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Abstract

Although the beneficial effects of probiotics in the prevention or treatment of metabolic disor-

ders have been extensively researched, the precise mechanisms by which probiotics

improve metabolic homeostasis are still not clear. Given that probiotics usually exert a com-

prehensive effect on multiple metabolic disorders, defining a concurrent mechanism under-

lying the multiple effects is critical to understand the function of probiotics. In this study, we

identified the SIRT1-dependent or independent PGC-1α pathways in multiple organs that

mediate the protective effects of a strain of Lactobacillus plantarum against high-fat diet-

induced adiposity, glucose intolerance, and dyslipidemia. L. plantarum treatment signifi-

cantly enhanced the expression of SIRT1, PPARα, and PGC-1α in the liver and adipose tis-

sues under HFD-fed condition. L. plantarum treated mice also exhibited significantly

increased expressions of genes involved in bile acid synthesis and reverse cholesterol

transport in the liver, browning and thermogenesis of adipose tissue, and fatty acid oxidation

in the liver and adipose tissue. Additionally, L. plantarum treatment significantly upregulated

the expressions of adiponectin in adipose tissue, irisin in skeletal muscle and subcutaneous

adipose tissue (SAT), and FGF21 in SAT. These beneficial changes were associated with a

significantly improved HFD-induced alteration of gut microbiota. Our findings suggest that

the PGC-1α-mediated pathway could be regarded as a potential target in the development

of probiotics-based therapies for the prevention and treatment of metabolic disorders.

Introduction

Over the past decade, the gut microbiota has emerged as an important regulator of host metab-

olism and the alterations in its composition have been known to contribute to the develop-

ment of obesity and its complications including insulin resistance, nonalcoholic fatty liver

disease (NAFLD), hypercholesterolemia, and hyperlipidemia [1]. Modulation of the gut

microbiota by probiotics thereby has been considered as a new approach for the treatment of

metabolic disorders [2,3]. Several studies have described the ameliorating effects of specific
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probiotic strains, in particular those of the Lactobacillus and Bifidobacterium, on the character-

istics of metabolic syndrome, such as preventing weight gain and fat deposition, improving

glucose intolerance and dyslipidemia, and modulating chronic inflammation [4–6]. However,

most studies have focused on specific effects of particular disorders, therefore little is known

about the comprehensive impacts of probiotics on host metabolic dysfunctions in metabolic

disorders. In this study, we aimed to characterize the probiotic properties of a strain of Lacto-
bacillus plantarum and investigate the mechanisms underlying its comprehensive effects on

several metabolic parameters associated with metabolic disorders.

Sirtuin 1 (SIRT1) plays a critical role in metabolic homeostasis by activating target proteins

in various tissues including the liver, adipose tissue, and skeletal muscle [7]. SIRT1 enhances

PPARα activity by deacetylating the co-activator PGC-1α, which stimulates the expression of

genes involved in mitochondrial biogenesis and fatty acid oxidation [8]. Furthermore, SIRT1

promotes a “fasting-like” status favoring hepatic cholesterol clearance through the activation

of CYP7A1, a rate limiting enzyme in bile acid synthesis, and also reverse cholesterol transport

(RCT) through upregulating ABCA1 and SR-B1, two primary high-density lipoprotein

(HDL)-cholesterol efflux transporters [7, 9]. Despite the critical roles of SIRT1 in metabolic

regulation, there have been no studies suggesting that the beneficial effects of probiotics on

risk factors for metabolic disorders are mediated by the positive modulation of SIRT1/PGC-1α
pathway.

Adiponectin, an adipocyte-derived hormone, is known to play an important role in the glu-

cose and lipid metabolism, improving insulin sensitivity and lipid profiles through multiple

mechanisms in a variety of tissues [10]. Adiponectin signaling through its receptors AdipoR1

and AdipoR2 stimulates AMPK that subsequently activates PGC-1α by direct phosphorylation

or SIRT1-mediated deacetylation, leading to increased fatty acid oxidation, resulting in

reduced fat accumulation in the liver, skeletal muscle, and adipose tissue [11–13]. Recent stud-

ies have shown that irisin and fibroblast growth factor 21 (FGF21) have significant roles in the

regulation of energy metabolism through stimulating white adipose tissue (WAT) browning

and potentiating brown adipose tissue (BAT) function via PGC-1α-dependent pathways [14].

Irisin, an adipomyokine, upregulates the expression of browning-associated genes and

UCP1 protein in adipose tissue, resulting in enhanced fatty acid oxidation and thermogenesis,

while suppressing adipogenesis [15,16]. Adipose-derived FGF21 also increases the expression

of UCP1 and other thermogenic genes in adipose tissue by enhancing PGC-1α expression

[17,18]. Browning of WAT and thermogenesis in BAT are major contributors to energy

expenditure, which have been considered as effective strategies for the treatment of metabolic

disorders [19]. It also has been proposed by several studies that WAT browning and BAT ther-

mogenesis could be regulated through modulation of microbiota and their derived metabolites

[20]. However, there have been few studies describing how probiotic modulation of gut micro-

biota influences adipose tissue metabolism, and the mechanisms through which probiotics

may exert enhancing effects on adipose tissue browning and thermogenesis are poorly

understood.

In this study, we explored the mechanisms underlying the probiotic effect of a stain of L.

plantarum that exerts multiple beneficial effects, including reducing adiposity and improving

glucose intolerance and dyslipidemia in high-fat diet (HFD)-induced obese mice. We espe-

cially focused on the evaluation of favorable changes in glucose and lipid metabolism in the

liver and adipose tissue, cholesterol and bile acid metabolism in the liver, browning and ther-

mogenesis in adipose tissue resulted from probiotic supplementation, and investigated the

molecular mechanisms underlying the changes. Our results demonstrate that some important

metabolic homeostasis regulators such as adiponectin, irisin, and FGF21 contribute to the pro-

biotic effect on host metabolism through activation of SIRT1/PGC-1α dependent pathway,
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which is a concurrent mechanism to describe the diverse effects of probiotics observed in sev-

eral metabolic tissues. Given the significant role of inter-organ metabolic crosstalk for whole

body energy homeostasis, defining a concurrent mechanism underlying the multiple effects of

probiotics is critical to broaden the understanding of the impact of probiotics on host metabo-

lism. Our findings provide evidence to better understand the role of probiotics in treating met-

abolic abnormalities and suggest that the treatment of L. plantarum probiotics could be a

therapeutic approach to achieve comprehensive improvement of metabolic disorders.

