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The effects of Lactiplantibacillus plantarum 06CC2 (LP06CC2), which was isolated from a Mongolian dairy 
product, on lipid metabolism and intestinal tight junction-related proteins in Balb/c mice fed a high-fat diet 
(HFD) were evaluated. The mice were fed the HFD for eight weeks, and the plasma and hepatic lipid parameters, 
as well as the intestinal tight junction–related factors, were evaluated. LP06CC2 slightly reduced the adipose 
tissue mass. Further, it dose-dependently decreased plasma total cholesterol (TC). The HFD tended to increase 
the plasma level of endotoxin and suppressed intestinal ZO-1 expression, whereas a low LP06CC2 dose increased 
ZO-1 expression and tended to reduce the plasma lipopolysaccharide level. Furthermore, a low LP06CC2 dose 
facilitated a moderate accumulation of Lactobacillales, a significant decrease in Clostridium cluster IV, and an 
increase in Clostridium cluster XVIII. The results obtained from analyzing the bile acids (BAs) in feces and 
cecum contents exhibited a decreasing trend for secondary and conjugated BAs in the low LP06CC2-dose group. 
Moreover, a high LP06CC2 dose caused excess accumulation of Lactobacillales and failed to increase intestinal 
ZO-1 and occludin expression, while the fecal butyrate level increased dose dependently in the LP06CC2-fed mice. 
Finally, an appropriate LP06CC2 dose protected the intestinal barrier function from the HFD and modulated BA 
metabolism.
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INTRODUCTION

Obesity-related metabolic disorder is an emerging global 
health and economic challenge, and the application of food to 
prevent or mitigate it has been considered an effective measure. 
Recent studies on lactic acid bacteria (LAB) have afforded 
information on their preventive effects on metabolic disorders. 
Among them, a body fat-reducing effect was observed in studies 
utilizing Lactiplantibacillus plantarum (LP), previously called 
Lactobacillus plantarum [1]. Such an effect has been evaluated 
via animal studies and clinical trials with beneficial outcomes [2, 
3]. The mechanism by which LAB exert their effects on body fat 
reduction is not fully understood and may differ depending on the 

type of strain and whether LAB are alive or dead. Protection of 
the intestinal tract barrier is among the plausible targets of LAB. 
Since intestinal tight junctions (TJs) are destabilized by obesity 
and a high-fat diet (HFD) [4], intestinal TJ destabilization is a key 
factor closely related to metabolic disorders that are associated 
with obesity, and this makes it a promising target for these diseases 
[5]. Intestinal TJs consist of assembly of several proteins, such as 
occludin, claudins, and ZO-1, and protect the intestinal mucosa 
from invasion by foreign substrates. Occludin and claudins are 
transmembrane proteins, and ZO-1 is a cytoplasmic protein 
containing protein-binding domains for claudins [6, 7]. Dietary 
components such as phytochemicals and dietary fibers are 
capable of enhancing TJ function by upregulating these assembly 
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proteins [8, 9]. Moreover, many reports have indicated that LP 
stabilizes TJs, thereby implying that maintenance of intestinal 
barrier function is a promising mechanism [10–12]. When 
viable LAB are applied to experiments, it is valuable to focus 
on their metabolites. For example, LAB exhibit bile acid (BA) 
hydrolase activity and are expected to change the composition 
of intestinal BAs by deconjugation. BAs can modulate the 
stability of TJs depending on their molecular species [13–15]. 
We have previously considered the benefits of L. plantarum 
06CC2 (LP06CC2), which was isolated from Mongolian dairy 
products and can alleviate influenza infection [16] and stimulate 
the induction of T helper type-1 cells [17]. More recently, we 
reported its ability to reduce hepatic cholesterol and decompose 
conjugated BAs in mice fed a high-cholesterol diet [18]. Here, we 
evaluated the effects of LP06CC2 on the expression of intestinal 
tight junction-related proteins and the BA composition of mice 
fed an HFD.

MATERIALS AND METHODS

Preparation of LP06CC2
As previously reported, LP06CC2 (a potential probiotic from 

Mongolian dairy products) can tolerate bile and gastric acids 
and adhere to Caco-2 cells [19]. LP06CC2 was precultured 
for 18 hr at 37°C in de Man, Rogosa, and Sharpe (MRS) broth 
(Merck Millipore, Darmstadt, Germany). Further, 5.0 mL of 
precultured suspension was inoculated into 500 mL of MRS broth 
and incubated for 18 hr at 37°C. After fermentation, the optical 
density was measured at a wavelength of 660 nm and determined 
to be approximately 5.0 to 5.5. The bacteria were harvested by 
centrifugation for 5 min at 1,500 × g, washed two times with 
phosphate-buffered saline (PBS), and lyophilized.

