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ABSTRACT: Dietary probiotic supplement has been documented to effectively ameliorate hyperlipidemia and its related
diseases. Therefore, we aimed to study the dietary effect of Lactobacillus paracasei TISTR2593 (Lp) supplement on a
high-cholesterol diet (HCD)-induced hyperlipidemia and liver steatosis in rats, and to explore the possible underlying
mechanisms. The experiments were performed in 4 groups of rats, the control (receiving standard diet), and 3 treated
groups: HC, HC plus Lp (2× 108 cfu/ml/day), and HC plus simvastatin (40 mg/kg/day). After 8 weeks of treatment,
blood and liver were collected for biochemical analysis and histopathological studies. The hepatic expressions of
proteins involved in lipid synthesis and uptake were analyzed by Western blotting. The oral administration of Lp
lowered the serum levels of total cholesterol, triglycerides, LDL-C, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST), and increased serum HDL-C level in HCD-fed rats. Additionally, this probiotic reduced hepatic
triglycerides and cholesterol contents and improved histological characteristics of hepatic steatosis in HCD-fed rats.
Western blot analysis showed that the hepatic expressions of sterol regulatory element binding protein (SREBP)-
1c, SREBP2, fatty acid synthase (FAS), stearoyl-CoA desaturase (SCD)-1, 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR), and proprotein convertase subtilisin/kexin type 9 (PCSK9) were downregulated; while the expression of
low-density lipoprotein receptor (LDLR) was upregulated in the HC plus Lp-treated group. These results indicated
that daily consumption of Lp alleviated HCD-induced hyperlipidemia and hepatic steatosis in part by downregulating
proteins involving in lipogenesis and cholesterogenesis and modulating PCSK9- and LDLR-mediated hepatic LDL-C
uptake.

KEYWORDS: Lactobacillus paracasei, Lacticaseibacillus paracasei, vascular damage, fatty liver, lipid metabolism,
hyperlipidemia

INTRODUCTION

Hyperlipidemia is a disorder of lipid metabolism char-
acterized by elevated levels of circulating cholesterol,
triglyceride, and low-density lipoprotein cholesterol
(LDL-C) and is a well-established risk factor of vari-
ous diseases including non-alcoholic fatty liver disease
(NAFLD) [1]. The hallmark of NAFLD is the overabun-
dance of fat storage in the hepatocytes, mostly in the
form of triglycerides. Steatosis, the early stage of fatty
liver disease, could progress to serious complications;
for example, liver damage, inflammation, and elevated
risk of hepatocellular carcinoma [2, 3]. Therefore,
the prevention of NAFLD progression must be fully
considered on its association with hyperlipidemia.

Liver is the major organ responsible for main-
taining lipid homeostasis by coordinating interactions
between lipid synthesis, uptake, and excretion [4, 5].

The expressions of rate-limiting lipogenic and choles-
terogenic genes in the liver are controlled by crucial
transcription factors: sterol regulatory element binding
protein-1c (SREBP-1c), and sterol regulatory element
binding protein 2 (SREBP2) [6–8]. Numerous studies
showed that both lipogenic and cholesterogenic path-
ways were often dysregulated in hyperlipidemia and
NAFLD [6, 7]. Therefore, studying lipid metabolism
is a viable therapeutic approach for treating hyperlipi-
demia and related disorders.

When consumed in adequate amounts, probiotics
exert positive influence on health of the host through
modulating metabolism, gut microbiome balance, and
immune response; and they are widely used in fer-
mentation of dairy products [9]. Clinical and ani-
mal studies reportedly indicated that the consump-
tion of probiotic Lactobacillus species exhibited various
physiological activities, including lipid-lowering, anti-
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steatotic, and antioxidative effects [10–13]. Lacto-
bacillus paracasei, recently renamed Lacticaseibacillus
paracasei (L. paracasei), is a common lactic acid bacte-
rial species in humans, animals, and fermented foods
[14–16]. Many studies reported that administration
of L. paracasei reduced serum cholesterol levels in hy-
percholesterolemic animals [17, 18] and lowered liver
lipid accumulation in high fat diets-induced NAFLD
rats [12] and in alcohol-induced liver diseases [19].
Recent study demonstrated that Lactobacillus paracasei
TISTR2593 (Lp) reduced serum LDL-C and prevented
the development of atherosclerosis in patients with
hypercholesterolemia [20]. Although previous find-
ings indicated that the L. paracasei strain exhibited
a lipid-lowering effect, the protective effects of Lp
against hyperlipidemia and fatty liver disease remain
unclear. Therefore, the present study aimed to explore
the influence of Lp on hyperlipidemia and NAFLD in
rats fed on high-cholesterol diet (HCD). The expres-
sion of proteins involved in fatty acid and cholesterol
metabolisms, such as SREBP-1c and SREBP2, as well as
their target enzymes were investigated to uncover the
mechanisms by which Lp ameliorated hyperlipidemia
and NAFLD.