Materials and methods

Bacterial strain and culture conditions

L. plantarum Q180 strain was kindly provided by Chong Kun Dang Bio Co. (Ansan, Korea),

which was originated from the fecal sample of healthy adult volunteer [21]. The strain was

grown in MRS broth (Difco Laboratories INC., Franklin Lakes, NJ) at 37˚C, lyophilized, and

then stored at -70˚C until further use. For the administration to mice, cell suspensions were

daily prepared by suspending the strain in PBS and adjusting the viable count to 1 × 109 or

1 × 1010 CFU/mL.

Animal experiments

Six-week-old C57BL/6L male mice purchased from Central Lab. Animal Inc. (Seoul, Korea)

were housed at 22 ± 1˚C and 45 ± 10% humidity, on a 12 h light/dark cycle. After 2 weeks of

adaption, mice were divided into five experimental groups (n = 10 per groups) each receiving

different treatments; normal diet (ND)-fed control, high-fat diet (HFD)-fed control, HFD-fed

Lactobacillus rhamnosus GG (LGG, a probiotic control strain)-treated (1x109 CFU/day), and

HFD-fed low-dose (1x109 CFU/day) L. plantarum–treated (LDLP) and high-dose (1x1010

CFU/day) L. plantarum–treated (HDLP) groups. Each group was fed with ND (10%kcal from

fat, D12450J, Research Diets Inc., New Brunswick, NJ) or HFD (60%kcal from fat, D12492) for

1 week, and during following 12 weeks, mice received oral gavage with 100 μL PBS or a daily

dose of probiotics (LGG or L. plantarum) with ND or HFD feeding. On the last day of the

experiment, mice were sacrificed and tissue samples were harvested as previously described

[22]. All animal experiments were performed in accordance with protocols approved by the

Committee on the Ethics of Animal Experiments of the Handong Global University (Permit

number: 20190424–009)

Serum and hepatic lipid analyses

For measure the concentration of total cholesterol, blood samples were obtained from tail vein

in 4 h fasted mice after 11 weeks of LGG or L. plantarum treatment, and total cholesterol levels

were measured using Accutrend Plus meter (Roche Diagnostics Ltd., Basel, Switzerland). For

ELISA and HDL-cholesterol assay, blood samples were obtained from heart in 4 h fasted mice

after 12 weeks of LGG or L. plantarum treatment. Serum samples were collected, centrifuged,

and stored at −70˚C until use. Levels of serum insulin and HDL-cholesterol were analyzed

using Ultra Sensitive Mouse Insulin sandwich ELISA kit (Morinaga Inst. Biol. Sci., Yokohama,

Japan) and HDL-cholesterol assay kit (Asan Pharm., Seoul, Korea), respectively. Triglycerides

(TG) levels in the liver were quantified by the colorimetric assay as described previously [22].

Briefly, the liver was homogenized in chloroform/methanol (2:1) solution using a hand-held

homogenizer (IKA, Stufen, Germany), and then incubated for 2 h at room temperature. After

adding 1M H2SO4, the lysate was centrifuged at 2,000 rpm for 20 min. The separated bottom

layer containing TG and phospholipids was mixed with 1% Triton X-100/chloroform solution

Protective effects of L. plantarum against metabolic disorders via PGC-1α pathway
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and dried overnight at room temperature. Dried samples were resuspended in water, mixed

with TG assay buffer (TG-S assay kit, Asan Pharm.) to measure TG using SPECTROstar Nano

(BMG Labtech, Offenburg, Germany).

Glucose and lipid tolerance test

After 10 weeks of LGG or L. plantarum treatment, mice were fasted for 4 h, with free access to

water, prior to the test. Glucose was injected intraperitoneally at concentration of 2 g/kg body

weight, and the glucose levels in blood samples from tail bleeds were measured using GlucoDr

auto AGM-4000 (Allmedicus, Anyang, Korea) at baseline and 15, 30, 60, 90 and 120 min after

glucose injection. After 11 weeks of LGG or L. plantarum treatment, followed by 4 h fasting,

mice were orally administered with olive oil at a dose of 5 ml/kg, and the TG levels in tail

blood samples were measured with Accutrend Plus meter at 0, 60, 120, 180 and 240 min after

oil injection.

Histological analysis

Tissue samples of the liver, quadriceps skeletal muscle, subcutaneous adipose tissues (SAT),

mesenteric adipose tissue (MAT), and interscapular brown adipose tissue (BAT) were fixed,

H&E stained and examined by light microscopy as described previously [22]. Briefly, 5-μm-

thick microtome sections of 10% v/v formalin/PBS-fixed, paraffin-embedded tissues were pre-

pared, and stained with hematoxylin and eosin. Microscope images were obtained at 200X,

and the areas of adipocytes were measured using ImageJ Adiposft software [23].