Mice and diet
The studies were conducted utilizing 5-week-old male Balb/c 

mice that were purchased from Japan SLC, Inc. (Shizuoka, 
Japan) and maintained at 22°C in a room with a 12-hr light–dark 
cycle. The mice were acclimatized for one week and divided into 
four groups (n=6 each). They were individually housed during 
experimental periods. They were fed an AIN-93G-based normal 
diet (ND) or HFD containing 0.1% or 1.0% LP06CC2 (LLB and 
HLB, respectively), as shown in Table 1, for eight weeks (from 

6 to 14 weeks old). The experimental diets and water were fed 
ad libitum. During the feeding period, the diets were stored at 
−80°C, and colony forming units (cfu) were checked weekly to 
confirm that there was no decrease in viability. Body weights 
and food intake were recorded daily, and feces were collected 
daily for the final seven days of the experiment. The feces were 
pooled individually and preserved at −80°C. The animal studies 
were conducted according to the Guide for the Care and Use 
of Laboratory Animals of the University of Miyazaki (Animal 
Experiment Committee, University of Miyazaki; approval 
number: 2017-006) and in compliance with the Act on Welfare 
and Management of Animals (Japan; Act No. 105), Standards 
Relating to the Care and Management of Laboratory Animals and 
Relief of Pain (Notice No. 88 of the Ministry of the Environment, 
Japan), and the Guidelines for Animal Experimentation (Japanese 
Association for Laboratory Animal Science). After the feeding 
period, blood samples were collected from the hearts of the 
mice under a triple anesthesia mix of 0.75 mg/kg medetomidine 
hydrochloride (Domitor; Nippon Zenyaku Kogyo Co., Ltd., 
Fukushima, Japan), 4.0 mg/kg midazolam (Dormicum; Astellas 
Pharma Inc., Tokyo, Japan), and 5.0 mg/kg butorphanol tartrate 
(Betorphal; Meiji Seika Pharma, Co., Ltd., Tokyo, Japan). The 
small and large intestines were excised, with the small intestine 
comprising the entire length from the pylorus to the ileocecal 
valve of the large intestine and the large intestine comprising the 
colon and rectum. The cecum was also excised, and its contents 
were lyophilized and subjected to BA analysis.

Plasma and hepatic lipids and lipopolysaccharide (LPS)
The liver and plasma triglyceride (TG) levels, as well as 

the total cholesterol (TC) levels, were measured by TG and 
cholesterol E-tests (Fujifilm Wako Pure Chemical Industries, 
Osaka, Japan), respectively. Before the analysis of hepatic lipids, 
the liver (100 mg) was homogenized (4,000 rpm for 3 min at 4°C) 
with a beads cell disruptor (Micro Smash MS-100R, Tomy Seiko 
Co., Ltd., Tokyo, Japan), and the lipids were extracted by the 
Folch method with a chloroform–methanol (2:1) solvent system 
[20]. Furthermore, the extract was dried in nitrogen gas and re-
dissolved in 2-propanol containing 5% (v/v) Tween-20 to measure 
TG and TC. Plasma LPS was measured with a commercial kit 
(Limulus Color Test Wako, Fujifilm Wako) according to the 
manufacturer’s protocol.

Table 1.	 Compositions of the experimental diets

Component (g/kg) ND HFD HFD+LLB HFD+HLB
Casein 200 200 200 200
Corn starch 529.5 199.5 198.5 179.5
Sucrose 100 100 100 100
Soybean oil 70 70 70 70
Lard 0 330 330 330
Cellulose 50 50 50 50
Choline bitartrate 2.5 2.5 2.5 2.5
L-cystine 3 3 3 3
AIN-93G Mineral mix 35 35 35 35
AIN-93 Vitamin mix 10 10 10 10
tert-Butylhydroquinone 0.0014 0.0014 0.0014 0.0014
LP06CC2 0 0 1 10
Total 1,000 1,000 1,000 1,000

ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria.
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Western blotting
The large intestine was homogenized in 50 mM Tris-HCl (pH 

