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ARTICLE INFO ABSTRACT

Edited by Yeonhwa Park Probiotics have been proved to have beneficial effects in improving hyperlipidemia. The purpose of the current
research was to investigate the ameliorative effects of Pediococcus acidilactici FZU106, isolated from the tradi-

Keywords: tional brewing of Hongqu rice wine, on lipid metabolism and intestinal microbiota in high-fat diet (HFD)-induced
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hyperlipidemic rats. Results showed that P. acidilactici FZU106 intervention obviously inhibited the abnormal
increase of body weight, ameliorated serum and liver biochemical parameters related to lipid metabolism and
oxidative stress. Histopathological evaluation also showed that P. acidilactici FZU106 could significantly reduce
the excessive lipid accumulation in liver caused by HFD-feeding. Furthermore, P. acidilactici FZU106 intervention
significantly increased the short-chain fatty acids (SCFAs) levels in HFD-fed rats, which was closely related to the
changes of intestinal microbial composition and metabolism. Intestinal microbiota profiling by high-throughput
sequencing demonstrated that P. acidilactici FZU106 intervention evidently increased the proportion of Butyr-
icicoccus, Pediococcus, Rothia, Globicatella and [Eubacterium]_coprostanoligenes_group, and decreased the propor-
tion of Corynebacterium_1, Psychrobacter, Oscillospira, Facklamia, Pseudogracilibacillus,
Clostridium_innocuum_group, Enteractinococcus and Erysipelothrix in HFD-fed rats. Additionally, P. acidilactici
FZU106 significantly regulated the mRNA levels of liver genes (including CD36, CYP7A1, SREBP-1c, BSEP, LDLr
and HMGCR) involved in lipid metabolism and bile acid homeostasis. Therefore, these findings support the
possibility that P. acidilactici FZU106 has the potential to reduce the disturbance of lipid metabolism by regu-
lating intestinal microflora and liver gene expression profiles.

1. Introduction characterized by metabolic abnormalities, including diabetes, hyper-
glycemia, atherosclerosis, hyperlipidemia and fatty liver, seriously

Over the past ten years, the incidence rate of metabolic syndromes affecting one quarter of adults around the world. Hyperlipidemia, a
(MetS) caused by excessive high-fat diet (HFD) has been increasing typical metabolic disease mainly featured by abnormally increase of
sharply worldwide, becoming a major public health problem and clin- cholesterol and triglyceride concentrations in blood and liver, is closely
ical challenge (Ishikawa et al., 2020; Morris et al., 2015). MetS is mainly related to the increased fatality rate of cardiovascular diseases (CVDs),
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affecting about millions of people around the world (Ren et al., 2021). In
recent years, the prevalence of hyperlipidemia in people of different
gender and age has increased sharply all over the world (Tang et al.,
2019). At present, drug therapy is considered to be the main treatment
for hyperlipidemia, while most lipid-lowering drugs have a series of
unpleasant side effects (Liu et al., 2018; Zhang et al., 2020a). Looking for
natural products and probiotics from food resources with strong
ameliorative effects on lipid metabolism is a promising strategy to
intervene the pathological development of hyperlipidemia.

Probiotics are defined as live microbial cells that bring potential
health benefits to the host when administered in adequate quantities
(Yoo and Kim, 2016; Yeon-Jeong et al., 2014). Oral probiotics may
ameliorate hyperlipidemia through regulating the composition and
metabolic function of intestinal flora (He and Shi, 2017; Jiang et al.,
2020). Among the probiotics used commercially, lactic acid bacteria
(LAB) are dominant representatives of probiotics that play a positive
role in promoting human health, and mainly used in the production of
various fermented foods (Peters et al., 2019; Wuyts et al., 2020).
Accumulating evidences have shown that daily consumption of LAB and
LAB fermented foods can significantly improve or prevent fatty liver,
hypercholesterolemia, hyperlipidemia and even cancer (Fasseas et al.,
2013; Saadat et al., 2019). In rodent models of obesity induced by
high-fat diet, the anti-obesity and anti-hyperlipidemic effects of Lacto-
bacillus, Bifidobacterium and Pediococcus have been widely reported by
many researchers (Wang et al., 2020). Pediococcus acidilactici, belonging
to the family Lactobacillaceae, is recognized as a safe probiotic by the
European Food Safety Authority, and commonly used as starter culture
in the fermentation of fruit and vegetable because it can inhibit the
growth of spoilage microorganisms (Irmler et al., 2013). There is
increasing evidence that the consumption of probiotic P. acidilactici is a
potentially effective way for triglycerides and cholesterol-lowering (Jain
et al., 2013; Ooi and Liong, 2010). For instance, P. acidilactici FS2 iso-
lated from Korean traditional fermented seafood showed high resistance
to acids and bile, and this strain can significantly reduce blood choles-
terol level when taken with isomalto-oligosaccharides (Jang et al.,
2021). P. acidilactici M76 strain isolated from Korean traditional mak-
geolli presented excellent lipid-lowering effects on obese mice induced
by high-fat diet through suppressing the key lipid synthesis enzymes.
Wang et al. (2019) demonstrated that oral administration of
P. acidilactici AS185 from traditional farmers’ soybean paste alleviated
the development of atherosclerosis by regulating lipid metabolism and
preventing inflammation. Our previous preliminary experiment showed
that P. acidilactici FZU106 isolated from the traditional fermentation of
Hongqu rice wine was a potential probiotic strain with bile tolerance and
cholesterol-lowering ability (Supplementary material-Tables S1 and S2).
However, there is lack of study about the in vivo protective effects of
P. acidilactici FZU106 against hyperlipidemia.