Real-time RT PCR

Total RNA extraction, reverse transcription and quantitative PCR were conducted as

described previously [22]. Quantification of gene transcripts for cholesterol 7 alpha-hydroxy-

lase (CYP7A1), CYP7B1, CYP27A1, CYP8B1, bile salt export pump (BSEP), β-klotho, fibro-

blast growth factor receptor 1c (FGFR1c), FGFR4, G protein-coupled bile acid receptor

(TGR5), farnesoid X receptor (FXR), FGF15, HMG-CoA reductase (HMGCR), HMG-CoA

synthase (HMGCS), scavenger receptor class B type 1 (SR-B1), ATP-binding cassette subfam-

ily G member 5 (ABCG5), ABCG8, lecithin: cholesterol acyltransferase (LCAT), apolipopro-

tein A1 (ApoA1), liver X receptor α (LXRα), adiponectin, adiponectin receptor 1 (AdipoR1),

AdipoR2, SIRT1, irisin, fibroblast growth factor 21 (FGF21), peroxisome proliferator-activated

receptor α (PPARα), PPARγ coactivator 1α (PGC-1α), NADH-ubiquinone oxidoreductase

chain 5 (ND5), Prdm16, Dio2, Cidea, Elov13, uncoupling protein 1 (UCP1), carnitine palmi-

toyltransferase 1 (CPT1), acyl-CoA oxidase 1 (ACOX1), and medium-chain acyl-coenzyme A

dehydrogenase (MCAD), diacylglycerol acyltransferase 1 (DGAT1), DGAT2, PPARγ, sterol-

regulatory element binding protein 1c (SREBP1c), acetyl-CoA carboxylase (ACC), fatty acid

synthase (FAS), glycerol-3-phosphate acyltransferase (GPAT), stearoyl-CoA desaturase 1

(SCD1), acidic ribosomal phosphoprotein (Arbp), and β-actin was performed using gene-spe-

cific primers. Primer-BLAST tool used for design target-specific primers (https://www.ncbi.

nlm.nih.gov/tools/primer-blast/). Primer sequences are available in S2 Table. Results were pre-

sented as means ± S.D. Results were presented as means ± S.D. normalized to expression of

Arbp or β-actin using the ΔΔ Ct method, in which the HFD-fed control (HFD+PBS) group

was used as the reference group.

Protective effects of L. plantarum against metabolic disorders via PGC-1α pathway
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Western blot analysis

Western blot analysis was performed as described previously [22]. Antibodies against total

AMPK (#2532, Cell signaling technology, Beverly, MA), phospho (Thr172) AMPK (#2531)

were used as primary antibodies, followed by anti- rabbit IgG-HRP conjugated secondary anti-

body (#7074).

Gut microbiota analysis using NGS

Metagenomic analysis was performed following the protocol for 16S Metagenomic Sequencing

Library Preparation Part # 15044223 Rev. B (Illumina platform) [24]. Briefly, DNA samples

extracted from the fecal sample were randomly cut and ligated 5’ and 3’ adapters to both ends

of the fragments to make a library construction. Each fragment is bridge amplified in a flow

cell making clonal clusters. Paired-end sequencing of DNA samples were carried out on the

Illumina sequencer to generate raw images. The base-calling software called Real Time Analy-

sis was used to process the raw data.

Statistical analyses

The experimental results were presented as means ± S.D for 6–10 mice in each group. Statisti-

cal analyses were performed using GraphPad Prism software (GraphPad, version 8, San Diego,

CA). For the analysis of data of body weight, tissue weight, serum TG and cholesterol, one-way

or two-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test was used

to determine statistical significance. P values < 0.0332 were considered as statistically signifi-

cant. For the analysis of data from glucose tolerance test, lipid tolerance test, serum insulin

analysis, real-time PCR, and western blotting, group means were compared using a student’s

two-tailed t-test. P values < 0.05 were considered as statistically significant.

Results

L. plantarum treatment reduces adiposity and improves glucose and lipid

intolerance in HFD-fed mice

L. plantarum treatment significantly reduced HFD-induced body weight gain, which was par-

allel to significant decreases in the weight of tissues including the liver, subcutaneous (SAT),

and mesenteric adipose tissue (MAT) as compared to non-treated HFD-fed control mice (Fig

1A and 1B). There was a noticeable improvement in glucose tolerance of high-dose L. plan-
tarum treated mice, with no significant change of serum insulin levels, compared to their

HFD-fed controls (Fig 1C and 1D). L. plantarum treatment also significantly improved lipid

tolerance in both low- and high-dose treated mice (Fig 1E). Furthermore, serum lipid profiles

showed a significant reduction in TG and total cholesterol and increase in HDL-cholesterol in

both low-dose and high-dose L. plantarum treated mice compared to those of HFD-fed con-

trols (Fig 1F and 1G). Together, these results indicated that the treatment of L. plantarum
improved HFD-induced glucose intolerance and blood lipid abnormalities.

L. plantarum treatment improves bile acid synthesis and reverse cholesterol

transport via SIRT1-PGC-1α pathway

To examine how L. plantarum attenuated the impaired glucose and lipid tolerance of HFD-fed

mice and improved their serum lipid profile, we first assessed the molecular changes in periph-

eral metabolic tissues such as the liver, adipose tissue (MAT, SAT, and BAT), skeletal muscle,

and ileum. Given the fact that bile acids play an essential role in maintaining TG and

Protective effects of L. plantarum against metabolic disorders via PGC-1α pathway
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cholesterol homeostasis, we tested the expression of genes involved in bile acid synthesis. We

found that, in the liver of L. plantarum treated mice, the expression of bile acid synthetic genes

such as CYP7A1, CYP7B1, CYP27A1 and CYP8B1 were significantly increased, with a com-

mensurate increase in gene expression of bile acid transporter BSEP (Fig 2A). The expression

level of ileal enterocyte-derived hormone FGF15 was also significantly higher in ileum of L.

plantarum treated mice than that of non-treated HFD-fed controls (Fig 2F). In addition, the

expressions of bile acid receptor TRG5 and receptors for FGF15 (β-klotho/FGFR4 or β-klotho/

FGFR1c) were also increased in the liver, SAT, ileum, and skeletal muscle of L. plantarum
treated mice (Fig 2B–2G).

Along with increased expression of bile acid synthetic genes, L. plantarum treatment also

exerted beneficial effects on cholesterol metabolism through suppression of cholesterol synthe-

sis and improvement of RCT, a process by which excess cholesterol from peripheral tissues

returns to the liver. The gene expression of cholesterol synthetic enzymes, HMGCR and

HMGRS, was significantly reduced, and the expression of RCT related genes including SR-B1,

ABCG5, ABCG8, LCAT, ApoA1, and LXRα was significantly increased in the liver of L. plan-
tarum treated mice (Fig 2H).

