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Lactobacillus spp. reduces ethanol-induced liver oxidative stress
and inflammation in a mouse model of alcoholic steatohepatitis
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Abstract. Alcoholic steatohepatitis (ASH) is a complex multi-
factorial disease that can lead to liver fibrosis and cirrhosis if not
treated promptly. Alcohol-induced oxidative stress and inflam-
mation are the main factors that cause steatohepatitis and liver
injury; however, probiotic bacteria in the gastrointestinal tract
have been revealed to regulate immune responses and reduce
oxidative stress, suggesting that functional probiotics could
help to prevent ASH and liver injury. Despite numerous reports
on the interactions between ASH and probiotics, the mecha-
nisms underlying probiotic-mediated liver protection remain
unknown. Therefore, the aim of the present study was to screen
probiotics with high antioxidant capacity and investigate the
ability of different probiotic combinations to reduce alcoholic
liver disease (ALD) in a mouse model. It was identified that
Lactobacillus plantarum (TSPOS), Lactobacillus fermentum
(TSF331) and Lactobacillus reuteri (TSR332) neutralized
free radicals and displayed high antioxidant activity in vitro.
In addition, these three functional probiotic strains protected
mice from alcohol-induced liver injury in vivo. Mice treated
with the probiotics demonstrated significantly lower alanine
aminotransferase, aspartate aminotransferase and triglyceride
levels, which were associated with the downregulation of the
proinflammatory cytokines TNF-a and IL-6. Furthermore,
probiotic treatment upregulated glutathione and glutathione
peroxidase activity, which are bioindicators of oxidative stress
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in the liver. Collectively, the present results indicated that
Lactobacillus strains TSPO5, TSF331 and TSR332 reduced
oxidative stress and inflammatory responses, thus preventing
ASH development and liver injury.

Introduction

Chronic alcohol abuse frequently leads to alcoholic steato-
hepatitis (ASH) in the liver, with subsequent liver fibrosis and
cirrhosis (1). Alcoholic cirrhosis causes ~1 million mortalities
per year globally, accounting for 1/2 of all cirrhosis-related
mortality, while alcohol-related hepatocellular carcinoma is
responsible for a further 80,000 deaths (1). The World Health
Organization reported that individuals who consume excess
alcohol are at a high risk of alcoholic liver disease (ALD) and
that ~6% of all global mortalities can be attributed to alcohol
consumption (2-4); thus, the issue of alcohol abuse requires
immediate attention.

The liver is the main organ involved in alcohol metabolism,
in which two major enzymes, alcohol dehydrogenase and acet-
aldehyde dehydrogenase, participate in the oxidative pathway
that converts ethanol to acetaldehyde and causes tissue injury
due to the production of reactive oxygen species (ROS) (5,6).
Chronic alcohol abuse has been reported to result in ROS
overproduction and to interfere with lipid metabolism in the
liver, leading to ROS-mediated liver injury (7). In addition,
the production of large quantities of ROS by ethanol metabo-
lism may damage the intestinal barrier, leading to barrier
leakage and allowing endotoxins and metabolites secreted by
gram-negative bacteria to reach the liver portal circulation via
the gut-liver axis, which promotes inflammation and ultimately
results in ALD or ASH (6-9).

Certain probiotics have been reported to exert benefi-
cial effects against ALD and ASH (7,10); for example, the
Lactobacillus (L.) rhamnosus GG (LGG) strain is often used
for liver protection (11). Forsyth et al (11) revealed that LGG
supplementation may ameliorate intestinal and liver oxidative
stress, improve ethanol-induced gut leakiness, and reduce
inflammatory responses, while Wang et al (12) reported
that L. rhamnosus B10 may decrease the relative liver index
by enhancing superoxide dismutase activity and reducing
ROS-mediated liver injury. Thus, these findings suggest that
L. strains could enhance antioxidant activity to improve
ALD and hepatitis; however, the mechanism underlying
probiotic-mediated liver protection is yet to be elucidated.
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The present study hypothesized that probiotics with
antioxidant capacity could reduce alcohol-induced oxidative
stress and ultimately liver damage. Therefore, the current
study screened probiotics with high antioxidant capacity and
investigated the ability of different probiotic combinations to
reduce ALD in a mouse model.