MATERIALS AND METHODS

Preparation of Lp

Lp was isolated, identified, and characterized as a po-
tential probiotic strain by Biodiversity Research Centre,
and it was kept in the TISTR culture collection. For
test preparation, Lp was cultured in MRS (de Man,
Rogosa and Sharpe) broth at 37 °C under anaerobic
condition for 18–24 h, and its precipitate was collected
by centrifugation at 9,000 rpm. The precipitate was
washed twice with PBS, suspended in 10% maltodex-
trin (Qingdao Shengda Commercial & Trade Co., Ltd.,
Shandong, China) at a concentration of 1010 cfu/ml
and then freeze dried. The freeze-dried Lp powder was
dissolved in distilled water and administered daily by
oral gavage at a concentration of 2×108 cfu/ml/day.

Experimental animals

The animal protocols were approved by the Institu-
tional Animal Care Committee of Naresuan University
(ethical approval number: 630817). Male Sprague-
Dawley rats weighing between 180–200 g were pur-
chased from the Nomura Siam International Co., Ltd.,
Bangkok, Thailand. All the rats were housed in the an-
imal room of the Centre for Animal Research Naresuan
University for an acclimation period under a constant
temperature of 22±1 °C with a 12 h light-dark cycle
and free access to a standard diet including water ad
libitum for one week.

After the acclimation period, the rats were ran-
domly divided into 4 groups as follows: (1) control
group (C), receiving a standard diet; (2) high choles-
terol diet group (HC), receiving a HCD (standard diet

+ 1.5% (w/w) of cholesterol (Carlo Erba. Reagent,
Cornaredo (MI), Italy), 0.37% (w/w) of cholic acid
(Sigma-Aldrich, St. Louis, USA)), and the vehicle (mal-
todextrins in water); (3) HC plus Lp group (HC+LP),
receiving HCD with Lp at 2 × 108 cfu/ml/day; and
(4) HC plus simvastatin group (HC+SS), receiving a
HCD with simvastatin (Sigma-Aldrich) at 40 mg/kg
BW/day, as a positive control group. The rats were
fed on their relevant diets for 8 weeks. The freeze-
dried bacterial powder (Lp) and simvastatin were dis-
solved in distilled water and administered daily by oral
gavage. The rat’s food intake was recorded daily, and
their body weight (BW) and length (the distance from
the tip of the nose to the anus) were measured weekly
to calculate body mass index (BMI), according to the
method described earlier [21].

After 8 weeks, the experimental rats were fasted
for 16 h and sacrificed under anesthesia. The blood
was then collected via cardiac puncture [17, 22] and
centrifuged for 10 min at 3000 rpm for serum sepa-
ration. The liver tissues were collected, weighed, and
then recorded for calculating the ratios of liver weight
to body weight (LW/BW). One part of the isolated
livers was fixed in a 10% neutral buffed formalin
solution for histological analysis. Another part of the
livers was promptly frozen using liquid nitrogen, then
stored at −80 °C until required for further analysis.

Biochemical analysis

The serum total cholesterol (TC), triglycerides (TG),
high-density lipoprotein cholesterol (HDL-C), and low-
density lipoprotein cholesterol (LDL-C) levels were
measured using a colorimetric assay kit (Human, Wies-
baden, Germany), according to the manufacturer’s
instructions. The biomarkers of the liver function,
aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) activities, in the serum were also
measured by the colorimetric method using a commer-
cial kit from the same company (Human).

Determination of hepatic cholesterol and
triglyceride contents

The liver samples were homogenized, and then the
lipids were extracted using an extraction kit (Abcam,
Cambridge, UK) according to the manufacturer’s pro-
tocols. The liver lipid extract was suspended in 50 µl
of suspension buffer and sonicated for 15 min at 37 °C.
TC and TG levels in the livers were quantified using
a colorimetric assay kit (Merck Millipore, Darmstadt,
Germany) in accordance with the manufacturer’s in-
structions, and the hepatic TC and TG contents were
expressed as mg/g liver.

