± 12.16b 124.42 ± 15.05**a 114.77 ± 8.42***a 116.72 ± 14.39***a

FER 0.10 ± 0.00**b 0.22 ± 0.07c 0.14 ± 0.06*bc 0.05 ± 0.11***b -0.04 ± 0.10***a

1) Valuses are means ± SD. 
HFD, high-fat diet; AGE, aged garlic extract; FER, food efficiency ratio. 
Experimental values were compared with those for the high fat diet group using Duncan’s multiple comparison test after one way ANOVA.
*P < 0.05 vs HFD, **P < 0.01 vs HFD, ***P < 0.001 vs HFD. a,b,c,ddenoting a significant post hoc difference from the other groups (P < 0.05).

Table 2. Effect of AGE and exercise on body weight changes and food intake in high fat diet-induces obese rats1)

of various metabolic dysfunction have been conducted with the 
aim of regulating obesity [13-16]. There is a developing interest 
in the use of phytochemical compounds as medicinal alternative 
due to their lack of toxicity and the relative ease and cost of 
production. Garlic (Allium sativum) has several biological benefits 
including anti-oxidative, anti-inflammatory, and anti-dyslipidemic 
effects [17]. Aged garlic extract (AGE) differs from other garlic 
varieties; it has less stimulating and pungent properties than bulbs 
and contains more newly converted sulfur-containing compounds 
(gamma-glutamyl cysteine, S-allyl cysteine, S-allylmercapto-
cysteine, and S-methyl cysteine) than those found in cooked or 
raw garlic [18]. AGE and its individual components have been 
shown to improve plasma lipid concentrations and oxidative 
stress, and inflammatory cytokines [19-21]. However, the effect 
of AGE on reduced body weight is unknown [4,6,17-19].

Physical exercise training has been widely demonstrated to be 
beneficial for improving metabolic function in high-fat diet 
(HFD)-induced obese rats because it improves lipid profiles and 
reduces fat mass, inflammation, and oxidative stress [22,23]. 
However, the effect of AGE supplementation on exercise- 
mediated improvement of metabolic parameters in HFD-induced 
obese rats is unknown.

We hypothesized that AGE supplementation combined with 
exercise may improve metabolic parameters in HFD-induced 
obese rats. Therefore, we evaluated the additive effect of AGE 
on exercise-mediated changes in body weight, lipid profiles, 
inflammatory cytokines and oxidative stress markers in rats with 
HFD-induced obesity.

Materials and Methods

Animals and experimental design

Forty-five male Sprague Dawley rats (3 weeks old) were 
purchased from Dae Han Biolink (Chung Cheong do, Korea). 
The rats were housed two per cage on a 12:12-h- light/dark cycle 
in a temperature-maintained room at 25℃ with 45 ± 5% humidity 
in compliance with the animal care standards of the American 
College of Sports Medicine. All experiments were approved by 

the Animal Care and Use Committee at Pusan National 
University. 

All rats were given 7 days to adjust to their new environment. 
At 4 weeks of age, the animals were fed either a normal diet 
(ND; n = 5) or high-fat diet (HFD; n = 40) for 6 weeks (Table 
1 shows the composition of diet). After 6 weeks, animals in the 
HFD group were randomized into the following groups (Table 
2): HFD (HFD, n = 10), HFD with AGE (AGE, n = 10), HFD 
with exercise (Exercise, n = 10), and HFD with exercise and AGE 
(Exercise+AGE, n = 10) for 4 weeks. The food efficiency ratios 
(g body weight/kcal) were calculated as the ratio of body weight 
gain (g) from 1 day to 16 days and the total amount of food 
(kcal) ingested over that period. The animals were sacrificed 48 
h after last exercise bout and/or AGE ingestion.

