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Effect of Lactic Acid Bacteria on Lipid Metabolism and
Fat Synthesis in Mice Fed a High-fat Diet
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Visceral fat accumulation is a major risk factor for the development of obesity-related diseases, including diabetes,
hyperlipidemia, hypertension, and arteriosclerosis. Stimulation of lipolytic activity in adipose tissue or inhibition of
fat synthesis is one way to prevent these serious diseases. Lactic acid bacteria have an anti-obesity effect, but the
mechanisms are unclear. Therefore, we evaluated the effect of the administration of lactic acid bacteria (Lactobacillus
gasseri NT) on lipid metabolism and fat synthesis in a mouse high-fat-diet model, focusing on visceral fat. Balb/c mice
were fed a 45 kcal% fat diet for 13 weeks with and without a freeze-dried preparation of L. gasseri NT (10° CFU/g).
An ex vivo glycerol assay with periovarian fat revealed that L. gasseri NT did not stimulate lipolytic activity. However,
L. gasseri NT decreased the mRNA expression of sterol regulatory element-binding protein (SREBP) and its target
gene fatty acid synthase (FAS) in the liver and decreased free fatty acid (FFA) in the blood. In conclusion, these
findings indicated that administration of L. gasseri NT did not enhance lipid mobilization but can reduce fat synthesis,

suggesting its potential for improving obesity-related diseases.
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INTRODUCTION

Obesity is defined as the excess accumulation of
visceral adipose tissue [1] because of a lack of exercise
and improper food habits. Visceral fat accumulation is a
major risk factor for the development of several diseases,
including diabetes, hyperlipidemia, hypertension and
arteriosclerosis. Therefore, stimulation of lipolytic
activity in adipose tissue or inhibition of fat synthesis is
one way to prevent these serious diseases. For example, a
dietary fiber, gum arabic, helps reduce body fat deposition
by enhancing fat utilization in adipose tissues [2]. Higher
lipolytic activity may be related to the higher expression
level of beta 3 adrenaline receptor (ADRB3) in visceral
adipose tissue. ADRB3 is, in fact, believed to contribute
to the development of obesity [3]. On the other hand,
the lipid composition of animal cells is controlled by
SREBPs, transcription factors released from membranes
by sterol-regulated proteolysis [4]. SREBPs are also
known as a master regulator that participates in insulin
resistance [5].

Probiotics, namely, lactobacilli and bifidobacteria, are
now well recognized for their health-promoting effects [6].
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In many cases, lactic acid bacteria react with the mucosal
immunity of the gut to exert a physiological effect [7]. For
example, lactic acid bacteria stimulate chloride secretion
from the gut to increase the water content of the digesta [8]
and adjust the sympathetic and parasympathetic nervous
systems to reduce blood pressure and blood sugar levels
[9]. The clearest effect was obtained in the improvement
of hypercholesterolemia [10]. The anti-obesity effect of
lactic acid bacteria has also been reported. For example,
Usman and Hosono [11] indicated the capability to remove
cholesterol from a culture medium with Lactobacillus
gasseri strains. Portugal et al. [12] suggested that the
effect of L. delbrueckii on cholesterol metabolism was
through ApoE. These health-promoting effects may be
related to the anti-obesity effects of lactic acid bacteria.
Indeed, the anti-obesity effects of lactic acid bacteria
have been reported. Kadooka et al. [13] indicated that
administration of the probiotic bacterium L. gasseri in
fermented milk reduced adiposity and body weight in
obese adults, possibly by reducing lipid absorption and
inflammatory status.

In this study, we evaluated the effects of the
administration of lactic acid bacteria on lipid metabolism
and fat synthesis in a mouse high-fat-diet model focusing
on visceral fat. In addition, we introduce the use of an ex-
vivo test to measure ADRB3-dependent fat mobilization
to better determine the responsiveness of adipose tissue
to adrenergic stimulation, since ADRB3 expression is an
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indirect indicator of fat mobilization.
MATERIALS AND METHODS