Adiponectin is one of the key adipokines that controls energy metabolic homeostasis in

peripheral tissues [10]; therefore, we tested whether there is an impact of L. plantarum treat-

ment on adiponectin expression in adipose tissue. In all three adipose tissues, including MAT,

SAT and BAT, of L. plantarum treated groups, the expression of adiponectin was significantly

increased compared to non-treated HFD-fed control group (Fig 2I), which was accompanied

by upregulation of adiponectin receptors, AdipoR1 and AdipoR2, in the liver, MAT, SAT, and

Fig 1. L. plantarum treatment reduces adiposity and improves glucose and lipid intolerance in HFD-fed mice. (A) Body weight changes for 13 weeks of

HFD feeding with LGG or L. plantarum treatment for latter 12 weeks (n = 9–10). (B) Changes in tissue weight after 12 weeks of LGG or L. plantarum
treatment (n = 9–10). (C) Serum concentration of insulin after 12 weeks of LGG or L. plantarum treatment quantified by ELISA (n = 6). (D and E)

Intraperitoneal glucose tolerance test and oral lipid tolerance test in mice at 10 and 11 weeks of LGG or L. plantarum treatment, respectively (n = 9). (F and G)

Blood levels of TG, total cholesterol, and HDL-cholesterol after 11 weeks of LGG or L. plantarum treatment. Statistical significance was determined using two-

way ANOVA with (Fig 1A and 1B) or ordinary one-way ANOVA (Fig 1F and 1G) with Dunnett’s comparison test. #, •, +, �p< 0.0332, ##, ••, ++, �� p< 0.0021,
###, •••, +++, ��� p< 0.0002. Student’s two-tailed t-test was used for analysis of differences between experimental groups (Fig 1C, 1D, and 1E). #, •, +, �p< 0.05, ##,

••, ++, �� p< 0.01, ###, •••, +++, ��� p< 0.001. ND: normal chow diet, HFD: high-fat diet, PBS: phosphate buffered saline, LDLP and HDLP: low- and high-dose of

L. plantarum, SAT: subcutaneous adipose tissue, MAT: mesenteric adipose tissue, BAT: brown adipose tissue.

https://doi.org/10.1371/journal.pone.0228932.g001
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BAT (Fig 2J). The augmented expression of adiponectin and its receptors resulted in an

enhanced phosphorylation of AMPK in the liver (Fig 2K), indicating that the beneficial lipid-

metabolic effect of L. plantarum was mediated, at least in part, by activation of adiponectin-

AMPK pathway. Since the AMPK-SIRT1 axis reportedly plays important roles in regulating

adiponectin signaling and in the lipid-lowering action of adiponectin [11, 25, 26], we further

examined the expression of SIRT1. It was observed that its expression level was significantly

higher in the liver, MAT, SAT, and BAT of L. plantarum treated mice than that of non-treated

HFD controls (Fig 2L), indicating that enhanced SIRT1 signaling also contributed to the pro-

tective action of L. plantarum against HFD-induced disturbance of TG and cholesterol homeo-

stasis. All these enhancing effects of L. plantarum on expression of adiponectin, SIRT1, bile

acid synthetic genes and TGR5 were not observed in LGG-treated mice (Fig 2).

L. plantarum treatment enhances WAT browning and BAT thermogenesis

Induction of WAT browning and thermogenesis and potentiation of BAT thermogenesis are

stimulated by hormones such as irisin [15] and FGF21 [17], which are mediated by

SIRT1-PGC-1α pathway. Bile acids also appear to play endocrine roles through their receptor

TGR5 that promotes energy expenditure by increasing WAT browning [27] and BAT activity

[28]. To determine whether the improvement of HFD-induced dyslipidemic profile in L. plan-
tarum treated mice was a consequence of increased energy expenditure through non-shivering

thermogenesis via BAT activation and WAT browning, we examined the changes in expres-

sion of genes associated with browning and thermogenesis. The mRNA expression levels of iri-

sin in skeletal muscle and SAT, and of FGF21 in SAT of L. plantarum treated mice, but not

LGG-treated mice, were observed to be significantly higher than those of non-treated HFD-

Fig 2. L. plantarum treatment improves bile acid synthesis and reverse cholesterol transport. Effects of L. plantarum treatment on

mRNA expression of (A) genes involved in bile acid synthesis in the liver, (B-G) bile acid and FGF15 receptors in the liver, MAT, SAT,

BAT, ileum, and skeletal muscle, respectively, (H) genes related to RCT in the liver, (I) adiponectin in adipose tissue, (J) adiponectin

receptors in the liver and adipose tissue, and (L) SIRT1 in the liver and adipose tissue. Gene expression were analyzed by real-time PCR

using gene-specific primers. The liver and adipose tissue genes are normalized to expression of β-actin, skeletal muscle and ileum genes

are normalized to expression of Arbp. Data present mean ± SD for 7~8 mice in each group. (K) AMPK phosphorylation in the liver

detected by SDS-PAGE-immunoblotting. Data present mean ± SD. of fold changes in blot intensity compare with HFD+PBS group.

Student’s two-tailed t-test was used for analysis of differences between groups. #, •, +, �p< 0.05, ##, ••, ++, �� p< 0.01, ###, •••, +++, ���

p< 0.001.

https://doi.org/10.1371/journal.pone.0228932.g002
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fed control mice (Fig 3A and 3B), which was associated with upregulated expression of PGC-

1α in skeletal muscle and SAT (Figs 3C and 4G). Moreover, we observed that mice treated

with L. plantarum had significantly increased expressions of adipocyte-specific thermogenic

genes such as ND5, Prdm16, Cidea, Elov13, and UCP1 in SAT and BAT (Fig 3D and 3E), indi-

cating an enhancement in browning of SAT and thermogenic capacity of SAT/BAT, which

was not observed in LGG treated mice.