Intestinal microbiota has been widely recognized as one of the most
important determinants affecting host lipid metabolism (Lv et al., 2019).
Previous study indicated that the occurrence of hyperlipidemia is usu-
ally accompanied by the disorder of intestinal microbiota
(Villanueva-Millan et al., 2015). It is well known that probiotics regulate
the ecological balance of intestinal microbiota and produce antibacterial
substances (such as bacteriocins) and competing with pathogenic bac-
teria for adhesion and colonization in the intestine, so as to prevent or
alleviate the occurrence of metabolic syndrome (Kim et al., 2019).
Among the commonly used probiotics, many strains belonging to
Lactobacillus and Pediococcus have been preliminarily proved to have the
effect of improving or intervening hyperlipidemia (Chen et al., 2020a;
Oh et al., 2019; Lv et al., 2021). L. plantarum PMO 08 administration
significantly inhibited fat accumulation, enhanced intestinal integrity
and regulated the composition of intestinal bacteria (Oh et al., 2019).
L. plantarum HNUQ82 intervention markedly enhanced the levels of
Bifidobacterium, Lactobacillus, Akkermansia and Faecalibacterium in
hyperlipidemic rats (Shao et al., 2017). L. paracasei FZU103 adminis-
tration has the potential to protect against non-alcoholic fatty liver
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related to hyperlipidemia (Lv et al., 2021). P. pentosaceus PP04 isolated
from traditional pickled cabbage has been proved to improve hyper-
lipidemia induced by high-fat diet by regulating lipid metabolism (Wang
et al., 2020). Dietary supplementation of probiotics P. acidilactici
MA18/5M regulated intestinal flora and stimulated various non-specific
immune parameters in zebrafish (Jaramillo-Torres et al., 2019).
Random clinical trials have shown that P. acidilactici promoted immu-
nity to activate IgA production, and improve the intestinal flora and
intestinal function (Kim et al., 2018; Fernandez et al., 2015). However,
the improvement effect of P. acidilactici administration on the intestinal
microbial composition under high-fat diet and its association with lipid
metabolism need to be further explored.

This research tried to investigate the potential benefits of
P. acidilactici FZU106 on lipid metabolism in hyperlipidemic rats.
Whether P. acidilactici FZU106 intake can alter the intestinal microbiota
composition was also investigated through 16S amplicon high-
throughput sequencing, and microbial metabolism functions were pre-
dicted. Besides, the connections between the key microbial phylotypes
in intestinal tract and the lipid metabolism were revealed through cor-
relation analysis and visualized by network.

2. Materials and methods
2.1. Probiotic strain and culture conditions

P. acidilactici FZU106, isolated from the traditional brewing process
of Hongqu rice wine, was offered by Institute of Food Science and
Technology, Fuzhou University. The original strain of P. acidilactici
FZU106 was frozen in —80 °C refrigerator. During the experiment, the
original strain of P. acidilactici FZU106 was thawed and activated in
Man-Rogosa-Sharpe (MRS) broth (at 37 °C for 24 h) every three days.
After three generations, cells of live cultures were washed twice with
sterile saline, and then re-suspended in sterile saline (adjusted to 1.0 x
10° CFU/mL) for oral administration in animal experiment.

2.2. Animals and experimental protocols

Forty male Sprague-Dawley (SD) rats (6-week-old) were purchased
from Shanghai Laboratory Animal Center (Shanghai, China), and housed
in a SPF grade animal laboratory (temperature: 24 + 1 °C, relative hu-
midity: 60 + 5%, light-dark cycle: 12 h), the Animal Center of Institute
of Food Science and Technology, Fuzhou University. All rats were given
free access to diet and water. After one week of acclimatization, all rats
were randomly divided into four groups as follow: (1) NFD group (n = 8,
fed a standard chow diet and oral gavage with 1.0 mL sterile physio-
logical saline per day); (2) HFD group (n = 8, fed a high-fat diet and oral
gavage with 1.0 mL sterile physiological saline per day); (3) HFD + Sim
group (n = 8, fed a high-fat diet and oral gavage with simvastatin [20
mg/kg per day]); (4) HFD + Pa group (n = 8, fed a high-fat diet and oral
gavage with cells of P. acidilactic [10° CFU/rat per day]). The compo-
sitions of the standard chow diet and high-fat diet (composing 30% fat
energy-supply ratio) were shown in Supplementary Table S1. The body
weight of each rat was recorded every week in the experimental period.
The animal experimental protocols were conducted in accordance with
the guidelines of the Laboratory Animal Welfare and approved by the
Animal Ethics Committee of Institute of Food Science and Technology,
Fuzhou University, China (No.: FZU-FST-2021-066).

2.3. Sample collection and biochemical assays

After eight weeks’ intervention, fecal samples from each rat were
collected in the frozen tubes in short time and then stored in the —80 °C
refrigerator for the quantification of fecal short-chain fatty acids
(SCFAs). All rats were starved for 12 h and then euthanized under
anesthesia with 2% sodium pentobarbital. Blood were collected into
tubes and centrifuged at 3000 rpm for 10 min at 4 °C to obtain serum
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samples that were stored at refrigerator (—80 °C) until further analysis.
Liver samples were dissected immediately, weighted, frozen in liquid
nitrogen, and finally maintained at an ultra-cold freezer (—80 °C) until
further analysis. Cecal content samples from each dissected rat were
collected in the frozen tubes in short time and then stored in the —80 °C
refrigerator for high throughput sequencing.