7.5), 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 30 mM Na4P2O7, 
and 2% (v/v) Triton X-100 together with a protease inhibitor 
cocktail (Nacalai Tesque, Inc., Kyoto, Japan) using an MS-
100R beads cell disruptor with the abovementioned procedure 
for liver processing (Micro Smash MS-100R, Tomy Seiko Co., 
Ltd., Tokyo, Japan). The protein concentrations were determined 
with a bicinchoninic acid (BCA) protein assay kit (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). The proteins 
were subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), after which they were transferred 
to a poly (vinylidene fluoride) (PVDF) membrane. Subsequently, 
the membrane was blocked utilizing Blocking One-P (Nacalai 
Tesque, Inc.) for 30 min at room temperature (25°C). Next, 
the membrane was treated with antibodies recognizing ZO-1 
(GTX88275, GeneTex, Irvine, CA, USA), occludin (OC-3F10, 
Thermo Fisher Scientific, Inc., Waltham, MA, USA), and β-actin 
(clone AC-15, Sigma, St. Louis, MO, USA). After the membrane 
was washed three times with Tris-buffered saline containing 0.1% 
Tween-20, it was treated with a secondary antibody for 1 hr at 
25°C using anti-rabbit or anti-mouse IgG-HRP (Cell Signaling 
Technology, Danvers, MA, USA). Signals were visualized 
with an enhanced chemiluminescence (ECL) western blotting 
substrate (Bio-Rad, Hercules, CA, USA). Subsequently, the 
bands were quantified with a chemiluminescent imaging system 
(LAS-4000, Fujifilm, Tokyo, Japan). Furthermore, the intensities 
of the bands were normalized with a corresponding β-actin band 
as the internal control.

Liquid chromatography/mass spectrometry (LC/MS) analysis of 
BAs

BAs in the cecum contents and feces were measured by the 
method Hagio et al. [21]. The samples were lyophilized, after 
which 1 mL of ethanol was added to 100 mg of the ground 
samples to extract the BAs. Furthermore, nordeoxycholic 
acid (NDCA, 25 nmol) was added as an internal standard. The 
samples were sonicated and heated in a water bath for 30 min 
at 60°C. After cooling by immersion in cold running water, 
they were heated in boiling water for 3 min and centrifuged at 
15°C for 10 min at 1,600 × g. Thereafter, the supernatants were 
collected. The precipitates were washed three times with ethanol 
and centrifuged for 1 min at 11,200 × g to collect the supernatant. 
The pooled extracts were evaporated and resolved in 1 mL of 
methanol, followed by purification with an Ultrafree-MC HV 
Centrifugal Filter unit before application to an LC/MS apparatus 
(MilliporeSigma, Burlington, MA, USA). The LC/MS analysis 
was performed on an Acquity UPLC H-class system (Waters, 
Milford, MA, USA), which was equipped with an Acquity UPLC 
HSS T3 column (1.8 μm, 100 mm × 2.1 mm; Waters), following 
a previous report [14]. Shortly, the mobile phase A was water 
containing 0.1% formic acid. The mobile phase B consisted of 
acetonitrile containing 0.1% formic acid. The solvents were eluted 
with a linearly increasing concentration gradient of acetonitrile at 
0.4 mL/min. The acetonitrile concentrations were increased from 
25% to 27%, 27% to 35%, 35% to 45%, 45% to 70%, and 70% 
to 100% for 4, 2, 9, 4, and 0.5 min, respectively. Electrospray 
ionization mass spectrometry (ESI-MS) was performed in 
negative ion mode, and the capillary voltage was adjusted to 3.2 
kV.

LC/MS analysis of short-chain fatty acids
Short-chain fatty acids (SCFAs) were measured according 

to previous reports [18, 22, 23]. Fecal samples (150 mg) were 
suspended in 15 mL of water and centrifuged for 10 min at 8,000 
× g, after which the supernatant was utilized for SCFA analysis. 
The supernatant (100 µL) was mixed with 100 µL of 500 μM 
2-ethylbutyrate as the internal standard, 200 µL of 20 mM 
2-nitrophenylhydrazine-HCl (2-NPH), and 400 µL of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide-HCl. Thereafter, it 
was heated for 20 min at 60°C. Next, 100 µL of 15% potassium 
hydroxide in methanol-water (4:1) was added, and the mixture 
was heated for 15 min at 60°C. Furthermore, 2-NPH-labeled 
SCFAs were extracted two times with diethyl ether. Afterward, 
the extracts were evaporated and resolved in methanol for LC/
MS analysis with an Acquity UPLC HSS T3 column (1.8 μm, 
100 mm × 2.1 mm; Waters). Elution from the column was 
conducted with a linearly increasing concentration gradient of 
acetonitrile consisting of water containing 0.05% formic acid 
(mobile phase A) and acetonitrile containing 0.05% formic acid 
(mobile phase B) at a flow rate of 0.15 mL/min. The pump was 
programmed as follows: in the first 5 min, 20% mobile phase B, 
with mobile phase B subsequently increased from 20% to 60% 
for 15 min and then maintained for 2 min. A 10 µL portion of 
the sample was conditioned at 10°C and injected into the system 
within 8 hr. Next, the column temperature was maintained at 
50°C. ESI-MS was performed in positive and negative ion mode, 
and the capillary voltage was adjusted to 3.0 kV.