L. plantarum treatment improves lipid oxidation in the liver and adipose

tissue

Next, we evaluated the protective effects of L. plantarum against HFD-induced fat accumula-

tion in peripheral tissues, and assessed the changes in expression of genes involved in lipogene-

sis and lipid oxidation. Fat deposition in the liver was significantly reduced (Fig 4A and 4B)

and adipocyte sizes in MAT, SAT, and BAT were all noticeably decreased in L. plantarum
treated mice (Fig 4D, 4F and 4H). Consistent with these histological data showing decreased

fat accumulation, the mRNA expression levels of PPARα, PGC-1α, and lipid oxidative genes

including CPT1, ACOX1, and MCAD were markedly increased in the liver and adipose tissues

of L. plantarum treated mice compared to non-treated HFD-fed controls (Fig 4C, 4E, 4G and

4I). However, there was no significant difference in the expression levels of lipogenic genes

including DGAT, PPARγ, SREBP1c, ACC, FAS, and GPAT, between L. plantarum treated and

non-treated HFD-fed groups (S1 Fig). The changes in expressions of lipid oxidation-related

genes induced by L. plantarum treatment were not observed in LGG treated mice.

L. plantarum treatment reverses HFD-induced gut microbiota alteration

To determine whether the beneficial metabolic effects of L. plantarum treatment mentioned

above are associated with modulation of gut microbiota, we compared the microbiota profiles

of fecal samples using bacterial 16S rRNA gene analysis. Principal coordinate analysis (PCoA)

of beta-diversity present in the fecal bacterial communities revealed significant separation

between high-dose L. plantarum, but not LGG or low-dose L. plantarum, treated mice and

non-treated HFD-fed control mice. (Fig 5A and 5B). We also found differences in the relative

abundance of specific bacterial taxa in gut microbiota associated with L. plantarum treatment.

At the phylum level, while the HFD-induced microbiota dysbiosis was characterized by

increased Actinobacteria and decreased Bacteroidetes compared to ND-fed controls, the abun-

dance of Actinobacteria was significantly lower in both low- and high-dose L. plantarum
treated groups (in the case of Bacteroidetes, higher abundance in low-dose, but not high-dose,

L. plantarum treated group) than that of non-treated HFD-fed controls (Fig 5C). Furthermore,

at the class level, the ratio of the Firmicutes-associated class Clostridia to the Bacteroidetes-

associated class Bacteroidia was significantly reduced in L. plantarum treated mice when com-

pared to non-treated HFD-fed controls (Fig 5D). Additionally at the family level, the abun-

dance of Rikenellaceae, Ruminococcaceae, and Lachnospiraceae was significantly decreased in

L. plantarum treated mice compared to non-treated HFD-fed control mice (Fig 5E). Taken

together, these data indicated that the treatment of L. plantarum was able to reverse HFD-

induced gut microbiota dysbiosis, which might contribute to improvement of metabolic dys-

functions in HFD-induced obese mice.

Discussion

The goal of this study was to explore the mechanisms underlying the beneficial metabolic

actions of a strain of L. plantarum having a comprehensive effect that simultaneously alleviates

multiple metabolic disturbances. The L. plantarum strain used in this study exerted a wide-
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range of favorable metabolic effects, including improvements in adiposity, glucose intolerance,

hepatic steatosis, and dyslipidemia in HFD-induced obese mice (Figs 1 and 4). Given the fact

that the crosstalk between metabolic organs plays a central role in maintaining energy homeo-

stasis, we hypothesized a concurrent mechanism that could underlie these effects, and found

that L. plantarum treatment activated the PGC-1α-mediated pathways in the liver and adipose

Fig 3. L. plantarum treatment induces browning and non-shivering thermogenesis. Effects of L. plantarum treatment on mRNA

expression of (A) irisin in skeletal muscle, (B) FGF21 in SAT, (C) PGC-1α in skeletal muscle, and (D-E) genes involved in browning and

thermogenesis in SAT and BAT. Adipose tissue genes are normalized to expression of β-actin, skeletal muscle genes are normalized to

expression of Arbp. Data present mean ± SD for 7~8 mice in each group. Student’s two-tailed t-test was used for analysis of differences

between groups. #, •, +, �p< 0.05, ##, ••, ++, �� p< 0.01, ###, •••, +++, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0228932.g003

Fig 4. L. plantarum treatment improves lipid oxidation in the liver and white adipose tissue. (A) Changes in hepatic adiposity after 12 weeks of L.

plantarum treatment. Shown are representative photomicrographs (200X) of the liver sections stained with hematoxylin and eosin (n = 3). (B) Effect of L.

plantarum treatment on the liver TG accumulation (n = 8). (C, E, G, and I) Effect of L. plantarum treatment on mRNA expression related to fatty acid

oxidation in the liver, MAT, SAT, and BAT, respectively. (D, F, and H) Changes in adipocyte size in MAT, SAT, and BAT, respectively with representative

photomicrographs (n = 3). All genes are normalized to expression of β-actin. mRNA data present mean ± SD for 7~8 mice in each group. Student’s two-tailed

t-test was used for analysis of differences between groups. #, •, +, �p< 0.05, ##, ••, ++, �� p< 0.01, ###, •••, +++, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0228932.g004
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tissues of HFD-fed mice, which led to improvements in bile acid synthesis, RCT, lipid oxida-

tion, WAT browning, and BAT thermogenesis.

SIRT1, referred to as a master metabolic regulator, is known to protect the functions of

liver and adipose tissue against metabolic dysregulation [29], and increased expression of

SIRT1 is associated with improved glucose and lipid metabolism [30]. For example, SIRT1

plays a critical role in fatty acid and cholesterol metabolism in the liver via deacetylation of

PGC-1α [8]. In this study, we observed that SIRT1 expression was significantly upregulated by

L. plantarum treatment in the liver and adipose tissues of HFD-fed mice (Fig 2L), which might

lead to improvements of lipid metabolic dysfunctions in those tissues. Bile acid synthesis and

RCT were increased together with a reduction in cholesterol synthesis in the liver (Fig 2A and

2H), and fatty acid oxidation was enhanced concomitantly in all tissues tested, including the

liver, MAT, SAT, and BAT (Fig 3).

