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Aged garlic extract ameliorates fatty liver and
insulin resistance and improves the gut microbiota
profile in a mouse model of insulin resistance
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Abstract. Aged garlic extract (AGE) produced by the aging
process has various beneficial pharmacological effects. In this
study, the effects of AGE on fatty liver, insulin resistance and
intestinal microbiota were compared between ddY-H mice, an
insulin resistance mouse, and ddY-L mice, normal mice. Mice
were fed an AGE-supplemented diet (4% w/w) for 7 weeks. The
administration of AGE had no effect on the body weight and
dietary intake of both types of mice. In the ddY-H mice, the
serum levels of glucose and insulin were increased and glucose
tolerance was impaired; however, the administration of AGE
ameliorated these abnormal conditions. AGE did not have
these effects in ddY-L mice. Triglyceride (TG) accumulation
in the liver and fat absorption from the digestive tract were
increased in the ddY-H mice; however, the administration of
AGE reduced this increase. On the other hand, AGE exerted no
such effects in the ddY-L mice. In addition, the gut microbiota
has been shown to be closely associated with obesity, diabetes,
dyslipidemia and non-alcoholic fatty liver disease in human
and animal models. The bacterial composition of the gut micro-
biota in the feces of the ddY-H mice did not differ from that of
the ddY-L mice at 5 weeks of age; however, it was altered in
the mice at 9 and 12 weeks of age even when the mice were
fed a standard diet. In the ddY-H mice, the relative presence of
Lactobacillales was increased, while that of Bifidobacterium,
Clostridium cluster XVIII and Prevotella was decreased. The
alteration of the bacterial composition in the ddY-H mice was
reversed by the administration of AGE; however, this effect of
AGE was not observed in the ddY-L mice. On the whole, the
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findings of this study indicate that AGE improves abnormal fat
accumulation and insulin resistance, and also alters the intes-
tinal flora in ddY-H mice, suggesting the possibility that these
effects of AGE may be related.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most
prevalent liver diseases worldwide. NAFLD involves the
abnormal accumulation of triglycerides (TG) in hepatocytes (1).
NAFLD progresses through non-alcoholic steatohepatitis
(NASH) to cirrhosis and hepatocellular carcinoma. NAFLD
is considered to be a hepatic manifestation of metabolic
syndrome (2-4) and is closely linked to hepatic insulin resis-
tance and abnormal glucose metabolism (5,6). Epidemiological
studies have demonstrated that NAFLD is associated with the
development of type II diabetes (T2D) and that the improve-
ment of NAFLD will result in a decreased risk of developing
T2D (7). Therefore, NAFLD and T2D appear to be closely
associated. A recent study demonstrated that the activation
of transcription factor 3 is a key molecule linking NAFLD to
impaired glucose homeostasis in Zucker diabetic fatty rats and
in patients with NAFLD (8).

In recent years, a number of studies have revealed that the
gut microbiota can be a potential contributor to the risk of
obesity (9), diabetes (10), dyslipidemia (11) and NAFLD (12,13)
in humans and animal models. The perturbation of the gut
microbiota composition has been observed in patients suffering
from NAFLD (14). The quantities of the gut microbiota
differ significantly between patients with T2D and healthy
individuals (15). It has been demonstrated that a high-fat diet,
which induces NAFLD and insulin resistance, can cause
imbalances in the gut microbiota composition of mice and
that germ-free animals are protected from the deleterious
effect of a high-fat diet (16,17). In rats fed a high-fat diet, an
imbalance of the gut microbiota has been shown to be markedly
associated with the progression of NAFLD (18). Probiotics
(Lactobacillus rhamnosus, Lactobacillus acidophilus and
Bifidobacterium bifidum) have been shown to modulate the gut
microbiota and improve insulin sensitivity in mice fed a high-fat
diet (16). Therefore, the manipulation of the gut microbiome by
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probiotics or prebiotics is an important means with which to
prevent and treat NAFLD and insulin resistance in patients, as
well as in rodent models (14,16,19).

