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Abstract
A total of 88 lactic acid bacteria (LAB) strains were isolated from Chinese traditional sourdough and five of them were selected
based on their bile resistance. All the five strains were identified as Lactobacillus plantarum by 16S rRNA gene sequencing.
In vitro probiotic properties of the L. plantarum strains including tolerance to simulated gastrointestinal conditions, aggregation
activity, and cholesterol removal ability were assessed. Two representatives, L. plantarum ZJUFT34 and L. plantarum ZJUFT17,
were intragastrically administered to male C57BL/6J mice of 4-week age for 6 weeks to evaluate their in vivo health-promoting
effects. The results indicated that L. plantarum ZJUFT34, L. plantarum ZJUFHN9, and L. plantarum ZJUFAH5 could survive
the 3-h incubation in simulated gastric juice with a pH value of 2.0, while L. plantarum ZJUFT32 and L. plantarum ZJUFT17
exhibited better autoaggregation activities and coaggregation activities with pathogens. All the strains showed a cholesterol
removal ability in vitro. However, L. plantarum ZJUFT34 or L. plantarum ZJUFT17 administration did not significantly change
the serum total cholesterol in vivo. But the ratio of high-density lipoprotein cholesterol to low-density lipoprotein cholesterol was
significantly increased by the L. plantarum administration. Besides, L. plantarum ZJUFT17 significantly lowered serum tumor
necrosis factor (TNF)-α concentrations. Furthermore, the administration of the LAB strains showed significant influences on
lipid metabolism-related gut microbiota. These findings suggested that the L. plantarum strains may benefit the prevention of
metabolic syndrome.
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Introduction

Probiotics are defined as live microorganisms, which,
when administered in adequate amounts, confer a health
benefit on the host (FAO/WHO 2002). Administration of
probiotics is considered an effective approach to modulate
gut microbiota and to maintain or restore human health

(Collado et al. 2008), though their functional roles in main-
taining and promoting human health have been challenged
in some cases (Suez et al. 2018; Zmora et al. 2018).
Beneficial probiotic effects on some disorders such as in-
flammatory bowel disease and irritable bowel syndrome
have been supported by research results from clinical trials
(Sanchez et al. 2017). Among the numerous researches on
probiotics, various studies have demonstrated the benefi-
cial effects of specific probiotics on the amelioration of
metabolic syndrome (Cani and Van Hul 2015), symptoms
of which include obesity, insulin resistance, hyperlipid-
emia, hyperglycemia, and hypertension (Eckel et al.
2005). Different probiotic strains have been reported
possessing distinct capacities to modulate metabolic phe-
notypes, mainly involving Bifidobacterium spp. (Bernini
et al. 2016; Minami et al. 2015) and Lactobacillus spp.
(Barreto et al. 2014; Kadooka et al. 2010), as well as the
so-called next-generation probiotics Akkermansia
muciniphila (Everard et al. 2013). All the strains per-
formed differently with respect to the impact on metabolic
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phenotypes such as body weight, fat mass, inflammatory
markers, plasma lipid, and cholesterol levels.