Analysis of the intestinal microbiota
Deoxyribonucleic acid (DNA) extraction and terminal 

restriction fragment length polymorphism (T-RFLP) analyses 
were performed by TechnoSuruga Laboratory Co., Ltd. 
(Shizuoka, Japan) to evaluate the intestinal microbiota by 
the method of Nagashima et al. [24, 25]. Fecal samples were 
pretreated and then DNA was extracted, as previously reported 
[26]. DNA was purified utilizing a PI-480 automated DNA 
purification device equipped with a commercial kit (NR-201, 
Kurabo Industries, Osaka, Japan), following the manufacturer’s 
protocol. Thereafter, 16S ribosomal DNA (rDNA) was amplified 
from the purified DNA utilizing the 6-carboxyfluorescein 
(6-FAM)-labeled 516F (5′-TGCCAGCAGCCGCGGTA-3) 
and 1510R (5′-GGTTACCTTGTTACGACTT-3) primers. The 
polymerase chain reaction (PCR) conditions were as follows: 
preheating at 95°C for 15 min; 30 cycles of a 3-step reaction 
comprising denaturation at 95°C for 30 sec, annealing at 50°C for 
30 sec, and expansion at 72°C for 1 min; and then termination at 
72°C for 10 min. The PCR products were purified and digested 
with FastDigest BseLI (Bsll; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) for 10 min at 37°C. Furthermore, the 
T-RFLP peaks of each sample were assigned to operational 
taxonomic units (OTUs), and taxonomic groups were estimated 
based on the human intestinal flora database (https://www.tecsrg.
co.jp/services/community-structure-analysis/). The taxa, which 
were included in the order Clostridiales, are shown separately for 
each Clostridium cluster. OTUs without an estimated taxon or 
more than one estimated taxon were classified as “others”. Alpha 
diversity was calculated using the Shannon–Wiener index [27].
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Statistical analyses
Data are presented as the mean ± SD. Statistical analyses were 

performed using Statistical Analysis for Mac, Version. 3.0 (Esumi 
Co., Ltd, Tokyo, Japan). A post hoc test was performed after a 
one-way ANOVA. The Tukey–Kramer test was performed to 
evaluate significant differences among the dietary groups when 
significant interaction (p<0.05) was detected.

RESULTS

Growth parameters
Table 2 presents the body weight and food intake data. The 

food intakes of the HFD, LLB, and HLB groups were lower than 
those of the ND group, although LP06CC2 did not exert any 
effect on food intake. The HFD slightly increased body weights, 
whereas LP06CC2 did not affect body weights (Table 2). The 
total calorie intakes of the dietary groups were comparable. 
Successive changes in body weight and cumulative food intake 
are shown in Supplementary Fig. 1A and 1B, respectively. 
Table 3 shows the weights of the tissues and shows that the HFD 
and LP06CC2 did not affect the weights of the liver and small 
and large intestines. Regarding the HFD group, the weights of 
epididymal and retroperitoneal adipose tissues significantly 

increased compared with those of the ND group. Moreover, these 
significant differences were not detected between the ND and 
LLB groups. The total weight of the adipose tissues (epididymal 
+ perirenal + retroperitoneal tissues) was suppressed by 11.2% in 
the LLB group and 8.4% in the HLB group.

Lipid parameters
The results of analysis of the plasma and liver lipid profiles are 

presented in Table 4. Hepatic TG was significantly higher in the 
HFD group than in the ND group. LP06CC2 did not affect the 
hepatic TG and TC levels at any dose. However, plasma TC was 
moderately but not significantly increased in the HFD group, and 
the level in the HLB group was significantly lower than that in the 
HFD group. Although it was not significant, plasma TG tended to 
decrease in the LLB and HLB groups.

