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Abstract Intervention strategies for obesity are global issues
that require immediate attention. The objective of this study
was to assess the possibility thatClostridium butyricum and its
potential components could reduce lipogenesis. Co-culture
experiments of Caco-2 cells and 1×106, 1×107, and 1×
108 CFU/ml of C. butyricum were set up to monitor the
cytotoxicity of C. butyricum and the changes of
angiopoietin-like protein 4 (ANGPTL4) mRNA expression.
It was found that cell viability was not affected by
C. butyricum, and ANGPTL4 mRNA expression in Caco-2
cells was highly induced by 1×107 CFU/ml of C. butyricum.
Co-culture experiment of Caco-2 cells and potential compo-
nents of C. butyricum were set up to monitor any ensuing
alteration in ANGPTL4. It was observed that bacterial wall
components and potentially secreted factors fromC. butyricum
could induce ANGPTL4 mRNA expression and protein se-
cretion. To determine whether butyrate could affect the
ANGPTL4 production in Caco-2 cells, the role of monocar-
boxylate transporter 1 (MCT1) in mediating potentially se-
creted factors from C. butyricum-induced ANGPTL4 produc-
tion in Caco-2 cells and the effect of 0.1 mM of butyrate on
ANGPTL4 production in Caco-2 cells were investigated. It is
confirmed that butyrate was the factor secreted by
C. butyricum to stimulate ANGPTL4 production. Besides,
the soluble factors secreted by live C. butyricum-Caco-2 cells
interaction, bacterial wall components-Caco-2 cells interac-
tion, and the main metabolites butyrate-Caco-2 cells interac-
tion reduced lipogenic gene expression in HepG2 cells. In
conclusion, 1×107 CFU/ml of C. butyricum could reduce

lipogenesis through the bacterial wall components and the
metabolites such as butyrate.
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Introduction

In the past decade, there is a growing speculation that intesti-
nal microbiota can influence fat storage (Greiner and Bäckhed
2011). This notion has spurred the search for circulating
factors that communicate between the intestinal microbiota
and other parts of the body. One factor that was found is
angiopoietin-like protein 4 (ANGPTL4), which is a circulat-
ing lipoprotein lipase (LPL) inhibitor and plays a key role in
regulating deposition of triglycerides in adipocytes (Yoshida
et al. 2002; Sukonina et al. 2006). During recent years,
ANGPTL4 has been widely investigated as a multifunctional
signal protein, mainly expressed in the intestine, liver, adipose
tissue, skeletal muscle, brain, and thyroid tissue (Kersten et al.
2009). Recent researches have revealed that the intestinal
microbiota can directly (by cell contact) or indirectly (by
metabolite or secretion factors) modulate ANGPTL4 mRNA
expression and protein secretion by intestinal epithelial cells
(Grootaert et al. 2011). Therefore, more and more attention
was paid to supplementation of probiotics and their metabo-
lites to modulate ANGPTL4 production by intestinal epithelial
cells

Clostridium butyricum is a butyric acid-producing, spore-
forming, gram-positive anaerobe, which is found in soil and in
the intestines of healthy humans and animals (Murayama et al.
1995; Nakanishi and Tanaka 2010). Previous studies demon-
strated that C. butyricum could influence fat storage of ani-
mals (Yang et al. 2010; Zhang et al. 2011; Zhao et al. 2013).
However, information is lacking on the circulating factors that
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communicate between C. butyricum and animal body tissue.
Therefore, the objective of this study was to assess the possi-
bility that C. butyricum and its potential components could
target the fat storage regulator ANGPTL4 and, as a conse-
quence, execute its modulatory effects.

Materials and methods

Cell culture

The human colon carcinoma cell line Caco-2 (ATCC HTB-
37) and human hepatoma cell line HepG2 (ATCC HB-8065)
were obtained from Beijing Jin Zijing Biological Pharmaceu-
tical Technology Co. Ltd., Beijing, China. Cells were routine-
ly grown in minimum essential medium (MEM) (Macgene,
Beijing, China) supplemented with 10 %v/v fetal bovine
serum (FBS) (Gibco, Grand Island, NY, USA), 100 U/ml
penicillin, and 100 ug/ml streptomycin. Cells were maintained
in culture at 37 °C in a humidified atmosphere of 5 %CO2 and
95 % air. The culture medium was changed every other day.