Animal experiments

Thirty 12-week-old female Balb/c mice were
purchased from Japan SLC (Shizuoka, Japan). They were
housed in five plastic cages (each containing six mice) in
a room kept at 25+1°C with a 12-h light and dark cycle.
The mice were divided into the following four groups:
LaboMR (six mice fed a conventional crude diet, Labo
MR Stock, Nihon Nosan Kogyo, Tokyo, Japan), 10%FD
(six mice fed 10 kcal% fat diet, D12450B, Research
Diets, Inc., New Brunswick, NJ, USA), 45%FD (nine
mice fed 45 kcal% fat diet, D12451, Research Diets,
Inc., New Brunswick, NJ, USA) and 45%FD+Lg (nine
mice fed 45 kcal% fat diet, D12451, Research Diets,
Inc.) including Lactobacillus gasseri NT(10° CFU/g).
L. gasseri NT was originally isolated from human feces.
The composition of each diet is shown in Table 1. The
mice had free access to their diet and drinking water for
13 weeks. On the last day of feeding, the body weight and
periovarian fat weight were measured. Periovarian fat,
regarded as visceral adipose tissue, was removed through
a midline incision. A portion of the periovarian fat was
collected in RNAlater solution (Sigma, Japan) for mRNA
analyses and in Hanks’ Balanced Salt Solutions for the ex
vivo test for lipolysis. A portion of the liver was removed
and fixed in the RNAlater solution for mRNA analyses.
Blood samples were collected from the inferior vena cava
to measure the free fatty acid (FFA), triglyceride (TG)
and insulin concentrations.

The experiments were approved by the Animal
Experiment Committee of Kyoto Prefectural University.

Ex vivo test for lipolysis of visceral adipose tissue

The collected fat tissues were cut into pieces of
ca. 20 mg and cultured in 96-well plates with a basal
medium. The basal medium was composed of DMEM/
Ham’s F12 (Nacalai Tesque, Kyoto, Japan) containing
10% (v/v) bovine fetal serum [14] and 1% (w/v) Pen-
Strep Solution (10,000 units/mL penicillin and 10,000
ug/mL streptomycin in 0.85% NaCl) (Thermo Fisher
Scientific, Kanagawa, Japan). After three hours of
incubation, glycerol released into media was measured
with the use of a Glycerol Assay Kit (Cayman Chemical
Company, Ann Arbor, MI, USA).

Blood test

Serum FFA and TG levels were determined using a
NEFA C-test (Wako, Japan) and TG E-test (Wako, Japan),

Table 1. The composition of each diet

Ingredient Labo MR Stock  D12450B D12451
Protein 18.80% 19.20% 23.70%
Carbohydrate 54.70% 67.30% 41.40%
Fat 3.90% 4.30% 23.60%
Calories 2.31 kecal/g 3.87 kecal/g 4.73 kecal/g
Calories from fat ~ 0.351 kcal/g  0.385 kcal/g ~ 2.12 kcal/g

respectively. Serum insulin was measured using a Mouse
Insulin Kit (Morinaga Institute of Biological Science,
Yokohama, Japan).