Determination of histological changes in the liver
tissues

After the liver tissues were fixed in 10% (v/v) formalin
solution, they were embedded in paraffin, sliced to a
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thickness of 5 µm, and then stained with hematoxylin-
eosin (H&E) for determining their histological alter-
ations. To determine the hepatic lipid accumulation,
the liver was embedded in an optimal cutting temper-
ature (OCT) compound, then sliced at a thickness of
8 µm at 20 °C, and stained with Oil Red O solution as
described [23]. All tissue sections were imaged under
a light microscope, and their alterations of the histo-
logical features were analyzed and quantified with the
Image-J version 1.50e [23].

Western blotting analysis

The total proteins of the liver tissues were extracted
by cold RIPA buffer containing protease inhibitor cock-
tail (Thermo Scientific, Massachusetts, USA). Protein
concentrations were measured using a micro-BCA pro-
tein assay kit. The proteins (60 µg) were separated
by using SDS-PAGE, which were then transferred to
polyvinylidene fluoride (PVDF) membranes (Merck
Millipore). The membranes were then blocked with
a 5% bovine serum albumin (BSA) in 1xTris-buffered
saline solution containing 0.1% Tween-20 for 1 h,
then incubated at 4 °C overnight with the following
primary antibodies with dilution 1:1000: from Abcam,
SREBP-1c, SREBP-2, SCD-1, and PCSK9; from Cell
signaling, FAS; from Thermo Scientific, LDLR; and
from Merck Millipore, HMG-CoA reductase. GAPDH
from Merck Millipore was used with dilution 1:2500.
After washing, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibody (Merck Millipore, dilution 1:5000). Protein
bands were detected by the enhanced chemilumines-
cence (ECL) Western blotting system (BioRad labora-
tories, USA) and normalized by GAPDH using Image
LabTM Software (BioRad laboratories).

Statistical analysis

The data was expressed by mean± standard error of
the mean (SEM). The data was analyzed by one-way
analysis of variance (ANOVA) coupled with a Tukey’s
post hoc test, and where appropriate with the use of
the GraphPad Prism version 5. Statistical significance
was accepted for p < 0.05.

RESULTS

Effect of Lp on HCD-induced weight gain

Table 1 revealed that there was no significant differ-
ence in the initial BW and daily food consumption dur-
ing the experimental period (data not shown) among
the four groups. At the end of the experimental
period, the final BW, BMI, LW, and LW/BW ratio of the
rats fed with HCD were significantly greater than the
control group. However, the administration of Lp or
simvastatin for 8 weeks led to a significant decrease
in BW, BMI, LW and LW/BW ratio in the HCD-fed rats
compared with HC Group 2 rats without probiotics or
simvastatin (Table 1).

Effect of Lp on serum biochemical parameters

Serum lipid profile (TC, TG, LDL-C, and HDL-C) and
liver index, markers of liver injury (AST and ALT)
in all groups are shown in Table 1. The serum TC,
TG, LDL-C, AST, and ALT levels in the HC Group
2 were significantly increased, whereas serum HDL-
C levels were significantly decreased, compared with
the control group. However, compared with the HC
Group 2, Lp or simvastatin significantly lowered serum
TC, TG, LDL-C, AST, and ALT levels, and increased
serum HDL-C level. These results indicated that Lp can
reduce HCD-induced hyperlipidemia and liver injuries
in rats.

Effect of Lp on HCD-induced hepatic steatosis in
rats

Fig. 1A depicts the histopathological sections of the
liver, which were reddish-brown with sharp edges and
smooth surfaces in the control group, while the ones
of the HC group appeared enlarged, and yellow brown
in colour. The Lp improved the gross anatomical
appearance of the livers in the HCD-fed rats, while the
livers of the HC+SS group were similar in appearance
to the HC+LP group. The microscopic examination
of both the H&E- and Oil Red O-stained liver sections
(Fig. 1A) revealed that the hepatic lipid droplets and
the percentage of the Oil Red O-stained areas (Fig. 1B)
were significantly higher in the HC group than the con-
trol group, indicating the presence of hepatic steatosis
in HCD-fed rats. While the treatment with Lp and
simvastatin for 8 weeks decreased these histological
characteristics of hepatic steatosis in HCD-fed rats.

