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Abstract A total of 80 female albino mice were randomly
allotted into five groups (n=16) as follows: (A) normal con-
trol, (B) high-fat diet (HFD),; (C) HFD+probiotics (P), (D)
HFD+sodium selenite (SS), and (E) HFD+selenium-enriched
probiotics (SP). The selenium content of diets in groups A, B,
C, D, and E was 0.05, 0.05, 0.05, 0.3, and 0.3 μg/g, respec-
tively. The amount of probiotics contained in groups C and E
was similar (Lactobacillus acidophilus 0.25×1011/mL and
Saccharomyces cerevisiae 0.25×109/mL colony-forming
units (CFU)). The high-fat diet was composed of 15 % lard,
1 % cholesterol, 0.3 % cholic acid, and 83.7 % basal diet. At
the end of the 4-week experiment, blood and liver samples
were collected for the measurements of lipid metabolism, an-
tioxidative status, histopathological lesions, and related gene
expressions. The result shows that HFD significantly in-
creased the body weights and liver damages compared to con-
trol, while P, SS, or SP supplementation attenuated the body
weights and liver damages in mice. P, SS, or SP supplemen-
tation also significantly reversed the changes of alanine ami-
notransferase (AST), aspartate aminotransferase (ALT), total
cholesterol (TC), triglyceride (TG), low-density lipoprotein
(LDL), total protein (TP), high-density lipoprotein (HDL),
glutathione peroxidase (GSH-Px), superoxide dismutase
(SOD), catalasa (CAT), and malondialdehyde (MDA) levels

induced by HFD. Generally, adding P, SS, or SP up-regulated
mRNA expression of carnitine palmitoyltransferase-I (CPT1),
carnitine palmitoyltransferase II (CPT2), acetyl-CoA acetyl-
transferase II (ACAT2), acyl-coenzyme A oxidase (ACOX2),
and peroxisome proliferator-activated receptor alpha
(PPARα) and down-regulated mRNA expression of fatty acid
synthase (FAS), lipoprotein lipase (LPL), peroxisome
proliferator-activated receptor gamma (PPARγ), and sterol
regulatory element-binding protein-1 (SREBP1) involved in
lipid metabolism. Among the group, adding SP has a maxi-
mum effect in improving lipid metabolism, antioxidative sta-
tus, histopathological lesions, and related gene expression in
mice fed a HFD.
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Introduction

Obesity is a worldwide epidemic that is characterized not only
by excessive fat deposition but also by systemic
microinflammation, high oxidative stress, and increased car-
diovascular risk factors [1, 2]. It is known that an oversupply
of fat is associated with the development of obesity in mice
[3]. Long-term feeding on a high-fat diet can induce obesity
with hyperplasia, hypergluconemia, hyperlipidemia, and insu-
lin resistance [4]. Furthermore, obesity, especially abdominal
obesity, has an association with dyslipidemia characterized by
increasing triglyceride (TG) and decreasing high-density lipo-
protein cholesterol (HDL-C) concentrations [5].

Probiotics are live microbial food supplements that are
beneficial to the health of the host when administered in ade-
quate amounts [6]. Diet-induced obese mice treated with
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probiotics showed reduced body weight gain and fat accumu-
lation as well as lowered plasma insulin, total-cholesterol, and
liver toxicity biomarkers [7].

Selenium is an essential element in the human diet. Inter-
estingly, there has been an increased consumption of dietary
supplements containing this element in the form of either in-
organic or organic compounds. The effect of using selenium
as a dietary supplement in yogurt has been evaluated [8]. It
seems likely that selenoproteins are central for antioxidant
system regulation in the body [9].

Selenium-enriched probiotics (SP) is a new product devel-
oped by utilizing several strains of probiotics that can trans-
form and enrich organic Se form from inorganic source. In our
laboratory, a newly developed SP product was produced by
culturing Lactobacillus acidophilus (L. acidophilus) and Sac-
charomyces cerevisiae (S. cerevisiae) with sodium selenite
being added into the culture medium under suitable conditions
of the microenvironment. Both strains have a strong ability to
convert sodium selenite into organic Se. Previous studies of
dietary SP supplementation used in our laboratory for live-
stock, poultry, rats, and mice showed that the SP has the com-
bined effects of selenium and probiotics on lowering body
weight, improving serum levels, antioxidative status, and gene
expression. Based on the above criteria, we speculated that SP
could manipulate the lipid profile, improve the antioxidative
status, and mRNA lipid gene expression in induced obese
mice by a high-fat diet. The aim of the present study was to
evaluate the effects of SP on the growth performance, lipid
metabolism, antioxidative status, histopathological lesions,
biochemical indices, and related gene expression in mice fed
a high-fat diet.