Determination of mRNA expression level

Extraction of RNA from the periovarian adipose tissue
and the liver and subsequent cDNA synthesis was carried
out as reported elsewhere [15]. The expression levels of
each gene were evaluated by the real-time PCR approach
using a LightCycler 480 Real-Time PCR System (Roche
Applied Science, Tokyo, Japan). PCR was performed
with a thermal cycle program with an initial denaturation
at 95°C for 5 min followed by 50 cycles of 95°C for
10 s and 60°C for 20 s. In this analysis, the f-actin gene
was used as the housekeeping gene. The genes and the
oligonucleotide primer sets together with TagMan probes
were as follows: beta actin (GeneBank accession number:
NMO007393), 5'-agagggaaatcgtgegtgac-3' (forward) and
5'-caatagtgacctggccgt-3' (reverse), Roche probe No.101;
beta 3 adrenaline receptor (4DRB3; GeneBank accession
number: NM013462), 5'-cagccagecctgttgaag-3' (forward)
and 5'-ccttcatagccatcaaacctg-3' (reverse), Roche probe
No.13; tumor necrosis factor alpha (7NF-a; GeneBank
accessionnumber: NM013693), 5'-ttgtcttaacgctgatttggt-3'
(forward) and 5'-gggagcagaggttcagtgat-3' (reverse),
Roche probe No.64; monocyte chemoattractant protein
1 (MCP-1, CCL2; GeneBank accession number:
NMO011333), 5'-catccacgtgttggetca-3' (forward) and
5'-gatcatcttgetggtgaatgagt-3'  (reverse), Roche probe
No.62; insulin receptor (INSR; GeneBank accession
number:  NMO010568),  5'-agcacagtttgggagagtgg-3'
(forward) and 5'-ccagctgccacacaatacag-3’ (reverse),
Roche probe No.4; sterol regulatory element-binding
protein (SREBP; GeneBank accession number:
NMO011480), 5'-ggttttgaacgacatcgaaga-3' (forward) and
5'-cgggaagtcactgtcttggt-3' (reverse), Roche probe No.78;
and fatty acid synthase (FA4S; GeneBank accession
number: NMO007988), 5'-gctgcetgttggaagtcage-3’
(forward) and 5'-agtgttcgttcctcggagtg-3' (reverse), Roche
probe No.58. Delta Ct was calculated by subtraction of
the crossing point cycle of the housekeeping gene from
those of the other genes analyzed. All data for mRNA
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Fig. 1. ADRB3 mRNA expression of periovarian fat.
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A, Relation between the delta Ct values of ADRB3 of periovarian fat and periovarian fat weight. y=4.87x-0.70 (1=0.71) (y, delta Ct values
of ADRB3 of periovarian fat; x, periovarian fat weight; r, correlation coefficient) was obtained. Delta Ct was calculated by subtraction of
the crossing point cycle of the B-actin gene from the ADRB3 gene. The broken lines represent 95% confidence lines. A significant positive
correlation (p<0.01) is shown between the Delta Ct values of ADRB3 and periovarian fat weight. This means that negative correlation is
shown between the expression levels of ADRB3 and periovarian fat weight. B, Relative expression of ADRB3 mRNA for each group. The
data were assessed by Dunnett’s multiple comparison tests. The mean value of the 45%FD group was set to 1.

A, LaboMR; m, 10%FD; O, 45%FD; %, 45%FD+Lg * p<0.01

expression level, except for Fig. 1A and Fig. 3, are
presented as a ratio relative to the control.

STATISTICAL ANALYSIS

Statistical analyses were performed with JMP 10 (SAS
Institute Japan) and Excel Toukei 2010 (Social Survey
Research Information, Tokyo, Japan).

RESULTS

Body weight and visceral fat

Body weight differed little between the 45%FD and
45%FD+Lg groups throughout the experiments. However,
the weight of the periovarian fat was significantly lower
in group 45%FD+Lg than in group 45%FD (p<0.05). The
relative weight (% in body weight) of the periovarian
fat of group 45%FD+Lg was nearly the same as that of
group 10%FD (Table 2).

Gene expression in the periovarian adipose tissue and
the liver

The relative expression levels of ADRB3 in the

periovarian fat decreased with the increase in periovarian
fat weight (p<0.01) (Fig. 1A). However, there were
no differences between group 45%FD+Lg and group
45%FD (Fig. 1B), contrary to our expectations. The
relative expression of 7NF-a mRNA in the periovarian
fat was lower in group 45%FD+Lg than in group 45%FD
(p<0.05) (Fig. 4A). The MCP-1 expression level in the
periovarian fat was significantly enhanced by feeding a
high fat diet (45%FD). However, there was no significant
difference between groups 45%FD and 45%FD+Lg (Fig.
4B).

The relative expression of hepatic SREBP mRNA
was lower in group 45%FD+Lg than in group 45%FD
(p<0.05). The relative expression of hepatic FAS mRNA
was lower in group 45%FD+Lg than in group 45%FD
(p<0.05). The relative expression of hepatic /INSR mRNA
was higher in group 45%FD+Lg than in group 45%FD
(p<0.01) (Fig. 5).