To benefit human health, probiotics must survive from pas-
sage through the gastrointestinal tract (GIT) and exert func-
tions in the gut environment (Ramos et al. 2013). Therefore,
the abilities to withstand low pH, bile toxicity, digestive en-
zymes, to adhere to the intestinal epithelial cells for temporary
colonization, and to repel pathogens may serve as criteria for
selecting promising probiotics in vitro (Kilic et al. 2013).
Undoubtedly, lactic acid bacteria (LAB) have been the most
studied group for probiotics exploration in the past few de-
cades (Angmo et al. 2016). LAB, generally regarded as safe,
could be found in various traditional fermented foods (Liu
et al. 2011). Sourdough has been used worldwide as a starter
in making cereal-based fermented foods, e.g., Chinese
steamed bread, a staple food in China for about 2000 years
(Liu et al. 2016). Extensive research has revealed that LAB are
the predominant bacteria in this ecological niche (De Vuyst
et al. 2014; Gobbetti et al. 2016). Furthermore, it has been
reported that sourdough microbiota and the lactic microbiota
of human exhibit a remarkable overlap, indicating that intes-
tinal microbiota may be a source of the sourdough LAB (De
Vuyst et al. 2014; Gobbetti and Gänzle 2012). Though ma-
jority of the studies have focused on their technological
properties, some efforts have recently been exerted to in-
vestigate the probiotic properties of sourdough LAB.
Manini et al. (2016) investigated the probiotic properties
of 13 LAB strains belonging to 7 species isolated from
sourdough in terms of their pH and bile resistance, adhe-
sion to Caco-2 cells, and anti-listeria activity. They found
that some strains showed good probiotic potentials. Yang
et al. (2016) investigated the effect of administration of 5
LAB strains isolated from traditional Chinese sourdough
on the GIT microbiota of mice. Their results suggested that
LAB from Chinese sourdough might be useful for
strengthening the flora balance in GIT and improve nutri-
ent metabolism. In another study, a probiotic evaluation
was performed on the LAB strain Enterococcus faecium
YF5, isolated from Chinese traditional sourdough (Tan
et al. 2013). The ability of Enterococcus faecium YF5 to
survive in low pH, bile salts, and in gastric and intestinal
digestion in vitro, to adhere to HT-29 cells, and to inhibit
the tested foodborne pathogens makes it a candidate for
probiotics. All the studies have revealed that sourdough
may serve as a reservoir of potential probiotics. The char-
acterization of potential probiotics from sourdough generally
involves acid and bile tolerance, resistance to simulated GIT,
and adhesion to in vitro cells; however, the in vivo health-
promoting effects, especially on metabolic syndrome, have
been scarcely researched. In addition, although increasing at-
tention has been paid to the isolation of probiotic strains from
various food ecosystems, the exploration of candidate probi-
otic strains from sourdough is still rare.

In this study, 88 LAB isolates from Chinese traditional
sourdough were screened for potential probiotics. The isolates
were assessed based on a series of in vitro tests including bile
resistance, simulated GIT tolerance, aggregation activity, and
cholesterol removal activity. Then, representatives were fur-
ther administered to animals to investigate their potential ben-
efits for lipid-related metabolism in vivo by determining the
serum lipid profile, inflammatory markers, and gut microbiota
changes.

Materials and methods

Isolation of lactic acid bacteria from sourdough

Fifteen Chinese traditional sourdough samples were collected
from different regions of China as previously reported (Liu
et al. 2016). A 10-g sourdough sample was thoroughly
suspended with 90 mL 0.85% sterile saline solution and
was then decimally diluted. All dilutions were plated onto
de Man, Rogosa and Sharp (MRS) agar and anaerobically
incubated at 37 °C for 48 h. Then colonies were picked
based on morphology and were purified by successive
streaking on MRS agar for at least three times. All the
purified isolates were subjected to gram staining and cata-
lase test. The strains exhibiting gram-positive and catalase-
negative properties were presumptively considered as LAB
and stored in MRS broth at 4 °C for later use.

Bile tolerance screening

The LAB strains were subjected to a preliminary screening
according to the method describe by Walker and Gilliland
(1993) with some modifications. The purified strains were
inoculated into MRS broth and incubated at 37 °C for 18 h,
then subcultured into MRS-THIO broth (MRS broth supple-
mented with 0.2% sodium thioglycollate) containing porcine
bile (0.3%, w/v) with an inoculum size of 1% (v/v) and incu-
bated at 37 °C for 24 h. The difference of absorbance at
620 nm between 0 and 24 h (△OD620) was determined. LAB
strains that showed relatively high biomass production
(△OD620) during the 24-h incubation were selected.

Identification of the LAB strains

The total DNA of the selected strains was isolated using a
DNA extraction kit (Axygen) by following the manufacturer’s
instructions. The universal primer pairs, 27F and 1492R, were
used for the amplication of the 16S rRNA gene (Weisburg
et al. 1991). The PCR was performed as described in previous
study (Liu et al. 2016), i.e., preliminary denaturation for 5 min
at 94 °C, followed by 30 cycles of 94 °C for 30 s, 56 °C for
30 s, and 72 °C for 1 min, and terminated with an elongation
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step at 72 °C for 10 min. The amplicons were sequenced by a
company (Shanghai Sangon Biotech, Shanghai, China) and
the obtained sequences were compared with the GenBank
database by a BLAST search.