Garlic (Allium sativum L.) has been known as a
medicinal food due to its various biological effects, such as
antioxidant (20), anti-inflammatory (21), antimicrobial (22),
antithrombotic (23) and antitumor effects (24). Aged garlic
extract (AGE) is prepared through extraction and aging in a
water-ethanol mixture for >10 months at room temperature (25).
By this process, the majority of the molecules responsible for
the harsh and irritating flavors which are typical of fresh raw
garlic (i.e., allicin) are converted into more stable compounds,
such as S-allylcysteine (SAC) and S-allylmercaptocysteine
(SAMC), which are recognized as potent antioxidants (26).
As regards the anti-diabetic and anti-obesity effects, some
studies have demonstrated the beneficial effects of AGE in
improving lipid profiles and insulin sensitivity in animals and
humans (25,27). AGE and its individual components have been
shown to exert a protective effect against experimental hepatic
injuries (28-30). It has been reported that SAC improves
NAFLD in rats with T2D via the regulation of hepatic lipo-
genesis and glucose metabolism (31). On the other hand, some
evidence for the beneficial effects of AGE on the gut micro-
biota has been reported in animals and humans. A previous
study demonstrated that 3 months of AGE supplementation in
humans improved the gut microbiota, as evidenced by greater
microbial richness and diversity with a marked increase in
Lactobacillus and Clostridium species (32).

Numerous animal models of NAFLD and diabetes, which
are classified into genetic models and nutritional models,
have been reported to date. As nutritional models, rodents
fed a high-fat diet (33) have been reported. db/db mice (34),
ob/ob mice (35), KK-AY mice (36) and the others are known
as genetic models. However, in these models, apart from
being fed a high-fat diet (16), an association of a perturbation
of the gut microbiota with fatty liver and metabolic abnor-
malities, such as obesity, insulin resistance, dyslipidemia
and altered adipokine profiles, as observed in patients with
NAFLD has not been shown. We previously succeeded in
isolating and breeding spontaneous insulin-resistant mice and
healthy control mice, termed ddY-H and ddY-L mice, respec-
tively (37). In ddY-H mice, hepatic steatosis with obesity,
insulin resistance, hyperglycemia and altered adipokine
profiles are observed even when the mice are fed a standard
diet containing 13% energy from fat and 61% carbohydrates,
but not so in ddY-L mice (37-40). The prevailing hypothesis
is that hepatic steatosis develops as a result of the increased
absorption of fat from the intestines and the increased uptake
of fatty acids into hepatic cells via the increased expression
of peroxisome proliferator-activated receptor y (PPARy) (39).
The age-dependent onset of insulin resistance with hyperinsu-
linemia in ddY-H mice may be attributed to the decreases in
the mRNA expression and proteins of insulin receptor, insulin
receptor substrate (IRS)-1 and IRS-2 in adipose tissue (40).

The effects of AGE on abnormal fatty acid metabolism and
insulin resistance related to the gut microbiota in an animal
genetic model with NAFLD have not yet been studied, at least
to the best of our knowledge. Thus, in the present study, the
effects of AGE on fatty liver, insulin resistance and the gut
microbiota, and their possible association was investigated by
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feeding an AGE-supplemented diet to ddY-H mice, an animal
model with NAFLD and insulin resistance.

Materials and methods

Diet supplemented with AGE. Standard chow pellets (CLEA
Rodent Diet CE-2, CLEA Japan, Inc.) supplemented with
or without 4% (w/w) AGE were provided by Wakunaga
Pharmaceutical Co., Ltd.

Experimental design. A total of 16 male ddY-H mice and
16 male ddY-L mice (both 6 weeks old) derived from our own
colony were used. The mice were divided into 2 groups, namely
the AGE group and control group, with 8 mice in each group.
The body weights of the ddY-H mice and ddY-L mice were
39.78+1.82 and 31.40+2.61, respectively. They were housed at
22°C to 24°C with 50 to 60% humidity under artificial lighting
conditions with a 12-h light/dark cycle and maintained with free
access to the diet supplemented with or without 4% (w/w) AGE
and water ad libitum from 6 to 13 weeks of age. At 13 weeks
of age, fecal sample collection for microbiota analysis, and a
glucose tolerance test, the measurement of TG absorption
from the intestines and the evaluation of various metabolic
parameters were carried out. Animal care and experiments
were performed in accordance with the guidelines for the care
and use of laboratory animals of the University of Shizuoka,
and animal experiments were reviewed and approved by
the Animal and Ethics Review Committee of University of
Shizuoka (no. 136004).