Total cholesterol (TC), triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), total
bile acid (TBA), malondialdehyde (MDA), glutathione peroxidase (GSH-
Px), superoxide dismutase (SOD) and non-esterified fatty acids (NEFAs)
were quantified using assay kits (Nanjing Jiancheng, Nanjing, China)
according to the manufacturer’s instructions. The total protein contents
in liver samples were measured using a bicinchoninic acid (BCA) protein
assay kit and quantified according to the manufacturer’s instructions
(Beyotime Biotec. Co., Ltd., Shanghai, China).

2.4. Hematoxylin—eosin (H&E) staining

For histopathological evaluation, fresh liver sections were excised
and washed with cold physiologic saline (0.9%), and then fixed in 4%
paraformaldehyde solution for 24 h, following by dehydration through a
series of ethanol solutions, and embedded in paraffin and cut into sec-
tion (5 pm thickness). After the fabricated liver sections were viewed
using a light microscope (Olympus, Tokyo, Japan) equipped with a
digital camera.

2.5. Determination of the total lipid levels in liver

The hepatic total lipids were extracted based on a previously pub-
lished method with some modifications. Total lipids in the livers were
extracted with chloromethane (CHCl3)/methanol (2 : 1, v/v) and incu-
bated at 4 °C for 24 h. Then, the mixtures were dispersed in 0.6% KCI
solution and centrifuged at 2000 g for 20 min. The organic layer was
concentrated and solubilized in 200 pL of isopropanol and measured
using commercial kits (Labtest Diagnostica S.A., MG, Brazil).

2.6. Quantification of fecal short-chain fatty acids (SCFAs)

The SCFAs in fecal samples were extracted and determined according
to our previously reported method with appropriate modifications (Guo
et al., 2020). Briefly, saturated NaCl solution (500 pL) was added to
dried feces (50 mg) and placed at room temperature (25 °C) for 0.5 h,
followed by homogenization on a high-speed homogenizer for 3 min.
Then, 20 pL H2S04 (10%, v/v) was added and mixed with a vortex for
30 s. The total SCFAs were collected with 800 pL anhydrous ether and
then centrifuged (10000 g, 10 min, 4 °C). Finally, the residual trace
water in the supernatants were removed with anhydrous Na;SO4, and
the contents of SCFAs in the supernatants were determined by Agilent
7890B gas chromatography system equipped with Agilent J&W
DB-WAX capillary column (30 m x 0.25 mm x 0.25 pm) and flame
ionization detector.

2.7. High throughput sequencing and bioinformatics analysis

Bacterial DNAs were extracted from cecal content samples using
genomic DNA extraction kit (Omega, USA) and quantified by NanoDrop
Spectrophotometer (Thermo Fisher Scientific). The V3-V4 hypervari-
able regions of bacterial 16S rDNA sequence were amplified using the
primers 338F and 806R, and then sequenced by high throughput
sequencing based on Illumina MiSeq platform at Shanghai Majorbio Co.,
Ltd. (Shanghai, China). The raw data from high throughput sequencing
that support the findings of this study are openly available at https://
www.ncbi.nlm.nih.gov/genbank (Reference number: PRINA812963).

The sequencing raw data were imported into QIIME 2 software, and
the filtered sequences were clustered into operation taxon units (OTU)
with 97% identity threshold. Based on the GreenGenes database (Ver.
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13.8), the sequence similarity was matched to identify microbial phy-
lotypes at the genus level, and the relative abundance of each OTU was
obtained. Principal component analysis (PCA) and hierarchical clus-
tering were implemented to assessed the intestinal microbial composi-
tion by SIMCA (Ver. 15.0). The different taxonomies between different
groups were revealed at the genus level using STAMP software (Ver.
2.1.3). The differences between groups were determined using Welsh’s t-
test, and the Benjamini-Hochberg procedure was used to control the
false-discovery rate. The microbial functional features of the intestinal
microbiota were predicted using PICRUSt 2.0 based on the relative
abundance of the identified microbial phylotypes. Correlation heatmap
between the intestinal microbial phylotypes and the lipid metabolic
parameters was drawn using R software (Ver. 3.3.3). Correlation
network between the key intestinal microbial phylotypes and lipid
metabolic parameters was visualized using Cytoscape software (Ver.
3.6.0).

2.8. Reverse transcription-quantitative polymerase chain reaction (RT-
gPCR)

Total hepatic RNA was extracted by a commercial RNA extraction kit
(RNAiso Plus, Code No. 9108) provided by Takara Biomedical Tech-
nology (Beijing, China) Co., Ltd., and then reverse-transcribed into
c¢DNA using a commercial ¢cDNA kit with gDNA Eraser [Code No.
RR047A] (Takara, Beijing, China). qPCR was completed in StepOne Plus
Real-Time quantitative PCR System (Applied Biosystems, Foster City,
CA, USA) with SYBE Green Ex Taq™ II [Tli RNaseH Plus, Code No.
RR820A] (Takara, Beijing, China). The PCR conditions were as
following: initial activation 95 °C for 30s, denaturation 95 °C for 5s,
annealing 55 °C for 30 s, extension 72 °C for 30 s, 40 cycles. The mRNA
expressions level was normalized to f-Actin gene. In this study, the
2785CT method was used to analyze the relative expression levels of
related genes. The qPCR primers used in this study were purchased from
Shanghai Sangon Biotech. Co., Ltd. (Shanghai, China) (Table 1).