Glycerol release from the periovarian fat

A portion (ca. 20 mg) of the periovarian adipose tissue
released around 0.30—1.31 umol of glycerol in 3 hours
without an ADBR3 agonist. These values are considered
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Fig. 2. Glycerol release from periovarian fat.
A, Relation between glycerol release from periovarian fat and periovarian fat weight. Log(y)=-0.22+0.12/x (y, glycerol release; x,
periovarian fat weight) was obtained. A negative correlation (p<0.05) is shown between the glycerol release and periovarian fat weight.
B, Glycerol release from periovarian fat in each group. The data were assessed by Dunnett’s multiple comparison tests. The mean value
of the 45%FD group was set to 1.
A, LaboMR;m, 10%FD; &, 45%FD; x, 45%FD+Lg * p<0.01
3 - to represent the range of the basal lipolytic rate. Diet
A significantly affected the lipolytic rate, as shown in Fig.
25 4 2A and Fig. 2B.
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DISCUSSION
Fig. 3. Relation between glycerol release from periovarian fat

and the delta Ct values of ADRB3 of periovarian fat.

y=-0.10x-1.37 (r=0.41) (y, glycerol release from periovarian
fat; x, delta Ct values of ADRB3 of periovarian fat; r, correlation
coefficient) was obtained. Delta Ct was calculated by subtraction
of the crossing point cycle of the B-actin gene from that of the
ADRB3 gene. A significant negative correlation (p<0.05) is
shown between glycerol release from periovarian fat and the delta
Ct values of ADRB3 of periovarian fat. This means that positive
correlation is shown between between glycerol release from
periovarian fat and the expression levels of ADRB3.

We evaluated the effects of the administration of lactic
acid bacteria on lipid metabolism and fat synthesis in a
mouse high-fat-diet model, focusing on visceral fat.

Lipid mobilization from the adipose tissue releases
FFA and glycerol. This mobilization is mediated by the
sympathetic nervous system; norepinephrine is the most
potent regulator of lipid mobilization in adipocytes [16].
This stimulation is mediated by the 33 adrenaline receptor
[17]. For this reason, mRNA expression of ADRB3 was
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Table 2. Effects of L. gasseri NT on body weight and periovarian fat weight

LaboMR 10%FD 45%FD 45%FD+Lg
Body weight (g) 242+ 1.19" 249+ 1.77" 29.1+2.06 28.7+ 1.86
Periovarian fat (g) 0.189 + 0.061"  0.487+0.204™  0.837+0294  0.585+0.175"
Periovarian fat (%)  0.775+0217"  1.921+0.719°  2.832+0.881 2.030 + 0.559"

Each value is the mean = SD.

The data were assessed for statistical significance compared with the 45%FD group by Dunnett’s multiple com-

parison tests.

A significant difference in periovarian fat between the 45%FD group and 45%FD+Lg group was observed (p<0.05).
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Fig. 4. Relative expression of proinflammatory marker gene in periovarian fat.

A, Relative expression of TNF-a mRNA in periovarian fat. The data were assessed by Dunnett’s multiple comparison tests. The
mean value of the 45%FD group was set to 1. B, Relative expression of MCP-1 mRNA in periovarian fat. The data were assessed
by Dunnett’s multiple comparison tests. The mean value of the 45%FD group was set to 1.

**p<0.01; *p<0.05

used to evaluate lipolysis [2, 18, 19]. In this context, an
ex vivo test is a beneficial way to evaluate directly lipid
mobilization because ADRB3 expression is an indirect
indicator of fat mobilization. It was shown in this
experiment that the heavier visceral adipose tissue had
a lower expression of ADRB3. Therefore, the negative
correlation between adipose tissue weight and ADRB3
expression level suggests the involvement of ADRB3 in
the development of obesity, as indicated by earlier studies
[20]. Declines in adrenergic receptor expression may
result in lower lipid mobilization (p<0.05) (Fig. 3), which
leads to the development of obesity. However, this was
not the case when we compared groups 45%FD+Lg and
45%FD. The periovarian fat weight in the former group
was significantly lower than that in the 45%FD group
without a significant difference in ADRB3 expression and
glycerol release. This suggests that the anti-obesity effects
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Fig. 5. Relative expression of insulin receptor (/NSR), sterol
regulatory element-binding protein (SREBP) and fatty acid
synthase (F4S) mRNA in the liver. Differences were evaluated
using the Student’s t-test.

0, 45%FD; m, 45%FD+Lg **p<0.01; *p<0.05
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Table 3. Effects of L. gasseri NT on serum lipid and insulin

45%FD 45%FD+Lg
TG (mg/dL) 108.8 +41.0 91.4+63
FFA (mEq/L) 1.103£0.315 0.835+£0.121*
Insulin (pg/mL) 3800 + 1968 2773 + 841

Each value is the mean + SD.

Differences were evaluated using the Student’s t-test.