Treatment with antibacterial drugs. The ddY-H and ddY-L
mice from our colony were fed standard chow pellets (CLEA
Rodent Diet CE-2, CLEA Japan, Inc.) as described above.
Anti-bacterial drugs (10 mg/kg ampicillin, 10 mg/kg erythro-
mycin, 5 mg/kg metronidazole and 10 mg/kg neomycin) were
orally administered to the mice from 6 to 13 weeks of age
as previously described (41) prior to the glucose tolerance test
and the measurement of hepatic TG levels. The anti-bacterial
drugs were purchased from Tokyo Chemical Industry Co., Ltd.

Body mass index (BMI). BMI was calculated according to the
following formula: Body weight (g)/body length? (cm?), as
previously described (38).

Fecal sample collection and microbiota analysis. The mice
were moved to new cages at 09:00 and fresh fecal samples
were collected for 30 min. DNA extraction, polymerase chain
reactionand terminal restriction fragment length polymorphism
(T-RFLP) analysis for the composition of the microbiota
were carried out at Techno Suruga Laboratory Co., Ltd. As
previously described by Nagashima et al (42,43). Briefly, the
fecal sample was suspended in a solution containing 100 mM
Tris-HCI (pH 9.0) and 40 mM EDTA after washing 3 times
with sterile distilled water, then beaten in the presence of glass
beads using a mini-bead beater (BioSpec Products). Thereafter,
DNA was extracted from the bead-treated suspension using
benzyl chloride and was purified using a GFX PCR DNA and
Gel Band Purification kit (Amersham Biosciences). PCR of
DNA was performed with a model thermal cycler (Applied
Biosystems) in a reaction mixture containing HotStarTaq
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DNA polymerase (Qiagen) and primers, 5' HEX-labeled 516f
and 1510r. The products were digested with Bs/I for 1 h and
then fractionated using an ABI PRISM 310 Genetic Analyzer
(Applied Biosystems). The length and peak area of terminal
restriction fragments (T-RFs) in the electropherogra ms were
determined using genotype software GeneMapper (Applied
Biosystems). The T-RFs were divided into 29 operational
taxonomic units (OTUs). The OTUs were quantified as the
percentage of individual OTU area per the total OTU area under
the curve (AUC). In addition, the presence of Bifidobacterium
was evaluated by anaerobical cultivation on selective BS agar
plate and real-time PCR. Briefly, the cultivation was carried
out as follows: 0.2 g feces were washed with saline and then
vigorously stirred in 10 ml saline. Following centrifugation
at 1,000 x g for 20 min at 4°C, the supernatant was applied
on a BS agar plate (Nissui Pharmaceutical Co., Ltd.) and the
plate was anaerobically incubated at 37°C for 4 days. After
the incubation, each plate was examined for bacterial colonies.
For quantitative PCR, DNA was extracted from feces by using
MORA-EXTRACT (Kyokuto Pharmaceutical Industrial
Co., Ltd,). Quantitative PCR with the specific primers and
SYBR®Premix ExTaq GC (Takara Bio Inc.) was carried out
using an Applied Biosystems 7500 Real-Time PCR System (Life
Technologies). The thernocycling conditions were as follows:
Initial denaturation at 95°C for 30 sec followed by 40 cycles of
denaturation at 95°C for 10 sec, annealing at 58°C for 30 sec
and extension at 72°C for 30 sec. The final extension was
conducted at 72°C for 1 min. The primers used were as follows:
The forward primer of 5-TCGCGTCCGGTGTGAAAG-3'
and the reverse primer of 5'-CCACATCCAGCATCCAC-3'
for Bifidobacterium as a target gene and the forward primer
of 5'-CCTACGGGAGGCAGCAG and the reverse primer
of SSCCACATCCAGCATCCAC-3' for 16S rDNA as control
gene. Relative gene expression was quantified by using the
2-48C4 method (44).

Measurement of serum glucose and insulin levels. Blood
was obtained following a 12 h-fast (21:00-09:00). The serum
glucose, insulin and leptin levels were determined using the
Glucose CII Test Wako (Wako Pure Chemical Industries,
Ltd.) and the Mouse Insulin ELISA kit (Morinaga Institute
of Biological Sciences, Inc.), respectively. The insulin
sensitivity index and insulin resistance index were assessed
by the glucose and insulin levels in the following manner:
Glucose (mg/dl)/insulin (ng/dl) and glucose (mg/dl) x insulin
(ng/ml)/100, respectively (37).