2.9. Statistical analysis

All values are expressed as mean + SEM. The significance of differ-
ences among the experimental group were evaluated by one-way anal-
ysis of variance (ANOVA) using GraphPad Prism (Ver. 6.0), followed by
Tuckey’s multiple-comparison test. When P value was less than 0.05, the
difference was considered statistically significant.

3. Results

3.1. Effects of P. acidilactici FZU106 intervention on body growth
performance

As shown in Fig. 1A, there was no significant difference in the initial
body weight of rats among different experimental groups at the begin-
ning of the experiment. However, HFD-feeding for eight weeks induced
a significant growth in body weight compared with the NFD group. This
undesirable growth trend caused by HFD-feeding was effectively alle-
viated by the daily intervention of P. acidilactici FZU106 (Fig. 1A&B).
Notably, HFD-fed rats also displayed significant increases in the indices

Table 1
Primer sequence for quantitative real-time PCR.

Gene Forward primer (5'-3') Reverse primer (5'-3)

LDLr TGGCTATGAGTGCCTATGTCC GGTGAAGAGCAGAAACCCTATG
BSEP CGTGCTTGTGGAAGAAGTTG GGGAGTAGATGGGTGTGACTG
HMGCR AGTGGTGCGTCTTCCTCG CGAATCTGCTGGTGCTAT

CD36 GACAATCAAAAGGGAAGTTG CCTCTCTGTTTAACCTTGAT
SREBP-Ic  GCTGTTGGCATCCTGCTATC TAGCTGGAAGTGACGGTGGT
CYP7A1 CACCATTCCTGCAACCTTTT GTACCGGCAGGTCATTCAGT
p-Actin ACGTCGACATCCGCAAAGACCTC ~ TGATCTCCTTCTGCATCCGGTCA
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Fig. 1. Effects of Pediococcus acidilactici FZU106 administration on the body growth performance and fat accumulation. (A) Body weight growth; (B) body weight
gain; (C) liver index; (D) Kidney index; (E) perirenal fat index; (F) epididymal fat index; (G) histopathological observation of perirenal adipocytes and (H) epididymal

adipocytes from rats of different experimental groups by H&E staining at 100x

magnification and 200x magnification. Values were expressed as mean + SEM (n =

8), and different letters represent significant differences between different experimental groups (P < 0.05).

of liver, perirenal and epididymal adipocytes, when compared with the
NFD-fed rats (P < 0.05) (Fig. 1C-F). P. acidilactici FZU106 intervention
significantly prevented the abnormal growth of liver, perirenal and
epididymal adipocytes caused by HFD (P < 0.05). Subsequently, the
microstructures of perirenal and epididymal adipocytes were also
illustrated in all experimental groups (Fig. 1G&H). The volumes of
perirenal and epididymal adipocytes were smaller in the rats of the HFD
+ Sim and HFD + Pa groups, compared with those of the HFD group
(Fig. 1G&H), indicating that daily intervention with P. acidilactici
FZU106 may attenuated the swelling of adipocytes induced by HFD-
feeding.

3.2. Effects of P. acidilactici FZU106 intervention on serum biochemical
parameters

After 8 weeks’ experiment, the serum levels of TC, TG and LDL-C
were sharply increased in the HFD-fed rats in comparison with the
NFD group (P < 0.05) (Fig. 2). However, oral administration of
P. acidilactici FZU106 obviously reduced the serum TG, TC and LDL-C

levels and improved the serum HDL-C level in HFD-induced hyper-
lipidemic rats (P < 0.05), indicating that P. acidilactici FZU106 has a
significant hypolipidemic effect.

3.3. Effects of P. acidilactici FZU106 intervention on liver biochemical
parameters and histological features

To evaluate the effect of P. acidilactici FZU106 intervention on liver
lipid metabolism, hepatic biochemical parameters related to lipid
metabolism and oxidative stress were determined by biochemical test
kits. As shown in Fig. 3A-E, the HFD-induced hyperlipidemic rats were
characterized by higher levels of TC, TG, TBA, NEFA and fat in the livers,
compared with those of the NFD group (P < 0.05). Simvastatin inter-
vention significantly prevented these adverse changes in the HFD-fed
rats. Similar to simvastatin, the HFD-fed rats treated with P. acidilactici
FZU106 showed lower levels of hepatic TC, TG, and NEFA compared
with the HFD group. Biochemical analysis of lipid content in the liver
confirmed this result. In addition, the effects of P. acidilactici FZU106
intervention on hepatic oxidative stress in HFD-fed rats were illustrated
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Fig. 2. Effects of Pediococcus acidilactici FZU106 administration on the serum (A) TC; (B) TG, (C) LDL-C and (D) HDL-C levels in rats fed a high-fat diet. Values were
expressed as mean + SEM (n = 8), and different letters represent significant differences between different experimental groups (P < 0.05).

in Fig. 3F-H, and result showed that oral administration of P. acidilactici
FZU106 sharply reduced the hepatic MDA level in HFD-fed rats (P <
0.05), but significantly increased the hepatic GSH-Px activity (P < 0.05),
suggesting that P. acidilactici FZU106 intervention could alleviate liver
oxidative damage by elevating the activities of antioxidant enzymes and
inhibiting the oxidative stress in liver in hyperlipidemic rats induced by
HFD-feeding. Histological analysis by H&E staining showed that the
livers of the HFD-induced hyperlipidemic rats were characterized by
excessive accumulation of lipid droplets (Fig. 3I). However, the size and
number of lipid droplets in the HFD + Pa group were smaller and less
than the HFD-induced hyperlipidemic rats, suggesting that the abnormal
accumulation of liver lipids induced by HFD-feeding may be alleviated
by P. acidilactici FZU106 intervention.