In vitro resistance to simulated human GIT

The simulated gastrointestinal juices were prepared according
to previous studies (Bao et al. 2010; Charteris et al. 1998). The
simulated gastric juice was prepared by suspending pepsin
(3.5 g/L) in 0.2% saline and adjusting the pH to 2.0, 2.5,
and 3.0, respectively, with 1 mol/L HCl, and sterilized by
filtering through a 0.45-μm Millipore filter. The simulated
intestinal juice was prepared by suspending trypsin (1 g/L)
and bile salts (18 g/L) in a sterile solution containing sodium
bicarbonate (11 g/L) and sodium chloride (2 g/L). The solu-
tion pH was adjusted to 8.0 with 0.5 mol/L NaOH and steril-
ized by filtering through a 0.45-μm Millipore filter.

The LAB strains were incubated at 37 °C in MRS broth for
18 h and were harvested by centrifugation (10, 000g, 5 min).
Then they were resuspended in sterile saline solution (0.85%,
m/v) to gain a concentration of ca. 1–2 × 109 cfu/mL. An ali-
quot of 0.5 mL of the cell suspension was added into 4.5 mL
of the simulated gastric juices (pH 2.0, 2.5, 3.0), followed by
an incubation at 37 °C for 3 h. Total viable counts were deter-
mined at the time points of 0, 1, 2, and 3 h for the evaluation of
tolerance in gastric juice. After the 3-h incubation in simulated
gastric juice, an aliquot of 0.5 mLwas taken and transferred to
4.5 mL of the simulated intestinal juice and then incubated at
37 °C for 24 h. The tolerance in simulated intestinal juice was
assessed by the total viable counts recovered at 0, 8, and 24 h.
The total viable counts were enumerated using pour plate
method on MRS agar. The experiments were carried out in
triplicate. The survival rate was calculated according to the
equation below:

Survival rate %ð Þ ¼ logN 1

logN 0
� 100%

where N1 (cfu/mL) represents the total viable counts after
treatment by simulated gastrointestinal juices and N0 (cfu/
mL) represents the total viable counts before the treatment.

Aggregation activity

Aggregation activity including autoaggregation and
coaggregation was measured according to the method de-
scribed by Collado et al. (2008). Briefly, four pathogen strains
Escherichia coli ATCC 25922, Salmonella typhimurium
ATCC 14028, Staphylococcus aureus CMCC 26003, and
Listeria monocytogenes ATCC 15313 and the LAB strains
were separately incubated at 37 °C for 18 h and then were
harvested by centrifugation (10,000g, 5 min). Finally, they

were washed twice and resuspended in PBS buffer to gain a
concentration of ca. 108 cfu/mL. For autoaggregation ability
determination, 4 mL of LAB suspensionwas added into sterile
tubes individually and thoroughly suspended. These tubes
were placed at room temperature without agitation and an
aliquot of 150μL upper suspension was taken at different time
points (0, 4, 8, 18, and 24 h) to determine their absorbance
(600 nm) using a microplate reader (Infinite M200Pro, Tecan,
Austria). Autoaggregation percentage was calculated using
the equation:

Autoaggregation percentage %ð Þ ¼ A0−At

A0
� 100%

where A0 is the absorbance at 0 h, and At is the absorbance of
upper suspension at different time points.

As for the determination of coaggregation of the LAB
strains with pathogens, equal volumes (2 mL) of LAB and
the pathogen cultures were mixed in sterile tubes and vortexed
completely. These tubes were placed at room temperature
without agitation and an aliquot of 150 μL upper suspension
was taken at 0 and 4 h to determine their absorbance (600 nm)
using the microplate reader. Coaggregation percentage was
calculated as follows:

Coaggregation percentage %ð Þ

¼ Apat þ Aprobio

� �
−2� Amix

ApatþAprobio

� � � 100%

where Apat and Aprobio are the absorbances of pathogens and
LAB at 0 h, respectively, and Amix is the absorbance of the
mixed suspensions at 4 h.