Bacterial strains and culture conditions

The C. butyricum B1 (CGMCC 4845) used in this study was
provided by Beijing Gold-Tide Biotechnology Co. Ltd.,
Beijing, China. It was cultured in Reinforced Clostridium
Medium (RCM) (Beijing Land Bridge Technology Co. Ltd.,
Beijing, China) at 37 °C in an anaerobic environment. Before
stimulation assays, the live C. butyricum were washed twice
with PBS (centrifugation at 4,000×g for 5 min) and resus-
pended in FBS and antibiotic-free MEM at the density of
1×108 CFU/ml.

Cell viability assay

The cell viability was evaluated by cell counting kit-8 (CCK-
8) assay (Dojindo, Kumamoto, Japan). Caco-2 cells were
seeded in 96-well culture plates (6×103 cells per well) and
were maintained at 37 °C in a humidified atmosphere of 5 %
CO2 and 95 % air until 70 to 80 % confluence. Twenty-four
hours before stimulation, the confluent cells were washed and
cultured in fresh medium without FBS and antibiotic. Caco-2
cells were treated with 100 μl of MEM or C. butyricum
suspensions at designated concentration (1×106, 1×107, and
1×108 CFU/ml). After 2 h incubation, the cells were washed
twice with PBS. Ten microliter CCK-8 and 100 μl MEMwere
added to each well and incubated for an additional 4 h at
37 °C. The optical density (OD) of each well at 450 nm was
recorded on aMicroplate Reader (ELx50, BioTek Instruments
Inc., Winooski, VT, USA). The cell viability (% of control) is
expressed as the percentage of (ODtest−ODblank)/(ODcontrol−
ODblank), where ODtest is the optical density of the cells

exposed to C. butyricum sample, ODcontrol is the optical
density of the control sample, and ODblank is the optical
density of the wells without Caco-2 cells. The experiment
was performed three times.

Treatment of Caco-2 cells with live C. butyricum

Caco-2 cells were seeded in 6-well culture plates (Costar,
Cambridge, MA, USA) and were maintained at 37 °C in a
humidified atmosphere of 5 % CO2 and 95 % air until 80 to
90 % confluence. Twenty-four hours before stimulation, the
confluent cells were washed and cultured in fresh medium
without FBS and antibiotic. Caco-2 cells were treated with
2 ml of MEM or C. butyricum suspensions at designated
concentration (1×106, 1×107, and 1×108 CFU/ml) and incu-
bated in 5 % CO2 at 37 °C for 2 h. The experiment was
terminated by thoroughly washing the plates with ice-cold
PBS, and the cells were harvested for real-time PCR analysis.
The experiment was performed three times.

Caco-2 cells treated with live and heat-inactivated
C. butyricum and prefermented minimum essential medium

To obtain dead bacterial cells, 1×107 CFU/ml ofC. butyricum
was washed twice with PBS (centrifugation at 4,000×g for
5 min). The pellet was incubated in a hot water bath at 100 °C
for 30 min and resuspended in FBS and antibiotic-free MEM.
To obtain prefermented MEM, an equal amount of living
bacteria was suspended in MEM and incubated at 37 °C for
2 h without being in contact with Caco-2 cells. Thereafter, the
suspension was centrifuged (5 min, 4,000×g), and the super-
natant was sterilized with a 0.22-μm filter (Millipore, Biller-
ica, MA, USA) and retained as the prefermented MEM. Fetal
bovine serum and antibiotic-free MEM, MEM with live
C. butyricum, MEM with heat-inactivated C. butyricum, and
cell-freeMEM prefermented with C. butyricumwere added to
the Caco-2 cells and incubated for 2 h at 37 °C and in the
presence of 5 % CO2 (denoted as control, active Cb, inactive
Cb, and prefermented). The culture mediumwere collected and
analyzed for ANGPTL4 by enzyme-linked immunosorbent
assay (ELISA), and the same cells (after washed with ice-cold
PBS) from the culture medium were harvested for real-time
PCR analysis. The experiment was performed three times.