Glucose tolerance test. The mice were fasted for 4 h
(09:00-13:00) and were orally administered glucose (3 g/kg).
A total of 20 pl of blood was collected from the caudal vein of
each mouse after 0, 30, 60 and 120 min. Serum glucose levels
were measured, and the AUC of the time-glucose concentra-
tion was calculated (37).

Measurement of TG contents in serum and liver. All mice were
sacrificed to obtain serum and livers at 13:00 following a 4-h
fast. Serum TG levels were measured using the Triglyceride
E-Test (Wako Pure Chemical Industries, Ltd.). For the deter-
mination of hepatic TG levels, TG in 0.2 g liver was extracted
by 4 ml of 2-propanol and the aliquot of the filtrate was
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Figure 1. Effects of AGE on body weight in ddY-H mice and ddY-L mice.
Each value represents the means + SD for 8 mice. “P<0.01 vs. ddY-L/Control.
AGE, aged garlic extract.

measured using the Triglyceride E-Test (Wako Pure Chemical
Industries, Ltd.) (39).

Measurement of fat absorption from the intestines. To
evaluate fat absorption from the intestines, olive oil (10 ml/kg
body weight) was orally administered to the mice. After 1, 2,
4 and 6 h, 20 ul of blood were collected from the caudal vein
of each mouse and serum TG concentrations were measured
as described above. The area of increased TG concentration
after olive oil loading in the serum TG concentration-time
curve was calculated for the evaluation of TG absorption, as
previously described (39).

Statistical analysis. All data are expressed as the means + SD.
One-way analysis of variance (ANOVA) was used to compare
the means among different groups, and Tukey's test was used
in the post hoc multiple comparison. A value of P<0.05 was
considered to indicate a statistically significant difference.

Results

Effect of AGE on dietary intake, body weight and BMI. ddY-H
mice exhibit the age-dependent onset of metabolic abnormali-
ties, such as obesity, insulin resistance, hyperglycemia and an
altered adipokine profile accompanied by a fatty liver when the
mice are fed a standard diet (37-40). These changes are similar
to those observed in patients with NAFLD. In this study, in
order to examine the effects of AGE on insulin resistance and
fatty liver in ddY-H mice, the mice were fed a standard diet
supplemented with or without 4% (w/w) AGE for 7 weeks.
The intake of the control diet in the ddY-H mice during the
experimental period was 15% greater than that in the ddY-L
mice during the experimental period. However, AGE supple-
mentation had no effect on dietary intake in either the ddY-H
or ddY-L mice throughout the experimental period (Table I).
The body weight of the ddY-H mice was significantly greater
than that of the ddY-L mice at the starting time (6 weeks of
age) and throughout the experimental period. However, AGE
supplementation did not influence the body weight of either
of the types of mice (Fig. 1). At 13 weeks of age, the BMI
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Table I. Effect of AGE on dietary intake in ddY-H mice and ddY-L mice.

Parameters ddY-H/Control ddY-H/AGE ddY-L/Control ddY-L/AGE
Dietary intake 316.54+30.41* 316.13+30.70 276.82+29 45 274.83+28.71
BMI 0.46+0.056* 0.45+0.051 0.37+0.036 0.036+0.029

Mice were fed a standard diet with and without 4% AGE for 7 weeks. Dietary intake of each mouse (g/49 days) during the experimental period
was measured. BMI of each mouse after feeding for 7 weeks was measured as described in the Materials and methods. Each value represents
the means + SD of 8 mice. *P<0.01vs. ddY-L/Control. AGE, aged garlic extract.

Table II. Effect of AGE on serum levels of glucose, triglyceride and insulin in ddY-H and ddY-L mice.