Intestinal TJ-related parameters
Next, we evaluated the plasma LPS level and protein 

expression of ZO-1 and occludin in the large intestine 
(Fig. 1). The plasma LPS levels of the HFD mice were slightly 
but not significantly higher than those of the ND mice (Fig. 1A). 
LP06CC2 administration led to a tendency for the plasma LPS 
level to be low as compared with the HFD group. As structural 

Table 2.	 Body weight and food intake

ND HFD HFD+LLB HFD+HLB
Final body weight 27.5 ± 0.6 29.7 ± 0.5 29.8 ± 1.0 30.8 ± 0.7
Food intake (g/2-day) 7.5 ± 0.4a 4.9 ± 0.1b 4.8 ± 0.1b 4.8 ± 0.1b

Calorie intake (kcal/day) 32.6 ± 1.9 29.2 ± 0.5 28.8 ± 0.7 32.2 ± 2.8

Data are means ± SD for 6 mice. a, bValues without any common alphabetic letter are significantly different each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria; SD: standard 
deviation.

Table 3.	 Tissue weights

(mg/g body weight) ND HFD HFD+LLB HFD+HLB
Liver 39.2 ± 1.7 38.7 ± 1.0 40.1 ± 0.8 42.4 ± 1.1
Small intestine 29.7 ± 0.7 30.4 ± 0.5 29.1 ± 0.8 31.2 ± 0.9
Large intestine 5.4 ± 0.2 5.4 ± 0.5 5.0 ± 0.2 5.0 ± 0.3
Epididymal fat 15.8 ± 1.5a 26.6 ± 1.5b 24 ± 3.0ab 24.4 ± 2.1b

Perirenal fat 2.8 ± 0.3 3.4 ± 0.3 3.1 ± 0.4 3.4 ± 0.4
Retroperitoneal fat 4.3 ± 0.5a 7.9 ± 0.4b 6.5 ± 0.7ab 6.5 ± 0.6ab

Data are means ± SD for 6 mice. a, bValues without any common alphabetic letter are significantly different each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria; SD: standard 
deviation.

Table 4.	 Plasma and hepatic lipid parameters

ND HFD HFD+LLB HFD+HLB
Liver (mg/g)

Total cholesterol 10.3 ± 1.0 12.6 ± 0.9 12.4 ± 0.6 13.3 ± 1.0
Triglycerides 48.3 ± 4.7a 87.5 ± 5.9b 88.8 ± 4.3b 91.3 ± 14.9b

Plasma (mg/dL)
Total cholesterol 97.5 ± 7.7ab 121.1 ± 12.0b 97.5 ± 7.0ab 83.6 ± 6.5a

Triglycerides 132.8 ± 9.3 130.6 ± 12.5 102.7 ± 7.9 93.6 ± 12.6

Data are means ± SD for 6 mice. a, bValues without any common alphabetic letter are significantly different each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria SD: standard 
deviation.
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proteins of TJs, ZO-1 and occludin were detected by the western 
blot analysis (Fig. 1B and 1C). Compared with the ND group, 
ZO-1 expression was moderately decreased in the HFD group 
(p=0.052), whereas that of occludin was increased. The LLB diet 
significantly increased ZO-1 expression compared with the HFD, 
whereas the HLB diet did not. Occludin expression was also 
the highest in the LLB group, and significant differences were 
observed between the ND and LLB groups.

BA analysis
The results of analysis of the cecum and fecal contents of BAs 

are shown in Figs. 2 and 3, respectively. Deoxycholate (DCA), 
lithocholate (LCA), and hyodeoxycholate (HDCA) were detected 
as secondary BAs in both the cecum and fecal contents. The 
HFD significantly increased the cecum total BA level, which 
was slightly suppressed in the LLB and HLB groups. The HFD 
slightly, but not significantly, increased the cecum DCA and 
total secondary BA levels (Fig. 2). The cecum DCA and total 
secondary BA levels were significantly increased in the HLB 
group compared with the ND group. The HFD did not change 
the total secondary BA level, whereas the level was significantly 
increased in the HLB group compared with the ND group (Fig. 2). 
The LLB diet slightly, but not significantly, decreased the fecal 
DCA, LCA, HDCA, and total secondary BA levels compared 
with the HFD (Fig. 3). The total fecal-conjugated BA level 

increased significantly in the HFD group, and the same trend 
was also observed in the cecum content (p=0.064; the detailed 
compositions of BAs are shown in the Supplementary Fig. 2). 
The LLB diet partially abolished the increase in the total fecal-
conjugated BA levels.