In vitro cholesterol removal capability

The cholesterol removal capability of the strains was deter-
mined according to the method described by Bordoni et al.
(2013) and Feng et al. (1973), with some modifications. The
MRS-CHOL broth was prepared by supplementing MRS
broth with cholesterol at a concentration of 0.1 g/L, in which
Tween 80 was added at 2 mL/L, followed by a sterilization
(121 °C, 20 min). An aliquot of 0.1 mL of overnight cultures
was added into 0.9 mL of MRS-CHOL broth and incubated
anaerobically at 37 °C for 48 h. Meanwhile, 0.1 mL of MRS
broth mixed with 0.9 mL of MRS-CHOL broth was used as a
control. After the incubation, an aliquot of 0.2 mL of the LAB
culture was added to 4.8 mL of ethanol followed by a centri-
fugation (3000g, 10 min, 4 °C). Then, 2 mL of the supernatant
was transferred to a clean tube, into which 2 mL of ferric
ammonium sulfate color reagent was slowly added. The ab-
sorbance was determined at 560 nm. Cholesterol removal rate
(CRR) was calculated as follows:
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CRR %ð Þ ¼ Acon−Ainoc

Acon
� 100%

where Acon and Ainoc are the absorbance of control and inoc-
ulated samples, respectively.

Animals and treatment

Male C57BL/6J mice (4 weeks of age) were obtained from
SLAC Laboratory Animal (Shanghai, China) and housed in
Laboratory Animal Research Center (SPF) of Zhejiang
Chinese Medical University. Mice were kept in hard top cages
with three mice per cage under 12-h light/dark conditions at
22 ± 2 °C and 50 ± 10% relative humidity with access to a
mouse pellet diet and water ad libitum. The experiment was
approved by the Animal Ethical Committee of Zhejiang
Chinese Medical University (Number of resolution: ZSLL-
2017-049).

After 1-week acclimation, 27 mice were equally divided
into three groups. The T34 group and T17 group were
intragastrically administered with 0.2 mL of saline containing
2 ± 1 × 108 cfu of L. plantarum ZJUFT34 or L. plantarum
ZJUFT17, respectively. And the CON group was given
0.2 mL of sterilized saline as a negative control. All the ani-
mals were treated once a day in the morning for 6 weeks. After
6 weeks treatment, mice were fasted for 12 h, and blood sam-
ples were collected from retrobulbar, intraorbital, capillary
plexus. Mice were then killed by cervical dislocation.

Analysis of serum cholesterol and cytokine levels

The levels of total serum cholesterol (T-CHO), high-density
lipoprotein cholesterol (HDL-C), and low-density lipoprotein
cholesterol (LDL-C) were measured using a kit (Nanjin
Jiangcheng Bioengineering Institute, Nanjing, China) accord-
ing to the manufacturer’s protocol. Serum concentrations of
TNF-α, interleukin (IL)-1β, IL-10, and IL-6 were determined
using commercial ELISA kits (eBioscience) following the
manufacturers’ instructions.

Gut microbiota analysis

Genomic DNA was extracted from fecal samples of mice
treated for 6 weeks using a QIAamp DNA Stool Mini Kit
(QIAGEN, Venlo, Netherlands) following the manufac-
turer’s protocol. The concentration and quality of the ex-
tracted DNA were determined using a Thermo Scientific
NanoDrop 2000c.The PCR amplification of 16S rDNAV3-
V4 region and the subsequent high-throughput sequencing
as well as the data pretreatment were performed in a com-
pany (Realbio Technology Inc. Shanghai, China) using a
HiSeq2500 platform. The differences of microbiota

between the groups were analyzed by calculating α-
diversity and β-diversity (Kemp and Aller 2004).

Statistical analysis

Statistical analysis of more than two groups was conducted by
one-way analysis of variance (ANOVA) followed by Tukey’s
tests, while data comparison between two groups were ana-
lyzed by the unpaired t tests using the software GraphPad
Prism (version 6). The data of in vitro experiments were
expressed as mean ± standard deviation (SD), while in vivo
experiment results were expressed as mean ± standard error of
mean (SEM). p < 0.05 was considered statistically significant.