Parameters ddY-H/Control ddY-H/AGE ddY-L/Control ddY-L/AGE
Glucose (mg/dl) 167+25.6* 146+23.3° 116+8.6 124+10.5
Triglycerides (mg/dl) 211£20.6* 208+20.6° 155+11.3 159+20.6
Insulin (ng/ml) 11.8+3.93* 6.6£2.41b 2.3+1.14 2.5+1.41
Insulin sensitivity index 14.2+2.23¢ 22.1+2.56° 50.4+4.56 49.6+6.78
Insulin resistance index 19.7£2.31¢ 9.6+1.96° 2.7£1.07 3.1£1.56

Mice were fed the standard diet with and without 4% AGE for 7 weeks and blood was withdrawn after 12-h fast. Each value represents the
means + SD of 8 mice. *P<0.01 vs. ddY-L/Control; ®P<0.01 vs. ddY-H/Control. AGE, aged garlic extract.
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Figure 2. Effect of AGE on oral glucose tolerance test. Mice were fed a standard diet with or without 4% AGE (w/w) for 7 weeks. Mice were orally administered
glucose (3 g/kg BW) after a 4-h fast, and serum glucose level was measured at the indicated time points. (A and B) Alterations of the serum glucose level and
the AUC, respectively. Each symbol and column represents mean for 8 mice. ““P<0.01 vs. ddY-L/Control; #P<0.01 vs. ddY-H/Control. AGE, aged garlic extract;
AUC, area under the curve; BW, body weight.

of the ddY-H mice was significantly greater than that of the
ddY-L mice. AGE supplementation also did not influence the
BMI in both types of mice (Table I). Thus, although obesity
was observed in the ddY-H mice, AGE did not affect dietary
intake, body weight and BMI in both types of mice.

the administration of AGE partly improved the impairment
of glucose metabolism (Fig. 2). In addition, the serum insulin
levels of the ddY-H mice were significantly increased 5.1-fold
compared with those of the ddY-L mice. The elevated serum
levels of insulin were partly improved by the administration
of AGE to the ddY-H mice (Table II). The insulin sensitivity

Ameliorative effect of AGE on insulin resistance in ddY-H mice.  index and insulin resistance index were evaluated by the serum

The serum levels of glucose and insulin after AGE-feeding for
7 weeks are presented in Table II. The serum glucose levels in the
ddY-H mice were 44% higher than those in the ddY-L mice. The
administration of AGE significantly reduced the serum glucose
levels in the ddY-H mice. Glucose tolerance tests revealed that
the glucose tolerance of the ddY-H mice was impaired and that

levels of glucose and insulin measured following a 12-h fast.
In the ddY-H mice, the insulin sensitivity index was decreased
and the insulin resistance index was significantly increased by
comparison with those of the ddY-L mice. The administration
of AGE treatment significantly, but partly improved the impair-
ment in the ddY-H mice (Table IT). These data suggested that the
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Figure 3. Hepatic TG content in mice. Each column represents the
hepatic TG content of mice fed the diets for 7 weeks. Each column
represents the means = SD for 8 mice. “P<0.01 vs. ddY-L/Control;
"P<0.01 vs. ddY-H/Control. AGE, aged garlic extract; TG, triglycerides.

administration of AGE may ameliorate, at least in part, insulin
resistance in ddY-H mice. Since AGE did not influence the
serum levels of glucose and insulin (Table II), as well as glucose
tolerance (Fig. 2) in the ddY-L mice, the effects of AGE may be
limited to abnormal conditions.

Ameliorative effect of AGE on lipid metabolism in ddY-H
mice. The effects of AGE on lipid metabolism were examined.
The ddY-H mice exhibited a significant elevation in the serum
levels of TG by 36% compared with the ddY-L mice. The
administration of AGE had no marked effect on the serum TG
levels in either the ddY-H or ddY-L mice (Table II). However,
AGE suppressed the massive accumulation of hepatic TG
by 47% in the ddY-H mice (Fig. 3). On the other hand, the
administration of AGE did not affect the TG content in the
livers of the ddY-L mice (Fig. 3).