The role of monocarboxylate transporter 1 in modulating
angiopoietin-like protein 4 production in Caco-2 cells exposed
to prefermented minimum essential mediumsina transient
transfection

One day before transfection, Caco-2 cells (5×105 cells per
well) were allowed to attach and grow in 6-well culture
plates (Costar). When the plate cells in medium without
antibiotics were 60–80 % confluent, Silencer® Select
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Negative Control #1 siRNA (Ambion, Austin, TX, USA) or
monocarboxylate transporter 1 (MCT1) Silencer® Select Val-
idated small interfering RNA (siRNA, s579) was transfected
into cells with Lipofectamine RNAiMAX (Invitrogen, Carls-
bad, CA, USA) (denoted as siNC and siMCT1, respectively).
After 48 h, cells were treated with prefermented MEM and
assayed for transfection efficiency by real-time PCR.

Stimulation of cells

Prefermented MEM was obtained using the same procedure as
described above. Caco-2 cells were treated with 2 ml of MEM
or prefermented MEM and incubated in 5 % CO2 at 37 °C for
2 h. The culture medium were collected and analyzed for
ANGPTL4 by ELISA, and the same cells (after washed with
ice-cold PBS) from the culture mediumwere harvested for real-
time PCR analysis. The experiment was performed three times.

Treatment of Caco-2 cells with butyrate

Caco-2 cells were treated with 2 ml of FBS and antibiotic-free
MEM,MEMwith 0.1mMof sodiumbutyrate (Sigma, St. Louis,
MO, USA) (equal to the amount of butyrate in cell-free MEM
prefermented with 1×107 CFU/ml of C. butyricum) and cell-
free MEM prefermented with 1×107 CFU/ml of C. butyricum,
and incubated in 5%CO2 at 37 °C for 2 h. The culture medium
were collected and analyzed for ANGPTL4 by ELISA, and the
same cells (after washed with ice-cold PBS) from the culture
medium were harvested for real-time PCR analysis. The exper-
iment was performed three times.

HepG2 cells treated with conditioned media
from C. butyricum interacting with Caco-2 cells

Preparation of conditioned media

Caco-2 cells were treated with 2 ml of FBS and antibiotic-free
MEM, MEM with live C. butyricum, MEM with heat-
inactivated C. butyricum, and MEM with 0.1 mM of sodium
butyrate respectively and incubated in 5 % CO2 at 37 °C for 2 h.
Thereafter, the culture medium was filtered (pore size, 0.22 μm)
and retained as the conditioned media from Caco-2 cells,
conditioned media from live C. butyricum interacting with
Caco-2 cells, conditioned media from heat-inactivated
C. butyricum interacting with Caco-2 cells, and conditioned
media from butyrate interacting with Caco-2 cells respectively.

Stimulation of HepG2 cells

The conditioned media from Caco-2 cells, conditioned media
from liveC. butyricum interacting with Caco-2 cells, conditioned
media from heat-inactivatedC. butyricum interacting with Caco-
2 cells, and conditioned media from butyrate interacting with

Caco-2 cells obtained above were added to the HepG2 cells
respectively and incubated for 2 h at 37 °C and in the presence
of 5 % CO2 (denoted as Control, Active Cb, Inactive Cb, and
Butyrate, respectively). The HepG2 cells (after washed with ice-
cold PBS) from the culture medium were harvested for real-time
PCR analysis. The experiment was performed three times.

Real-time quantitative PCR

Total RNA of the cells was extracted using TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA) according
to themanufacturer’s instructions. The RNA concentration and
purity were determined by measuring the absorbance at 260
and 280 nm, and the RNA integrity was assessed via agarose
gel electrophoresis. For the production of cDNA, 400 ng of
total RNA was reverse transcribed with PrimeScriptTM RT
Master Mix (Perfect Real Time) (TaKaRa, Dalian, China)
according to the manufacturer’s instructions. All of the cDNA
preparations were stored frozen at −30 °C until further use. A
real-time quantitative PCR assay was performed with the 7500
Real Time PCR Systems (Applied Biosystems, Foster City,
CA, USA) according to the optimized PCR protocols using
SYBR® Premix Ex TaqTM (TaKaRa). The thermocycle proto-
col consisted of 30 s initial denaturation at 95 °C, followed by
40 cycles of 5 s denaturation at 95 °C, and 34 s annealing/
extension at 60 °C. The gene-specific primers for ANGPTL4,
MCT1, fatty acid synthase (FASN), malic enzyme 1 (ME1),
acetyl-CoA carboxylase α (ACACA), sterol regulatory ele-
ment binding protein 1 (SREBP-1), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) are listed in Table 1.
Standard curves were derived from serial dilutions of samples.
To confirm amplification specificity, the PCR products from
each primer pair were subjected to a melting curve analysis and
subsequent agarose gel electrophoresis. The ΔΔCt method
was used to estimate mRNA abundance. Glyceraldehyde-3-
phosphate dehydrogenase was used as the internal reference
gene, and the mRNA expression of target genes was normal-
ized to GAPDH mRNA expression. All the samples were
analyzed in triplicates, and the mean values of these measure-
ments were used for calculations of mRNA expression.