Experimental dietand exercise training

The HFD contained 20% protein, 35% carbohydrate, and 45% 
fat as previously described [24]. The ND (fat; 15.8% of kiloca-
lories consumed, D10012G) and HFD (fat; 45% of kilocalories 
consumed, D12541) formulations were purchased from Research 
Diets (New Brunswick, NJ), and their nutritional composition 
is shown in Table 1 [25]. AGE made from organically grown 
garlic and contacting sulfide, disulfide, S-ally-cysteine, and 
protein was obtained from Uiseong Black-Garlic Farming 
Association of Korea Co., Ltd. The AGE used contained 28.6% 
(w/v) solid material. S-Allyl-L-cysteine (SAC) was also present 
as 0.1% of the total solids, calculated on a dry weight basis [25]. 
AGE was orally provided at a dose of 2.86 g/kg to both the 
AGE and Exercise+AGE groups. In the combined group, AGE 
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Fig. 1. Effect of AGE supplementation on body weight in HFD-induced obese 
rats with or without AGE supplementation for 4 weeks. AGE was orally 
administered at a dose of 2.86 g/kg 30 min before exercise. Statistical analysis 
was performed using one-way ANOVA. Values are means ± SD. **P < 0.01 and 
***P < 0.001 vs. HFD.

was provided 30 min before exercise five times per week for 
4 weeks [26]. Other groups were treated similarly with distilled 
water instead of AGE. Animals were trained on a motorized 
treadmill (Dual treadmill, DJ344, Dae Jong, Seoul, Korea) five 
times per week for 4 weeks. 

Exercise intensity and duration were as follows: first and 
second weeks: 15 m/min for 45 and 60 min, respectively; third 
and fourth weeks: 20 m/min for 30 and 45 min, respectively. 
[27]. Because Boor et al. [27] used a similar adaptation protocol 
(15 m/min for 30-60 min) to prepare the rats for a period of 
training at higher exercise intensity. In order to produce beneficial 
adaptations and avoid overtraining and injuries, the velocity of 
the treadmill was increased while the duration was maintained. 
If a longer training intervention is used, the speed will be kept 
at 20 m/min and the duration would increase from 45 to 60 min 
in third period. Due to the short duration of the current study, 
we decided to increase the velocity and maintain the duration 
up to 45 min in the 4th week. We used the needle plate only 
for a week to motivate the animals during the exercise training 
to accustom them into running. Additionally, although we called 
it needle plate, the edge is dull and did not cause any abrasion 
to the rats. It gave more merit than using electrical shock device 
the latter which heightens the rodents’ stress level.

Body weight, tissue mass and blood chemistry assay 

To avoid immediate effects of exercise and supplementation, 
rats were euthanized 48 h after the last exercise bout and AGE 
intake. The rats were anesthetized at theabdomen using a 
heparinized syringe. Visceral fat, epididymal fat, liver, gastroc-
nemius and soleus samples were removed and weighed after 
sacrificing the animals.

Blood samples were collected from the abdominal aorta into 
heparinized or EDTA-coated tubes. The plasma was immediately 
separated by centrifugation at 3,000 × g for 10 min and kept 
frozen at -80℃ until it was assayed. T-C, HDL-C, LDL-C, and 
TG concentrations were measured in an automatic blood analyzer 
(Hitachi 7600-210 and 7180, Tokyo, Japan) with enzymatic 
techniques based on a colorimetric assay.Plasma levels of 
interleukin-6 (IL-6; R&D Systems, Minneapolis, MN), tumor 
necrosis factor-α (TNF-α; R&D Systems, Minneapolis, MN), 
C-reactive protein (CRP, BD Biosciences, USA) were measured 
by enzyme-linked immunosorbent assay (ELISA) method. 
Malondialdehyde (MDA) was measured by spectrophotometry 
using a commercial thiobarbituric acid-reacting substances assay 
kit (Zeptometrix, USA). All assays were performed according 
to the manufacturers’ instructions.

Statistical analysis

Data are expressed as mean ± standard deviation. Differences 
among the groups were evaluated using one-way analysis of 
variance (ANOVA) at baseline. If ANOVA indicated significance, 

a Duncan post hoc test was performed. The alpha level of 
significance was set at P < 0.05. All analyses were performed 
with SPSS version 19.0 (SPSS Inc., Chicago, IL).