3.4. Effects of P. acidilactici FZU106 intervention on fecal biochemical
parameters

Results showed that oral administration of P. acidilactici FZU106
significantly upregulated the contents of fecal TC, TG and TBA
compared with the HFD group (P < 0.05) (Fig. 4A-Q), illustrating that
P. acidilactici FZU106 intervention could effectively accelerate the
excretion of fecal lipid (TC, TG, and TBA) through the intestinal tract.
Short chain fatty acids (SCFAs), play an important role in health, mainly
come from the breakdown of polysaccharide and dietary fiber are fer-
mented to generate and are beneficial to human health. Compared with
the rats of the HFD group, P. acidilactici FZU106 intervention signifi-
cantly increased the fecal levels of acetate, propionate and isobutyrate
(P < 0.05) (Fig. 4D-I).

3.5. Effects of P. acidilactici FZU106 intervention on intestinal microflora
composition

Taxon-based analysis at the genus level revealed specific bacterial
phylotypes among different experimental groups, including the NFD,
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HFD and HFD + Pa groups (Fig. 5). As compared with the NFD group,
the HFD-induced hyperlipidemic rats (rats of the HFD group) presented
higher levels of Ruminococcaceae . NK4A214 _group, unclassified -
f Lachnospiraceae, Lachnoclostridium, Coprococcus_2, Collinsella, Blautia,
Ruminococcus]_torques_group, but lower relative abundance of Rom-
boutsia, Ruminococcaceae_ UCG_005, Ruminococcaceae UCG_014, Candi-
datus Saccharimonas, Christensenellaceae_R-7_group, norank_o_Molli
cutes_RF39, Turicibacter, Clostridium sensu_stricto_1, Ruminococca-
ceae UCG-013, Lachnospiraceae_ NK4A136_group and Nosocomiicoccus at
genus level, indicating that intestinal microbial dysbiosis occurred in the
HFD-induced hyperlipidemic rats. However, oral administration with
P. acidilactici FZU106 significantly increased the proportion of Eubacte-
rium]_coprostanoligenes_group, Family_XIII AD3011_group, Butyr-
icicoccus, Pediococcus, Rothia, Globicatella, but decreased the proportion
of Corynebacterium_1, Psychrobacter, Oscillospira, Facklamia, Pseudogra-
cilibacillus, Clostridium]_innocuum_group, Enteractinococcus, Erysipelo-
thrix, Bacillus in HFD-fed rats.

3.6. Metabolic function prediction of the intestinal microbiota by
PICRUSt

To explore the beneficial effects of P. acidilactici FZU106 intervention
on the metabolic function of intestinal microbiota in rats fed with HFD,
PICRUSt analysis based on 16S rRNA gene sequences and KEGG data-
base was performed to predict the relationship between phylogeny and
metabolism (Fig. 6). Compared with the HFD group, penicillin and
cephalosporin biosynthesis (ko00311), phenylalanine, tyrosine and
tryptophan  biosynthesis (ko00400), oxidative phosphorylation
(ko00190), lipopolysaccharide biosynthesis (ko00540), sphingolipid
metabolism (ko00600), glycerophospholipid metabolism (ko00564)
were enriched in the HFD-fed rats treated with P. acidilactici FZU106. On
the contrary, ether lipid metabolism (ko00565), D-arginine and D-
ornithine metabolism (ko00472), stilbenoid, diarylheptanoid and gin-
gerol biosynthesis (ko00945), propanoate metabolism (ko00640), D-
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alanine metabolism (ko00473), purine metabolism (ko00230), glycer-
olipid metabolism (ko00561) were significantly down-regulated in the
HFD-fed rats treated with P. acidilactici FZU106 compared with the HFD-
induced hyperlipidemic rats.

3.7. Correlation of intestinal microbiota with HFD-induced lipid
metabolic disorders

Correlation between the key microbial phylotypes and lipid meta-
bolic disorders related biochemical parameters was conducted by
Spearman’s correlation analysis at the genus level (Fig. 7 and Fig. S1).
Correlation heatmap and network analysis showed that the serum and
hepatic lipid metabolism related biochemical parameters were posi-
tively correlated with Corynebacterium_1, Pseudogracilibacillus, Facklamia
and Nosocomiicoccus, but negatively correlated with Butyricicoccus,
Pediococcus, Turicibacter, Clostridium sensu stricto_1, [Eubacterium]_ cop-
rostanoligenes_ group and Lachnospiraceae NK4A136_group. Specifically,
body weight showed a negative correlation with Clostridium sensu_s-
tricto_1 and [Eubacterium]_ coprostanoligenes_ group, but a positive cor-
relation with Corynebacterium_1, Facklamia, Pseudogracilibacillus,
Enteractinococcus and Bacillus. In addition, the serum TC, TG, LDL-C
levels and hepatic TC, TG, NEFA levels were positively correlated with
Nosocomiicoccus, Corynebacterium_1, Pseudogracilibacillus and Oscil-
lospira, but showed significantly negative correlations with Butyr-
icicoccus, Pediococcus, Turicibacter, Clostridium_sensu_stricto_1,
Lachnospiraceae_ NK4A136_group, Ruminococcaceae UCG-013, and [Eu-
bacterium]_coprostanoligenes_group. It is clear that fecal SCFAs (including
acetic acid, propionic acid, n-butyric acid, isobutyric acid, n-valeric
acid, isovaleric acid) were correlated positively with Butyricicoccus
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Clostridium_sensu_stricto_1, Turicibacter, [Eubacterium]_copro-
stanoligenes_group, Pediococcus, Lachnospiraceae NK4A136_group and
Ruminococcaceae UCG-013.

