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Abstract: Lactobacillus plantarum is considered a potential probiotic supplementation for treating
obesity. However, the underlying molecular mechanism is poorly understood. Our previous study
displayed that L. plantarum FRT4 alleviated obesity in mice fed a high-fat diet (HFD) through ame-
liorating the HFD-induced gut microbiota dysbiosis. To explore the roles of FRT4 in obesity pre-
vention, in this study, we investigated changes in serum metabolomic phenotype by ul-
tra-performance liquid chromatography coupled with quadrupole time-of-flight mass spectrome-
try (UHPLC-QTOF/MS) and analyzed the pathway of HFD-fed Kunming female mice orally ad-
ministered with FRT4 for eight weeks. Using orthogonal partial least squares discriminant analysis
(OPLS-DA), metabolite patterns with significant changes were observed. 55 metabolites including
phosphatidylcholine, lysophophatidylcholine, sphingomyelin, serotonin, indole-3-methyl aceta,
11,12-DHET, prostaglandin B2,
3-hydroxybenzoic acid were identified as potential biomarkers associated with obesity, which

indole-3-carbinol, indole-5,6-quino, leukotriene B4, and
were mainly involving in glycerophospholipid metabolism, tryptophan metabolism, and arachi-
donic acid metabolism. Perturbations of 14 biomarkers could be regulated by FRT4 intervention.
These metabolites may serve as valuable biomarkers to understand the mechanisms by which
intake of diets containing FRT4 contributes to the treatment or prevention of obesity. Thus, FRT4

can be a promising dietary supplement for the prevention of HFD-induced obesity.
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1. Introduction

The availability of inexpensive, high-fat processed foods has contributed to the
worldwide prevalence of obesity, which is one of the strongest risk factors for metabolic
diseases, including type two diabetes mellitus (T2DM), hypertension, and cardiovascular
disease [1]. The imbalance between energy intake and energy metabolism is the main
cause of disease. Therefore, promoting metabolism through dietary intervention is a
good approach to prevent obesity from the source and process [2].

Increasing studies have shown that probiotic treatment can ameliorate the disorders
of host metabolism by regulating gut microbiota [3]. Lactobacillus is a major component of
intestinal flora and is commonly used as a probiotic. In obese individuals, the supple-
mentation of different strains of Lactobacilli has been shown to reduce fat mass while
reducing the occurrence and progression of T2DM and insulin resistance [4]. Lactobacillus
plantarum is one of the most well-studied species of Lactobacillus because of its versatility,
allowing it to be distributed in a wide range of environments such as fermented foods
and humans. Numerous studies have shown that L. plantarum has a variety of functional
properties that exert beneficial effects on obesity. L. plantarum FRT10 had anti-obesity
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effects on obese mice, which was partly associated with activating PPARa/CPT1a path-
way [5]. L. plantarum NCU116 alleviated non-alcoholic fatty liver disease (NAFLD)
through the regulation of the expression of genes associated with lipogenesis, lipolysis,
and fatty acid oxidation [6]. L. plantarum WCEFS1 was found to increase the expression of
immune response pathways [7] and epithelial tight junction proteins [8]. However, the
mechanism by which probiotics alleviated obesity is not fully understood, and few
studies have reported that probiotics improve the metabolomics of obesity caused by a
high-fat diet (HFD). Metabolomics is a quantitative measurement of small molecular
metabolites in biological samples, which provides a new perspective for studying the
effects of diets or drugs by measuring the changes in metabolite levels and modeling
them mathematically [9,10]. Metabolomics analysis techniques can detect dynamic
changes in metabolite profiles in response to external stimulation [11]. Thus, metabo-
lomics screening is considered a powerful tool for identifying biomarkers, providing ex-
tra information about the global metabolomic profiles of a complex biological system,
and exploring new mechanisms. The accumulation of evidence associated with metabolic
alterations is of great significance in guiding dietary interventions for the treatment of
obesity with probiotics.

We previously established an HFD-induced obesity model in mice to study the reg-
ulatory effects of L. plantarum FRT4 on intestinal flora and liver metabolomics. The results
suggested that FRT4 could effectively prevent obesity via alleviating HFD-induced gut
microbiota dysbiosis, the mechanism of which could be partly revealed by liver metab-
olomics (data not shown). However, the exact mechanism is still unclear. Systemic met-
abolic disorders in patients can be reflected by serum markers, which are more suitable
for clinical application because of their advantages of being non-invasive and at a low
cost. Therefore, based on our previous studies, in this study, we further studied the ef-
fects of the dietary intervention of FRT4 on serum changes of HFD-induced mice during
eight weeks of feeding via metabolomics method based on UPLC-QTOF/MS. Then, in
order to find more specific obesity-related biomarkers and metabolic pathways,
OPLS-DA analysis was used to determine the number and the distribution of metabolites
with significant differences among each group. The aim of this follow-up research was to
study the effects of FRT4 on serum metabolomics profile and provide more evidence for
the potential mechanism of FRT4 against obesity. Meanwhile, this study may provide
new insights into the pathogenesis of obesity, and the candidate biomarkers may be used
for the diagnosis of obesity and related diseases.

2. Materials and Methods
2.1. Preparation of L. plantarum FRT4

L. plantarum FRT4 was isolated and identified from a kind of local yogurt in Xinjiang
province and preserved in the Chinese General Microorganism Collection Center (acces-
sion 17956, CGMCC, Beijing, China). It was cultured in MRS broth at 37 °C for 24 h. After
centrifugation at 5000 rpm at 4 °C for 10 min, the bacterial cells were collected, washed
with 0.9% saline buffer three times, and adjusted to 1 x 10 colony-forming units
(CFU)/mL.
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2.2. Animals and Grouping

Mice (Kunming female 7-week-old animals) were supplied by Vital River Labora-
tory Animal Technology Co. Ltd. (Beijing, China). After 1-week adaptation with the ad-
ministration of a normal diet and water, the mice were randomly divided into two
groups: control group (CT, n = 9) with a normal chow diet and HFD group (n =18) fed a
HEFD based on the previous reports [5,12]. The mice were administered the HFD for 8
weeks and then were randomly assigned to two subgroups (9 mice in each group) and
continuously administrated HFD. One served as the HFD control group (HF, n=9), and
the other received HFD and a daily oral dose of 0.2 mL FRT4 (HF4H, 1 x 10" CFU/mL).
All experiments were approved in accordance with the Laboratory Animal Ethical
Committee and its Inspection procedures of the Institute of Feed Research of CAAS
(AEC-CAAS-20090609).