Results

Effect of AGE supplementation and exercise on body weight, food 
intake, and food efficiency ratio

Body weight, food intake, and food efficiency ratio (FER) are 
shown in Table 2. ND-fed rats had a lower average body weight 
than HFD rats at baseline. Before AGE and exercise interven-
tions, there were no significant differences in body weight among 
the HFD groups. However, the HFD rats had significantly 
increased body weight compared to the other four groups after 
2, 3, and 4 weeks (Fig. 1). In addition, the final weight, weight 
gain, average weight gain, and FER were greater in the HFD 
group compared to the other four groups (Table 2). Exercise 
decreased body weight gain more strongly than AGE. Exercise+ 
AGE supplementation caused a significant weight loss compared 
to all the other groups. In addition, Exercise+AGE group was 
markedly reduced in contrast to HFD and HFD+AGE groups. 
On the other hand, there was no significant difference between 
the ND and Exercise+AGE group implying a beneficial effect. 
Relative food intake was reduced by AGE, Exercise, and 
Exercise+AGE compared with HFD, but the combined treatment 
did not have an additive effect on food intake.

Effect of AGE supplementation and exercise on fat, liver, and 
muscle weights

Visceral fat, epididymal fat, and liver weights were significantly 
higher in the HFD group compared to the other groups (Table 
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Variable ND 
(n = 5)

HFD 
(n = 10)

HFD + AGE
(n = 10)

HFD + Exercise 
(n = 10)

HFD + Exercise + AGE
(n = 10)

T-C (mg/dl) 53.98 ± 6.02***a 92.64 ± 24.92c 65.11 ± 10.08*ab 83.61 ± 26.87bc 82.67 ± 12.14bc

HDL-C (mg/dl) 7.60 ± 1.88**a 12.99 ± 4.33b 12.28 ± 1.76b 12.34 ± 3.67b 12.29 ± 3.86b

LDL-C (mg/dl) 30.34 ± 6.03*a 52.12 ± 18.60c 37.47 ± 8.11*ab 47.37 ± 17.50bc 45.26 ± 7.78bc

TG (mg/dl) 47.93 ± 20.64a 78.09 ± 30.28c 71.25 ± 16.76bc 65.22 ± 14.04abc 55.51 ± 15.13*ab

1) Valuses are means ± SD. 
HFD, high-fat diet; AGE, aged garlic extract. 
Experimental values were compared with those for the high fat diet group using Duncan’s multiple comparison test after one way ANOVA.
*P < 0.05 vs HFD, **P < 0.01 vs HFD, ***P < 0.001 vs HFD. a,b,cdenoting a significant post hoc difference from the other groups (P < 0.05).

Table 4. Effect of AGE and exercise on serum parameters in high fat diet-induced obese rats1)

Variable ND 
(n = 5)

HFD 
(n = 10)

HFD + AGE
(n = 10)

HFD + Exercise 
(n = 10)

HFD + Exercise + AGE
(n = 10)

IL-6 (pg/ml) 83.324.46 ± 32.23NS 112.87 ± 41.64 111.74 ± 29.50 95.29 ± 26.32 100.15 ± 29.08
TNF-α (pg/ml) 11.43 ± 5.64NS 11.72 ± 3.53 14.93 ± 6.31 11.31 ± 3.32 14.52 ± 3.72
CRP (mg/ml) 0.65 ± 0.08c 0.67 ± 0.06c 0.66 ± 0.76c 0.08 ± 0.19***a 0.39 ± 0.32*b

MDA (nmol/ml) 7.52 ± 3.51 9.49 ± 3.66 12.43 ± 9.11 11.10 ± 4.27 12.39 ± 4.31*
1) Valuses are means ± SD. 
HFD, high-fat diet; AGE, aged garlic extract. 
Experimental values were compared with those for the high fat diet group using Duncan’s multiple comparison test after one way ANOVA.
*P < 0.05 vs HFD, ***P < 0.001 vs HFD. NSnot significant. a,b,cdenoting a significant post hoc difference from the other groups (P < 0.05).

