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Intestinal probiotics are a primary focus area of current medical research. Probiotics
such as bifidobacteria and lactobacilli can positively impact obesity and other metabolic
diseases by directly or indirectly affecting lipid metabolism. However, the precise
mechanisms of these effects remain unclear. In our previous work, the novel strain
Lactobacillus reuteri HI120 was isolated and identified. HI120 expresses high levels of
linoleic isomerase, resulting in the production of large amounts of conjugated linoleic acid
(CLA) when mixed with linoleic acid (LA). As HI120 can efficiently transform LA into CLA,
the effect of HI120 on the lipid metabolism in C57BL/6 obese mice was studied and the
underlying molecular mechanism was explored in vitro. The results revealed no significant
change in the diet, body weight, and serum triglyceride levels in mice. However, serum
cholesterol levels were significantly decreased. The underlying mechanism may involve
a CLA-mediated reduction in the gene expression levels of NPC1L1, SREBP-2, and
HMG-CR, resulting in reduced cholesterol synthesis and absorption. Thus, HI120 can be
developed as a potential probiotic formulation. After oral administration, LA from certain
food sources can be converted into CLA in the human intestine to contribute to the
prevention and treatment of obesity and hyperlipidemia.
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INTRODUCTION

Obesity can cause a series of conditions such as hyperlipidemia, fatty liver, atherosclerosis,
hypertension, type 2 diabetes, and even malignant tumors, all of which are harmful to human
health (1-4).

Gut microbes can affect obesity, insulin resistance, diabetes, and metabolic syndrome, among
other conditions (5). Gut microbes play important roles in metabolic diseases and can directly or
indirectly affect lipid metabolism. However, the exact mechanism of these interactions remains
unclear (6). As early as 1963, probiotics were found to have a cholesterol-lowering effect in
humans (7, 8). The cholesterol level in the plasma of a high-fat-induced atherosclerosis animal
model was decreased by administration of a lactobacillus-rich diet (9). Two strains of Lactobacillus
plantarum, ATG-K2 and ATG-K®, can significantly reduce body weight, liver fat accumulation,
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FIGURE 20 | mRNA and protein expression levels of LXR in all groups. (A) gRT-PCR results. (B) Western blotting results. *o < 0.05.
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FIGURE 21 | mRNA and protein expression levels of FXR in all groups. (A) gRT-PCR results. (B) Western blotting results. *o < 0.05.

or showed changes in triglycerides; however, cholesterol levels
were decreased.

Expression Analyses (Real-Time PCR and

Western Blotting) in Animals

Compared with the control group parameters, the mRNA
levels and protein expression of NPCILI and SREBP-2 were
significantly decreased in the small intestine of mice in the
HI120 and DSM20016 groups; however, these levels in the
HI120 group were lower than those in the DSM20016 group
(Figures 8, 9). Compared with control group parameters, the
mRNA and protein expression levels of HMG-CR in the
liver of mice in the HI120 and DSM20016 groups were
significantly lower; however, HI120 group levels were lower
than those in the DSM20016 group (Figure 10). Compared
with control group parameters, the mRNA and protein
expression levels of SREBP-2 in the liver of mice in the
HI120 and DSM20016 groups were significantly lower, but
there was no significant difference between the HI120 and
DSM20016 groups (Figure 11). Compared with control group

parameters, the mRNA and protein expression levels of CYP7A1,
LXR, and FXR in the liver of mice in the HII20 and
DSM20016 groups were not significantly different; there was
also no significant difference observed between the HI120 and
DSM20016 groups (Figures 12-14).

Expression Analyses (Real-Time PCR and

Western Blotting) of Cells

Expression of Genes Related to Cholesterol
Synthesis, Absorption, and Metabolism

Compared with the control group and LA group parameters,
NPCIL1 and SREBP-2 mRNA levels and protein expression
of Caco-2 cells from the HI120 group and DSM20016 group
were lower; HI120 group levels were significantly lower than
the corresponding DSM20016 levels (Figures 15, 16). Compared
with the control group and LA group parameters, HMG-CR
and SREBP-2 mRNA and protein expression levels in HepG2
cells from the HI120 group and DSM20016 group were lower;
HI120 group levels were significantly lower than those in the
DSM20016 group (Figures 17, 18). Compared with the control
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FIGURE 22 | (A) mRNA expression level of SREBP-2 after interference. (B) mRNA expression level of NPC1L1 after SREBP-2 interference. (C) SREBP-2 and
NPC1L1 protein expression levels after SREBP-2 interference. *p < 0.05.
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FIGURE 23 | (A) mRNA expression level of SREBP-2 after interference. (B) mRNA expression level of HMG-CR after SREBP-2 interference. (C) SREBP-2 and
HMG-CR protein expression levels after SREBP-2 interference. *p < 0.05.