3.8. Effects of P. acidilactici FZU106 intervention on liver mRNA levels of
lipid metabolism-related genes

Liver is an important organ involving in energy metabolism, fatty
acid metabolism, and bile acid biosynthesis. To elucidate the mechanism
underlying the hypolipidemic effects of P. acidilactici FZU106 inter-
vention, the mRNA levels of genes responsible for cholesterol meta-
bolism and bile acids homeostasis in liver were determined by real-time
quantitative PCR (RT-qPCR) in the present study. As indicated in Fig. 8,
eight-week HFD diet lowered hepatic mRNA levels of cholesterol 7a-
hydroxylase (CYP7A1) and bile salt export pump (BSEP), compared with
rats of the NFD group, while oral administration of P. acidilactici FZU106
promoted the mRNA expression of CYP7A1, BSEP and LDLr in liver. The
hepatic mRNA levels of cluster of differentiation 36 (CD36), sterol reg-
ulatory element-binding protein-1c (SREBP-1c), low density lipoprotein
receptor (LDLr) and 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR) were significantly higher in the HFD-induced hyperlipidemic
rats than those of the NFD group. Nevertheless, P. acidilactici FZU106
intervention significantly decreased the mRNA levels of CD36, SREBP-1c
and HMGCR, compared with the HFD-induced hyperlipidemic rats.

4. Discussion

The present study indicated that dietary oral administration of

P.  acidilactici FZU106  effectively prevented HFD-induced
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hyperlipidemia, ameliorated liver metabolism function and intestinal
microbiota composition. Mounting evidences suggest that intestinal
microbes play an important role in the pathological development of
hyperlipidemia and liver metabolism function (Lv et al., 2019;
Villanueva-Millan et al., 2015; Kim et al., 2019). In addition, previous
study showed that intestinal flora is closely associated with lipid ab-
sorption in the intestine (Martinez-Guryn et al., 2018). Recent study by
Zhu et al. (2021) revealed that fecal microbiota transplantation (FMT)
regulates lipid absorption in the intestinal tract by altering the intestinal
microbiota composition, which greatly affects the relative abundance of
Lactobacillus and Romboutsia in the intestine. It is reported that Lacto-
bacillus and Romboutsia are involved in maintaining intestinal epithelial
barrier function, and their metabolites regulate lipid metabolism,
thereby improving HFD-induced hyperlipidemia (Li et al., 2019; Russell
et al.,, 2019; Yang et al., 2020). Based on the genus level analysis, we
found that excessive consumption of high-fat diet induced significant
reductions in the abundance of beneficial bacterial phylotypes, espe-
cially SCFAs-producing bacteria, including Romboutsia, Turicibacter,
Ruminococcaceae UCG_005, Ruminococcaceae UCG-013, Lachnospir-
aceae_ NK4A136_group, and Clostridium_sensu_stricto_1 (Xie et al., 2017;
Mao et al., 2012; Zhong et al., 2015; Lanjekar et al., 2015). The genus
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Romboutsia was regarded as a typical bacterium whose abundance was
positively correlated with serum HDL-c and SOD levels, but negatively
correlated with serum MDA level based on correlation analysis (Li et al.,
2021; Zheng et al., 2020). Ruminococcaceae and Lachnospiraceae are
generally considered to promote intestinal health because they can
anaerobically ferment carbohydrates into SCFA, especially acetic acid
and propionic acid (Qu et al., 2017; Ghaly et al., 2020). Additionally,
some genera of Ruminococcaceae produce acetate, which is subsequently
metabolized by Roseburia to synthetize butyrate (Chen et al., 2020b).
Early study had shown that the genus of Lachnospiraceae can inhibit the
occurrence and development of liver cirrhosis and also improve
atherosclerotic lesions (Ge et al., 2020). The genus Turicibacter was
regarded as a typical bacterium whose abundance was positively
correlated serum HDL-c and SOD levels, and might play a role in in-
flammatory bowel diseases (Gerritsen et al., 2019; Zheng et al., 2020).

Interestingly, our current research revealed that P. acidilactici
FZU106 intervention ameliorated the intestinal microbiota dysbiosis by
significant enhancing the relative abundance of Butyricicoccus, Ped-
iococcus, Rothia, Globicatella, Eubacterium _coprostanoligenes_group and
Family XIII AD3011_group, but significant reducing the proportion of
Corynebacterium_1, Psychrobacter, Oscillospira, Facklamia,
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Pseudogracilibacillus, Clostridium innocuum_group, Enteractinococcus,
Erysipelothrix and Bacillus at the genus levels, which may be closely
associated with the effective regulation of lipid metabolism in HFD-fed
rats. As one of the putative SCFAs-producing bacteria, Butyricicoccus was
previously reported to be negatively correlated with lipid metabolic
disorders (Shang et al., 2017) and beneficial for liver and intestinal
health, because butyric acid produced by Butyricicoccus provides lower
intestinal pH, reduces the growth of harmful intestinal bacteria, and