Bile acids, apart from their well-known functions in cholesterol homeostasis and lipid

digestion, play an important role in regulating glucose and lipid homeostasis as signaling mol-

ecules and metabolic regulators [31]. It has been reported that increase in circulating bile acids

and consequent activation of bile acid signaling can improve metabolic disorders, reducing

adiposity, enhancing thermogenic capacity, and improving glucose and lipid homeostasis

[32,33]. Bile acid synthesis and transport are also important for maintaining cholesterol

homeostasis and preventing fat and cholesterol accumulation in the liver and other organs

[34]. Bile acids are synthesized from cholesterol in the liver through two pathways: the classic

or alternative pathway, controlled by the rate-limiting enzymes CYP7A1 and CYP27A1,

respectively [34]. The efflux processes of bile acids into bile are mainly mediated by BSEP

located in the canalicular membrane of hepatocytes. In the ileum, bile acids are reabsorbed

into enterocytes and activate FXR to induce FGF15 (the ortholog of human FGF19), which is

Fig 5. L. plantarum treatment modulate the gut microbial population. (A) Principal coordinated analysis (PCoA) plots generated from weighted

UniFrac distance metrics (n = 7). (B) The value of PC1 and PC3 from weighted UniFrac distance metrics matrix (n = 5). Each dot represents one mouse.

(C) Relative abundance of phylum level bacteria in fecal sample (n = 6–7). (D) The ratio of Clostridia to Bacteroidia classes (n = 6–7). (E) Relative

abundance of family level bacteria in fecal sample (n = 6–7). Data present mean ± SD. Student’s two-tailed t-test was used for analysis of differences

between groups. #, •, +, �p< 0.05, ##, ••, ++, �� p< 0.01, ###, •••, +++, ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0228932.g005

Protective effects of L. plantarum against metabolic disorders via PGC-1α pathway

PLOS ONE | https://doi.org/10.1371/journal.pone.0228932 February 10, 2020 10 / 18

https://doi.org/10.1371/journal.pone.0228932.g005
https://doi.org/10.1371/journal.pone.0228932


circulated to hepatocytes to activate FGFR4/β-klotho complex [34]. Bile acids also activate the

signaling through their receptor, TGR5, which is expressed in many tissues including the liver

(hepatic macrophages but not hepatocytes), intestine, skeletal muscle, and adipose tissues,

leading to enhancement of energy expenditure, protection against fat accumulation, and

improvement of insulin sensitivity [35].

However, little information is available on the mechanism how the administration of probi-

otics affects bile acid metabolism and thereby lowers blood cholesterol and TG. Here, we pres-

ent evidence that L. plantarum probiotics can modulate bile acid metabolism through

regulating the synthesis and secretion of bile acids. L. plantarum treatment promoted both the

classical and alternative bile acid synthetic pathways as indicated by increased expression of

CYP7A1, CYP7B1, CYP27A1, and CYP8B1 in the liver of HFD-fed mice (Fig 2A). Increased

bile acid efflux by L. plantarum treatment was also evident from the elevated expression of

BSEP (Fig 2A). These modulations might play a role on the reduction in circulating cholesterol

and TG in L. plantarum treated mice. We also found that the increased bile acid synthesis led

to an increase in TGR5 expression in the liver, SAT, BAT, ileum, and skeletal muscle (Fig 2E–

2G), which might result in enhanced browning and thermogenesis in SAT and BAT and

reduced hepatic fat accumulation. Furthermore, receptors (β-klotho/FGFR4 or β-klotho/

FGFR1c) for FGF15, a hormone induced by bile acid-activated FXR in ileal enterocytes, were

also upregulated in the same tissues by L. plantarum treatment (Fig 2B–2G). FGF15/19 has

been known that is able to increase metabolic rate and BAT-mediated energy expenditure con-

currently with an increase in fatty acid oxidation, leading to reduced hepatic steatosis and

enhanced insulin sensitivity [36]. Our data suggest that, in addition to the direct effect of bile

acids mediated through activation of TGR5, the enhanced production of FGF15 in response to

bile acid absorption in enterocytes, might also contribute to the L. plantarum treatment-medi-

ated attenuation of HFD-induced metabolic abnormalities.

To maintain cholesterol homeostasis, the intricate network of cholesterol-related processes

such as cholesterol biosynthesis, intestinal absorption, lipoprotein release into the blood, and

transport to the liver, must be tightly regulated [37]. RCT is the major route for removal of

excess cholesterol from peripheral tissues and its transport to the liver, by which HDL protects

against atherosclerotic cardiovascular disease [37]. In RCT, excess cholesterol from macro-

phage foam cells is transferred and carried by HDL to the liver for excretion as bile acids or

free cholesterol into the feces, including ApoA1-activated LCAT-mediated HDL maturation,

HDL cholesterol uptake via SR-BI, and biliary cholesterol secretion by ABCG5 and ABCG8

[38]. Our results showed an increased hepatic expression of SR-B1, ABCG5, ABCG8, LCAT,

and ApoA1 in L. plantarum treated mice (Fig 2H), from which it is indicated that L. plantarum
treatment contributes to prevent elevated cholesterol levels by promoting RCT. SIRT1 is

known to play a beneficial role also in RCT, which is through the regulation of hepatic expres-

sion of the two primary HDL receptors, ABCA1 and SR-B1 [7,9]. Several studies demonstrated

that SIRT1 not only activates LXRα to upregulate ABCA1, a key player in nascent HDL bio-

genesis, but also stimulates PGC-1α-dependent expression of SR-B1. Therefore, together with

our data showing an upregulated expression of SIRT1 and RCT-related genes in the liver of L.

plantarum treated mice (Fig 2H and 2L), it is suggested that the L. plantarum treatment-medi-

ated improvement of RCT is attributed to, at least in part, an activation of SIRT1/PGC-1α
pathway. Although a large number of studies have shown that supplementation with probiotic

bacteria such as Lactobacillus and Bifidobacterium improves serum lipid profiles, including

reduced total cholesterol and TG, as well as increased HDL-cholesterol, in animals and

humans [9, 39, 40], there have been no clear elucidation of the mechanisms driving these

improvements. Our findings in this study provide additional evidence for hypocholesterolemic

potential of Lactobacillus strains and also new insights into mechanism by which Lactobacillus
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probiotics ameliorate the cholesterol metabolic dysfunctions. In the mechanism, SIRT1 is par-

ticularly highlighted for its potential role in lowering serum total cholesterol while elevating

HDL-cholesterol levels.