Accession numbers of the sequence data

The five strains in this study have been deposited at China
Center for Type Culture Collection (CCTCC Nos.:
M2017399, M2017342, M2017744, M2017341, and
M2017743) and their 16S rRNA gene sequences have been
submitted to GenBank with accession numbers from
MG739430 to MG739434. The raw data of high-throughput
sequencing of the mouse gut microbiota have been deposited
at the Sequence Read Archive (SRA) of the National Center
for Biotechnology Information (NCBI) with the accession
numbers from SRX4408722 to SRX4408748.

Results

Bile tolerance screening and identification
of the strains

A total of 88 LAB strains were picked and purified from
Chinese traditional sourdough samples, which were then sub-
jected to a bile resistance screening (Table S1 and S2). Five
strains were finally selected based on their growth capacities
in bile solution after two times screening (Table 1). The five
strains were all identified as Lactobacillus plantarum by 16S
rRNA gene sequencing, namely L. plantarum ZJUFT34
(T34), L. plantarum ZJUFT17 (T17), L. plantarum
ZJUFT32 (T32), L. plantarum ZJUFHN9 (HN9), and
L. plantarum ZJUFAH5 (AH5).

Transit tolerance

The effects of simulated gastric juice and intestinal transit on
the survival rates of the five strains are shown in Fig. 1. After
being incubated for 3 h in simulated gastric juice of pH 2.0,
the survival rates of the strains were less than 50%, especially
T32 and T17, which completely lost their vitalities, and after
an incubation in simulated intestinal juice for 24 h, only the
strain AH5 maintained some vitality. But when the pH value
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of the simulated gastric juice was raised to 2.5 or 3.0, the
survival rates of the strains markedly improved. Especially,
when the pH value of the simulated gastric juice increased to
pH 3.0, almost no vitality loss was found among the five
strains during a 3-h incubation, and the final survival rates
were 77–89% after being exposed to the simulated intestinal
juice for 24 h.

Aggregation activity

Autoaggregation of the five strains was measured at 4, 8, 18,
and 24 h (Fig. 2a) and the aggregation rate increased over
time. At 4 h, no significant difference was observed, but at
8 h, T32 showed a higher aggregation rate than other strains.
After an 18-h aggregation, the aggregation rates of strains
T17, T32, and AH5 were all higher than 98%, while strains
T34 and HN9 were 84% and 62%, respectively. Finally, at
24 h, their aggregation rates showed the least divergence rang-
ing from 80 to 100%. Among the LAB strains, T32 exhibited
the highest coaggregation percentages with Salmonella
typhimurium and Listeria monocytogenes, while T17 showed
the highest coaggregation percentage with Escherichia coli
(Fig. 2b).

In vitro reduction of cholesterol

The cholesterol removal rates of the L. plantarum strains are
shown in Fig. 3. All of them possessed the capacity of lower-
ing cholesterol in vitro, and interestingly, they showed a sim-
ilar cholesterol removal rate, mostly ranging from 20 to 30%.

Serum levels of cholesterols and cytokines

The effects of L. plantarum supplementation on mice choles-
terol profiles are shown in Fig. 4. The total cholesterol con-
centration in serum was not significantly affected. But the
HDL-C and LDL-C concentrations of T17 group were signif-
icantly lower than those of CON group, and the HDL-C/LDL-
C ratio was significantly higher in the L. plantarum-treated
groups compared to the CON group (p < 0.05).

The levels of some cytokines in serum, including IL-1β,
IL-6, IL-10, and TNF-α, are shown in Fig. 5. Generally, the
two L. plantarum strains exerted nonsignificant effects on the
four cytokines, except that the concentration of TNF-α in T17
group was significantly reduced compared to the CON group
(p < 0.05).

Changes in gut microbiota

As shown in Fig. 6, the gut microbiota of mice administered
with L. plantarum was profoundly changed, and the two

Table 1 The selected five strains
by bile screening Strains △OD620 Abbreviation CCTCC no. GenBank accession no.