therefore prevents intestinal dysfunction (Zhang et al., 2015; Geirnaert
et al., 2014). In this study, the relative abundance of Butyricicoccus was
negatively correlated with fecal butyric acid level, suggesting that it may
be closely related to the improvement of lipid metabolism. In recent
decades, the function and role of Pediococcus in regulating lipid meta-
bolism has received considerable attention (Wang et al., 2020). Many
strains belonging to the genus Pediococcus have been proved to regulate
lipid metabolism in vivo. P. pentosaceus LP28 displayed an anti-obesity
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effect by down-regulation of the serum levels of TG, TC, and LDL-C in
human clinical trials (Higashikawa et al., 2016). P. acidilactici M76 and
P. pentosaceus KID7 presented outstanding lipid-lowering and
cholesterol-lowering effects in obese mice, respectively (Moon et al.,
2014; Damodharan et al., 2015). In this study, the relative abundance of
Pediococcus was negatively associated with the serum TC, TG and LDL-C
levels, indicating that Pediococcus may be beneficial for reducing the risk
of hyperlipidemia. In addition, excess cholesterol in blood comes from
endogenous synthesis mainly in the liver and the small intestine. [Eu-
bacterium]_coprostanoligenes_group, a cholesterol-reducing anaerobe in
feces, has been found decreased in the HFD-induced hyperlipidemic rats
and could generate beneficial SCFAs and have beneficial effects on
dyslipidemia (Freier et al., 1994; Wan et al., 2019; Si et al., 2018).
Previous study had shown that [Eubacterium]_coprostanoligenes_group
can decompose cholesterol into sterols that cannot be absorbed in the
intestine and is finally excreted with feces (Yang et al., 2020b). In

addition, [Eubacterium]_coprostanoligenes_group is considered to be the
pivotal genus in the fecal microecosystem mediating the effect of HFD
on dyslipidemia through sphingosine (Wei et al., 2021). Metabolic
function prediction of the intestinal microbiota by PICRUSt revealed
that P. acidilactici FZU106 intervention significantly up-regulated
phenylalanine, tyrosine and tryptophan biosynthesis and glycer-
ophospholipid metabolism. Previous study indicated that the microbial
degradation of aromatic amino acids (tryptophan, tyrosine and
phenylalanine) into phenylacetic acid was significantly enhanced in
patients with liver steatosis (Hoyles, L., Fernandez-Real, JM., Federici,
M. et al., 2018). It was previously reported that abnormalities in amino
acid metabolism are closely associated with lipid metabolism disorder
and CVDs (Shearer et al., 2008). Phenylalanine and tyrosine are pre-
cursors of epinephrine, which is required for lipid metabolism (Zhang
et al., 2009). Tyrosine can be converted into fumaric acid and acetoa-
cetate after a series of metabolic reactions, and then participates in the
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Fig. 7. Statistical spearman’s correlations between the fecal microbiota of significant differences and lipid metabolic parameters.

tricarboxylic acid cycle. Dysregulation of glycerophospholipid meta-
bolism is considered as one of the main driving factors of lipid meta-
bolism disorders, and is closely related to the development of T2DM and
CVDs (Meikle and Summers, 2017). Therefore, P. acidilactici FZU106
intervention alleviates HFD-induced lipid metabolism disorder may be
related to its regulation of phenylalanine, tyrosine and tryptophan
metabolism, increased tyrosine production and reduced phenylalanine
amounts. These results indicated that oral administration of
P. acidilactici FZU106 is expected to play a hypolipidemic effect by
regulating the intestinal microbiota. Of course, the metabolism of in-
testinal microbiome needs to be further explored by metabolomics
technology based on LC-MS and GC-MS.

Liver plays a key role in maintaining lipid metabolism homeostasis
(Fei et al., 2017; Huang et al., 2020). Thus, reducing liver lipid accu-
mulation can efficiently inhibit the occurrence of hyperlipidemia. The
results of this study showed that HFD-feeding led to excessive lipid
accumulation in hyperlipidemic rats, which is consistent with previous
study (Cheng et al., 2017). Interestingly, oral supplementation of
P. acidilactici FZU106 efficiently increased the hepatic cholesterol level
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and promoted fecal excretion of intestinal bile acids (BAs) in
HFD-induced hyperlipidemic rats. Cholesterol in the liver is usually
processed to synthesize primary BAs, which are conjugated to glycine or
taurine and stored in the gallbladder, and timely released into the in-
testine for solubilizing and emulsifying lipids in the intestine (Yamasaki
et al., 2020). It has been reported that most of BAs could be reabsorbed
by small intestine and will enter the liver and recycled, and the
remaining BAs are excreted through the feces (Hubbard et al., 2006).
Interestingly, the primary BAs can be converted into secondary BAs by
microbial modification in the gut. Therefore, the improvement of lipid
metabolism disorders in the body by probiotics is probably achieved by
regulating the composition of intestinal microbiota and its metabolic
function, thus promoting the biosynthesis and transformation of BAs
(Chen et al., 2019). To elucidate the potential mechanism of action of
P. acidilactici FZU106 intervention on lipid metabolism, the liver mRNA
levels of key genes (including HMGCR, CYP7A1, BSEP, CD36, SREBP-1c
and LDLr) related to lipid and cholesterol synthesis, as well as bile acid
homeostasis, were measured through RT-qPCR. Our results showed that
oral administration of P. acidilactici FZU106 made significant