group and LA group parameters, CYP7A1, LXR, and FXRmRNA  NPC1L1/HMG-CR Expression After SREBP-2 siRNA
and protein expression levels of HepG2 cells in the HI120 group  Interference

and DSM20016 group were not significantly different; there was ~ After siRNA interference targeting SREBP-2, the mRNA
also no significant difference between the HI120 and DSM20016 ~ and protein expression of NPCILI was significantly
groups (Figures 19-21). decreased in Caco-2 cells (Figure22). HMG-CR mRNA
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FIGURE 24 | Expression of Cholesteryl Bodipy™ FL C12 and NPC7L7 observed under confocal laser microscope (600x magnification).
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and protein expression was decreased

significantly (Figure 23).

in HepG2 cells

Immunofluorescence Detection of Cholesterol
Absorption and NPC1L1/SREBP-2 Expression
Compared with the NC and LA groups, the HII20 and
DSM20016 groups exhibited a weak green fluorescent signal
(Cholesteryl Bodipy™ FL C12) and red fluorescent signal
(NPCILI and SREBP-2). The HI120 signal was weaker than that
in the DSM20016 group (Figures 24, 25).

Fluorescence Detection of Cholesterol Absorption
and NPC1L1 Expression After SREBP-2 siRNA
Interference

Following SREBP-2 siRNA interference, cholesterol absorption
and NPCIL1 expression were decreased (Figure 26).

DISCUSSION

Obesity is an increasingly widespread and detrimental health
condition. Among cardiovascular-related deaths, 77% are
attributed to elevated cholesterol (30). For every 10% reduction
in serum cholesterol, the incidence of coronary heart disease
is reduced by 15% (31). The prevention and treatment of lipid
metabolism abnormalities, regulation of fatty acid transport, and
reduction in lipid accumulation are key for alleviating obesity,
diabetes, fatty liver, and other diseases. Therefore, suitable foods
and drug must be identified to reduce obesity and improve
lipid metabolism.

Obesity is closely related to gut microbes (32). Some bacterial
strains can reduce macrophage lipid deposition and may
improve atherosclerosis (33). Lactobacillus casei YRL577 have the
potential effect of alleviating NAFLD, and significantly reduced
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FIGURE 25 | Expression of Cholesteryl Bodipy™ FL C12 and SREBP-2 observed under confocal laser microscope (600x magnification).
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liver weight and liver index and could regulate the levels of lipid
metabolism (34). In addition, oral administration of a strain
of human FGF21 expressing Lactobacillus significantly reduced
the weight of mice and enhanced the activity of brown adipose
tissue (35).

In this study, a new L. reuteri HI120 was evaluated in detail,
which revealed that the 16S rRNA sequence of HI120 was 99%
homologous with other L. reuteri 16S rRNA genes, indicating
that HI120 belongs to L. reuteri. Additionally, the LAI amino
acid sequence of HI120 was 87% homologous with a L. reuteri
standard strain. Therefore, HI120 may express high levels of LAL
After mixing L. reuteri HI120 with LA in vitro, a large amount
of CLA was generated, as revealed by mass spectrometry. The
produced CLA was mainly composed of C9, t11-CLA isomers.

However, unexpectedly, our in vivo experiments revealed no
decrease in the body weight of mice fed HI120 and DSM20016.
The triglyceride level of mice fed HI120 and DSM20016 also
did not decrease significantly. However, the cholesterol level
was decreased. This may be because the mice were given a
high-fat diet for only 8 weeks, which may not have been long
enough to cause large changes. However, the cholesterol level
in mice fed HI120 was significantly lower than that of mice
fed DSM20016, and the observed reduction was comparable to
the reductions observed in the atorvastatin group. Currently,
atorvastatin is the first-line treatment for reducing blood lipids,
particularly cholesterol levels. Although the effect of HI120 on
cholesterol reduction was as good as that of atorvastatin, this
was likely related to the atorvastatin dosage. Based on these
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FIGURE 26 | Expression of Cholesteryl Bodipy™ FL C12, SREBP-2 RNAi and NPC1L 1 under laser confocal microscope (600x magnification).
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results, HI120 may be useful for preventing and treating obesity
and hyperlipidemia.