To confirm the ability of the Lp in reducing lipid
accumulation, the hepatic lipid contents were deter-
mined. The concentrations of both TG (Fig. 1C) and
cholesterol (Fig. 1D) were significantly increased in
the livers of HCD-fed rats, when compared with the
control rats. Treatment with Lp and simvastatin re-
duced the levels of both TG (Fig. 1C) and cholesterol
(Fig. 1D) in the livers of the HCD-fed rats. These
results suggest that Lp could prevent HCD-induced
hepatic lipid accumulation in rats.

Effect of Lp on protein expression related to lipid
metabolism

As presented in Figs. 2 and 3, the protein expression of
SREBP-1C, SREBP2, FAS, SCD-1, HMGCR, and PCSK9
were significantly increased and the expression level
of LDLR was decreased in the liver of HCD-fed rats
when compared to those in the contro group. However,
daily administration of Lp or simvastatin to HCD-fed
rats downregulated the hepatic expression of SREBP-
1C (Fig. 2B), SREBP2 (Fig. 3B), FAS (Fig. 2C), SCD-
1 (Fig. 2D), HMGCR (Fig. 3C), and PCSK9 (Fig. 3D),
and upregulated LDLR expression (Fig. 3E), compared
to those in HC Group 2 which was only fed with HCD.
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Table 1 Effect of Lp on body weight, liver weight, and serum biochemical analysis in HCD-fed rats.

Parameter C HC HC+LP HC+SS

Initial BW (g) 346.9±3.09 340.9±13.21 342.9±11.57 352.2±11.38
Final BW (g) 592.0±17.30 712.1±16.11** 622.5±16.69## 632.1±9.29##

BMI (g/cm2) 0.686±0.014 0.775±0.016** 0.742±0.020## 0.714±0.014##

LW (g) 15.92±0.49 34.00±1.11** 27.85±1.74**,## 28.83±1.54**,##

LW/BW ratio 0.026±0.001 0.049±0.001** 0.043±0.002**,## 0.044±0.001**,##

TC (mg/dl) 54.46±3.325 170.0±13.25* 116.3±6.31*,# 107.7±6.81*,#

TG (mg/dl) 84.15±4.57 115.0±6.45* 69.26±7.41# 90.36±10.26#

LDL-C (mg/dl) 8.50±2.47 125.0±14.41* 83.11±8.34*,# 59.82±7.62*,#

HDL-C (mg/dl) 38.40±3.35 18.27±1.04* 28.07±2.30# 32.48±6.057#

AST (U/l) 82.17±7.98 197.5±17.08* 107.3±11.09*,#,+ 59.17±6.19#

ALT (U/l) 23.75±4.95 128.0±19.38* 44.33±8.71# 26.00±4.25#

Results are shown as mean±SEM for 6 rats. * p < 0.05, ** p < 0.01 vs. C group, # p < 0.05, ## p < 0.01 vs. HC group,
+ p < 0.05 vs. HC+SS group. BW, body weight; BMI, body mass index; LW, liver weight; LW/BW, ratio of liver weight
to body weight; TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein-cholesterol; HDL-C, high density
lipoprotein-cholesterol; AST, aspartate transaminase; ALT, aspartate aminotransferase.
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Fig. 1 Inhibitory effect of Lp on HCD-induced hepatic steatosis in rats: (A) fresh liver tissues, microscopic images of H&E-
and Oil Red O-stained liver tissues (magnification = ×400, scale bar = 50 µm). The arrowheads indicate inflammatory
infiltrations, and the arrows indicate lipid droplets in the liver. (B) The percentage of Oil Red O-stain area; (C) hepatic TG
content; (D) hepatic cholesterol content. Data is expressed as mean±SEM. ** p < 0.01, * p < 0.05 vs. C group; ## p < 0.01,
# p < 0.05 vs. HC group (n= 6 per group).
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Fig. 2 Effect of Lp on protein expressions of SREBP-1c, FAS and SCD-1 in the liver of HCD-induced hypercholesterolemic
rats. (A) Representative bands of protein expression. Densitometry analysis of (B) SREBP-1c/ GAPDH, (C) FAS/ GAPDH, and
(D) SCD-1/ GAPDH in the liver. The results are shown as mean±SEM. ** p < 0.01, * p < 0.05 vs. C group; ## p < 0.01,
# p < 0.05 vs. HC group (n= 5 per group).

DISCUSSION

This study demonstrated that daily supplementation of
Lp for 8 weeks reduced dyslipidemia and fatty livers in
HCD-fed rats. Additionally, this probiotic strain reg-
ulated hepatic lipid metabolism in the HCD-induced
hypercholesterolemia by the upregulation of LDLR pro-
tein expression, and the downregulation of the protein
expression of SREBP-1c, SREBP2, and related enzymes.