Q. Zhang et al.

Current Research in Food Science 5 (2022) 775-788

A CD36 B CYP7A1 C SREBP-1C
1.5+ 4+ 5-
8 s 8 a
E -+ % 3- T = § ey T
o ol o o
x10 b H 3 3
< <, b <
= b = z b
£ £ % 21
-g 0.5 < ¢ N e c _‘|3_
K B ¢ 5 1
L] K] - =
& & &
0.0 . : 04 . . 0- . :
Q 0 & > 9 Q > Q Q >
% & & @8 & & 0@\@ Qo,g & & oxg\“ ‘(0,8
& & & & & &
D BSEP E LDLR F HMGCR
2.0+ 1.5- 4-
= = =
S 8 8
w a w w a
¢ 1.5 g ¢ 34 T
a a2 (=9
5 b , 5
£ 1.0 ¢ - Z £ 2 b
4 [+ ['4
£ T £ E .
£ 0.5 £ 214 c
ko g s e
@ @ []
4 o '3
0.0 r . 0
Q Q . 2> QO < & >
Q‘Q \23 xq’§ Q,‘Q \g ,ef( qu’\ Qoﬂ
& & &

Fig. 8. Effects of FLJ consumption on the expression of hepatic related genes in HFD-fed rats. The bar graphs showed the mRNA levels of (A) CD36, (B) CYP7A1, (C)
SREBP-1C, (D) BSEP, (E) LDLR, and (F) HMGCR, which were determined by RT-qPCR. Values were expressed as mean + SEM in each group (n = 8), and the different

letters represent significant differences between different groups (P < 0.05).

up-regulations on mRNA levels of HMGCR and CYP7AI, the two
rate-limiting enzymes for cholesterol synthesis and cholesterol degra-
dation, respectively (Ma et al., 2017). Especially, the up-regulation of
CYP7A1 mRNA level may be the molecular mechanism of P. acidilactici
FZU106to reduce cholesterol level in this study (Li et al., 2010). In
addition to the biosynthesis of BAs, BSEP is the main hepatic membrane
transporter involved in BAs excretion (Sultana et al., 2021). It can be
seen that HFD-feeding significantly reduced the transcription level of
liver BSEP gene. However, oral administration of P. acidilactici FZU106
can enhance the liver expression of BSEP gene to a certain extent.
Moreover, we found that P. acidilactici FZU106 intervention could also
significantly decrease the expression of hepatic genes of CD36,
SREBP-1c, and LDLr, compared with the HFD group. Expression levels of
these genes in the liver are upregulated in NAFLD model, suggesting a
crucial role of lipid synthesis in hepatic steatosis (Fu et al., 2018; Zhang
et al., 2020bb). As a key gene responsible for regulating lipid uptake in
hepatocytes, the expression level of CD36 is closely related to the
pathological process of fatty liver and insulin resistance (Nergiz-Unal
et al., 2020). Previous study had shown that CD36 transports fatty acids
into cells through FATP, thereby promoting the formation and accu-
mulation of intracellular triglycerides (Nergiz-Unal et al., 2020). In this
study, P. acidilactici FZU106 intervention prevented the uptake of fatty
acids by decreasing the mRNA level of CD36 in HFD-fed rats. In addition,
SREBP-1c¢ can regulate the transcriptional level of genes encoding en-
zymes involved in the synthesis and uptake of cholesterol and fatty acids
in hepatocytes (He et al., 2016). Previous study had revealed that
long-term dietary supplementation with probiotics can significantly
reduce the liver mRNA level of SREBP-Ic, which is a key lipogenic
transcription factor that directly regulates the expression of rate-limiting
enzymes of lipid synthesis and enzymes related to lipid uptake, thereby
improving lipid metabolism (Oh et al., 2019). In additions, P. acidilactici
FZU106 may also act on genes related to other than lipid metabolism
pathway in the liver. Therefore, the expression and regulation of global
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genes in the liver need to be systematically analyzed by transcriptomics
and proteomics.

Oxidative stress in liver has been thought to play a key role in lipid
metabolism disorder, hyperlipidemia and NAFLD (Wang et al., 2012). In
the present study, the lipid peroxidation indicator MDA in liver tissue
was increased significantly in the HFD-fed rats, whereas the activities of
SOD in liver tissue was decreased significantly. NAFLD patients have
both elevated production of reactive oxygen species (ROS) and lowered
antioxidant capacity (Suleiman et al., 2020). Liver lipid peroxidation
would further lead to the production of some harmful by-products, such
as MDA and ROS, which could activate inflammatory response and lead
to hepatocyte damage (Takahashi and Mori, 2011; Uzun et al., 2009). In
the present study, rats with P. acidilactici FZU106 intervention exhibited
decreased MDA level and enhanced GSH-Px activity in liver. Previous
report also demonstrated that P. acidilactici intervention inhibited lipid
peroxidation in ANIT-induced cholestasis and in hepatic ischemia/r-
eperfusion injury (Wang et al, 2014). The potential effect of
P. acidilactici FZU106 in preventing liver oxidative stress may be ach-
ieved by reducing free radical production or through increasing free
radical scavenging activity, which may be closely related to the me-
tabolites of intestinal microbes.

5. Conclusion

This current study provided the evidence that P. acidilactici FZU106
consumption has the potential to alleviate hyperlipidemia in HFD-
induced hyperlipidemic rats. The beneficial effects of P. acidilactici
FZU106 consumption may be achieved by regulating intestinal flora and
liver gene involved in lipid metabolism and bile acid homeostasis. The
findings of this study have preliminarily revealed that P. acidilactici
FZU106 can improve lipid metabolism disorder by regulating intestinal
microflora and metabonomic profile. In further study, the protective
mechanisms of P. acidilactici FZU106 against hyperlipidemia need to be
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clarified through liver transcriptomics, proteomics and metabonomics,
as well as clinical crowd trials combined with multi-omics technology,
so as to provide more credible references for the development of a
promising functional food to prevent hyperlipidemia, and ultimately to
benefit human health.
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