2.3. Sample Collection

After 8 weeks of gavage treatment, all of the mice were sacrificed to collect blood
after fasting for 6 h. The serum was obtained by centrifugation of the blood samples at
3000 rpm, 4 °C for 10 min and then was stored at 80 °C for metabolomics analysis.

2.4. Chemicals

Acetonitrile and methanol were supplied by CNW technologies. NH+AC and
NH:OH were supplied by Sigma Aldrich and Fisher chemicals, respectively.

2.5. Metabolites Extraction

EP tubes containing 100 pL serum sample and 400 pL extract (methanol: acetonitrile
=1:1, v/v) were vortexed for 30 s, followed by ultrasonication in ice water bath for 10 min.
After cooling down at —40 °C for 1 h, the mixtures were centrifuged at 12,000 rpm, 4 °C
for 15 min. Supernatants of 400 pL were freeze dried, and the powders were solved in 150
puL methanol:acetonitrile (1:1, v/v) extract including isotope-labeled internal standard
mixture, followed by vortex for 30 s and ultrasonication for 10 min. Then, the samples
were centrifuged at 12,000 rpm at 4 °C for 15 min, and supernatants of the same amount
from the whole samples were mixed into QC samples for further analysis.

2.6. UHPLC-QTOF MS Analysis

The UHPLC system (Vanquish, Thermo Fisher Scientific, Massachusetts,USA) with
a Waters ACQUITY UPLC BEH Amide column (1.7 pm x 2.1 mm x 100 mm) coupled to Q
Exactive HFX mass spectrometer (Orbitrap MS, Thermo) was utilized to analyze serum
metabolic profiling. The mobile phase consisted of 25 mM NHsAc and 25 mM NH:OH
(pH =9.75) (A) and acetonitrile (B). The automatic injection temperature was maintained
at 4 °C, and 3 puL was the injection volume.

On the basis of the information-dependent acquisition (IDA) mode, Xcalibur acqui-
sition software (Thermo) was applied to acquire MS/MS spectra. The ESI source condi-
tions were as follows: sheath gas flow rate, 30 Arb; Aux gas flow rate, 25 Arb; capillary
temperature, 350 °C; full MS resolution, 60,000; MS/MS resolution, 7500; collision energy,
10/30/60 in NCE mode; spray voltage, 3600 V in positive ion mode, and 3200 V in nega-
tive ion mode.

2.7. UHPLC-QTOF MS Data Processing

The original data of MS were converted to the mzXML format by ProteoWizard and
untargeted peak detection, peak extraction, peak alignment, and peak integration were
processed by R package XCMS. Metabolites were identified using the in-house MS2 da-
tabase (BiotreeDB). The cut-off value of the annotation was set to 0.3.
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2.8. Statistical Analysis

After preprocessing the original data, OPLS-DA was applied to process the metab-
olomics analysis using SIMCA software (V15.0.2, Sartorius Stedim Data Analytics AB,
Umea, Sweden). The fitness and reliability of the OPLS-DA were verified by the param-
eter values R? and Q2. The permutation test of OPLS-DA was used to validate the model.
The significantly differential metabolites were identified when variable importance for
the projection (VIP) > 1 and p < 0.05 in the Student’s t-test.

Metabolites with significant differences (p < 0.05) were searched from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (www.genome.jp/kegg/, accessed
on: 23 September 2020). Meanwhile, metabolites were retrieved from KEGG online da-
tabase and corresponding metabolic pathways in KEGG were extracted. Compared with
the model group, using differential abundance (DA) score was used to further screen the
pathway affected by FRT4 intervention.

3. Results
3.1. Multivariate Statistical Analysis of Serum Metabolites

The serum samples of mice were analyzed by UHPLC-QTOF/MS in the positive
(ESI+) and negative ion (ESI-) modes. To reveal the differential metabolites among CT,
HF and HF4H groups, the OPLS-DA model was used to determine the serum metabolic
profile. As shown in Figures 1A,B, the OPLS-DA score plots showed clear clustering
trends of metabolites between the HF and CT groups in both the ESI+ mode (R2X = 0.515,
R?Y = 0.977,Q2= 0.866) and the ESI- mode (R2X = 0.453, R?Y = 0.976, Q?= 0.83), indicating
significant changes in serum induced by HFD. OPLS-DA score plots revealed that there
was a significant difference between the FRT4 group and the model group (Figure
1C,D). The parameters of OPLS-DA models including R?X = 0.327, R?Y = 0.989, Q= 0.533
in the ESI+ mode, and R2X = 0.302, R2Y = 0.99, Q2= 0.564 in the ESI- mode. The results of
OPLS-DA score plots suggested that FRT4 intervention partly recovered the serum
changes caused by HFD.
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Figure 1. OPLS-DA score scatter plots of serum metabolites after L. plantarum FRT4 intervention.
(A) HF versus CT group in ESI+ mode. (B) HF versus CT group in ESI- mode. (C) HF4H versus HF
group in ESI+ mode. (D) HF4H versus HF group in ESI- mode.