Fecal SCFA analyses
The results of measurement of the fecal SCFA levels by LC/

MS are shown in Fig. 4. The HFD significantly decreased the 
iso-valerate level and tended to decrease the propionate and 
n-butyrate levels. LP06CC2 dose-dependently increased the fecal 
n-butyrate and iso-valerate levels, and significant differences 
were observed between the HFD and HLB groups. Acetate, 
iso-butyrate, and n-valerate were comparable among the dietary 
groups. The total SCFA levels, calculated as the sum of SCFAs in 
Fig. 4, were comparable among the dietary groups. Lactate is not 
an SCFA, but it was dose-dependently increased by LP06CC2.

Analysis of the intestinal microbiota
To estimate intestinal microbiota, fecal samples were analyzed 

by the T-RFLP method (Table 5). The HFD slightly, but not 
significantly, reduced Lactobacillales, whereas the LLB diet 
tended to ameliorate this decrease. The HLB diet caused an 
approximately 8.5-fold increase in Lactobacillales compared 
with the HFD. The HFD significantly decreased Bacteroides 

Fig. 1.	 Effect of Lactiplantibacillus plantarum 06CC2 on intestinal barrier–related parameters. Plasma LPS level was evaluated by the Limulus test 
(A). Data are mean ± SD values for 6 mice. ZO-1 and occludin proteins were detected by western blot (B), and expression intensity was standardized 
by the expression of β-actin (C). a–cValues without letters in common are significantly different from each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria; SD: standard deviation.
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and increased Prevotella. The Prevotella levels were strikingly 
decreased in the HLB group compared with the HFD group. 
Clostridium cluster IV was slightly increased in the HFD 

group, whereas it was not detected in the LLB and HLB groups. 
Clostridium subcluster XIVa was slightly decreased in the HFD 
and LLB groups, whereas the HLB diet had no apparent effect. 

Fig. 2.	 Effect of Lactiplantibacillus plantarum 06CC2 on the bile acid composition in cecum contents. Bile acids were measured by the LC/MS 
method. Data are mean ± SD values for 6 mice. Total secondary BAs include DCA, LCA, and HDCA. Total conjugated BAs include taurine-
conjugated cholate, chenodeoxycholate, DCA, LCA, HDCA, α-muricholate, and β-muricholate. BAs, bile acids; DCA, deoxycholate; LCA, 
lithocholate; HDCA, hyodeoxycholate. a, bValues without letters in common are significantly different from each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria; SD: standard deviation.

Fig. 3.	 Effect of Lactiplantibacillus plantarum 06CC2 on the bile acid composition in feces. Bile acids were measured by the LC/MS method. Data 
are mean ± SD values for 6 mice. Total secondary BAs include DCA, LCA, and HDCA. Total conjugated BAs include taurine-conjugated cholate, 
chenodeoxycholate, DCA, LCA, HDCA, α-muricholate, and β-muricholate. BAs, bile acids; DCA, deoxycholate; LCA, lithocholate; HDCA, 
hyodeoxycholate. a–cValues without letter in common are significantly different from each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria; SD: standard deviation.
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With regards to the Shannon index, the LLB diet significantly 
increased the alpha diversity compared with the HFD (Fig. 5).

DISCUSSION

The body fat-reducing effect of LP has been demonstrated 
by different strains, and the data in this study also suggest that 
LP06CC2 can moderately reduce body fat increased by HFD 

consumption (Table 3). Intriguingly, the data did not reveal a dose-
dependent effect, and a low LP06CC2 dose efficiently reduced the 
masses of the adipose tissues. Here, we added 0.1% and 1.0% 
lyophilized LP06CC2, which corresponded to 3.9 × 108 and 3.9 × 
109 cfu/g diet, to the LLB and HLB diets, respectively. Therefore, 
based on the estimated food intakes, the estimated daily intake of 
LP06CC2 was 9.4 × 108 and 9.4 × 109 cfu in the LLB and HLB 
groups, respectively. Many studies have applied 1 × 108–1 × 109 

Fig. 4.	 Effect of Lactiplantibacillus plantarum 06CC2 on the short-chain fatty acid composition in feces. Data are mean ± SD values for 6 mice. 
Short-chain fatty acids were measured by the LC/MS method. Total SCFAs include all fatty acids shown in this figure except for lactate. SCFAs, 
short-chain fatty acids. a–cValues without letters in common are significantly different from each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria; SD: standard deviation.