L. plantarum ZJUFT34 1.328 ± 0.037 T34 M 2017399 MG739430

L. plantarum ZJUFT17 0.748 ± 0.041 T17 M 2017342 MG739432

L. plantarum ZJUFT32 0.723 ± 0.047 T32 M 2017744 MG739431

L. plantarum ZJUFHN9 1.436 ± 0.062 HN9 M 2017341 MG739433

L. plantarum ZJUFAH5 0.781 ± 0.184 AH5 M 2017743 MG739434

Fig. 1 Tolerance of the selected strains to simulated gastric juice of
different pH values (a pH 3.0; b pH 2.5; c pH 2.0) and simulated
intestinal juice (pH 8.0). Data are expressed as mean ± SD
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L. plantarum strains exerted different influence on the bacte-
rial consortium in mice intestine. The Venn diagram demon-
strated that most of the operational taxonomic units (OTUs)
were shared by the three groups; however, each group also
had its unique ones (Fig. 6a). Bacteroidetes was identified as
the dominant phylum in all the three groups followed by
Firmicutes (Fig. 6b). Interestingly, the L. plantarum-treated
groups had a higher relative abundance of Bacteroidetes, es-
pecially the T17 group. The sequencing data were further
analyzed at the genus level. As shown in Fig. 6c, the α-
diversity analysis indicated that the L. plantarum treatment
did not significantly change the diversity of gut microbiota
in mice. As for the β-diversity, principal coordinate analysis
(PCoA) of the unweighted UniFrac distances demonstrated
that the samples of the T17 group were clustered together on
the plot, and the samewas true for the CON group. In contrast,
the samples in the T34 group were scattered (Fig. 6d). The
rank sum test was used to identify genera that have significant
differences in richness between groups, and based on that, a
heat map was drawn to illustrate the differences of the groups
(Fig. 6e). Genera that showed significant differences in rela-
tive abundance between the groups included Vampirovibrio,
Parabacteroides, Odoribacter, Alloprevotella, Bacteroides,
Butyricicoccus, Lachnospiracea_incertae_sedis, Alistipes,

Akkermansia, Bifidobacterium, and Mucispirillum (Table 2).
Particularly, no Alloprevotella was found in the CON group,
while it had a high relative abundance in the L. plantarum-
treated groups. On the contrary, the genus Vampirovibrio was
observed in all the samples of CON group, while it was only
detected in two out of nine samples in each of the
L. plantarum-treated groups (data not shown). In addition,
the relative abundance of Akkermansia, Bifidobacterium,
Mucispirillum, and Odoribacter also decreased significantly
in at least one of the L. plantarum-treated groups (p < 0.05).
On the other hand, the relative abundance of Alistipes and
Parabacteroides were significantly elevated in the T17 group
(p < 0.05). Meanwhile, the relative abundance of Bacteroides,
Butyricicoccus, and Lachnospiracea_incertae_sediswere sig-
nificantly enhanced in the T34 group (p < 0.05).

Discussion

Traditional sourdough, which accommodates a high density of
LAB, may serve as a reservoir for probiotics. In this study, all
the five L. plantarum strains could grow quite well not only at
30 °C, but also at 37 °C (Fig. S1), indicating that they are able
to adapt to the higher in vivo temperature (37 °C). However,
the strains must overcome the barriers such as low pH and bile
in GIT, before they reach the desired body niches to exert their
functions. In this study, all the five strains could well tolerate
to pH as low as 2.5 in line with the previous reported
probiotics (Guo et al. 2009). The pH value in stomach varies
ranging from 1–2 (during fasting) up to 4–5 (after a meal)
(Bao et al. 2010; Papadimitriou et al. 2015). That means the
strains have the opportunity to survive the gastric acidity.
From the transit tolerance assay, it could be observed that
the effects of the simulated intestinal juices on the strains were
correlated with their remaining vitalities after being treated in
the simulated gastric juice. If the strains maintained high sur-
vival rates after being exposed to low pH conditions, a less
vitality loss could be observed when treated with the

Fig. 2 Autoaggregation rates (a) and coaggregation rates with pathogens (b). Data are expressed as mean ± SD