Materials and Methods

Animals, Diet, and Experimental Design

Eighty (80) imprinting control region (ICR) female mice at
4 weeks of age with an average weight of 23 g were purchased
from the Center of Laboratory Animals, Yangzhou University
(Yangzhou, China). The animals were housed according to the
guidelines for laboratory animal experiments by the Nanjing
Agricultural University Animal Care Committee, which was
approved by the Jiangsu Science and Technology Department
[approval ID: Syxk (Jiangsu) 2011-0036]. The mice were pro-
vided 12-h dark/12-h light, with a room temperature of 25±
2 °C according to the experimental conditions. The basal diets
were formulated to meet the National Research Council
(NRC, 1995) recommendations (with selenium content being
0.05 mg/kg) for mice. The animals were randomly allotted
into five groups: (A) normal control, (B) high-fat diet (HFD)
control, (C) probiotics (P), (D) HFD+sodium selenite (SS),
and (E) HFD+SP. After 1 week of an acclimatization period

on a normal chow diet, 64 mice were randomly subjected to
HFD-induced obesity. The SS and selenium-enriched
probiotics (SP) diets were made by grinding the HFD diet into
powder and mixed with SS and SP. Sodium selenite
(Na2SeO3) was purchased from the Beijing Chemical Reagent
Company (Beijing, China) and the high-fat diet from the in-
stitute of Shoude (Nanjing, China).

P, SS, and SP Products

The SP and P products used for this study both contained the
same level of two probiotic species 1011/mL colony-forming
units (CFU) of L. acidophilus and 109/mL (CFU) of yeast
(S. cerevisiae). However, both species in the SP product were
selenium-enriched. The total content of Se in the SP was
10.0mg/L, as detected byAF-610A atomic fluorescence spec-
trometer. Greater than 90 % Se was organic Se and >75 % in
the form of Selenomethionine.

A method has been developed for the determination of
selenomethionine in selenium-enriched yeast by gas
chromatography-mass spectrometry (GC-MS). Three extrac-
tion methods were compared for extraction efficiency of
selenomethionine from the samples. Selenomethionine in the
samples was extracted for 24 h with proteinase in Tris buffer.
The selenomethionine was derivatized with butanol and
trifluoroacetic acid (TFA). The derivatization was accom-
plished in two steps, starting with the esterification of the car-
boxyl group of the selenoamino acid using butanol, followed
by the acylation of the amino group with trifluoroacetic acid
anhydride. The selected ion for monitoring selenomethionine
was at m/z 349. The instrument operating conditions were op-
timized. The samples were analyzed by GC-MS with an exter-
nal standard method. Standard GC-MS chromatograms and
mass spectra for selenomethionine were also obtained. The
method was proved to be accurate and reliable. The recoveries
of 98.5–103.7 % with relative standard deviations (RSDs) of
0.9–2.4 % (n=6) and the correlation coefficient of 0.9978 were
obtained. The detection limit of selenomethionine for the meth-
od was 0.5 mg/L (S/N=3), and the selenomethionine contents
of real sample was given [10].

The total Se content in the SS stock solution was 100mg/L.
The SP product was developed by the Institute of Nutritional
and Metabolic Disorders at the Nanjing Agricultural Univer-
sity (Nanjing, China), and the product was granted a patent in
China in the year of 2006 (number ZL 2005 10040990.2). The
high-fat diet was composed of 15 % lard, 1 % cholesterol,
0.3 % cholic acid, and 83.7 % basal diet. A practical diet
contained corn, wheat, soybean meal, bran, fish meal, cod
liver oil, eggs, barley,, amino acids, vitamins, and minerals;
the main nutrient contents were water <10 %, crude protein
>18 %, fat >4 %, crude fiber >5 %, crude ash <8 %, calcium
1 %, and phosphorus 0.2 %. These were all purchased from
Nanjing city (Jiangsu, China).
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Chemical