A significant difference in FFA between the 45%FD group and
45%FD+Lg group was observed (p<0.05).

*p<0.05

of L. gasseri NT may have other mechanisms. Indeed,
stimulation of autonomic nerve systems by intraduodenal
administration of lactic acid bacteria was observed in
the study of Nagai et al. [21], in which decline of renal
sympathetic nerve activity was suggested.

Obesity leads to infiltration of macrophages in adipose
tissues with a concomitant increase in pro-inflammatory
cytokines, such as TNF-o [22]. Since the level of TNF-a
in adipose tissue correlates with the degree of adiposity
and insulin resistance [22], TNF-q, therefore, is a key
molecule that exacerbates the lifestyle-related disecases
caused by obesity. In this experiment, a high-fat diet did
not enhance TNF-o expression significantly. Therefore, it
was suggested that the level of inflammation in adipose
tissue in the 45%FD group was not severe. Administration
of L. gasseri NT significantly decreased TNF-a
expression in the periovarian fat tissue in this experiment.
It is known that L. rhamnosus GG decreased TNF-a
production in a murine macrophage cell line, RAW 264.7
[23]. Inactivation of macrophages by lactobacilli may be
a common phenomenon for probiotic lactobacilli [24].
For example, L. casei Shirota suppressed the production
of TNF-a by macrophages [25].

If macrophages are the main target of lactic acid
bacteria to reduce TNF-o expression in adipose tissue,
their infiltration may be affected by L. gasseri NT.
Monocyte chemoattractant protein 1 (MCP-1) and its
receptor, CCR2, play pivotal roles in the development
of inflammatory responses. Macrophage infiltration in
adipose tissue induced by feeding on a high-fat diet for
normal wild-type mice was not observed in CCR2-KO
mice, and there was a significant reduction in TNF-a
mRNA expression [26-28]. Accordingly, it is reasonable
to conclude that most TNF-a in adipose tissues is induced
by infiltrated macrophages. The increase in MCP-1
expression in adipose tissue in the 45%FD group suggests
the pro-inflammatory status of these mice. L. gasseri
NT did not significantly alter the expression of MCP-1.
Together with the reduction in TNF-a expression in the
adipose tissue, it is suggested that L. gasseri NT has at

least a preventive effect against inflammation induced by
fat accumulation.

The intestine is an important immune organ, and
the intestinal microbiota plays a crucial role in the
development of local and systemic immunity. Stimulation
of mucosal immune tissue by probiotic lactobacilli,
indeed, inactivates macrophages [24].

Hyperinsulinemia induces SREBP-lc expression,
leading to the transcriptional activation of all lipogenic
genes in the liver [29]. SREBP has also been known
to play a critical role in the development of beta-cell
dysfunction in the pancreas caused by elevated FFA [30].
In our report, the mRNA expression levels of SREBP and
FAS were significantly lower in group 45%FD+Lg than
in group 45%FD. Blood serum FFA was significantly
lower in group 45%FD+Lg than in group 45%FD. These
results indicate that suppression of SREBP and FAS in the
liver leads to a decrease in fatty acid synthesis and FFA.
In a previous study, lactic acid bacteria reduced hepatic
lipogenesis and particularly reduced in the expression
of SREBP and FAS [31]. Administration of lactic acid
bacteria, therefore, demonstrates anti-lipogenic effects at
least in the liver.

In this experiment, the blood insulin level was not high
enough to be judged as demonstrating insulin resistance
(Table 3). In addition to this, there was no significant
difference in insulin level between groups 45%FD+Lg
and 45%FD. Therefore, the involvement of insulin in the
effects of L. gasseri NT on lipid metabolism of mice is
still hard to prove.

In conclusion, oral administration of L. gasseri NT
did not enhance lipid mobilization but could reduce fat
synthesis in adipose tissue, which suggests its potential
to prevent the development of obesity and obesity-
related disorders. It is not clear in which pathways the
stimulatory signal caused by orally administered freeze-
dried L. gasseri NT was transmitted to the effective sites
in the liver and the adipose tissue. Further studies are
required to clarify this point.

REFERENCES

1. World Health Organization. 2011. Waist circumference
and waist-hip ratio: Report of a WHO expert
consultation Geneva, 811 December 2008.