Accumulated evidence show that, under metabolic disorder conditions, intracellular NAD+

levels decreased in metabolic tissues, including the liver, adipose tissue, skeletal muscle, which

is associated with decreased activation of SIRT1, a NAD+-dependent deacetylase [41,42]. It

has been demonstrated that adiponectin reverses this metabolic state by increasing cellular

NAD+ levels via activation of AMPK, leading to the activation of SIRT1/PGC-1α pathway [11,

26]. Thus, the activation of adiponectin-AMPK-SIRT1 pathway could be one potential mecha-

nism underlying the protective effect of adiponectin against obesity-related disorders. Data

obtained in this study show that, besides the upregulated expression of SIRT1, L. plantarum
treatment also augmented the production of adiponectin in adipose tissues including MAT,

SAT, and BAT (Fig 2I), which might increase the activity of SIRT1, leading to further potentia-

tion of the protective effect of SIRT1/PGC-1α against metabolic dysfunctions. This explana-

tion is supported by the observations that, accompanied by an increase in adiponectin

production, the expression of adiponectin receptors, AdipoR1 and AdipoR2, were also signifi-

cantly upregulated in the liver and adipose tissue of L. plantarum treated mice (Fig 2J). Collec-

tively, these results suggest that L. plantarum-induced beneficial effects on bile acid and

cholesterol metabolism may be attributed to not only elevated expression of SIRT1, but also

promoted SIRT1 activity resulting from enhanced adiponectin production.

In efforts to develop new approaches in the fight against metabolic disorders, the discovery

of metabolic hormones such as irisin and FGF21 and their potential to induce the browning of

WAT, especially SAT, and the thermogenic capacity of BAT has gained great interest. Irisin, a

PGC-1α-dependent thermogenic adipomyokine produced by skeletal muscle and adipose tis-

sue, is known to have multiple functions, such as enhancing insulin sensitivity in skeletal mus-

cle, improving hepatic glucose and lipid metabolism, and promoting WAT browning [43]. In

particular, irisin has been shown to promote thermogenesis in BAT by upregulating UCP1

expression and also stimulate browning by increasing the expression BAT-specific genes and

UCP1 in SAT [15,44]. FGF21 also acts as a key regulator in SAT browning and BAT thermo-

genesis, which is primarily by inducing PGC1α-mediated mitochondrial biogenesis and UCP1

expression [18]. Apart from irisin and FGF21, bile acids also promote WAT browning

(TGR5-dependent induction of WAT-resident brown-like adipocytes) and BAT thermogenic

energy expenditure (via controlling TGR5-cAMP-Dio2 signaling) [45] by upregulating mito-

chondrial function-related genes, which is mediated by PGC-1α activation [33]. SIRT1 is also

known to induce WAT browning by deacetylating PPARγ, leading to its recruitment to

Prdm16 and PGC-1α and transcription of BAT-specific genes [46], and enhance BAT thermo-

genesis by potentiating PPARα/PGC-1α-mediated mitochondrial functions [47]. Our results

showed that L. plantarum treatment increased the expression of genes involved in WAT brow-

ning and BAT thermogenesis, including ND5, Prdm16, Cidea, Elov13, and UCP1 (Fig 3D and

3E), and their master regulators PPARα and PGC-1α (Fig 4G and 4I). These findings, taken

together with the data showing that expressions of irisin, FGF21, bile acid synthetic genes,

TGR5, and SIRT1 are upregulated in SAT and BAT (Figs 2B–2G, 2L, 3A and 3B), suggest that

the protective effect of L. plantarum treatment against HFD-induced dyslipidemia is associated

with enhanced irisin-, FGF21-, and bile acid-mediated WAT browning and BAT

thermogenesis.

We further hypothesized that the increased SIRT1 expression in the liver, MAT, SAT, and

BAT of L. plantarum treated mice would lead to the reversal of HFD-induced fat deposition in

the tissues. It has been demonstrated that SIRT1 promotes lipid oxidation through PPARα/

PGC-1α pathway, leading to reduction of fat accumulation [8]. As expected from the data
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showing a L. plantarum treatment-mediated enhancement of SIRT1 expression (Fig 2L), we

observed that, along with histologically observed reductions in hepatic steatosis (as well as

hepatic TG content) and adipocyte size of adipose tissues, the expression of lipid oxidation-

related genes was upregulated by L. plantarum treatment whereas the expression levels of lipid

synthetic genes remained unaltered (Figs 4 and S1). These results demonstrate that the treat-

ment with L. plantarum ameliorates both HFD-induced hepatic fat deposition and adipose tis-

sue fat storage by increasing lipid oxidation, but not suppressing lipid synthesis, which is

mediated through SIRT1-PGC-1α pathway.

It is interesting that all the effects exerted by L. plantarum treatment, including enhance-

ment of bile acid synthesis and RCT in the liver, improvement of WAT browning and BAT

thermogenesis, and attenuation of fat accumulation in the liver and adipose tissue, are com-

monly mediated by activation of PGC-1α. Most of these effects are via SIRT1/PGC-1α-medi-

ated mitochondrial regulation. Considering that the inter-organ crosstalk is critical in

metabolic homeostasis, the discovery of a concurrent mechanism underlying the metabolically

beneficial effects is challenging because a single probiotics agent usually exerts multiple effects

simultaneously in different tissues. In this study, the PGC-1α-mediated pathway was discov-

ered as a concurrent mechanism that may account for the comprehensive improvement effect

of L. plantarum treatment on metabolic disorders.