As shown in Figures 2A,B, validation with 200 random permutation tests generated
intercepts R2Y = 0.87, Q2=-0.72 in the ESI+ mode, R?Y = 0.91, Q>=-0.61 in the ESI- mode
for HF versus CT group. As shown in Figures 2C,D, R?Y = 0.97, Q%= -0.27 in the ESI+
mode, R?Y = 0.98, Q2= -0.23 in the ESI- mode for HF4H versus HF group, which dis-
played that the OPLS-DA models had good robustness and there was no overfitting
problem.
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Figure 2. Permutation test displaying the stability of the OPLS-DA model. (A) HF versus CT in the
ESI+ mode. (B) HF versus CT in the ESI- mode. (C) HF4H versus HF in the ESI+ mode. (D) HF4H
versus HF in the ESI- mode.
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3.2. Metabolic Analysis of Serum Metabolites of FRT4 Treatment in Mice with HFD-induced
Obesity

According to VIP > 1 and p < 0.05, significantly differential metabolites at the super-
class level were classified into 13 categories, including organoheterocyclic compounds;
phenylpropanoids and polyketides; organic nitrogen compounds; organic acids and de-
rivatives; nucleosides, nucleotides, and analogs; organic oxygen compounds; alkaloids
and derivatives; organic compounds; lipids and lipid-like molecules; benzenoids; nucle-
osides, nucleotides, and analogs; lignans, neolignans, and related compounds; and hy-
drocarbons. Finally, 55 differently abundant metabolites were identified (Table S1).
Compared to the CT group, HFD significantly altered the relative strength of a number
of potential biomarkers involved in glycerophospholipid metabolism, tryptophan me-
tabolism, phenylalanine metabolism, phenylalanine, tyrosine and tryptophan biosynthe-
sis, and arachidonic acid metabolism. Biomarkers like glycerophosphocholine, phospha-
tidylcholine (PC), lysophosphatidylcholine (LysoPC), sphingomyelin (SM), serotonin,
indole-3-methyl aceta, indoleacetaldehyde, and 8-HETE were significantly increased (p <
0.05), while kynurenic acid, 3-methyldioxyindole, indole-3-carbinol, indole-5,6-quino,
11,12-DHET, prostaglandin B2, and leukotriene B4 were significantly decreased (p <
0.05). Notably, FRT4 intervention partly reversed the abnormal serum metabolites alter-
ations caused by HFD.

The serum metabolites of HF group were significantly different from those in CT
group. As shown in Table S1, glycerophosphocholine and twenty PCs including
PC(22:6(42,72,10Z,13Z2,167,197)/18:0), PC(22:6(42,72,10Z,13Z,167,197)/18:0),
PC(22:5(7Z,10Z,13Z,162,197)/18:2(92,127Z)), PC(20:3(5Z,82,11Z)/P-18:0),
PC(22:6(47,7Z2,10Z,13Z,16Z,197)/20:3(5Z,8Z,11Z)), PC(20:4(82,117,147,177)/P-18:0),
PC(18:1(11Z)/14:0), PC(20:5(5Z,82,11Z,147,177)/P-18:0), PC(18:2(9Z,12Z)/P-18:1(112)),
PC(22:5(42,72,10Z,13Z,16Z)/P-18:0), PC(22:5(72,10Z,13Z,16Z,197)/16:1(9Z)),
PC(P-18:1(11Z)/22:5(42,7Z,10Z,13Z,16Z)), PC(20:3(82,117,147)/20:1(11Z)),
PC(18:3(6Z,972,127)/18:0), PC(22:5(47,772,10Z,13Z,16Z)/20:5(5Z,82,112,1472,17Z)),
PC(22:6(4Z,772,102,1372,167,197)/22:6(47,772,10Z,137,16Z,19Z)),
PC(22:6(42,72,10Z,13Z,167,197)/20:2(11Z,14Z)), PC(18:0/P-16:0),
PC(22:5(72,102,13Z,167,197)/20:1(11Z)), and PC(18:1(11Z)/P-16:0) were significantly in-
creased and three PCs including PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/18:3(6Z,9Z,12Z)),
PC(22:4(72,10Z,13Z,16Z)/16:0), and PC(18:4(6Z,92,127,157)/18:1(11Z)) were significantly
decreased, while FRT4 administration led a significant decrease of
PC(20:3(5Z,82,11Z)/P-18:0), PC(20:3(5Z,82,11Z)/P-18:0), PC(16:0/P-16:0),
PC(22:2(13Z,167)/15:0), PC(20:2(11Z,147)/15:0), and PC(15:0/15:0). In consistent with the
stimulation of PCs in serum, the levels of LysoPCs including LysoPC(P-18:1(9Z)),
LysoPC(22:4(77,10Z,13Z,16Z)), LysoPC(22:1(13Z2)), and LysoPEs including
LysoPE(18:3(6Z,9Z,12Z)/0:0), LysoPE(20:4(5Z,82,11Z,147)/0:0), and
LysoPE(0:0/18:2(9Z,12Z)) were significantly increased in obese mice, while FRT4 inter-
vention significantly reduced the level of LysoPC(22:1(13Z)). In addition, four SMs in-
cluding SM(d18:1/16:0), SM(d18:0/18:1(9Z)), SM(d18:1/18:1(9Z)), and SM(d18:1/14:0)
were significant increased, and SM(d17:1/24:1(15Z)) was significantly decreased, while
FRT4 treatment significantly reduced the level of SM(d18:1/16:0), SM(d18:1/16:0),
SM(d16:1/24:1(15Z)), and SM(d18:1/20:0). Furthermore, FRT4 treatment significantly re-
duced choline, PI(18:1(92)/18:1(9Z)), and PE(P-18:1(11Z)/18:4(6Z,92,12Z,15Z)) level.

Additionally, 8 potential biomarkers associated with tryptophan metabolism were
also identified, including serotonin, indole-3-methy aceta, indole-3-carbinol, in-
dole-5,6-quino, indoleacetaldehyde, 5-methoxytrytophan, and N-methynicotinamide.
The relative content of serotonin, indole-3-methy aceta, indoleacetaldehyde, and
5-methoxytrytophan increased significantly in HFD-fed mice compared to the CT group,
while decreasing significantly after FRT4 intervention. In contrast, indole-3-carbinol, and
indole-5,6-quino were significantly reduced, while FRT4 intervention showed recovery
patterns for these metabolites. Moreover, FRT4 intervention significantly reduced the
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level of indoleacetaldehyde, indole, 3-indoleacetonitrile, and 5-hydroxyindoleacetic acid.
The results displayed that tryptophan metabolism disorder was generated by HFD,
whereas FRT4 treatment reversed this trend, which indicated that the effects of FRT4 on
tryptophan metabolism might be one of the reasons for its obese efficacy 11,12-DHET,
prostaglandin B2, leukotriene B4, 15-deoxy-d-12,14-PGJ2, 5-KETE, prostaglandin G2,
and prostaglandin D2 involved in arachidonic acid metabolism were decreased 0.084,
0.36, 0.22, 0.071, 0.22, 0.0077, and 0.097-fold, respectively, while FRT4 treatment in-
creased 11,12-DHET, prostaglandin B2, leukotriene B4, and 15-deoxy-d-12,14-PGJ2 2.65,
223, 217, and 44.78-fold, respectively. Besides, FRT4 treatment increased
8-isoprostaglandin F2a (2.01-fold) and lipoxin B4 (1.69-fold). These alterations were sig-
nificantly prevented after FRT4 intervention, suggesting that the favorable effect of FRT4
on obesity might be associated with regulating arachidonic acid metabolism.