Fig. 3 In vitro cholesterol removal ability of the selected strains. Data are
expressed as mean ± SD
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simulated intestinal juices. A similar phenomenon was found
in the research performed by Guo et al. (2009). Assumedly,
the ability to tolerate low pH in stomach should be one of the
decisive factors for the strains to maintain vitality through
GIT. In addition to the low pH in stomach, the bile pressure
in the intestine is another challenge for probiotics. Tolerance
to bile concentrations between 0.15 and 0.5% has been

recommended for in vitro evaluation of probiotics and the
concentration of 0.3% is usually adopted by researchers
(Guo et al. 2009; Papadimitriou et al. 2015; Tan et al. 2013).
As porcine bile is similar to human bile with respect to the
ratios of bile salt/cholesterol, phospholipid/cholesterol, and
glycine/taurine (Legrand-Defretin et al. 1991; Thornton
1996), as well as viscosity, bilirubin, and cholylglycine

Fig. 4 Effects of L. plantarum
ZJUFT34 and L. plantarum
ZJUFT17 on serum lipids
including total cholesterol (T-
CHO), high-density lipoprotein
cholesterol (HDL-C), and low-
density lipoprotein cholesterol
(LDL-C) as well as the HDL-C/
LDL-C ratio. Data are expressed
as mean ± SEM. Values with
asterisk are significantly different
compared to CON group
(*p < 0.05, **p < 0.01,
***p < 0.001)

Fig. 5 Effects of L. plantarum
ZJUFT34 and L. plantarum
ZJUFT17 on serum cytokine
levels. Data are expressed as
mean ± SEM. Value with asterisk
is significantly different
compared to CON group
(*p < 0.05)
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(Kobayashi et al. 1998), porcine bile was chosen in our study
for preliminary screening for potential probiotics. The selected
five strains grew well in the bile solution, suggesting that they

could tolerate the in vivo bile pressure. Apart from the acid
and bile tolerance, being able to adhere to epithelial cells and
mucosal surfaces is also a desirable probiotic trait. In previous

Fig. 6 The influences of L. plantarum administration on gut microbiota
in mice. The Venn diagram of OTUs (a), bar plot of microbial community
at phylum level (b), Chao 1’s diversity parameter of α-diversity (c),

PCoA plot of unweighted UniFrac distances (d), and heat map based
on the significantly different genera between the groups (e)

Table 2 The genera that showed
significant differences in relative
abundance between the groups

Genus names Mean value of relative abundance
in each group

p value False discovery
rate

CON T17 T34

Akkermansia 0.025 0.0034 0.0018 0.037 0.16

Alistipes 0.064 0.11 0.06054 0.010 0.053

Alloprevotella 0 0.024 0.029 0.00012 0.0017

Bacteroides 0.010 0.026 0.050 0.0014 0.012

Bifidobacterium 0.0012 0.00051 0.00026 0.042 0.16

Butyricicoccus 0.00041 0.00066 0.0015 0.0055 0.035

Lachnospiracea_incertae_
sedis

0.0019 0.0055 0.011 0.0058 0.035

Mucispirillum 0.00049 0.00017 2.9E − 05 0.040 0.16

Odoribacter 0.0022 0.00015 0.0045 0.00020 0.0021

Parabacteroides 0.0012 0.01065 9.1E − 05 2.6E − 05 0.00098

Vampirovibrio 0.00066 5.2E − 06 2.1E − 05 4.7E − 05 0.00098
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researches, the human colon cancer cell line HT-29 or Caco-2
cells have been used to investigate the adhesion ability of
potential probiotics from sourdough and they showed good
adhesion to the cells (Manini et al. 2016; Tan et al. 2013).
Alternatively, autoaggregation capacity of LAB has been re-
ported to be correlated with their adhesion to host cells; there-
fore, it is applied as a desirable characteristic for probiotic
screening in vitro (Malik et al . 2013). The high
autoaggregation activities of the five L. plantarum strains
may indicate their abilities to adhere to epithelial cells and
mucosal surfaces (Malik et al. 2013; Trivedi et al. 2013).
Meanwhile, it has been reported that the coaggregation of
probiotics and pathogens helps to remove the pathogens from
the GIT (Collado et al. 2008). As T17 and T32 possessed
better coaggregation abilities, they may be capable of exclud-
ing pathogens in GIT.