Total protein (TP), total cholesterol (TC), alanine aminotrans-
ferase (AST), and aspartate aminotransferase (ALT) were de-
termined by Hitachi BS-300 Automated Chemistry Analyzer
Machine using the corresponding commercials TP, TC, AST,
and ALT purchased from the Nanjing Jiancheng Bioengineer-
ing Institute (Nanjing, Jiangsu, China). The low-density lipo-
protein (LDL), HDL, TG, glutathione peroxidase (GSH-Px),
superoxide dismutase (SOD), catalasa (CAT), and
malondialdehyde (MDA) (also purchased from the same In-
stitute) were analyzed according to the method described in
our lab by [11] using an AF-610A atomic fluorescence spec-
trometer Analysis Instrument (Beijing, China).

Histopathological Examination

The liver was removed, rinsed with physiological saline solu-
tion, blotted dry with filter paper, and weighed. Pathological
lesions were observed, and the relative liver weight calculated.
The liver samples were immersion fixed and stored in 10 %
neutral buffered formalin and were processed routinely to par-
affin. Five-micrometer sections were cut and stained with he-
matoxylin and eosin (H&E). Preparation of tissue for histopa-
thology examination was done according to the methods de-
scribed by [12].

mRNA Extraction and Real-Time PCR Assay

T h e mRNA e x p r e s s i o n l e v e l s o f c a r n i t i n e
palmitoyltransferase-I (CPT1), carnitine palmitoyltransferase
II (CPT2), acyl-coenzyme A oxidase ((ACOX2), acetyl-CoA
acetyltransferase II (ACAT2), fatty acid synthase (FAS), lipo-
protein lipase (LPL), peroxisome proliferator-activated recep-
tor alpha (PPARα), peroxisome proliferator-activated receptor
gamma (PPARγ), and sterol regulatory element-binding pro-
tein-1 (SREBP1) were determined by real-time PCR. The
primer of the reference gene (β-actin) and target genes was
designed by Primer 5.0 t1 online software and are shown in
Table 1. Quantitative real-time PCRwas performed on an ABI
Prism 7300 Detection System (Applied Biosystems, USA).
All reactions were performed in duplicate using a Kit provided
by TaKaRa Biotechnology Company.

The relative gene mRNA levels were determined using the
Δ cycle threshold (ΔCt) method with β-actin serving as a
reference gene. For each of the target genes, theΔΔCt values
of all the samples were calculated by subtracting the average
ΔCt of the control group from the average △Ct of the HFD,
HFD+P, HFD+SS, or HFD+SP groups. The ΔΔCt values
were converted to fold differences by raising 2 to the power of
−ΔΔCt (i.e., 2−ΔΔCt) [13].

Statistical Analysis

All data were analyzed using the SPSS software computer pro-
gram (version 19.0) for windows (IBM SPSS Statistics). All
results are presented as the mean±SEM. A one-way ANOVA
was performed to statistical analysis, the differences among the
five dietary groups were determined by Duncan’s contrasts, and
a p value was considered to be significant at 0.05.

Results

Body Performance, Liver Weight, and Relative Liver
Weight

After a 4-week feeding period, the HFD group showed signif-
icantly increased body weight compared with that of the con-
trol group (Table 2). There were no significant differences in
the initial body weights among the five groups. P, SS, and SP
supplementation ameliorated the increased body weight of
HFD-fed mice, although the difference was not statistically
significant (Table 2). The body weight gain of the HFD group
was also increased compared to the control group, where P,
SS, and SP attenuated this increase; however, the body weight
gain of HFD+P group was still higher than that of the control
group. These results revealed that the supplementation of P,
SS, and SP moderately attenuated the increased body weight
of HFD-fed mice.