2. Ushida K, Hatanaka H, Inoue R, Tsukahara T, Phillips
GO. 2011. Effect of long term ingestion of gum arabic
on the adipose tissues of female mice. Food Hydrocoll
25:1344-1349. [CrossRef]

3. Fisler JS, Schonfeld-Warden NA. 2008. Genetics of
human obesity in “Nutrition in the prevention and
treatment of disease”, Coulston AM, Boushey CJ (eds),
Academic Press Burlington, MA, USA.


http://dx.doi.org/10.1016/j.foodhyd.2010.12.010

10.

I1.

12.

13.

14.

15.

EFFECT OF LACTIC ACID BACTERIA ON OBESITY 57

Sakai J, Rawson RB, Espenshade PJ, Cheng D,
Seegmiller AC, Goldstein JL, Brown MS. 1998.
Molecular identification of the sterol-regulated luminal
protease that cleaves SREBPs and controls lipid
composition of animal cells. Mol Cell 2: 505-514.
[Medline] [CrossRef]

Ide T, Shimano H, Yahagi N, Matsuzaka T, Nakakuki
M, Yamamoto T, Nakagawa Y, Takahashi A, Suzuki H,
Sone H, Toyoshima H, Fukamizu A, Yamada N. 2004.
SREBPs suppress IRS-2-mediated insulin signaling
in the liver. Nat Cell Biol 6: 351-357. [Medline]
[CrossRef]

Macfarlane GT, Cummings JH. 1999. Probiotics and
prebiotics: Can regulating the activities of intestinal
bacteria benefit health? BMJ 318: 999-1003. [Medline]
[CrossRef]

Ohashi Y, Ushida K. 2009. Health-beneficial effects of
probiotics: Its mode of action. Anim Sci J 80: 361-371.
[Medline] [CrossRef]

Inoue R, Tsukahara T, Noda M, Bukawa W, Matsubara
N, Ushida K. 2007. Oral administration of a heat-
killed cell preparation of Enterococcus faecalis
strain EC-12 stimulates the gene expression of Na'-
K*-2CI" co-transporter 1 in rat ileal epithelial cells.
Biosci Biotechnol Biochem 71: 807-810. [Medline]
[CrossRef]

Tanida M, Yamano T, Maeda K, Okumura N, Fukushima
Y, Nagai K. 2005. Effects of intraduodenal injection of
Lactobacillus johnsonii Lal on renal sympathetic nerve
activity and blood pressure in urethane-anesthetized
rats. Neurosci Lett 389: 109—114. [Medline] [CrossRef]
Kondo S, Shimizu K. 2010. Approaches in the
development of probiotics for improving metabolic
disorders. J Intestinal Microbiol 24: 281-286.

Usman, Hosono A. 1999. Bile tolerance, taurocholate
deconjugation, and binding of cholesterol by
Lactobacillus gasseri strains. ] Dairy Sci 82: 243-248.
[Medline] [CrossRef]

Portugal LR, Gongalves JL, Fernandes LR, Silva HPS,
Arantes RME, Nicoli JR, Vieira LQ, Alvarez-Leite JI.
2006. Effect of Lactobacillus delbrueckii on cholesterol
metabolism in germ-free mice and on atherogenesis in
apolipoprotein E knock-out mice. Braz ] Med Biol Res
39: 629-635. [Medline] [CrossRef]

Kadooka Y, Sato M, Imaizumi K, Ogawa A, Ikuyama
K, Akai Y, Okano M, Kagoshima M, Tsuchida T.
2010. Regulation of abdominal adiposity by probiotics
(Lactobacillus gasseri SBT2055) in adults with obese
tendencies in a randomized controlled trial. Eur J Clin
Nutr 64: 636—643. [Medline] [CrossRef]

Zhang HH, Kumar S, Barnett AH, Eggo MC. 2000.
Ceiling culture of mature human adipocytes: Use
in studies of adipocyte functions. J Endocrinol 164:
119-128. [Medline] [CrossRef]

Yoshikawa T, Inoue R, Yoshida Y, Watanabe T, Bukawa
W, Ushida K. 2009. Diverse immune responses to

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

orally administered heat-killed cell preparation of
Enterococcus faecalis strain EC-12 in murine immune
tissues. Biosci Biotechnol Biochem 73: 1439-1442.
[Medline] [CrossRef]