Table 5. Effect of AGE and exercise on inflammation factors changes in high fat diet-induces obese rats1)

Variable ND
(n = 5)

HFD
(n = 10)

HFD + AGE
(n = 10)

HFD + Exercise
(n = 10)

HFD + Exercise + AGE
(n = 10)

Visceral fat (g) 9.84 ± 2.19**a 19.65 ± 5.77c 14.81 ± 3.30*b 12.64 ± 4.13**ab 9.34 ± 4.72***a

Epididymal fat (g) 9.42 ± 1.83***a 15.88 ± 3.64c 14.11 ± 3.53b 12.88 ± 3.70ab 9.80 ± 3.87**a

Liver (g) 13.60 ± 0.98**a 17.29 ± 2.12b 14.74 ± 1.33**a 13.91 ± 1.99**a 12.86 ± 2.48***a

Gastrocnemius (g) 4.42 ± 0.54*a 4.70 ± 0.37b 4.46 ± 0.06a 4.59 ± 0.40a 4.30 ± 1.01a

Soleus (g) 0.36 ± 0.05a 0.46 ± 0.06b 4.46 ± 1.30b 0.51 ± 0.11b 0.45 ± 0.07b

1) Valuses are means ± SD. 
HFD, high-fat diet; AGE, aged garlic extract. 
Experimental values were compared with those for the high fat diet group using Duncan’s multiple comparison test after one way ANOVA.
*P < 0.05 vs HFD, **P < 0.01 vs HFD, ***P < 0.001 vs HFD. a,b,cdenoting a significant post hoc difference from the other groups (P < 0.05).

Table 3. Effect of AGE and exercise on obesity state in high fat diet-induced obese rats1)

3). Exercise, AGE, and Exercise+AGE were effective in attenua-
ting increased visceral fat and liver weight, but Exercise and 
Exercise+AGE had a stronger suppressive effect on visceral fat 
than AGE administration alone. Epididymal fat gain was not 
attenuated by AGE or Exercise. However, the combined of 
Exercise+AGE significantly inhibited epididymal fat accumulation 
compared to the other groups. HFD feeding slightly increased 
gastrocnemius weight but there was no significant difference 
following exercise.

Effect of AGE supplementation and exercise on blood lipid profile

Serum T-C and LDL-C concentrations were higher in the HFD 
group compared with the ND and AGE groups (Table 4). TG 
levels were higher in the HFD group compared with the ND 
and Exercise+AGE groups. Individual AGE and exercise 
regimens were not effective in reducing TG, but Exercise+AGE 
did cause a decrease in TG levels.

Effect of AGE supplementation and exercise on inflammatory 
markers

IL-6, TNF-α, and CRP were assessed to determine the effect 
of AGE and exercise intervention on inflammation in HFD- 
induced obese rats (Table 5). TNF-α and IL-6 were unchanged 
by HFD. Exercise (P < 0.001) and Exercise+AGE groups had 
lower CRP levels than the ND, HFD, and AGE groups. Contrary 
to our expectations, HFD did not induce a significant increase 
in blood MDA levels (Table 4). 

Discussion

This study demonstrates that a 4-week regimen of supplemen-
tation with AGE with and without exercise on body weight, fat 
accumulation, and inflammatory cytokines in HFD-induced obese 
rats. This result suggested that the major finding was that AGE 
supplementation showed anti-obesity effects; it attenuated the 
increase in body weight, visceral fat, liver weight, T-C, and 
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LDL-C. Exercise with/without AGE supplementation also signifi-
cantly improved obesity status, but the combination of exercise 
and AGE had an additive effect on body weight, visceral fat, 
and epididymal fat gain, as well as on TG levels.

High-energy diets are widely used to induce obesity and fat 
deposition in animals. Most studies found that HFD results in 
increased body weight, fat mass, and the development of 
hyperlipidemia and metabolic syndrome [28,29]. We found that 
the HFD group had less food intake and a higher food efficiency 
ratio than the ND group. These findings indicate that the decrease 
in food intake was due to the increased amount of energy in 
the HFD, which has been reported previously [30]. As expected, 
we found that the HFD significantly increased body weight and, 
fat mass, which led to obesity and hyperlipidemia [31]. 