Probiotic lactobacillus strains have been proposed
as a potential probiotic that lower hyperlipidemia in
animal and human clinical investigations [13, 18]. Pre-
vious studies demonstrated that oral administration of
lactobacillus strains, such as L. acidophilus, L. casei,
L. rhamnosus, and L. paracasei, effectively decreased
serum levels of lipid in rats fed with HFD [13, 24, 25].
Several mechanisms of lipid-lowering effect of lacto-
bacillus strain have been proposed, such as activating
cholesterol binding in the intestine, promoting the ex-
cretion of bile acids through feces, altering the distur-
bance of intestinal microflora, and regulating specific
genes and key enzymes involved in lipid metabolism
[26, 27]. However, the proposed lipid-lowering mech-
anism for one strain may not be applied to another
strain. It is well documented that simvastatin is a com-
monly used medication for lowering blood lipids due to
its inhibitory effect on HMGCR, a rate-limiting enzyme
of cholesterol synthesis pathway [7]. Therefore, it was
designated as the positive control drug in this study. In

the present finding, the results showed that the rats fed
with a HCD for 8 weeks developed hyperlipidemia as
indicated by an increase in the serum levels of TC, TG,
and LDL-C, and a decrease in HDL-C level, which are
consistent with previous studies [7, 22]. However, Lp
consumption reversed these changes in HCD-fed rats,
and its effect was similar to that of simvastatin treat-
ment. These observations are consistent with previous
study showing that L. paracasei 201 could lower serum
TC, TG, and LDL-C in hypercholesterolemia rats [17].
Thus, our findings clearly document the potential of Lp
in alleviating dyslipidemia in rats.

It is well established that overconsumption of di-
etary cholesterol not only causes hyperlipidemia but
also results in the development of NAFLD due to
changes in lipid metabolism and increased fat de-
position in non-adipose tissues, particularly the liver
[1, 28]. Elevated lipid influx to hepatocytes promotes
an excessive accumulation of lipid, which is the earliest
event triggering lipotoxicity, resulting in the dysfunc-
tion and damage of the liver [28]. Probiotics serve as
a nutritional supplement for human and animal health,
particularly in relation to NAFLD, which is associ-
ated with glucolipid metabolism and insulin resistance
[28–30]. Several studies have provided evidence that
L. paracasei strain can lower hepatic lipid accumula-
tion, leading to reducing the development of fatty liver
disease [12, 31, 32]. Our finding demonstrated that
the hepatic lipid contents as well as serum markers of
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Fig. 3 Effect of Lp on protein expression of SREBP2, HMGCR,
PCSK9 and LDLR in the liver of HCD-induced hypercholes-
terolemic rats. (A) Representative bands of protein expres-
sion. Densitometry analysis of (B) SREBP2/GAPDH and
(C) HMGCR/GAPDH (D) PCSK9/GAPDH and (E) LDLR/-
GAPDH in the liver. The results are shown as mean±SEM.
** p < 0.01, * p < 0.05 vs. C group; ## p < 0.01, # p < 0.05
vs. HC group (n= 5 per group)

liver damage, AST, and ALT, in Lp- and simvastatin-
treated groups were significantly decreased as com-
pared to HC Group 2. Both H&E and Oil Red O staining
also confirmed that administration of this probiotic
strain and simvastatin ameliorated HCD-induced hep-
atic steatosis in rats. Interestingly, simvastatin exerted
greater efficacy in improving liver damage than Lp,
although both treatments were similarly effective in
reducing hepatic steatosis. Based on these findings, Lp
might be effective in preventing and treating NAFLD

and hyperlipidemia.