The amount of food intake was significantly reduced in the
HFD and HFD+P groups compared to the control group. In

Table 1 Nucleotides for real-time RT-PCR

Target gene Primers: sequences (5′–3′)

β-actin F: TGGCATCCATGAAACTACATT
R: CACTGTGTTGGCATAGAGGT

CPT1 F: CAGAGGCCGTTACTTCAAGG
R: CAACGTCACGAAGAATGCTG

CPT2 F: GGCCACCAACTTGACTGTTT
R: TCACGACTGGGTTTGGGTAT

ACOX2 F: GGTTCCCAGAGAGAACATGC
R: GTCACTAGGCCGAAGACGAG

ACAT2 F: CGAGGTGGAAAGTACGCAGT
R: GCTGACTCGAAGGTCTCCTG

FAS F: ATCAGAAATTCAGCCCGTTG
R: AGCACCAGTTCACAGATGGA

SREBP1 F: TGGACCACAGAAAGGTGGA
R: GGTACGGGCCACAAGAAGTA

LPL F: AGGACCCCTGAAGACAC
R: GGCACCCAACTCTCATA

PPARγ F: CTATGGAGTCCACGC
R: TTGTCGTACGCCAGC

PPARα F: GTACGGTGTGTATGAAGCCATCTT
R: GCCGTACGCGATCAGCAT
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addition, the food efficiency ratio (FER), which is the total
grams of body weight gained on a test food divided by the total
grams of food consumed during an animal feeding study, was
significantly increased compared with that of the control group.

The liver weight in the HFD, P, SS, or SP groupwas increase
compared with the control group. However, there was no sig-
nificant difference in the liver weight of the P, SS, and SP
groups. As shown in Table 2, there was an increase in the
relative liver weight of the HFD, P, SS, or SP groups compared
with the control group (p<0.05). However, the difference was
not statistically significant in the relative liver weight between
the HFD-fed, P, SS, or SP groups. P, SS, and SP supplementa-
tion did not affect the food intake in the HFD-fed mice.

Gross Examination of the Liver

The results showed that HFD feeding generated enlarged, pale,
and greasy livers in groups B, C, D, and E (Fig. 1b–e) in com-
parison with the control group (Fig. 1a). Liver from Control A
showed normal appearence (Fig. 1a). The groups C, D, and E
showed moderated changes (Fig. 1c–e) than the group B where
severe changes were shown (Fig. 1b). The group E fed with SP
showed better color ((Fig. 1e) compared to groups B, C, and D
(Fig. 1b–d) while the control group showed no changes. The
group C fed with P and group D fed with SS showed a better
color compared to B fed with HFD. The severity of lesiones is
less in D and E (Fig. 1d–e) compared to B (Fig. 1b).

Histopathological Examination

Feeding the HFD caused remarkable fat accumulation in the
liver. The hematoxylin-eosin (H&E)-stained sections showed
the differences in liver tissue structures and lipids accumulation
of the five groups. The mice livers of the control group had a
well-organized structure. In the HFD group, the structures of the
livers displayed large degrees of damages characterized by en-
larged hepatocytes and an increasing degree of steatosis

represented by the vacuolation in hepatocytes (Fig. 2b–e). Hepa-
tocytes steatosis was obviously alleviated by P, SS, and SP sup-
plementation compared with the HFD group. The study sug-
gested that many massive lipid droplets were accumulated in
the liver tissues in the HFD group, and the lipid droplets had
obviously decreased in the P, SS, and SP groups (Fig. 2c–e).

Serumal Lipid Profile

The effect of SP on serum levels of AST, ALT, TP, TC, HDL-C,
LDL-C, and TG are summarized in Table 3 and Fig. 3. The AST,
ALT, TC, LDL-C, and TG serum levels of mice fed a HFD
greatly increased compared with the control group (p<0.05).
The groups treated with P, SS, and SP showed reduced biochem-
ical levels compared to theHFDgroup. The elevated LDL-C and
TG in the HFD group were indicative of progressive liver dam-
age. P, SS, and SP could significantly reduce (p<0.05) the serum
levels of AST, ALT, TC, TG, and LDL-C compared with the
HFD groupwhile serumHDL-C and TP increased; SPwasmore
effective than P and SS. However, SS showed a better result
compared to P. The groups treated with P showed reduced bio-
chemical levels compared to the HFD group.