The hepatic TG content is regulated via the uptake of fatty
acids from the blood, the de novo synthesis of fatty acids, the
(-oxidation of fatty acids and the secretion of lipoproteins
into the blood. An impaired regulation may induce a change
in the hepatic TG accumulation (45). It has been shown that
the absorption of TG from the intestines in ddY-H mice is
elevated, but that TG secretion from the liver is not altered (39).
In this study, in order to examine the intestinal absorption of
fat, olive oil was orally administered and the serum TG level
was measured up to 6 h. As shown in Fig. 4A, the serum
TG concentration in the ddY-H and ddY-L mice reached the
maximum level at 1 h and then gradually decreased. The TG
concentration in the ddY-H mice was 1.7-fold higher compared
to that in the ddY-L mice at the peak time and the AUC during
the 6-h period in the ddY-H mice was increased 2.3-fold,
suggesting the higher absorption of TG from the intestine in
ddY-H mice. The administration of AGE significantly reduced
the intestinal absorption of fat by 33% in the ddY-H mice, but
not in the ddY-L mice (Fig. 4). These results suggested that
AGE suppressed TG accumulation in the livers of ddY-H mice
by reducing the intestinal absorption of fat, at least in part.
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Intestinal microbiota and the effects of AGE in ddY-H mice.
Recent studies have suggesteded that the intestinal microbiota
affects multiple aspects of metabolism in the host and that the
alteration of the intestinal flora may contribute to the develop-
ment of obesity, diabetes, dyslipidemia and NAFLD (9,10)
in humans and animal models. Therefore, in this study,
the composition of the intestinal microbiota in ddY-H and
ddY-L mice was analyzed using a T-RFLP analysis. The
compositional ratio of the main microbiota in the feces of
mice fed the standard diet at 5, 9 and 13 weeks of age is
depicted in Fig. 5. No difference was observed between the
ratio of microbiota in the ddY-H mice and the ddY-L mice
at 5 weeks of age. However, in the ddY-H mice from 9 to
13 weeks of age, the relative presence of Lactobacillales
was increased, while that of Bifidobacterium and Prevotella
was decreased. The level of Clostridium subcluster XIVa
and Bacteroides was not altered. On the other hand, minor
microbiota, Clostridium cluster XVIII and Clostridium
cluster XI were decreased at 13 weeks, whereas Clostridium
cluster IV remained unchanged (Table III). The decrease in
the number of Bifidobacterium in feces of ddY-H mice was
confirmed by cultivating the feces on BS agar medium under
anaerobic conditions and by examination using real-time
PCR and the 222 method. AGE feeding reversed the altered
pattern of microbiota in the feces of ddY-H mice: The rela-
tive presence of Lactobacillales was decreased, while that of
Bifidobacterium, Clostridium cluster XVIII and Prevotella
was increased (Table III). However, no effect of AGE was
found in ddY-L mice. Therefore, the composition of micro-
biota in the feces of the ddY-H mice became similar to that of
the ddY-L mice (Table III).

Effect of treatment with antibacterial drugs. Treatment with
the antibacterial drugs, ampicillin, vancomycin, neomycin and
metronidazole, depletes bacteria in feces (41). In this study, to
investigate the possible association of the altered ratio of the
gut microbiota to the hepatic TG accumulation and glucose
intolerance in ddY-H mice, antibacterial drugs were adminis-
tered from 6 to 13 weeks of age, and glucose tolerance test and
the measurement of the hepatic TG content were carried out.
The impaired glucose tolerance of the ddY-H mice was partly
improved by treatment with antibacterial drugs (Fig. 6). In
addition, the increase in the hepatic TG content in the ddY-H
mice was partly decreased by the treatment (Fig. 7). However,
treatment did not influence glucose tolerance and the hepatic
TG content in the ddY-L mice. These data suggested that
glucose intolerance and hepatic TG accumulation in ddY-H
mice may be associated with the altered balance of the gut
microbiota.

Discussion

NAFLD has been shown to be closely and bi-directionally
associated with insulin resistance and metabolic disease (7,8).
In ddY-H mice, metabolic abnormalities, such as obesity,
insulin resistance, hyperglycemia, hyperlipidemia and an
altered adipokine profile are found at a certain age even when
the mice are fed a standard diet without special feeding, such
as a high-fat diet (37,38). The hepatic TG level in ddY-H mice
increases with the appearance of insulin resistance, and a
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Table III. Effect of AGE on the distribution of microbiota distribution in feces of ddY-H and ddY-L mice.
OTU area (%)