The L. plantarum strains, especially T17, could im-
prove serum cholesterol profile and may help ameliorate
metabolic syndrome. After the 6-week administration,
nonsignificant change was observed regarding the content
of total cholesterol in serum between the tests and control
group, agreeing to the previous research performed by
Yang et al. (2016), in which case five LAB strains isolat-
ed from Chinese sourdough were fed to mice for 4 weeks.
However, in this study, the LAB strains improved the
composition of cholesterols in mice, which has not been
reported before concerning the sourdough LAB. The
levels of HDL-C decreased in L. plantarum-treated
groups, while the LDL-C concentrations were more re-
markably reduced. Consequently, the ratio of HDL-C to
LDL-C of L. plantarum-treated groups, especially in the
T17 group, was significantly higher than that of the CON
group. It has been revealed that high LDL-C concentra-
tion had a positive relationship with the risk for coronary
artery disease (CAD) (Costabile et al. 2017), and that high
HDL-C/LDL-C ratio had a significantly lower event rate
of major cardiovascular adverse events (Sekiguchi et al.
2018). Thus, the reduction of the LDL-C and the increase
of HDL-C/LDL-C ratio indicated that the administration
of the L. plantarum strains may help to lower the risk of
CAD and related metabolic syndrome. Besides, the T17
administration significantly lowered the serum TNF-α
concentration in comparison with the control group.
TNF-α is an important mediator of insulin resistance in
obesity and it induces insulin resistance via the attenua-
tion of insulin receptor signaling (Hotamisligil et al.
1996). In addition, an elevated level of TNF-α may di-
minish lipid oxidation and increase lipid accumulation,
which exacerbates obesity (Tse et al. 2017). Some
Lactobacillus species have been reported to be able to
produce soluble molecules which could suppress the pro-
duction of TNF-α in activated macrophages (Pena and
Versalovic 2003). In this study, T17 may be capable of

generating certain metabolites that inhibited TNF-α pro-
duction in vivo. Therefore, the result suggested that the
strain L. plantarum ZJUFT17 may have a therapeutic po-
tential in the prevention of TNF-α-mediated insulin resis-
tance and obesity, as well as in the modulation of immune
responses (LaDuca and Gaspari 2001).

The gut microbiota of mice was significantly altered after
the administration with the L. plantarum strains and the strain
T17 seemed to exert a greater influence than T34. Among the
significantly changed gut bacteria, the genus Alloprevotella
was reported to be associated with decreased lifetime cardio-
vascular disease risk profile (Kelly et al. 2016), and the in-
crease of abundance of Alloprevotella could ameliorate intes-
tinal dysbiosis in high-fat diet (HFD)mice (Shang et al. 2017).
Meanwhile, the genus Vampirovibrio has been found to exac-
erbate the HFD-induced change (Lu et al. 2018). Therefore,
the L. plantarum strains may be beneficial in preventing met-
abolic syndrome by increasing the relative abundance of
Alloprevotella and decreasing relative abundance of
Vampirovibrio. On the other hand, however, T34 significantly
decreased the relative abundance of Bifidobacterium, which is
considered as typical probiotics in the intestine. In addition,
the relative abundance of genus Akkermansia was reduced in
the L. plantarum-treated groups. A typical representative of
this genus, Akkermansia muciniphila, a mucin-degrading bac-
terium residing in the mucus layer, could reverse HFD-
induced metabolic disorders (Derrien et al. 2017). The results
may suggest that the L. plantarum strains did not always mod-
ulate the gut bacteria in a desirable way. Considering the com-
plexity of the gut microbiota and their unclear specific roles in
host health, the probiotic properties of the L. plantarum strains
still need further investigations.

The results in this study indicated that the two strains may
be capable of attenuating metabolic syndrome, since they
could improve serum cholesterol profile, reduce TNF-α con-
tent, and modulate the lipid metabolism-related gut microbio-
ta. But the validation and mechanisms of action still need to be
explored by using animal models. The research showed that
Chinese traditional sourdough could be a useful resource for
isolating probiotics.
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