Generally, the concentration of circulating and
hepatic lipid is related to the alteration of lipid
metabolism, including intestinal absorption, endoge-
nous synthesis, and the clearance of lipoprotein from
the blood, which are regulated by various transcrip-
tion factors including SREBP-1c and SREBP2 [4, 33].
SREBP-1c is responsible for the activation of genes
involved in fatty acid and triglyceride synthesis such
as FAS and SCD-1, which lead to the accumulation
of triglyceride in liver. Fatty acid synthase (FAS) is
a well-known SREBP-1c target gene and crucial en-
zyme required for the conversion of acetyl-CoA into
palmitate. Stearoyl-CoA desaturase-1 (SCD-1) is a key
enzyme involved in the desaturation of saturated fatty
acids such as palmitate into monounsaturated fatty
acids [6]. The upregulated expression of SREBP-1c
and its target gene are directly associated with devel-
oped fatty liver and hyperlipidemia in experimental
animals [6]. SREBP2 is a crucial transcription factor
which activates the transcription of genes involved
in mevalonate pathway, such as HMGCR, thus con-
tributing to the regulation of endogenous cholesterol
synthesis [7, 34]. The SREBP2 also regulates other
genes involved in hepatic clearance of plasma LDL-C,
such as LDLR and PCSK2, at the transcription level.
Hepatic LDLR is a transmembrane glycoprotein that is
essential for the elimination of LDL-C from the blood-
stream via its binding of circulating LDL-C particles,
with internalization of the LDLR-LDL complex into the
hepatocyte. The LDLR activity is also regulated at the
post-translational level by PCSK9, a proprotein con-
vertase that induces internalization and degradation of
LDLR in the lysosome to maintain plasma cholesterol
homeostasis [4, 8, 33]. Previous studies indicated that
the overexpression of SREBP2 activates the down-
stream targets HMGCR and PCSK9 and induces lipid
accumulation and hyperlipidemia [35–37]. It has been
reported that certain probiotic strains could alter the
pathway of lipid synthesis and excretion, which led to
reduced lipid levels. For example, The L. paracasei TD3
downregulated the gene expressions of both HMGCR
and CYP7A1 in high fat diet (HFD)-fed rats [18]. The
L. paracasei BY2 lowered cholesterol concentration by
reducing the gene expression of both SREBP2 and
HMGCR and upregulating the expression of LDLR and
CYP7A1 in high-cholesterol HepG2 cell model [38].
While another study reported that the mRNA levels of
both SREBP2 and HMGCR in hypercholesterolemic rats
were unaffected by the L. paracasei 201 [17]. Thus, the
cholesterol-lowering mechanisms of L. paracasei may
be strain-specific which may be affected by several fac-
tors such as probiotic characteristics, and the change in
lipid metabolism-related genes. In this study, the daily
administration of Lp decreased the protein expression
of SREBP-1c and its target enzymes, FAS and SCD-1, as
well as SREBP2 and HMGCR expression, in a similar
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way to simvastatin in HCD-fed rats. These results are
similar to other previous in vivo reports, indicating
that different strains of L. paracasei, such as L. para-
casei JY062, L. paracasei 201, L. paracasei K56, and
L. paracasei TD3, can regulate the lipogenic pathway
at gene and protein expression levels. Studies in HFD-
treated animals demonstrated that the consumption
of L. paracasei JY062 [39] and L. paracasei 201 [17]
could downregulate the hepatic expression of lipogenic
genes, such as SREBP-1c, ACC, FAS, or SCD-1. Ad-
ditionally, L. paracasei K56 reduced the protein levels
of SREBP-1c and FAS [40], while L. paracasei TD3
decreased HMGCR mRNA expression [18]. This con-
firmed that this probiotic strain was able to reduce both
fatty acid and cholesterol synthesis in the liver, thus
contributing to lowered levels of serum and hepatic
triglyceride and cholesterol. In addition, downregu-
lated PCSK9 and upregulated LDLR protein expression
were found in the liver of Lp- and simvastatin-treated
rats, indicating that this probiotic strain could activate
the LDLR-mediated cholesterol uptake in the liver and
subsequently lower serum LDL-C level. Altogether,
this finding suggested that the anti-hyperlipidemic and
anti-steatotic effects of Lp were partly mediated by the
reduction of hepatic lipid synthesis through SREBP-
1c/FAS/SCD and SREBP2/HMGCR pathways, and the
activation of LDLR-mediated hepatic cholesterol up-
take.

In conclusion, the current study revealed that
Lp supplementation in HCD-fed rats for 8 weeks
was effective in lowering hyperlipidemia and NAFLD.
The potential mechanism of its lipid-lowering ef-
fect might be related to decreasing hepatic triglyc-
eride synthesis through the SREBP-1c/FAS/SCD sig-
naling pathway, reducing hepatic cholesterol synthe-
sis through the SREBP2/HMGCR signaling pathway,
and increasing serum LDL-C clearance through the
SREBP2/PCSK9/LDLR signaling pathway. This sug-
gests that supplementation of Lp can be a useful strat-
egy for preventing hyperlipidemia and NAFLD.
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