SOD, GSH-Px and CATActivities and MDA Levels

The SOD, GSH-Px, and CAT levels decreased significantly in
the HFD group compared with that of the control group (p<
0.05). The groups fed with P, SS, and SP supplementation im-
proved the SOD, GSH-Px, and CAT activities (Fig. 4a–c) com-
pared to the HFD group (p<0.05). There was no significant
difference in the SOD activities between the SS and SP groups.
However, the SP group showed a further increase comparedwith
the SS supplementation (p<0.05; Fig. 4a). MDA levels signifi-
cantly increased in liver of the HFD group compared to the
control group (p<0.05). However, P, SS, and SP supplementa-
tion significantly lowered the MDA levels compared with the

Table 2 Effect of selenium-
enriched probiotics on the body
weight, liver weight, relative liver
weight (liver weight/body
weight×100 %) and food effi-
ciency ratio (body weight gain/
food intake) (FER) of the HFD-
fed mice

Parameter Treatment SEM

Control HFD HFD+P HFD+SS HFD+SP

Initial body weight (g) 24.82c 26.91a 25.59b 25.52b 24.61c 0.660

Final body weight (g) 29.82d 35.88a 31.46b 31.09b 30.00c 0.776

Body weight gain (g) 5.10b 8.97a 5.87b 5.57b 5.39b 0.312

Food intake (g/day) 3.00a 2.29c 2.44c 2.69b 2.70b 0.215

FER (%) 6.07d 13.98a 8.59b 7.39c 7.12c 0.432

Liver W (g) 1.01b 1.49a 1.48a 1.46a 1.40a 0.024

Relative liver weight (%) 3.38c 4.15b 4.70a 4.60a 4.66a 0.245

Values are expressed as mean±SEM (n=16). Different letters indicate significant differences between groups.
Food efficiency ratio (body weight gain/food intake)

HFD high-fat diet, P probiotics, SS sodium selenite, SP selenium-enriched
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HFD-treated group (p<0.05; Fig. 4d). The groups which re-
ceived P, SS, and SP showed lower levels of MDA. The SS
and SP showed better results than the group which received P.
The groups which received P showed lower levels of MDA
compared to the HFD.

mRNA Expression Levels Associated with Lipid
Metabolism

The mRNA expression levels associated with lipid metabolism
are illustrated in Figs. 5 and 6. Feeding the mice with HFD

significantly increased genes involved in the regulation of adipo-
genesis (PPARγ, SREBP1, FAS) and lipogenesis (LPL) and
decreased genes involved in fatty acid βeta-oxidation (CPT1,
CPT2, ACAT2, ACOX2, and PPARα) compared to the control
group. We found that SP supplementation significantly reversed
HFD gene expression changes including up-regulation of fatty
acid βeta-oxidation (CPT1, CPT2, ACAT2, ACOX2, and
PPARα) (Fig. 5) and down-regulation of adipogenesis (PPARγ,
SREBP1, and FAS). SP supplementation showed better results
up-regulating genes involved in fatty acid βeta-oxidation com-
pared to control, P, and SS; however, groups which received SS
showed a better result by up-regulating fatty acid βeta-oxidation

Fig. 1 Control group A (a)
showing no changes. Groups B,
C, D, and E fed with the
experimental HFD generated
enlarged, pale, and greasy livers
(b–e, respectively). Group E feed
with SP showed better color
compared to the B, C, and D
groups. Group B showed more
changes and damage (n=16)

Fig. 2 Histopathological
examination of liver tissue
showing damage and hepatocytes
arranged by penetrated fat
vacuoles (×40 magnifications)
(n=16). a Control group showing
normal liver with no lipid
deposits. b HFD group showing
liver tissue with the presence of
steatosis. c HFD+P group
appearing with several steatosis. d
HFD+SS group cells affected
with many large fat vacuoles. e
HFD+SP group with moderate
steatosis, where the number of
hepatocytes with small lipid
droplets tended to decrease
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(CPT1, CPT2, ACAT2, PPARα) compared to the control and P,
but P supplementation showed better results compared to control
in genes involved in fatty acid βeta-oxidation.

Genes involved in the regulation of adipogenesis showed in-
creased levels of FAS, LPL, and SREBP1 (Fig. 6a–d) in theHFD
fed groups compared to the control group. The groups which
received P, SS, and SP showed decreased levels. The SP supple-
mentation had better results in relation to the decline hepatic
lipogenic genes. Its mRNA expression levels in the HFD,
HFD+P HFD+SS, and HFD+SP groups were 3.0-, 2.7-, 2.5-,
and 1.8-fold higher than the control group, respectively. SP de-
creased its levels compared with the HFD group; however, the
groups which received SS showed a better result compared to P.