Commins SP, Marsh DJ, Thomas SA, Watson
PM, Padgett MA, Palmiter R, Gettys TW. 1999.
Norepinephrine is required for leptin effects on
gene expression in brown and white adipose tissue.
Endocrinology 140: 4772—-4778. [Medline] [CrossRef]
Susulic VS, Frederich RC, Lawitts J, Tozzo E, Kahn
BB, Harper ME, Himms-Hagen J, Flier JS, Lowell BB.
1995. Targeted disruption of the B3-adrenergic receptor
gene. J Biol Chem 270: 29483-29492. [Medline]
[CrossRef]

Zhang W, Della-Fera MA, Hartzell DL, Hausman
D, Baile CA. 2008. Adipose tissue gene expression
profiles in ob/ob mice treated with leptin. Life Sci 83:
35-42. [Medline] [CrossRef]

Rayner DV. 2001. The sympathetic nervous system
in white adipose tissue regulation. Proc Nutr Soc 60:
357-364. [Medline] [CrossRef]

Cao L, Choi EY, Liu X, Martin A, Wang C, Xu X,
During MJ. 2011. White to brown fat phenotypic switch
induced by genetic and environmental activation of a
hypothalamic-adipocyte axis. Cell Metab 14: 324-338.
[Medline] [CrossRef]

Nagai K, Tanida M, Fukushima'Y, Yamano T, Nijima A,
Maeda K, Okumura N, Horii Y, Shen J. 2009. Changes
in autonomic nerve activities and physiological
functions caused by intestinal administration of
lactobacilli. J Intestinal Microbiol 23: 209-216.

Uysal KT, Widesbrock SM, Marino MW, Hotamisligil
GS. 1997. Protection from obesity-induced insulin
resistance in mice lacking TNF-a function. Nature 389:
610-614. [Medline] [CrossRef]

Pena JA, Versalovic J. 2003. Lactobacillus rhamnosus
GG decreases TNF-a production in lipopolysaccharide-
activated murine macrophages by a contact-
independent mechanism. Cell Microbiol 5: 277-285.
[Medline] [CrossRef]

Inoue R, Otsuka M, Nishio A, Ushida K. 2007.
Primary administration of Lactobacillus johnsonii
NCC533 in weaning period suppresses the elevation of
proinflammatory cytokines and CD86 gene expressions
in skin lesions in NC/Nga mice. FEMS Immunol Med
Microbiol 50: 67-76. [Medline] [CrossRef]

Yasuda E, Serata M, Sako T. 2008. Suppressive effect
on activation of macrophages by Lactobacillus casei
strain Shirota genes determining the synthesis of
cell wall-associated polysaccharides. Appl Environ
Microbiol 74: 4746—4755. [Medline] [CrossRef]
Weisberg SP, McCann D, Desai M, Rosenbaum M,
Leibel RL, Ferrante AW Jr. 2003. Obesity is associated
with macrophage accumulation in adipose tissue. J
Clin Invest 112: 1796-1808. [Medline]