To explore the causes of cholesterol reduction in vivo, we
evaluated cholesterol absorption, synthesis, and excretion. In
2004, Altmann et al. identified the transmembrane protein
NPCIL1, which is responsible for the efficient and specific
transport of cholesterol into cells (22). NPCIL1 was highly
expressed in the small intestine, with highest expression in
the jejunum and ileum (36). NPCILI knockout resulted in
a 70% reduction in cholesterol absorption efficiency, whereas
the absorption of triglycerides and other lipids was not
affected, indicating that NPCI1L1 specifically participated in
the absorption process of cholesterol in the small intestine
(22). NPCI1LL1 is targeted by ezetimibe, the only cholesterol
absorption inhibitor in use in the clinic (37). The cholesterol
content of cells can regulate the transcription of NPCILI via
the SREBP-2 pathway (23, 38, 39). Kumar et al. found that
curcumin indirectly regulates the absorption and transport of
cholesterol by NPCILI by inhibiting SREBP-2 expression (40,
41). Bisphenol A can increase cholesterol absorption of Caco-
2 cells by enhancing NPCILI expression, an effect that may
also be regulated via SREBP-2 (42). When Caco-2 cells were
incubated with w-3 polyunsaturated fatty acid, the expression
of NPCILI mRNA decreased by 35-58% (43). LA, palmitic
acid, and oleic acid exerted no such effect. -3 polyunsaturated

fatty acid regulates the absorption of cholesterol by inhibiting
NPCILI expression, potentially through the LXR or SREBP-
2 pathway. HMG-CR is an important rate-limiting enzyme in
cholesterol synthesis (24). SREBP-2 is mainly responsible for
the transcriptional regulation of cholesterol synthesis genes and
can maintain the relative stability of cholesterol in cells by
regulating the expression of HMG-CR (44, 45). In mammalian
cells, the HMG-CR mRNA level is regulated by SREBP-2.
When the sterol level in cells increases, the HMG-CR mRNA
level decreases significantly. When the sterol level is low,
SREBP-2 expression is induced, resulting in transcription of
HMG-CR (24). CYP7AL1 is the key and rate-limiting enzyme
of bile acid production (cholesterol excretion). By interfering
with CYP7AI expression and reducing the synthesis of bile
acids in mice, the absorption efficiency of cholesterol can
be significantly reduced (25). The positive regulatory factor
of CYP7AI is LXR, whereas FXR is the negative regulatory
factor. LXR and FXR cooperate to control the level of bile
acids (46). Bile acid feedback regulation is mediated via the
transcription regulation of CYP7AI by FXR protein (26). LXR
can promote in vivo reverse cholesterol transport and upregulate
CYP7A1 (27,47, 48).

The current study examined the expression of genes related
to cholesterol synthesis, absorption, and metabolism. In vivo
and in vitro experiments revealed that the expression of
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NPCIL1, SREBP-2, and HMG-CR was decreased, whereas that
of CYP7Al, FXR, and LXR was not changed significantly
by probiotic treatment. CLA, generated by two L. reuteri
strains, reduced the gene expression of SREBP-2 and NPCILI,
contributing to reduced cholesterol absorption. Furthermore,
SREBP-2 and HMG-CR expression was reduced, potentially
leading to lower cholesterol synthesis. HI120 exhibited a
more prominent effect than DSM20016. However, whether
cholesterol levels are affected via corresponding metabolic
pathway remains unclear. We used BODIPY fluorescence (49)
to label cholesterol to assess the molecular mechanism of
absorption. The results revealed that CLA regulates NPC1L1 and
cholesterol absorption through SREBP-2. By siRNA-mediated
interference of SREBP-2, SREBP-2 was confirmed to regulate
NPCIL1 and HMG-CR and thus affect the absorption and
synthesis of cholesterol.

CLA of high purity is costly, and industrially produced
CLA cannot be used in the daily diet, as food safety cannot
be guaranteed. The edible oil in people’s daily diet contains
a considerable amount of LA. Long-term use of L. reuteri, a
safe and reliable edible strain, may contribute to cholesterol
reduction, supporting the prevention and treatment of high
blood lipid-related disease. It is necessary to consider that the
dosage used in the present study and duration of the experiments
may need to be adjusted. Further investigation of whether HI120
can directly reduce cholesterol and the underlying mechanism
is needed.
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