Discussion

Obesity represents a major risk factor for severe pathologies
including non-alcoholic fatty liver disease (NAFLD), diabe-
tes, coronary heart disease, hypertension, stroke, and cancer.
This implies increased morbidity and mortality rates as well as
high health-care costs.

After a 4-week feeding period, the HFD group showed
significantly increased body weight (p<0.01) compared with
that of the control group (Table 2). There were no significant
differences in the initial body weights among the five groups.
In the present study, we found that SP supplementation

ameliorated the increased body weight of the HFD-fed mice,
although the difference was not statistically significant which
corresponds with the results that were reported by [7] that diet-
induced obese mice treated with probiotics (Lactobacillus
curvatus HY7601 and Lactobacillus plantarum KY1032)
showed ameliorated body weight gain.

Also, the HFD generated an increase in the liver size and
weight thus, making the liver large, yellowish, and greasy in
color as well as increasing the percentage of lipid accumula-
tion compared with the control. A similar result was reported
earlier by [14, 15] that mice fed a HFD generated enlarged,
yellowish, and greasy liver coloration. Liver weight was de-
creased by 35 % in the rats fed on a high-fat, high-cholesterol
diet containing the probiotic [16].

The liver is a major site of glucose, fatty acid (FA), and tri-
glyceride (TG) synthesis and serves as amajor regulator ofwhole
body nutrient homeostasis. An earlier report showing that chron-
ic exposure of humans or rodents to high-calorie diets promotes
non-alcoholic fatty liver disease (NAFLD), characterized by neu-
tral lipid accumulation in lipid droplets (LD) of hepatocytes [17].

The HFD significantly increased the serums AST, ALT, TC,
TG, and LDL-C resulting in lipid abnormalities in blood. The
high-fat diet significantly (p<0.01) elevates serumal total choles-
terol, triglycerides, and low-density lipoprotein and decreases
high-density lipoprotein [14, 18]. The elevated LDL-C and TG
in the HFD group, whose results were indicative of progressive
liver damage, induce the risk of coronary heart disease. LDL-C

Table 3 Effect of selenium-
enriched probiotics on biochemi-
cal indices

Parameter Treatment SEM

Control HFD HFD+P HFD+SS HFD+SP

TC (mmol/L) 1.79c 4.10a 2.51b 2.32b 2.10b 0.213

TG (mmol/L) 0.96d 1.89a 1.37b 1.31b 1.23c 0.024

AST (U/L) 47.15c 75.37a 58.97b 54.00b 52.92b 0.678

ALT (U/L) 32.17e 102.50a 95.10b 86.37c 74.57d 0.755

TP (g/dL) 68.09a 33.32d 41.87c 43.57c 55.55b 0.654

Results are expressed as mean±SEM (n=16). Means in the same row with different letters are significantly
different (p<0.05)

TG triglyceride, TP total protein, TC total cholesterol, AST alanine aminotransferase, ALT aspartate
aminotransferase

Fig. 3 Graph showing increased levels of HDL in groups which received
supplementation with P, SS, and SP figures. The histograms are expressed as
mean±SD (n=16). Bars with different letters differ significantly (p<0.05).

HDL high-density lipoprotein, LDL low-density lipoprotein. Groups which
received P, SS and SP showing increased HDL-C (a) while the serum levels
LDL-C significantly reduce (p< 0.05; b)
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contributes to the buildup of fat deposits in the arteries (athero-
sclerosis), which can cause decreased blood flow and heart at-
tack. The P, SS, and SP treatments reduced the serums AST,
ALT, TC, TG, and LDL-C compared to the HFD group. Also,
P, SS, and SP consumption significantly increased the TP and

HDL-C levels (p<0.05) compared with the HFD group. Both
supplementation probiotics, namely inorganic selenium and
selenium-enriched probiotics, significantly alleviated serumal
lipid profile—a result which is in line with previous findings
by other studies [16] suggesting that total cholesterol

Fig. 4 Groups which received P, SS, and SP supplementation showing increased levels of SOD, GSH-Px, and CAT (a–c, respectively) and decreased
level of MDA (d). The histograms are expressed as mean±SD (n=16)