Furthermore, three potential biomarkers related to phenylalanine metabolism were
found in the HF group, including hippuric acid, 2-phenylacetamide, and L-tyrosine,
which were significantly lower than those in CT group, while hippuric acid and
2-phenylacetamide were significantly reduced after FRT4 intervention. Finally,
3-hydroxybenzoic acid and 4-hydroxybenzoic acid associated with phenylalanine, tyro-
sine, and tryptophan biosynthesis metabolism were significantly decreased compared to
the CT group, while FRT4 significantly increased 3-hydroxybenzoic acid.

3.3. Metabolic Pathway Affected by FRT4 Intervention

On the basis of p < 0.05 and pathway impact value, metabolic pathways with a sig-
nificant difference in response to FRT4 treatment in obese mice were evaluated by
KEGG annotation and pathway-based differential abundance (DA) analysis. As shown
in Figures 3 and 4, compared with the CT group, consistent with the differences identi-
fied in serum, lipid metabolism including glycerophospholipid metabolism and arachi-
donic acid metabolism were up-regulated and had higher DA scores in HF group, while
were down-regulated and had lower DA scores after FRT4 intervention. Moreover,
tryphotophan metabolism, phenylalanine metabolism, phenylalanine, tyrosine, and
tryptophan biosynthesis metabolism were also down-regulated after FRT4 intervention.
Thus, FRT4 intervention could partly reverse the alterations caused by the HFD. A com-
prehensive view of metabolic pathway analysis was shown in Figure 5.
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Figure 5. Manually linked metabolic pathway map based on the KEGG database involving glyc-
erophospholipid metabolism, tryptophan metabolism, arachidonic acid metabolism, and phenyl-
alanine, tyrosine, and tryptophan biosynthesis metabolism. Beneath each metabolite, red repre-
sents HF versus CT group and green represents HF4H versus HF group. The up arrows showed
the metabolites were up-regulated and the down arrows showed the metabolites were
down-regulated. Horizontal lines showed no significant difference in metabolites.

4. Discussion

Our previous report has successfully established the obese model in mice with
metabolic disorders in cecum contents and liver tissue after 8 weeks of continuous
treatment of HFD [13]. Supplementation with L. plantarum FRT4 could alleviate
HFD-induced obesity in mice through modulating gut microbiota and liver metabolom-
ics (data not shown). In this study, analysis of the serum metabolites profile by
UHPLC-QTOF MS indicated that the mice fed HFD were abnormal in serum, mainly
involved in glycerophospholipid metabolism, tryptophan metabolism, arachidonic acid
metabolism, phenylalanine metabolism, and phenylalanine, tyrosine, and tryptophan
biosynthesis metabolism. In addition, FRT4 intervention had an inhibitory effect on obe-
sity, which might be related to the recovery of some biomarkers.

The disfunction of glycerophospholipid and fatty acid metabolism has been identi-
fied to be directly associated with hyperlipidemia. Glycerophospholipid levels in the HF
group were higher than that in the CT group, suggesting that HFD caused lipid disor-
ders. In accordance with our previous report, most glycerophospholipids in the liver of
obese mice were significantly enhanced [13], and the accumulation of glycerophospho-
lipids in serum was also found in this study. Twenty increased PCs and two decreased
PCs corresponded to a previous study that most PCs in serum were significantly en-
hanced [14], and the increased levels of plasma PC were positively associated with fat
accumulation [15]. Most of the excess PC synthesized in these mice is subsequently de-
composed into diacylglycerol (DAG), which was re-esterified into TG [16,17]. However,
the result is not in accordance with that PC treatment can alleviate fat accumulation
[18,19]. In the membranes of all mammalian cells, PC and PE are the two most abundant
phospholipids, which are mainly distributed in the outer and inner leaflets of the plasma
membrane bilayer, respectively [20,21]. Ulcerative colitis is a chronic inflammatory state
of the distal ileum and colon, which are characterized by decreased content of PC in the
mucus layer [22]. Research has shown that the fluidity and permeability of cell mem-
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branes could be changed by fatty acids in response to external stress and the membrane
could be protected by inhibition of fatty acid degradation [23]. It indicated that HFD in-
creased glycerophospholipid metabolism through the catabolism of PCs and destroyed
the membrane. The significantly decreased PCs (p < 0.05) after FRT4 intervention sug-
gested that the administration of FRT4 suppressed PC degradation and protected the
membrane. Phosphatidylethanolamine (PE) is a class of phospholipids that exist on the
cell membrane of all living organisms and is the backbone of most biological membranes
along with PC, phosphatidylserine (PS), and phosphatidylinositol (PI). In this study,
PI(18:1(92)/18:1(9Z)) and PE(P-18:1(112)/18:4(6Z,9Z,12Z,15Z)) were decreased after FRT4
intervention. Consistent with the stimulation of PCs, LysoPCs and LysoPEs, which were
products or metabolites PCs and PEs, respectively, were significantly enhanced in the HF
group as compared to the CT group. Altered levels of LysoPCs are identified to be re-
lated to diseases with the disorder of energy, such as obesity and hyperlipidemia [24].
LysoPC(18:1(9Z)) was increased after HFD feeding compared with those in the CT
group, which is in accordance with increased LysoPC(18:1(9Z)) in HFD-fed rats [25].
LysoPC(22:4(7Z,10Z,13Z,16Z)), LysoPC(22:1(13Z)), LysoPE(18:3(6Z,92,12Z)/0:0),
LysoPE(18:3(6Z,9Z,12Z7)/0:0), and LysoPE(0:0/18:2(9Z,12Z)) were enhanced in HF group,
suggesting the glycerophospholipid metabolism was promoted under hyperlipidemia
condition. It was partially matched with other reports that plasma levels of LysoPC
(C14:0), LysoPC (C18:0) were significantly higher in overweight than in lean subjects [26].
FRT4 intervention showed favorable regulation on the variation of LysoPC(22:1(13Z)),
and there was no significant difference of LysoPE between FRT4 and HFD-fed groups.
Moreover, glycerophosphocholine was also significantly up-regulated in obese mice and
FRT4 treatment significantly down-regulated choline. Glycerophosphocholine was me-
tabolized to choline, which acted as a substrate to resynthesize PC [27]. Choline plays an
important role in the mitochondrial membrane and the disfunction of mitochondria is a
critical mechanism of NAFLD [28]. Choline was down-regulated, which explained the
lower level of PCs after FRT4 treatment. However, it was not in accordance with the
study that choline was significantly enhanced in serum after Lp supplementation [29].
These metabolism alterations in PCs, LysoPCs, and LysoPEs contribute to further un-
derstanding the underlying mechanism of FRT4 intervention. In addition to glycer-
ophospholipids, some sphingolipids have been found to play potential roles in the de-
velopment of NAFLD [30,31]. Sphingolipid metabolism plays an important part in reg-
ulating inflammatory signaling pathways, and dietary sphingolipids seem to affect in-
flammation-related chronic diseases by changing gut microbiota [32]. Our results dis-
played that some SM species were significantly altered after HFD feeding, which was
consistent with other studies [33,34]. Moreover, we found that FRT4 intervention showed
a lower level of SM and reversed the abnormal level of SM (d18:1/16:0) compared with
the HFD group. This result was inconsistent with the previous report that BL21 showed a
higher hepatic level of SM [23]. These findings may suggest that different sphingolipids
with specific functions still need further clarification. Our results also suggested that the
mice treated with FRT4 protected the cell membrane by reshaping glycerophospholipid
metabolism. However, the alterations in the cell membrane by which metabolites are not
well understood, and this interaction needs to be elucidated in future studies.