Bacteria ddY-H/Control ddY-H/AGE ddY-L/Control ddY-L/AGE
Bifidobacterium 3.6+0.6* 8.4+1.5° 6.0+1.0 6.7+1.1
Lactobacillales 49.1+4.0* 29.5+2 3% 223+1.3 20.1x1.5
Bacteroides 24 4432 21.242.9 30.8+5.0 27.9+6.1
Prevotella 1.6+0.2° 9.5+0.8° 5.5+0.5 7.0+0.6
Clostridium cluster IV 1.0+0.2 1.7+0.3 29+04 2.8+04
Clostridium subcluster XIVa 14.8+2.1 16322 17.5£2.1 152+2.1
Clostridium cluster XI 1.6+0.2 3.6+0.3° 0.9+0.2 4.7+£0.6b
Clostridium cluster XVIII 0.2+0.1* 4.0+0.3° 3.1+0.3 4.8+0.5
Others 3.7+0.5* 59+04 11.1£24 10.7£3.1

Mice were fed as described in Fig. 1. The extraction of total DNA from feces, polymerase chain reaction and T-RFLP analysis for composition of
microbiota in feces were carried out. Length and peak area of T-RFs in electropherograms were divided into 29 OTUs. The OTUs were quantified as
percentage of individual OTU area per total OT'U area under the curve. Each value represents the means + SD of 6 mice. *P<0.01 vs. ddY-L/Control;
"P<0.01 vs. ddY-H/Control. AGE, aged garlic extract; OTU, operational taxonomic unit; T-RF, terminal restriction fragment.
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in panel A. Each column represents the means + SD for 8 mice. “P<0.01 vs. ddY-L/Control; “P<0.01 vs. ddY-H/Control. AGE, aged garlic extract; TG, triglycerides;
BW, body weight.
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Figure 7. Effect of antibacterial drug on Hepatic TG content in mice.
Each column represents hepatic TG content of mice administered anti-
bacterial for 7 weeks. Each column represents the means + SD for 8 mice.
“P<0.01 vs. ddY-L/Control; #P<0.01 vs. ddY-H/Control. TG, triglycerides.

marked increase occurs in the liver at 15 and 20 weeks of
age (39). However, no histological changes, such as infiltration
of inflammatory cells or degeneration, have been observed. In
addition, the elevation of serum aspartate aminotransferase
and alanine aminotransferase levels has not been found
at 15 weeks of age (39). These findings, together with an
accumulation of TG in the liver, indicate that NAFLD, but
not NASH, is spontaneously induced in ddY-H mice without
high-fat diet feeding. Since these abnormalities are observed
in patients with NAFLD, the characteristics of ddY-H mice
suggest that they may serve a useful model of NAFLD with
insulin resistance.

Garlic is known for its medicinal uses as an antibiotic,
anti-thrombotic and antineoplastic agent (46). AGE contains
various pharmacologically active sulfur-containing compounds
that are scarce in cooked or raw garlic (26). AGE has been
shown to improve the plasma lipid concentrations and oxidative
stress, and inflammatory cytokine levels (26-27,46,47). It has
been reported that SAC, a component of AGE, improves

NAFLD in rats with T2D via the regulation of hepatic
lipogenesis and glucose metabolism (31). However, the effects
of AGE on abnormal fatty acid metabolism in genetic animal
models with NAFLD have not been studied to date, at least to
the best of our knowledge.

During the progression of diabetes, pancreatic 3 cells adapt
their secretory capacity to compensate the elevated glycemia
and the peripheral insulin resistance and, as a result, the serum
insulin level becomes elevated (48). We have previously shown
that insulin resistance in ddY-H mice is induced at 9 weeks
of age and develops progressively with age (37-38,40). The
age-dependent onset of insulin resistance was closely related to
the increase of serum insulin level. The elevation of the serum
insulin level was temporally associated with the decrease in
mRNA expression and proteins of insulin receptor (IR), IRS-1
and IRS-2 in adipose tissue of ddY-H mice (40). Therefore,
together with glucose intolerance, the elevation of serum
insulin levels in ddY-H mice indicates an induction of insulin
resistance. In this study, the administration of AGE reduced
the elevated levels of serum glucose and insulin and also
improved the glucose intolerance in ddY-H mice, suggesting
that AGE ameliorated insulin resistance in this mouse model,
although its effect was not complete.