Table 5.	 Analysis of the intestinal microbiota by T-RFLP

ND HFD HFD+LLB HFD+HLB
Occupation ratio of phylogenetic groups (%)

Bifidobacterium nd 0.1 ± 0.1 nd nd
Lactobacillales 11.2 ± 4.7a 6.9 ± 0.9a 17.5 ± 1.9a 58.9 ± 4.1b

Bacteroides 42.2 ± 5.9b 19.4 ± 9.0a 12.7 ± 1.8a 11.6 ± 2.9a

Prevotella 17.2 ± 6.6ab 52.0 ± 12.8c 43.2 ± 4.2bc 8.5 ± 2.0a

Clostridium cluster IV 0.2 ± 0.1ab 0.4 ± 0.2b nda nda

Clostridium subcluster XIVa 22.5 ± 3.5 13.0 ± 4.9 15.4 ± 2.4 14.0 ± 0.9
Clostridium cluster XI 0.4 ± 0.2 nd nd nd
Clostridium cluster XVIII 1.6 ± 0.5a 2.8 ± 0.5ab 4.3 ± 0.2b 2.0 ± 0.3a

others 4.8 ± 0.4 5.3 ± 0.4 7.0 ± 0.2 5.0 ± 0.3

Data are means ± SD for 6 mice. a–cValues without any common alphabetic letter are significantly different each other at p<0.05.
T-RFLP: Terminal Restriction Fragment Length Polymorphism; ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid 
bacteria; HLB: high dose lactic acid bacteria; nd: not detected; SD: standard deviation.
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cfu/day of various strains of LP to effectively reduce the mass 
of adipose tissue [28–33]. Therefore, the ability of LP06CC2 to 
reduce body fat was assumed to be almost comparable with those 
of other strains possessing body-fat reducing effects.

Notably, the plasma cholesterol levels were dose-dependently 
reduced by LP06CC2. Our previous study indicated that 
LP06CC2 could reduce hepatic cholesterol by promoting the 
deconjugation of BAs in hypercholesterolemic mice induced by a 
cholesterol- and BA-containing diet [18]. In this previous study, 
a reduction in hepatic cholesterol was not observed in mice fed 
a normal diet, and no apparent effect of LP06CC2 was observed 
on hepatic cholesterol. As the HFD in the present study did not 
induce apparent accumulation of hepatic cholesterol (Table 4), 
it is assumed that the effects of LP06CC2 are clearly observed 
under conditions of abnormal BA and cholesterol metabolism. In 
our previous study, direct deconjugation of taurocholic acid into 
cholic acid by LP06CC2 was observed. The moderate reduction 
of total conjugated BAs in the feces and cecum contents in the 
present study, as shown in Figs. 2 and 3, might have been caused 
by the BA hydrolase reaction. Conversely, the total conjugated BA 
levels of the HFD and HLB groups were comparable, irrespective 
of the significant reduction in plasma cholesterol.

Intestinal barrier function is a key to maintaining the whole-
body metabolic pathway, and intake of an HFD can deteriorate 
TJs, thus destabilizing intestinal barrier function, a reduction in 
structural TJ proteins and an increase in plasma LPS levels could 
reflect such destabilization [5, 34–37]. The influx of LPS from the 
intestinal tract to the adipose tissue facilitated an inflammatory 
response and expansion of the adipose tissue [38]. Therefore, it 
was rational that the tendency for plasma LPS to be reduced by 
LP06CC2 contributed to the reduction in the adipose tissue mass. 
Stabilization of the intestinal barrier accompanied by a reduction 
in the adipose tissue mass was observed with the administration 
of an LPKC28 strain [39]. Here, a moderate increase in plasma 
LPS and a reduction in the intestinal ZO-1 levels were observed 
in the HFD group compared with the ND group. However, 
the effect of an HFD on the intestinal occludin level has been 
controversial [15, 34, 40, 41]. The data in this study were 
consistent with those of several studies in which the deterioration 
of intestinal barrier function was observed as a result of intake 
of an HFD but without the suppression of occludin expression. 
LP06CC2, especially a low dose, recovered the ZO-1 expression 
and suppressed the HFD-induced elevation of plasma LPS, 