Exercise training is routinely suggested to prevent lifestyle- 
related diseases that are associated with obesity. It attenuates 
increase in body weight and visceral fat and reduces metabolic 
risk factors by increasing energy expenditure [32]. In our HFD- 
induced obesity model, exercise significantly attenuated body 
weight and visceral fat increases observed during HFD consump-
tion. These results indicate that increased physical activity was 
the main reason for reduced body fat accumulation. Our findings 
are similar to those of Gollisch et al. [7], who demonstrated that 
exercise training led to reductions in body weight and visceral 
adipose tissue in rats. Similarly, we found that AGE supplemen-
tation also reduced the effect of HFD on weight and visceral 
fat gain. As expected, the combination of exercise and AGE 
supplementation was more effective than either intervention 
alone; the combined regimen attenuated the effect of the HFD 
on body and liver weight, as well as visceral and epididymal 
fat. Although the combined intervention group had the lowest 
liver weight, this result was not significantly different from the 
single interventions. 

Food intake regulation, which may be modulated by neuroen-
docrine mechanisms, is an exceedingly complex biological process 
that involves a large number of cues and biological substrates 
[33]. Energy expenditure by exercise and suppression of food 
intake may be related to altered appetite due to hypothalamic 
signals [34]. In the present study, AGE supplementation and 
exercise either alone or as combined treatments significantly 
inhibited food intake. These interventions had a cumulative effect 
on reducing body weight, epididymal fat, liver weight, and TG 
levels. It is unclear whether AGE consumption directly changes 
appetite; therefore, this effect requires further investigation.

The exact mechanism by which increased adipose tissue mass 
induces metabolic dysfunction and atherogenic dyslipidemia is 
unclear. Adipose tissue lipolysis significantly promotes circulating 
fatty acids and is associated with hepatic steatosis [35,36]. Our 
findings demonstrate that HFD significantly increased plasma 
TC, LDL-C, and TG levels in comparison with the ND. It is 
well known that increased plasma cholesterol increases the risk 
of developing atherosclerosis [37]. Some studies have shown that 
exercise training inhibits the development of hepatic steatosis and 

reduces serum TG in obese rats [38,39]. A previous study showed 
that garlic extract consumption attenuated serum TG in humans 
with high blood cholesterol [40]. Surprisingly, exercise or AGE 
alone did not affect TG, but the combination of exercise with 
AGE supplementation attenuated HFD-induced hypertriglyceridemia. 
These results may indicate decreased TG levels were available 
for liver-induced lipid synthesis [41], and insulin action in the 
liver was improved [42] with Exercise+AGE. The present study 
demonstrates that AGE supplementation reduced T-C and LDL-C 
levels, effects that were not observed following Exercise or 
Exercise+AGE. This may be because AGE lower cholesterol in 
part by inhibiting hepatic cholesterol synthesis [43].

Obesity leads to chronic low-grade inflammation that is associated 
with white adipose tissue, which produces and secretes a wide 
range of inflammatory molecules [44]. Previous studies have 
demonstrated elevated IL-6 and TNF-α mRNA levels in obese 
subjects, which decrease following weight loss [45]. Garlic 
extract has been shown to decrease IL-6 and TNF-α, suggesting 
an anti-inflammatory effect [46,47]. In our study, we did not 
find any significant changes in IL-6, TNF-α, and CRP following 
HFD. However, exercise with and without AGE administration 
decreased plasma IL-6 levels, but the result was not statistically 
significant. Based on previous reports, we expected increased 
levels of pro-inflammatory cytokines levels with HFD [48]. 
However, it is possible that a 10-week HFD regimen was not 
sufficient to elicit an appreciable increase. Although CRP was 
not significantly increased by HFD, exercise alone and in 
combination with AGE reduced CRP levels. These findings 
confirm the anti-inflammatory effect of exercise, and this effect 
was greater when AGE was not included in the regimen. Previous 
studies have been controversial, and some researchers reported 
that exercise training may decrease inflammatory cytokines 
[44,49]. However, the anti-inflammatory mechanism of exercise 
training during HFD is unclear and requires further investigation. 

In conclusion, this study demonstrated that AGE supplemen-
tation and exercise have beneficial effects on reducing weight 
and visceral fat gain in rats fed with HFD. AGE with and without 
exercise, but not exercise alone, effectively lowered blood lipids 
levels. In addition, AGE with exercise is more effective in 
controlling obesity and TG levels than either intervention alone. 
However, more extensive research is needed before 
recommending AGE supplementation to obese humans.
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