ELISA

Human ANGPTL4 level in the culture mediumwas measured
by a specific ELISA kit (Abcam, Cambridge, UK) according
to the manufacturer’s instructions.

SCFA analysis

Short-chain fatty acid (acetate, propionate, and butyrate) con-
centrations in cell-freeMEM prefermented with 1×107 CFU/ml
of C. butyricum were measured using gas chromatography as
described by Li and Meng (2006).
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Data calculations and statistical analyses

All data were subjected to analysis of variance (ANOVA)
using the general liner model (GLM) procedure of Statistical
Analysis System (SAS) 8.1 software (SAS Institute, Inc.,
Cary, NC, USA). Data are expressed as means±standard error
(SE). The significance of differences among treatments was
tested by Duncan’s multiple range test. A level of P<0.05 was
used as the criterion for statistical significance.

Results

The cytotoxicity of C. butyricum in Caco-2 cells

The cell viability was assayed to estimate the cytotoxicity of
C. butyricum quantitatively by CCK-8 assay in which the
formation of formazan dye depends on the mitochondria
activity. As shown in Fig. 1, no difference was observed in
the viability of Caco-2 cells after exposure to C. butyricum at
the concentration of 0, 1×106, 1×107, and 1×108 CFU/ml for
2 h. This result demonstrated that C. butyricum supplemented
at the concentration of 1×106, 1×107, and 1×108 CFU/ml to
Caco-2 cells for 2 h did not negatively affect the cell viability.
Therefore, the above concentrations of C. butyricum were
applied in the following experiment.

Angiopoietin-like protein 4 mRNA expression in Caco-2 cells
after exposed to different concentrations of C. butyricum

To investigate whether C. butyricum could regulate
ANGPTL4 mRNA expression in Caco-2 cells, a stimulation
assay was performed, as described in the “Materials and

methods.” Figure 2 showed that Caco-2 cells after exposed
to 1×107 CFU/ml ofC. butyricum for 2 h had higher (P<0.05)
ANGPTL4 mRNA level than control cells. However, no
difference in ANGPTL4 mRNA level was observed among
1×106, 1×107, and 1×108 CFU/ml of C. butyricum-supple-
mented cells.

Angiopoietin-like protein 4 in Caco-2 cells after exposed
to live and heat-inactivated C. butyricum and prefermented
minimum essential medium

To disclose the mechanism of ANGPTL4 induction, potential
components of C. butyricum were separated and investigated
individually. Caco-2 cells of active Cb, inactive Cb, and
prefermented had higher (P<0.05) ANGPTL4mRNA expres-
sion than control cells (Fig. 3a). Besides, among the groups

Table 1 Real-time PCR primers

Gene Genebank number Primers position Primers sequences(5′→3′) Product size (bp) Reference

ANGPTL4 NM_139314 Forward AAAGAGGCTGCCCGAGAT 104 Aronsson et al. (2010)
Reverse TCTCCCCAACCTGGAACA

MCT1 NM_003051 Forward CACCGTACAGCAACTATACG 115 Gonçalves et al. (2009)
Reverse CAATGGTCGCCTCTTGTAGA

FASN NM_004104 Forward ACAGCGGGGAATGGGTACT 188 Zhu et al. (2013)
Reverse GACTGGTACAACGAGCGGAT

ME1 NM_002395 Forward ACCCTCACCTCAACAAGGAC 103 This study
Reverse ACCTGGATCTCCTGACTGTTG

ACACA NM_198834 Forward CCGAACAGTAGAACTAAGTATCCC 239 This study
Reverse CATCCACAATGTAAGCACCAA

SREBP-1 NM_001005291 Forward CAGACTCGCTGCTTCTGACA 144 Crane et al. (2010)
Reverse GGACTGTTGCCAAGATGGTT

GAPDH NM_001256799 Forward GGAGCGAGATCCCTCCAAAAT 197 This study
Reverse GGCTGTTGTCATACTTCTCATGG