Obesity is a complex pathophysiological condition characterized by chronic
low-grade inflammation and alterations in the gut microbial ecosystem. Marques et al.
reported that inflammation was related to altered metabolism of tryptophan (Trp), the
most restricted essential amino acids [3] and precursor of serotonin, kynurenine (KYN),
and indoles. In the present study, a high-fat diet impaired tryptophan metabolism. Ser-
otonin is a monoamine neurotransmitter derived from tryptophan that is involved in
appetite regulation. Accumulating evidence indicates that serotonin could inhibit food
intake and body weight gain [35,36]. HFD-fed mice had significantly higher serotonin
levels compared to the normal mice, which is in line with the study showing that
HFD-fed mice had much higher serotonin blood levels than lean mice [15]. The result
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contradicted the reports that plasma level of serotonin was significantly decreased in
obese subjects [37], and the decrease of circulating serotonin levels in patients with met-
abolic syndrome was negatively correlated with BMI and body fat [38]. FRT4 interven-
tion significantly reduced serotonin and 5-hydroxyindoleacetic acid (5-HIAA). 5-HIAA is
one of the metabolites of serotonin. Serotonin is one of the most essential degradation
products of Trp pathway and is closely related to the development of cardiovascular
disease [39]. Indoleacrylic acid, involved in serotonin pathway, was significantly reduced
in the study. Indoleacrylic acid affects the content of unsaturated fatty acids in the
membrane by phospholipases activity. The data is in line with the study that the low
level of indoleacrylic acid represented disturbances in cell membrane permeability [40].
Compared to the CT group mice, kynurenic acid (KA) was significantly enhanced, and
indole-5,6-quino was significantly reduced in the HF group. KA is a metabolite of tryp-
tophan and is degraded mainly through the kynurenine (KYN) pathway [41]. KA plays a
mucosa protective and immunoregulatory role possibly through its G protein-coupled
receptor GPR35, which is mainly expressed in epithelial and immune cells [42]. The data
is in line with decreased KA levels in the serum of obese subjects compared with healthy
ones [43]. There is no significant difference of KA between the FRT4 treatment group and
HFD-fed mice, but FRT4 reversed indole-5,6-quino to some extent. Furthermore, the in-
dole tryptophan metabolites by gut microbiota of indole-3-carbinol, indole-3-carboxylic
acid, and indolelactic acid were significantly decreased in the HFD-fed group, which is in
line with evidence that obesity is related to a significant decrease in microbial-derived
indoles [38]. These metabolites might be responsible for the anti-inflammatory and fa-
vorable metabolic effects of the gut microbiota [44]. FRT4 intervention enhanced in-
dole-3-carbinol and continuously reduced indolelactic acid. Interestingly, FRT4 inter-
vention significantly reduced indole. Bacterial indole produced by dietary tryptophan
decreased TNFa-mediated NF-kB activation and IL-8 expression while promoting an-
ti-inflammatory IL-10 production and enhancing tight junction resistance in HCT-8 in-
testinal epithelial cells [45]. Fecal indole concentration in the lower-fat diet group was
decreased, while that in the higher-fat diet group was increased [46]. Indole, the precur-
sor of indoxyl sulfate, is associated with cardiovascular disease in patients with hyper-
tension and chronic kidney disease [47]. Our results indicated that tryptophan metabo-
lism was down-regulated after FRT4 intervention. Further research is required to inves-
tigate the beneficial effect of FRT4 on tryptophan metabolism in obese mice.