Fatty acid metabolism in the liver is regulated by a number
of factors, including PPARY (49). PPARY is a nuclear receptor
that activates genes involving in lipid storage and metabolism.
It is noteworthy that PPARY is expressed at an elevated level
in the liver of murine models of diabetes or obesity (50,51).
We previously demonstrated that treatment with pioglitazone,
a PPARy agonist, exacerbated hepatic the TG deposition in
ddY-H mice (39). The mRNA level of PPARy was markedly
elevated in the livers of ddY-H mice, as were the mRNA
levels of fatty acid translocase and fat-specific protein 27,
targets of PPARYy (39). These results suggested that the uptake
of fatty acids into hepatocytes and the storage of fatty acids as
fat droplets contributed to the accumulation of TG in ddY-H
mice. AGE may therefore reduce hepatic TG accumulation
in ddY-H mice, at least in part, by suppressing the uptake
of fat from the intestines and the uptake of fatty acid into
hepatocytes.
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The intestinal microbiota forms a complex ecological
system that participates, under physiological conditions, in the
production of vitamins, the digestion of nutrients and local
and general immunity (52,53). It has also been suggested that
the intestinal microbiota serves as an important player in the
pathophysiology of obesity and its related disorders (16,17). It
has been reported that the derangement of the intestinal micro-
biota occurs in a large percentage of patients with chronic liver
disease. In particular, small intestinal bacterial overgrowth is
associated with severity in patients with NAFLD (51). Intestinal
bacteria may significantly contribute to various liver diseases
by activating the innate and adaptive immune responses (52).
Dietary habits, lifestyle, age, host genotype and exposure to
antibiotics may affect the balance of the intestinal microbiota in
humans (52). However, due to the complexity of the microbial
community, the functional connection is not yet well under-
stood. The ddY-H mice and ddY-L mice used in this study were
bred in the same colony and were maintained by feeding the
same diet under the same conditions. In this study, although
the difference in bacterial composition in the feces was not
found between the ddY-H mice and ddY-L mice at 5 weeks
of age, the compositional ratio of some bacteria changed in
relation to age in the ddY-H mice. In the ddY-H mice, the rela-
tive presence of Lactobacillales was increased, while that of
Bifidobacterium, Clostridium cluster XVIII and Prevotella was
decreased. The onset of the change was found at the similar
age compared with the appearance of insulin resistance and
fatty liver. Furthermore, the treatment with antibacterial drugs
improved glucose intolerance and hepatic TG accumulation in
ddY-H mice. These results suggested the possible association
between insulin resistance, fatty liver and the gut microbiota.

The intestinal immune system is known to modulate the
gut microbiota and vice versa (54,55). Imbalances of the gut
microbiota can trigger several immune disorders through the
activity of T cells that are both near to and distant from the
site of their induction (56). Since we maintained ddY-H mice
and ddY-L mice under the same conditions, the imbalance in
the gut microbiota in ddY-H mice may be possibly related the
deterioration of the immune system. The increased mRNA
expression of monocyte chemoattractant protein-1 and the
infiltration of inflammatory M1 macrophages have been found
in the enlarged adipose tissue of ddY-H mice, and inflam-
mation in adipose tissue was considered to be the possible
cause inducing insulin resistance (38). The alteration of the
gut microbiota composition was temporally associated with
the appearance of insulin resistance and NAFLD in ddY-H
mice. Recently, evidence has implicated the intestinal immune
system as an important contributor to metabolic disease (57).
The gut-gut microbiota-liver axis may play an important role
in NAFLD (58). Monascus pigments ameliorate the distur-
bance of lipid metabolism and gut microbiota dysbiosis (59).
Metformin, which has been widely used for treatment of T2D,
is gaining attention due to its effects on the gut microbiota
and the immune system (60). AGE also ameliorates insulin
resistance, NAFLD and an imbalance of gut microbiota. Since
insulin resistance, NAFLD and microbiota influence each
other, AGE may improve the impaired gut-gut microbiota-liver
axis in ddY-H mice.

In conclusion, the findings of this study demonstrated
AGE ameliorated glucose intolerance and hepatic TG accu-
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mulation in ddY-H mice, a mouse model of NAFLD. AGE
also improved the altered pattern of the intestinal microbiota.
These results suggest that the effects of AGE in improving
abnormal fat accumulation and insulin resistance may be
associated with its effects on the gut microbiota, at least in
part.
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