ANGPTL4 angiopoietin-like protein 4, MCT1 monocarboxylate transporter 1, FASN fatty acid synthase, ME1 malic enzyme 1, ACACA acetyl-CoA
carboxylase α, SREBP-1 sterol regulatory element binding protein 1, GAPDH glyceraldehydes-3-phosphate dehydrogenase
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Fig. 1 The viability of Caco-2 cells after exposure to 0, 1×106, 1×107, or
1×108 CFU/ml of C. butyricum for 2 h. Value of each treatment is the
mean of three independent experiments, and the vertical bar represents
standard error
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supplemented with potential components of C. butyricum,
cells of inactive Cb appeared to contain the highest
(P<0.05) ANGPTL4 mRNA level. The ANGPTL4 protein
secretion in the culture medium of active Cb, inactive Cb, and
prefermented cells were higher (P<0.05) than those of cells in
control, whereas this protein secretion was similar among
active Cb, inactive Cb, and prefermented (Fig. 3b).

Silence of monocarboxylate transporter 1 interrupted
prefermented minimum essential medium-induced
angiopoietin-like protein 4 production in Caco-2 cells

Monocarboxylate transporter 1 (MCT1) has been demonstrat-
ed to mediate the entry of butyrate in Caco-2 cells
(Hadjiagapiou et al. 2000). In the current study, ANGPTL4
production in Caco-2 cells was found to be stimulated by
factors secreted by C. butyricum. To determine whether

butyrate, which is one of the main metabolic products of
C. butyricum, could affect the ANGPTL4 production in
Caco-2 cells, the role of MCT1 in mediating prefermented
MEM-induced ANGPTL4 production in Caco-2 cells was
investigated. Transfection of Caco-2 cells with MCT1 siRNA
effectively silenced (P<0.05) MCT1 mRNA expression
(Fig. 4a). ANGPTL4 mRNA expression and protein secretion
in siNC-transfected Caco-2 cells were found to be stimulated
(P<0.05) by cell-free MEM prefermented with C. butyricum
(Fig. 4b, c). However, prefermented MEM-induced
ANGPTL4 mRNA expression and protein secretion in
siMCT1-transfected Caco-2 cells was close to MEM-
induced ANGPTL4 production in siNC- and siMCT1-
transfected Caco-2 cells (Fig. 4b, c). The results of this study
demonstrated the necessity of MCT1 in cell-free MEM
prefermented with C. butyricum-induced ANGPTL4 mRNA
expression and protein secretion, indicating that butyrate
could be the main factor secreted by C. butyricum to stimulate
ANGPTL4 production.

Butyrate stimulate angiopoietin-like protein 4 synthesis
in Caco-2 cells

Previously, ANGPTL4 production in Caco-2 cells was found
to be stimulated by cell-free MEM prefermented with
C. butyricum which was mediated by MCT1. We hypothe-
sized that one of the major factors corresponded to butyrate,
which is the main substance produced by C. butyricum. Ac-
cordingly, we assayed the ANGPTL4 mRNA expression and
protein secretion in Caco-2 cells after exposed to FBS and
antibiotic-freeMEM,MEMwith 0.1 mMof butyrate (equal to
the amount of butyrate in cell-free MEM prefermented with
1×107 CFU/ml of C. butyricum), and cell-free MEM
prefermented with 1×107 CFU/ml of C. butyricum for 2 h.
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2 h. a ANGPTL4 mRNA expression in Caco-2 cells. b ANGPTL4
concentration in medium of Caco-2 cells. Value of each treatment is the
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standard error. Means with different letters differ significantly (P<0.05)
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Caco-2 cells with sodium butyrate and prefermentedMEM for
2 h resulted in increased (P<0.05) ANGPTL4 mRNA expres-
sion and protein secretion compared to control cells
(Fig. 5a, b). However, no difference in ANGPTL4 production
was observed between sodium butyrate and prefermented
MEM stimulated cells. All of the above results provided
further evidence that butyrate was the factor secreted by
C. butyricum that stimulate ANGPTL4 production.