It is important to understand the role of the gut microbiota dysbiosis in the pathogenesis of

metabolic disorders for developing approaches to therapeutic modulation of microbiota by use of

probiotics. It has been known that the most predominant phyla are Firmicutes and Bacteroidetes

in both humans and mice, and the others include Actinobacteria, Proteobacteria, Deferribacteres,

and Verrucomicrobia [48]. Studies have shown that an increased Firmicutes/Bacteroidetes (F/B)

ratio is involved in the development of obesity in mice and humans [49]. However, some studies

have found controversial results, including a report demonstrating no difference in the proportions

of Bacteroidetes and Firmicutes between lean and obese subjects [50]. There is now substantial

amount of evidence to indicate that HFD-induced obesity is associated with alterations in gut

microbiota composition, including a decrease in Bacteroidetes and increase in Firmicutes abun-

dance in both mice and humans [51–53]. Consistent with previous studies, we observed in this

study that HFD-fed mice had decreased abundance of Bacteroidetes, but unexpectedly, unaltered

proportion of Firmicutes (Fig 5C). An extensive metagenomics study has discovered a lower Bac-

teroidetes, but, interestingly, and a higher Actinobacteria abundance in obese than lean subjects,

while no significant difference in Firmicutes proportion [54]. Also similar to humans, HFD-fed

mice have been shown to have an increased abundance of Actinobacteria [55, 56]. This is similar

to our results showing a decreased Bacteroidetes and increased Actinobacteria abundance in

HFD-fed mice while Firmicutes proportion remains unchanged (Fig 5C). We also observed that

the HFD-induced decrease in Bacteroidetes and increase in Actinobacteria were reversed by L.

plantarum treatment (Fig 5C). Additionally, at the class level, L. plantarum treatment reduced the

ratio of Clostridia to Bacteroidia, which are Firmicutes- and Bacteroidetes-associated class, respec-

tively. This is also consistent with several studies reporting a reduced abundance of Bacteroidia or

an increased Clostridia/Bacteroidia ratio in HFD-fed animals [57,58]. Further, at the family level,

we also found that Rikenellaceae, Ruminococcaceae, and Lachnospiraceae families enriched by

HFD feeding were decreased by L. plantarum treatment (Fig 5D). The abundances of these families

have already been reported to be positively correlated with HFD-induced obesity, for example,

enriched proportions of Rikenellaceae and Ruminococcaceae in obese-diabetes model (db/db) mice

[59] and HFD-fed mice [60], and of Ruminococcaceae and Lachnospiraceae in HFD-fed mice

[61,62].

Recent studies have also shown that bile acids appear to play a critical role in regulating gut

microbiota [63]. Reported results include the decreased abundance of Lachnospiraceae in
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HFD-fed mice following bile acid supplementation [64], the negative correlations of Rumino-
coccaceae abundance with CYP7A1 (the rate-limiting enzyme for bile acid synthesis) expres-

sion and Lachnospiraceae with adenlyate cyclase 7 (Adcy7, downstream target of bile acid

receptor) expression [65], and the positive correlation of abundance of Lachnospirace and

Ruminococcaceae with the levels of plasma total and LDL cholesterol [66]. Therefore, the

results of gut microbiota analysis in this study showing reduced abundance of phylum Actino-

bacteria, families Rikenellaceae, Ruminococcaceae, and Lachnospiraceae, and lowered ratio of

Clostridia/Bacteroidia class in L. plantarum treated mice, demonstrate that the L. plantarum
treatment-medicated attenuation of metabolic dysfunction is associated with probiotic-medi-

ated modulation of HFD-induced dysbiosis.

In summary, the L. plantarum strain used in this study exerted a comprehensive ameliorat-

ing effect on metabolic disorders, including adiposity, glucose intolerance and dyslipidemia.

These L. plantarum treatment-mediated improvements were associated with improved bile

acid and cholesterol homeostasis, enhanced adipose tissue browning and thermogenesis, and

reduced fat accumulation, all of which are commonly mediated by activation of PGC-1α. All

these metabolic benefits of L. plantarum treatment also might be associated with probiotic

reversal of HFD-induced gut microbiota dysbiosis. Taken our findings together, here we pro-

pose a model that describes the probiotic effect of L. plantarum ameliorating metabolic disor-

ders as shown in Fig 6. It shows that the treatment of L. plantarum stimulates the expression of

SIRT1, PPARα, and PGC-1α in the liver and adipose tissues, leading to increased bile acid syn-

thesis and RCT in the liver, enhanced WAT browning and BAT thermogenesis, and increased

fatty acid oxidation in the liver and adipose tissue, which are mediated by upregulated adipo-

nectin, irisin, and/or FGF21 via SIRT1-dependent or independent activation of PGC-1α path-

way. Based on these findings, the PGC-1α-mediated pathway could represent a potential

target for molecular therapy in the probiotics-based approach to ameliorate metabolic

disorders.

Fig 6. A summary on the protective effects of L. plantarum probiotics against high-fat diet-induced metabolic dysfunctions

through activation of the PGC-1α pathway.

https://doi.org/10.1371/journal.pone.0228932.g006
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S1 Fig. There is no difference in lipogenic gene expression in the liver and adipose tissue.

(A-D) Lipogenic gene expression in the liver, MAT, SAT, and BAT, respectively. All genes are

normalized to expression of β-actin. Data present mean ± SD for 7~8 mice in each group. Stu-

dent’s two-tailed t-test was used for analysis difference between experimental groups. Student’s

two-tailed t-test was used for analysis of differences between groups. #, •, +, �p< 0.05, ##, ••, ++, ��

p< 0.01, ###, •••, +++, ��� p< 0.001.
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