Weisberg SP, Hunter D, Huber R, Lemieux J, Slarmaker


http://www.ncbi.nlm.nih.gov/pubmed/9809072?dopt=Abstract
http://dx.doi.org/10.1016/S1097-2765(00)80150-1
http://www.ncbi.nlm.nih.gov/pubmed/15048126?dopt=Abstract
http://dx.doi.org/10.1038/ncb1111
http://www.ncbi.nlm.nih.gov/pubmed/10195977?dopt=Abstract
http://dx.doi.org/10.1136/bmj.318.7189.999
http://www.ncbi.nlm.nih.gov/pubmed/20163595?dopt=Abstract
http://dx.doi.org/10.1111/j.1740-0929.2009.00645.x
http://www.ncbi.nlm.nih.gov/pubmed/17341824?dopt=Abstract
http://dx.doi.org/10.1271/bbb.60589
http://www.ncbi.nlm.nih.gov/pubmed/16118039?dopt=Abstract
http://dx.doi.org/10.1016/j.neulet.2005.07.036
http://www.ncbi.nlm.nih.gov/pubmed/10068945?dopt=Abstract
http://dx.doi.org/10.3168/jds.S0022-0302(99)75229-X
http://www.ncbi.nlm.nih.gov/pubmed/16648901?dopt=Abstract
http://dx.doi.org/10.1590/S0100-879X2006000500010
http://www.ncbi.nlm.nih.gov/pubmed/20216555?dopt=Abstract
http://dx.doi.org/10.1038/ejcn.2010.19
http://www.ncbi.nlm.nih.gov/pubmed/10657847?dopt=Abstract
http://dx.doi.org/10.1677/joe.0.1640119
http://www.ncbi.nlm.nih.gov/pubmed/19502756?dopt=Abstract
http://dx.doi.org/10.1271/bbb.90010
http://www.ncbi.nlm.nih.gov/pubmed/10499537?dopt=Abstract
http://dx.doi.org/10.1210/en.140.10.4772
http://www.ncbi.nlm.nih.gov/pubmed/7493988?dopt=Abstract
http://dx.doi.org/10.1074/jbc.270.49.29483
http://www.ncbi.nlm.nih.gov/pubmed/18547592?dopt=Abstract
http://dx.doi.org/10.1016/j.lfs.2008.04.021
http://www.ncbi.nlm.nih.gov/pubmed/11681810?dopt=Abstract
http://dx.doi.org/10.1079/PNS2001101
http://www.ncbi.nlm.nih.gov/pubmed/21907139?dopt=Abstract
http://dx.doi.org/10.1016/j.cmet.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/9335502?dopt=Abstract
http://dx.doi.org/10.1038/39335
http://www.ncbi.nlm.nih.gov/pubmed/12675685?dopt=Abstract
http://dx.doi.org/10.1046/j.1462-5822.2003.t01-1-00275.x
http://www.ncbi.nlm.nih.gov/pubmed/17425659?dopt=Abstract
http://dx.doi.org/10.1111/j.1574-695X.2007.00233.x
http://www.ncbi.nlm.nih.gov/pubmed/18552190?dopt=Abstract
http://dx.doi.org/10.1128/AEM.00412-08
http://www.ncbi.nlm.nih.gov/pubmed/14679176?dopt=Abstract

58

28.

29.

Y. YONEIIMA, et al.

S, Vaddi K, Charo I, Leibel RL, Ferrante AW Jr.
2006. CCR2 modulates inflammatory and metabolic
effects of high-fat feeding. J Clin Invest 116: 115-124.
[Medline] [CrossRef]

Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K,
Kitazawa R, Kitazawa S, Miyachi H, Maeda S,
Egashira K, Kasuga M. 2006. MCP-1 contributes to
macrophage infiltration into adipose tissue, insulin
resistance, and hepatic steatosis in obesity. J Clin
Invest 116: 1494—1505. [Medline] [CrossRef]
Shimomura I, Bashmakov Y, Ikemoto S, Horton JD,
Brown MS, Goldstein JL. 1999. Insulin selectively
increases SREBP-1c mRNA in the livers of rats with

30.

31.

streptozotocin-induced diabetes. Proc Natl Acad Sci
USA 96: 13656-13661. [Medline] [CrossRef]

Wang H, Maechler P, Antinozzi PA, Herrero L,
Hagenfeldt-Johansson KA, Bjorklund A, Wollheim
CB. 2003. The transcription factor SREBP-lc is
instrumental in the development of B-cell dysfunction.
J Biol Chem 278: 16622—-16629. [Medline] [CrossRef]
Kitawaki R, Nishimura Y, Takagi N, Iwasaki M, Tsuzuki
K, Fukuda M. 2009. Effects of lactobacillus fermented
soymilk and soy yogurt on hepatic lipid accumulation
in rats fed a cholesterol-free diet. Biosci Biotechnol
Biochem 73: 1484-1488. [Medline] [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/16341265?dopt=Abstract
http://dx.doi.org/10.1172/JCI24335
http://www.ncbi.nlm.nih.gov/pubmed/16691291?dopt=Abstract
http://dx.doi.org/10.1172/JCI26498
http://www.ncbi.nlm.nih.gov/pubmed/10570128?dopt=Abstract
http://dx.doi.org/10.1073/pnas.96.24.13656
http://www.ncbi.nlm.nih.gov/pubmed/12600983?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M212488200
http://www.ncbi.nlm.nih.gov/pubmed/19584552?dopt=Abstract
http://dx.doi.org/10.1271/bbb.80753