Arachidonic acid (AA) and its derivatives play a critical role in the development of
obesity, NAFLD, diabetes, cardiovascular disease, and other common diseases by linking
nutrient metabolism with immunity and inflammation [48]. 11,12-DHET, prostaglandin
B2 (PGB2), prostaglandin D2 (PGD2), prostaglandin G2 (PGG2), leukotriene B4,
15-Deoxy-d-12,14-PGJ2, and 5-KETE involved in arachidonic acid metabolism were sig-
nificantly decreased, and FRT4 treatment significantly increased their relative content.
These substances come from long-chain polyunsaturated fatty acids and act as mediators
of the intensity and duration of inflammation [49]. PGs, leukotrienes, and HETEs are
pro-inflammatory AA metabolites [48]. Interestingly, PGB2, PGD2, and PGG2 were de-
creased, while 8-HETE was significantly increased in HFD-fed mice. The result is not in
good agreement with the study that the arachidonic acid metabolism pathway was ele-
vated in response to the higher-fat diet [46]. This could be explained by the fact that en-
dogenous AA is produced mainly through the release of AA from cell membrane phos-
pholipids. As we discussed above, HFD induced the enhanced catabolism of glycer-
ophospholipid metabolism and thus increased the permeability of cell membranes. The
host attempted to maintain phospholipid homeostasis of the mucus layer and thus re-
duced the release of AA from phospholipids. The group treated with FRT4 showed re-
covery patterns for PGB2, PGD2, and PGG2. In contrast, lipoxins have been found to
ameliorate insulin sensitivity and possibly inhibit the occurrence and progression of di-
abetes mellitus [50]. Lipoxin B4 as anti-inflammatory AA metabolites was significantly
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enhanced after FRT4 treatment. The result indicated that FRT4 could ameliorate the dis-
turbed arachidonic acid metabolism.

Although we found these findings in this research, limitations to understanding the
preventive effects of FRT4 on metabolic dysfunction remain. Therefore, further investi-
gations are needed to characterize the metabolites, elucidate the specific functions of in-
dividual metabolites and the preventative effects of FRT4 on related metabolic pathways.

5. Conclusions

The present study suggested that FRT4 intervention had a favorable inhibition effect
on obesity, which might be related to the efficacy of FRT4 by restoring some of the iden-
tified biomarkers. 14 identified potential biomarkers in serum associated with the dis-
turbance of the metabolism could be regulated by FRT4 in obese mice. FRT4 intervention
showed partial recovery patterns for PCs, LysoPCs, SMs, PGs, and serotonin involving
glycerophospholipid metabolism, tryptophan metabolism, and arachidonic acid metab-
olism, which were thought to be central factors in the prevention of obesity. Our results
also predicted that the FRT4-treated mice could protect the cell membrane by remodeling
glycerophospholipid metabolism and arachidonic acid metabolism. These metabolites
could provide the basis for further understanding the pathogenesis of obesity and
HEFD-related diseases, increase the predictability of obesity risk, and evaluate the efficacy
of anti-obesity drugs. These results support the concept that FRT4 had beneficial effects
in HFD-induced obesity-associated metabolic disorders. These findings demonstrated
the effects of FRT4 on serum metabolomics profile, which could provide new evidence
for understanding the potential mechanism of FRT4 in preventing obesity.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/foods11020184/s1, Table S1. Differentially expressed endogenous
metabolites detected by UHPLC-QTOF/MS among CT, HF, and HF4H groups.

Author Contributions: Conceptualization, H.C.,, ZW. and P.Y.; Methodology, H.C., X.X., KM,;
Software, X.X., X.L.; Validation, H.C. and Z.W.; Formal Analysis, X.X. and J.W.; Investigation, H.C.,
XX., W, X.L.; Resources, ZW., KM. and P.Y.; Data Curation, Z.W., JJW. and X.L., Writ-
ing—Original Draft Preparation, H.C.; Writing—Review & Editing, KM., Z.W. and P.Y; Visuali-
zation, X.X., JJW. and X.L.; Supervision, K.M.; Project Administration, ZW. and P.Y.; Funding
Acquisition, Z.W. and P.Y. All authors have read and agreed to the published version of the man-
uscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number 2017YFD0400303 and the National Natural Science Foundation of China,
grant number 31802081.

Institutional Review Board Statement: The animal study protocol was approved by the Labora-
tory Animal Ethical Committee and its Inspection procedures of the Institute of Feed Research of
CAAS (AEC-CAAS-20090609).

Data Availability Statement: The data presented in this study are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Ford, N.D,; Patel, S.A.; Narayan, K.M.V. Obesity in low- and middle-income countries: Burden, drivers, and emerging chal-
lenges. Annu. Rev. Public Health 2017, 38, 145-164.

2. Abete, I; Parra, M.; Zulet, M.A.; Martinez, J. Different dietary strategies for weight loss in obesity: Role of energy and macro-
nutrient content. Nutr. Res. Rev. 2006, 19, 5-17.

3. Marques, C.G.; Ganen, A.P.; Barros, A.Z.; Santos, R.V.T.D.; Quaresma, M.V.L.D.S. Weight loss probiotic supplementation ef-
fect in overweight and obesity subjects: A review. Clin. Nutr. 2020, 39, 694-704.

4. Tian, P,; Li, B.; He, C.; Hou, A;; Tian, S.; Meng, X.; Li, K,; Shan, Y. Antidiabetic (type 2) effects of Lactobacillus G15 and Q14 in
rats through regulation of intestinal permeability and microbiota. Food Funct. 2016, 14, 3789-3797.

5. Cai, H; Wen, Z,; Li, X;; Meng, K.; Yang, P. Lactobacillus plantarum FRT10 alleviated high-fat diet-induced obesity in mice
through regulating the PPARa signal pathway and gut microbiota. Appl. Microbiol. Biotechnol. 2020, 104, 5959-5972.



Foods 2022, 11, 184 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Li, C; Nie, S.P.; Zhu, K.X,; Ding, Q.; Li, C.; Xiong, T.; Xie, M.Y. Lactobacillus plantarum NCU116 improves liver function, oxida-
tive stress and lipid metabolism in rats with high fat diet induced non-alcoholic fatty liver disease. Food Func. 2014, 5, 3216~
3223.

Ivanovic, N.; Minic, R.; Dimitrijevic, L.; Skodric, S.R.; Zivkovic, I.; Djordjevic, B. Lactobacillus rhamnosus LA68 and Lactobacillus
plantarum WCEFS1 differently influence metabolic and immunological parameters in high fat diet-induced hypercholesterole-
mia and hepatic steatosis. Food Funct. 2015, 6, 558-565.