Conditionedmedia fromC. butyricum interacting with Caco-2
cells stimulate lipid metabolism gene expression in HepG2
cells

HepG2 cells after exposed to conditioned media from live
C. butyricum interacting with Caco-2 cells for 2 h appeared to
contain the lowest (P<0.05) FASN, ME1, ACACA, and
SREBP-1 mRNA level (Fig. 6a–d). The FASN, ME1,
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ACACA, and SREBP-1 mRNA expression of inactive Cb
HepG2 cells and FASN, ACACA, and SREBP-1 mRNA
expression of butyrate HepG2 cells were lower (P<0.05) than
those of HepG2 cells in control. However, no difference was
observed in ME1, ACACA, and SREBP-1 mRNA expression
between active Cb and inactive Cb HepG2 cells and FASN,
ACACA, and SREBP-1 mRNA expression between active
Cb and butyrate HepG2 cells.

Discussion

Obesity has increased dramatically during the past decades
and has now reached epidemic proportions in both developed
and developing countries. The increase in obesity is associated
with corresponding increases in type 2 diabetes, hypertension,
cardiovascular disease, and cancer (Allison et al. 1999;
Greiner and Bäckhed 2011). Recently, the use of probiotics
as lipid metabolism regulators has gained increasing interest
because of the global trend of human obesity. In vitro and
in vivo studies have reported that Lactobacillus could reduce
the fat storage (Aronsson et al. 2010; Huang and Zheng 2010).
Likewise, in vitro study has shown that Enterococcus faecalis
and Bacteroides thetaiotaomicron could increase the
ANGPTL4 production in gut epithelial cell lines, thereby
decreasing fat storage in the host (Grootaert et al. 2011).

However, information about the effects of C. butyricum on
human colon carcinoma cell line is lacking. Angiopoietin-like
protein 4 has been proposed as a circulating mediator between
the gut microbiota and fat storage. It is released as a 50-kDa
prohormone that is subsequently cleaved into N- and C-
terminal fragments. The N-terminal fragment of ANGPTL4
blocks activity of LPL, which catalyzes uptake of circulating
lipids into tissues (Yoshida et al. 2002). Hence, it is well-
recognized that ANGPTL4 is an indicator that could reflect
the effects of C. butyricum on lipid metabolism.

In the stimulation assay, the transcription of ANGPTL4 in
Caco-2 cells was highly induced by 1×107 CFU/ml of
C. butyricum. The finding was consistent with that reported
by Aronsson et al. (2010), who also observed increased
ANGPTL4 mRNA expression in several colonic cell lines
including HCT116, HT-29, LoVo, and SW480 cells as a result
of supplementation of Lactobacillus F19, Lactobacillus
rhamnosus GG, and Bifidobacterium lactis 12 at the rate of
107/ml. Incubation of colonic cell lines with E. faecalis, iso-
lated from newborn babies, also reported to result in increased
transcription of ANGPTL4 (Are et al. 2008). However, the
mechanism by which the C. butyricum increased the
ANGPTL4 mRNA expression in Caco-2 cells had not been
disclosed. The ability of heat-inactivated C. butyricum and
cell-free MEM prefermented with 1×107 CFU/ml of
C. butyricum to generate a response that showed the
bacterial wall components and the factors secreted by
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Fig. 6 Lipid metabolism gene
expression in HepG2 cells after
exposed to conditioned media
from Caco-2 cells (Control),
conditioned media from live
C. butyricum interacting with
Caco-2 cells (Active Cb),
conditioned media from heat-
inactivated C. butyricum
interacting with Caco-2 cells
(Inactive Cb), or conditioned
media from butyrate interacting
with Caco-2 cells (Butyrate) for
2 h. a FASNmRNA expression in
HepG2 cells. b ME1 mRNA
expression in HepG2 cells. c
ACACA mRNA expression in
HepG2 cells. d SREBP-1 mRNA
expression in HepG2 cells. Value
of each treatment is the mean of
three independent experiments,
and the vertical bar represents
standard error. Means with
different letters differ significantly
(P<0.05)
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C. butyricum were the modulators for ANGPTL4 production,
but little information is on the effects of different components
of C. butyricum on ANGPTL4 mRNA expression and protein
secretion. Aronsson et al. (2010) reported that bacterial wall
components of Lactobacillus F19 were not the stimuli of
ANGPTL4 production in colon cancer cells. The different
bacterial wall components of the different types of bacteria
could contribute to the different consequence. Aronsson et al.
(2010) also observed that ANGPTL4 was upregulated in
colon cancer cells by a secretion product of Lactobacillus
F19. Butyrate is one of the major metabolites of normal
intestinal microbiota. When measuring the SCFA content in
cell-free MEM prefermented with 1×107 CFU/ml of
C. butyricum, none of the tested SCFAs was detected, except
for butyrate. Previous studies have suggested that MCT1
represents one of the major routes for butyrate transport in
Caco-2 cells (Hadjiagapiou et al. 2000). In this study, when
MCT1 was abrogated by siRNA, induction of ANGPTL4 by
potentially secreted factors from C. butyricum was consider-
ably compromised. This implies that the ANGPTL4 produc-
tion in Caco-2 cells stimulated by factors secreted by
C. butyricum is in a MCT1-dependent manner. It indicated
that butyrate was one of the major effective factors modulating
ANGPTL4 production. To further confirm that butyrate is the
factor secreted by C. butyricum that stimulate ANGPTL4
production in Caco-2 cells, ANGPTL4 mRNA expression
and protein secretion in Caco-2 cells were measured after
exposed to FBS and antibiotic-free MEM, MEM with
0.1 mM of butyrate which is equal to the amount of butyrate
in cell-free MEM prefermented with 1×107 CFU/ml of
C. butyricum, and cell-free MEM prefermented with 1×
107 CFU/ml of C. butyricum for 2 h. The similar production
of ANGPTL4 in Caco-2 cells between butyrate and metabo-
lites of C. butyricum supplementation groups finally con-
firmed that butyrate is one main factor secreted by
C. butyricum that stimulate ANGPTL4 production.