Fig. 5 Genes involved in fatty acid oxidation. SP increase in gene expression involved in fatty acid oxidation (p<0.05; a–e) as opposed to P and SS
supplementation. The histograms are expressed as mean±SD (n=16). Bars with different letters differ significantly (p<0.05)
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concentration in the serum was significantly lower in the probi-
otic group than in the control group throughout the experimental
period. The mice fed with P showed reduced LDL concentration
as compared to themice fedwith SS but SP supplementation had
more effects on this aspect than P and SS; most likely, this was
because organic forms of Se have less toxicity and greater bio-
availability compared with inorganic forms. An earlier report
showed that organic forms of Se are more digestible, better ac-
cumulated in tissue, and more biologically active than inorganic
[19]. This finding also agrees with the result of earlier studies that
the addition of probiotic mixture to the HFD reduced the fat
deposition in mice fed a HFD [14]. It has also been shown that
Se-enriched Agaricus blazeiMurill (Se-AbM) on liver injury in
mice induced obesity (p<005) and decreased serum ALT, AST,
and MDA levels [20]. The probiotic properties of L. acidophilus
NS1, such as acid resistance, bile tolerance, and cholesterol as-
similation activity including cholesterol and LDL cholesterol
levels were significantly lower in mice fed a HFD with
L. acidophilus NS1 than in those fed a HFD only [21]. When
fed on a high-fat diet supplemented with Bifidobacterium breve
B-3 at 10(8) or 10(9) CFU/day for 8 weeks. B. breve B-3 supple-
mentation improved the serum levels of total cholesterol [15].

Oxidative stress is a continuous level of oxidative damage in
animal cells, which is caused by an overabundance of reactive
oxygen species or a decline in antioxidant ability against them;,
these oxidative stress markers have been attenuated by admin-
istration of several antioxidants [22]. Catalase, traditionally
considered a peroxisomal protein, was found to be present in
cardiac mitochondria and significantly increased in content and

activity during high-fat feeding [23]. Glutathione are well char-
acterized as major components of the antioxidant defense, with
roles in many cellular processes. In this study, high feeding of
lipids promotes an oxidative stress in the liver of mice. The
groups fed with P, SS, and SP supplementation improved
SOD, GSH-Px, and CATactivities compared to the HFD group
(p<0.05; Fig. 4a–c). There were no significant differences in
SOD activities between the SS and SP groups. However, the SP
group showed a further increase compared with the SS supple-
mentation (p<0.05; Fig. 4a). MDA levels significantly in-
creased in liver of the HFD group compared to the control
group (p<0.05). However, P, SS, and SP supplementation sig-
nificantly lowered the MDA levels compared with the HFD-
treated group, and this agreed with the earlier work of [24] that
the Se-enriched Lactobacillus-protected liver homogenate
GSH-Px and SOD activities were higher or significantly higher
than those in the model group and were close to those in the
control group. Thus, feeding a high-fat diet significantly in-
creased the MDA content in liver homogenates, while admin-
istration of Se-enriched Lactobacillus prevented MDA eleva-
tion. Feeding mice with lactobacillus La-Dahi or LaBb-Dahi
increased CAT and GPx activities [25].

The peroxidative status revealed inhibited by SP as shown
by the lower lipid peroxide (MDA). The liver of all four ex-
perimental groups revealed ameliorated fatty liver induced by
HFD [26]. Se, selenium-enriched or SePC significantly in-
creased the plasma antioxidant capacity by 42 % compared
with that of the controls. A sparing effect in liver glutathione
peroxidase (87 % on average) and superoxide dismutase

Fig. 6 Genes involved in the regulation of adipogenesis and lipogenesis. Effects of selenium-enriched on genes related with hepatic lipogenic genes
SREBP1, PPARα, PPARγ, FAS, and LPL. The bars are expressed as mean±SD (n=16). Bars with different letters differ significantly (p<0.05)
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(56 % on average) activity was observed for all the groups
compared to the controls [27].

An earlier report showed that carbohydrates and lipids may
activate or inhibit lipogenic transcription factors, such as sterol
regulatory element-binding proteins (SREBP) and peroxi-
some proliferator-activated receptor gamma (PPARγ). Perox-
isome proliferator-activated receptors (PPARs) are transcrip-
tion factors involved in the regulation of numerous metabolic
processes. PPARalpha holds a fundamental role in the control
of lipid homeostasis by directly regulating genes involved in
fatty acid transport and oxidation. Importantly, PPARalpha
agonists are effective in raising HDL-cholesterol and lowering
triglycerides, properties that reduce the risk of cardiovascular
diseases [28]. PPARs are transcription factors involved in the
regulation of numerous metabolic processes. The PPARalpha
isotype is abundant in liver and activated by fasting [29].
Accumulation of lipid in hepatocytes may cause a dysfunction
in the synthesis of fatty acids. Transcription factors such as
sterol-regulatory-element-binding protein-1c (SREBP1) and
peroxisome proliferator-activated receptor alpha (PPARs) pro-
mote hepatic fatty acid synthesis [30, 31].