Mujagic, Z.; Vos, P.D.; Boekschoten, M.V.; Govers, C.; Pieters, H.; Wit, N.D. Bron, P.A.; Masclee, A.; Troost, F.J. The effects of
Lactobacillus plantarum on small intestinal barrier function and mucosal gene transcription; a randomized double-blind place-
bo controlled trial. Sci. Rep. 2017, 7, 40128.

Nicholson, J.K,; Lindon, J.C. System biology: metabonomics. Nature 2008, 455, 1054-1056.

He, Q.H.; Kong, X.F.; Wu, G.Y,; Ren, P.P.; Tang, H.R.; Hao, F.H.; Huang, R.L.; Li, T.].; Tan, B.; Tang, Z.R.; et al. Metabolomic
analysis of the response of growing pigs to dietary L-arginine supplementation. Amino Acids 2009, 37, 199-208.

Yu, M.; Zhu, Y.; Cong, Q.; Wu, C. Metabonomics research progress on liver diseases. Can. ]. Gastroenterol. Hepatol. 2017, 2017,
8467192.

Yin, X.; Peng, J.; Zhao, L.; Yu, Y.; Zhang, X,; Liu, P.; Feng, Q.; Hu, Y.; Pang, X. Structural changes of gut microbiota in a rat
non-alcoholic fatty liver disease model treated with a Chinese herbal formula. Syst. Appl. Microbiol. 2013, 36, 188-196.

Cai, H.; Wen, Z.; Meng, K.; Yang, P. Metabolomic signatures for liver tissue and cecum contents in high-fat diet-induced obese
mice based on UHPLC-Q-TOF/MS. Nutri. Metab. 2021, 18, 69.

Hye, P.; Kab-Tae, P.; Edmond, P.; Seung, K.; Myung, C.; Liu, KH.; Choong, L. Mass spectrometry-based metabolomic and
lipidomic analyses of the effects of dietary platycodon grandiflorum on liver and serum of obese mice under a high-fat diet.
Nutrients 2017, 9, 71.

Kim, H.J.; Kim, J.LH.; Noh, S.; Hur, HJ.; Sung, M.].; Hwang, ]J.T.; Park, J.H.; Yang, H.J.; Kim, M.S.; Kwon, D.Y. Metabolomic
analysis of livers and serum from high-fat diet induced obese mice. ]. Proteome Res. 2011, 10, 722.

Martinez-Ufia, M.; Varela-Rey, M.; Cano, A.; Fernandez-Ares, L.; Beraza, N.; Aurrekoetxea, I, Martinez-Arranz, L;
Garcia-Rodriguez, J.L.; Buqué, X.; Mestre, D.; et al. Excess S-adenosylmethionine reroutes phosphatidylethanolamine towards
phosphatidylcholine and triglyceride synthesis. Hepatology 2013, 58, 1296-1305.

Van, D.; Lingrell, S.; Vance, D.E. The membrane lipid phosphatidylcholine is an unexpected source of triacylglycerol in the
liver. J. Biol. Chem. 2012, 287, 23418-23426.

Shirouchi, B.; Nagao, K.; Inoue, N.; Ohkubo, T.; Yanagita, T. Effect of dietary omega 3 phosphatidylcholine on obesity-related
disorders in obese otsuka long-evans tokushima fatty rats. J. Agric. Food Chem. 2007, 55, 7170-7176.

Rittes, P.G. The use of phosphatidylcholine for correction of localized fat deposits. Aesthetic Plast. Surgery 2003, 27, 315-318.
Farine, L.; Niemann, M.; Schneider, A.; Biitikofer, P. Phosphatidylethanolamine and phosphatidylcholine biosynthesis by the
Kennedy pathway occurs at different sites in Trypanosoma brucei. Sci. Rep. 2015, 5, 16787.

Lin, Q.; London, E. Preparation of artificial plasma membrane mimicking vesicles with lipid asymmetry. PLoS ONE 2014, 9,
€87903.

Braun, A.; Treede, I.; Gotthardt, D.; Tietje, A.; Zahn, A.; Ruhwald, R.; Schoenfeld, U.; Welsch, T.; Kienle, P.; Erben, G.; et al.
Alterations of phospholipid concentration and species composition of the intestinal mucus barrier in ulcerative colitis: A clue
to pathogenesis. Inflamm. Bowel. Dis. 2010, 15, 1705-1720.

Wu, T.; Sun, M,; Liu, R.; Sui, W.; Zhang, M. Bifidobacterium longum subsp. longum remodeled Roseburia and phosphatidylserine
levels, meliorated intestinal disorders and liver metabolic abnormalities induced by high-fat diet. J. Agric. Food Chem. 2020, 68,
4632-4640.

Kim, M.; Yoo, H.J.; Ko, ]J.; Lee, ].H. Metabolically unhealthy overweight individuals have high lysophosphatide levels, phos-
pholipase activity, and oxidative stress. Clin Nutr. 2020, 39, 1137-1145.

Ma, N,; Liu, X,; Kong, X.; Li, S.; Jiao, Z.; Qin, Z.; Yang, Y.; Li, ]. Aspirin eugenol ester regulates cecal contents metabolomic
profile and microbiota in an animal model of hyperlipidemia. BMC Vet. Res. 2018, 14, 405.

Kim, J.Y,; Park, J.Y.; Kim, O.Y.; Ham, B.M.; Kim, H.J.; Kwon, D.Y,; Jang, Y.; Lee, ].H. Metabolic profiling of plasma in over-
weight/obese and lean men using ultra performance liquid chromatography and Q-TOF mass spectrometry (UPLCQ-TOF
MS). J. Proteome Res. 2010, 9, 4368-4375.

Fernandez-Murray, ].P.; Mcmaster, C.R. Glycerophosphocholine catabolism as a new route for choline formation for phos-
phatidylcholine synthesis by the kennedy pathway. J. Biol. Chem. 2005, 280, 38290-38296.