In human, de novo lipogenesis occurs primarily in the liver,
and soluble factors in the intestine can in part modulate
hepatic lipogenesis (Greiner and Bäckhed 2011). There is
considerable evidence that ACACA plays a role in the regu-
lation of fatty acid biosynthesis in animal tissues and is gen-
erally considered as a rate-limiting enzyme of lipogenesis in
animals (Numa et al. 1970). Fatty acid synthase, which cata-
lyzes the last step in the lipogenic pathway, is also a key
determinant for the maximal capacity of a tissue to synthesize
fatty acid. Furthermore, FASN and ACACA seem to be coor-
dinately regulated (Toussant et al. 1981). Nicotinamide ade-
nine dinucleotide phosphate (NADPH) is a coenzyme re-
quired for the reductive biosynthesis of fatty acid, and ME1
is recognized to be the main enzyme involved in supplying
NADPH (Wise and Ball 1964; Young et al. 1964). In addition,
SREBP-1 is an accessory transcription factor that plays an
active and central role in the lipid metabolism genes such as

ACACA and FASN regulation (Ryan et al. 2011). Therefore,
it is well-recognized that FASN, ME1, ACACA, and SREBP-
1 are four main indicators that reflect the de novo lipogenesis.
The lower FASN, ME1, ACACA, and SREBP-1 mRNA
levels in HepG2 cells exposed to conditioned media from live
C. butyricum interacting with Caco-2 cells in this study sug-
gesting that soluble factors secreted by the interaction between
C. butyricum and Caco-2 cells can reduce lipogenesis in the
liver. In order to address the mechanism of action of
C. butyricum, lipid metabolism gene expression in HepG2
cells in response to the soluble factors secreted by different
components of C. butyricum-Caco-2 cells interaction were
monitored. Both conditioned media from heat-inactivated
C. butyricum interacting with Caco-2 cells and conditioned
media from butyrate interacting with Caco-2 cells reduced
lipid metabolism gene expression in HepG2 cells, as did
conditioned media from live C. butyricum interacting with
Caco-2 cells. These results indicated that the reduced lipogen-
esis in the HepG2 cells by conditioned media from live
C. butyricum interacting with Caco-2 cells is attributed to
the soluble factors secreted by both the bacterial wall
components-Caco-2 cells interaction and the mainmetabolites
butyrate-Caco-2 cells interaction. However, the mechanisms
by which the soluble factors decreased the lipid metabolism
gene expression in the liver are not clear.

In conclusion, 1×107 CFU/ml of C. butyricum decreased
lipogenesis by increasing ANGPTL4 production in human
colon carcinoma cell line Caco-2 and decreasing lipogenic
genes expression in human hepatoma cell line HepG2. The
reduced lipogenesis by C. butyricum supplementation is at-
tributed to both the bacterial wall components and the metab-
olites such as butyrate.
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