indicating the protection of intestinal barrier function from the 
effects of intake of an HFD. Since LP06CC2 increased the fecal 
butyrate levels, butyrate might be one of the plausible factors 
that facilitated the stabilization of TJs by LP06CC2 [42–44]. 
Conversely, the increase in butyrate depended on the LP06CC2 
dose, whereas its effect on TJs was not dose dependent, although 
it was potent at a low dose. Therefore, an increase in butyrate 
could not sufficiently explain the stabilization of TJs induced 
by LP06CC2. We previously reported that an increase in fecal 
butyrate as a result of intake of LP06CC2 was strongly correlated 
with the fecal lactate level [18]. Correlative analyses of the fecal 
lactate and butyrate levels using the present data demonstrated 
a significant (p<0.001) positive correlation, which validated the 
use of lactate as a substrate for the synthesis of butyrate [45–47]. 
Lactic acid is one of the representative metabolites produced from 
LAB, and the fecal lactate level was in fact increased in the HLB 
group. Several recent studies have shown that lactic acid was 
capable of promoting the integrity of epithelial barrier function. 
For instance, Delgado-Diaz et al. revealed efficacy with respect 
to cervicovaginal epithelial barrier integrity [48], and Huang 
et al. revealed that lactate provided protection against gastric 
mucosal injury and the inflammatory response induced by ethanol 
administration by upregulating TJ proteins [49]. On the other 
hand, it is unlikely that lactic acid contributed to the function of 
LP06CC2 in the present study, as the LLB diet promoted ZO-1 
expression but elevation of fecal lactic acid was not observed.

The reduction of conjugated BA by LP06CC2 could be 
explained by its BA hydrolase activity [18], whereas 7-α 
dehydroxylation of primary BAs by several specific microbiotas 
accounted for the production of the secondary BAs. In previous 
studies, Clostridium subcluster XIVa was present in human 
fecal and intestinal microbiotas, which could mediate 7-α 
dehydroxylation to produce secondary BAs [50, 51]. Here, 
although Clostridium subcluster XIVa was slightly increased by 
the low dose of LP06CC2, the HFD decreased in abundance even 
though no effect was observed on the secondary fecal BA level. 
Therefore, a subdivided analysis at the species level is required 
to reveal the detailed microbiota and discuss the involvement of 
microbiota manipulation in the stabilization of TJs by LP06CC2. 
Although the occupancy of Lactobacillales in the HLB group 
was over five times higher than in the ND group, there was 
no significant difference between the LLB and ND groups. As 
this study was conducted using live bacteria, it was estimated 

Fig. 5.	 Alpha diversity of intestinal microbiota evaluated by Shannon index. Data are mean ± SD values for 6 mice. a, bValues without letters in 
common are significantly different from each other at p<0.05.
ND: normal diet; HFD: high-fat diet; LLB: low dose lactic acid bacteria; HLB: high dose lactic acid bacteria SD: standard deviation.
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that LP06CC2 was able to reach the intestinal tract as a viable 
bacterium due to its probiotic property [19]. On the other hand, as 
T-RFLP analysis revealed the occupation ratios of phylogenetic 
groups, we could not confirm the contribution of LP06CC2 toward 
the increase of Lactobacillales in the HLB group. Although there 
are several articles in which beneficial health effects of LP06CC2 
have been shown, our previous article [18] is the only previous 
animal study using live LP06CC2. Therefore, attention should be 
paid to the comparison of data interpretations between the present 
data and those in studies using dead bacteria.

The Shannon diversity index is one of the most commonly 
used indices for alpha diversity and is higher when the number of 
species is high and each species is equally present. A high-fat diet 
was shown to decrease the alpha diversity of intestinal microbiota 
as evaluated by the Shannon diversity index [52]. Figure 5 shows 
a significant increase in the Shannon diversity index in the LLB 
group compared with the HFD group, indicating an increase of 
alpha diversity in the LLB group. Since alleviation of the HFD-
induced reduction in Shannon diversity index was no longer 
observed in the HLB group and the Lactobacillales level of the 
HLB group was abnormally increased, the estimated HLB dose 
was too high to be taken daily by humans. Therefore, the dose for 
the LLB diet was considered to be very appropriate for protection 
of the intestinal barrier and regulation of intestinal bacteria.

In conclusion, the present data indicate that LP06CC2 has 
the ability to stabilize the intestinal barrier in mice fed a high-
fat diet, leading to suppression of body fat mass. In addition, 
to accomplish this effect, there might be an appropriate dose of 
LP06CC2. Recently, the protective effect of LP06CC2 against 
inflammatory bowel disease via the promotion of interleukin 
(IL)-10 production was reported [53]. IL-10 is anti-inflammatory 
cytokine and has a protective effect on intestinal barrier function 
[54]. Further studies are needed to elucidate the correlation 
between intestinal anti-inflammatory effects and the prevention 
of metabolic disorders.
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