Cheung, O.; Sanyal, A.J. Recent advances in nonalcoholic fatty liver disease. Curr. Opin. Gastroenterol. 2009, 25, 230-237.
Martinic, A.; Barouej, J.; Bendiks, Z.; Mishchuk, D.; Heeney, D.D.; Roy Martin, R.; Marco, M.L.; Slupsky, C.M. Supplementa-
tion of Lactobacillus plantarum improves markers of metabolic dysfunction induced by a high fat diet. J. Proteome Res. 2018, 17,
2790-2802.

Kawano, Y.; Nishiumi, S.; Saito, M.; Yano, Y.; Azuma, T.; Yoshida, M. Identification of lipid species linked to the progression of
non-alcoholic fatty liver disease. Curr. Drug Targets 2015, 16, 1293-1300.

Pagadala, M.; Kasumov, T.; Mccullough, A.J.; Zein, N.N.; Kirwan, J.P. Role of ceramides in nonalcoholic fatty liver disease.
Trends Endocrinol. Metab. 2012, 23, 365-371.

Norris, G.H.; Blesso, C.N. Dietary and endogenous sphingolipid metabolism in chronic inflammation. Nutrients 2017, 9, 1180.



Foods 2022, 11, 184 16 of 16

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Huang, J.; Feng, S.; Liu, A.; Dai, Z.; Wang, H.; Reuhl, K.; Lu, W.; Yang, C.S. Green tea polyphenol EGCG alleviates metabolic
abnormality and fatty liver by decreasing bile acid and lipid absorption in mice. Mol. Nutr. Food Res. 2018, 62, 1700696.

Feng, S.; Gan, L.; Yang, C.S,; Liu, A.B.; Lu, W.; Shao, P.; Dai, Z.; Sun, P.; Luo, Z. Effects of stigmasterol and -sitosterol on non-
alcoholic fatty liver disease in a mouse model: A lipidomic analysis. J. Agric. Food Chem. 2018, 66, 3417-3425.

Galen, K.A.; Horst, KW.T.; Serlie, M.J. Serotonin, food intake, and obesity. Obes. Rev. 2021, 22, €13210.

Halford, ]J.C.G.; Harrold, J.A.; Lawton, C.L.; Blundell, J.E. Serotonin (5-HT) drugs: Effects on appetite expression and use for
the treatment of obesity. Curr. Drug Targets 2005, 6, 201-213.

Cussotto, S.; Delgado, I.; Anesi, A.; Dexpert, S.; Aubert, A.; Beau, C.; Forestier, D.; Ledaguenel, P.; Magne E.; Mattivi, F.; et L.
Tryptophan metabolic pathways are altered in obesity and are associated with systemic inflammation. Front. Immunol. 2020,
11, 557.

Hodge, S.; Bunting, B.P.; Carr, E.; Strain, J.J.; Stewart-Knox, B.J. Obesity, whole blood serotonin and sex differences in healthy
volunteers. Obes. Facts. 2012, 5, 399-407.

Mangge, H.; Stelzer, I; Reininghaus, E.Z.; Weghuber, D.; Postolache, T.T.; Fuchs, D. Disturbed tryptophan metabolism in car-
diovascular disease. Curr. Med. Chem. 2014, 21, 1931-1937.

Andrade, F.; Sanchez-Ortega, A.; Llarena, M.; Pinar-Sueiro, S.; Galdds, M.; Goicolea, M.A.; Barrio, R.J.; Aldamiz-Echevarria, L.
Metabolomics in non-arteritic anterior ischemic optic neuropathy patients by liquid chromatography—-quadrupole
time-of-flight mass spectrometry. Metabolomics 2015, 11, 468—476.

Ohashi, K.; Chaleckis, R.; Takaine, M.; Wheelock, C.; Yoshida, S. Kynurenine aminotransferase activity of Aro8/Aro9 engage
tryptophan degradation by producing kynurenic acid in Saccharomyces cerevisiae. Sci. Rep. 2017, 7, 12180.

Jing, G.; Kang, X; Liu, H.; Gang, L.; Bai, M.; Peng, C.; Li, T.; Yin, Y. Impact of the gut microbiota on intestinal immunity medi-
ated by tryptophan metabolism. Front. Cel. Infect. Microbiol. 2018, 8, 13.

Pyun, D.H.; Kim, T.J.; Kim, M.].; Hong, S.A.; El-Aty, AM.A.; Jeong, ] H.; Jung, T.W. Endogenous metabolite, kynurenic acid,
attenuates nonalcoholic fatty liver disease via AMPK/autophagy- and AMPK/ORP150-mediated signaling. J. Cell. Physiol. 2021,
236, 4902-4912.

Galligan, ].J. Beneficial actions of microbiota-derived tryptophan metabolites. Neurogastroenterol. Motil. 2018, 30, e13283.
Bansal, T.; Robert, R.C.; Wood, T.K.; Jayaraman, A. The bacterial signal indole increases epithelial-cell tight-junction resistance
and attenuates indicators of inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 228-233.

Wan, Y.,; Wang, F.; Yuan, J.; Li, J.; Jiang, D.; Zhang, J.; Li, H.; Wang, R.; Tang, J.; Huang, T.; et al. Effects of dietary fat on gut
microbiota and faecal metabolites, and their relationship with cardiometabolic risk factors: A 6-month randomised con-
trolled-feeding trial. Gut 2019, 68, 1417-1429.

Barreto, F.C.; Barreto, D.V.; Liabeuf, S.; Meert, N.; Glorieux, G.; Temmar, M.; Choukroun, G.; Vanholder, R.; Massy, Z.A. Se-
rum indoxyl sulfate is associated with vascular disease and mortality in chronic kidney disease patients. Clin. ]. Am. Soc.
Nephrol. 2009, 4, 1551-1558.

Sonnweber, T.; Pizzini, A.; Nairz, M.; Weiss, G.; Tancevski, I. Arachidonic acid metabolites in cardiovascular and metabolic
diseases. Int. |. Mol. Sci. 2018, 19, 3285.

Claudio, F. Inflammaging as a major characteristic of old people: Can it be prevented or cured? Nutr. Rev. 2007, 65, S173-5176.
Gundala, N.; Naidu, V.; Das, U.N. Amelioration of streptozotocin-induced type 2 diabetes mellitus in Wistar rats by arachi-
donic acid. Biochem. Biophy. Res. Commun. 2018, 496, 105-113.