HFD feeding decreased lipolytic gene expression of (CPT1,
CPT2, ACAT2, ACOX2, and PPARα) and up-regulated
lipogenic gene expression (FAS, LPL, PPARγ, and SREBP1).
The P, SS, and SP supplementation significantly up-regulated
levels (p<0.05) of CPT1, CPT2, ACAT2, ACOX2, and
PPARα, compared to the HFD group. The P and SP showed
better results than SS. Fatty acid oxidation-related genes
(CPT1, CPT2, and ACOX1) were up-regulated in mice receiv-
ing probiotic treatment [7]; these results agree with [7] that
HFD intake significantly decreased the expression of genes
involved in fatty acid oxidation (CPT1) and increased the ex-
pression of genes involved in the regulation of adipogenesis
(PPARγ, SREBP1) and lipogenesis (LPL). Carnitine supple-
mentation has been used to reduce obesity caused by high-fat
diets, which is beneficial for lowering blood and hepatic lipid
levels and for ameliorating fatty liver [32]. NS Lactobacillus
strains obviously alleviated hepatic injuries, decreased liver lip-
id deposition, and reduced adipocyte size of high cholesterol
diet fed rats. NS Lactobacillus strains have been shown to reg-
ulate the mRNA expression levels of liver enzymes related to
cholesterol metabolism, including the down-regulation of acyl-
CoA: cholesterol acyltransferase (ACAT) [33]. Dietary energy
increasing the activities of LPL, fatty acid synthase (FAS), and
acetyl-CoA carboxylase significantly increased, and carnitine
palmitoyltransferase-1 (CPT-1) significantly diminished. Per-
oxisome proliferator-activated receptor gamma (PPARgamma),
LPL, FAS, and sterol regulatory element binding protein 1
(SREBP-1) expression were significantly increased by dietary
energy increase. These results indicated that with dietary energy
increasing, fat accumulation mainly increased due to adipose
tissue lipogenic gene expression and decreased lipolytic gene
expression [34, 35].

In short BS15, Lactobacillus exhibited a positive effect on
liver lipid peroxidation through anti-oxidative stress activity
by enhancing the liver antioxidant defense system thus de-
creasing the mRNA levels of acetyl-CoA carboxylase 1, fatty
acid synthase, and peroxisome proliferator-activated receptor
gamma and increased the expression of the fasting-induced
adipose factor in livers [36]. In another study, [37] showed
that the probiotic Lactobacillus reuteri strain prevented diet-
induced obesity, possibly via a previously unknown mecha-
nism of inducing liver expression of CPT1.

The PPARγ plays an important role in lipid capture by ad-
ipocytes. In fact, its high expression in mice fed the HFD was
associated with an increased LPL activity and fat synthesis
expression of sterol regulatory element-binding protein1
(Srebp1) in the liver. PPARγ was dramatically reduced in mice
fed with a HFD compared with those fed on a normal diet.

Activation of the peroxisome proliferator-activated recep-
tor (PPAR)-alpha which regulates lipid metabolism in tissues
such as the liver decreases circulating lipid levels [38], and
transgenic overexpression of SREBP-1 was associated with
significantly higher hepatic triglycerides. These results pro-
vide evidence for important roles of SREBP-2 in regulation
of lipid and glucose metabolism [39]. However, groups which
received P, SS, and SP supplementation significantly de-
creased lipolytic gene expression and up-regulated the mRNA
lipogenic gene expression (p<0.01). Thus, SP, which com-
bines the virtues of probiotics with the virtues of organic Se,
can exert dual effects of organic Se and probiotics at the same
time. In conclusion, we suggest that probiotics, inorganic se-
lenium, and selenium-enriched probiotics may facilitate alle-
viating metabolic syndrome improved by dietary SP supple-
mentation than SS and P group.
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