Materials and methods

Isolation, identification and culture of bacterial strains. A
total of 12 lactic acid bacteria (LAB) strains were isolated
from the intestines of healthy individuals by Glac Biotech
Co., Ltd., including three L. rhamnosus strains (gl-105, gl-165
and gl-201), two L. paracasei strains (gl-106 and gl-156), two
Enterococcus faecium strains (gl-212 and gl-213), L. casei
subsp. casei (gl-217), L. gasseri(gl-102), L. plantarum (TSPOS),
L. fermentum (TSF331) and L. reuteri (TSR332). TSP0O5 was
isolated from pickled vegetables, while TSF331 and TSR332
were isolated from the intestines of healthy individuals. These
samples included adult stool and pickled vegetables for isola-
tion, which were mixed in 1% PBS (Sigma-Aldrich; Merck
KGaA). The sample mixtures were plated onto MRS medium
plate (Difco; BD Biosciences). After 48 h incubation, indi-
vidual colonies were found growing on the plate. The colonies
and bacterial strains were identified using their entire 16S
rDNA sequences as described previously (13-15) and using
the National Center for Biotechnology Information nucleotide
Basic Local Alignment Search Tool (NCBI; https:/www.ncbi.
nlm.nih.gov/). Strains TSPOS5, TSF331 and TSR332 were each
successfully activated three times via incubation in de Man,
Rogosa and Sharpe (MRS) broth (Difco; BD Biosciences)
at 37°C for 24 h and then centrifuged at 10,000 x g at 4°C for
10 min. The pellets were washed twice with PBS and strains
were mixed in equal proportions (1:1) before being orally
administered to mice at a dosage of 8.2x10° colony-forming
units (CFU) per kg of body weight.

Diphenyl picryl hydrazyl (DPPH) radical-scavenging
activity assay. DPPH radical-scavenging activity assays
(Sigma-Aldrich; Merck KGaA) were performed according
to the method by Xing et al (16). Briefly, 150 ul of bacterial
cultured solution (1x10® CFU/ml) was mixed with 150 ul
DPPH solution (0.2 mM) and incubated at 25°C in the dark
for 30 min. Distilled water (150 ul) was used as a blank and
2 ug/ml vitamin C was used as a positive control. DPPH
scavenging was determined by measuring the absorbance
(ABS) at 517 nm (BioPhotometer; Eppendorf) and the
radical-scavenging capacity was quantified according to
the following formula: DPPH radical-scavenging capacity
(%)=ABS . onr0-ABS e/ ABS i X100; where ABS,,, and
ABS,,,,. represent the ABS of the negative control and sample
at 517 nm, respectively.

Ferric reducing antioxidant power (FRAP) assay. FRAP
assays (Sigma-Aldrich; Merck KGaA) were conducted
according to the method of Benzie and Strain (17). Briefly,
750 ul FRAP solution was heated to 37°C in a water bath and
then 25 pul of bacterial cultured solution and 75 pl ultrapure
water were added. The mixture was placed in the dark at room
temperature for 5 min and the ABS was measured at 593 nm.

Different FeSO,-7H,O concentrations were prepared to
construct a standard curve, with vitamin C (2 pg/ml) as a
positive control. The samples were analyzed according to the
standard curve and results are expressed as the reducing power
(ug/ml Fe*).

Gastric acid and bile tolerance. Gastric acid and bile toler-
ance was assessed according to the method described by
Hyronimus et al (18) and Hassanzadazar et al (19). Activated
probiotics were added to eight tubes, one of which was used to
count the number of CFUs (1x10° CFU/ml) at 0 h, while the
others were centrifuged at 1,770 x g,4°C for 10 min. Each pellet
was mixed well with 5 ml MRS broth (pH 3.5) and incubated
at 37°C for 1-3 h, with CFUs counted (plate count) in one tube
per hour. The final four tubes were centrifuged at 1,770 x g
4°C for 10 min before 0.3% bovine bile (Sigma-Aldrich; Merck
KGaA) in MRS broth was added and the tubes were incubated
at 37°C for 4-7 h. CFUs were then enumerated in one tube per
hour for 4-7 h.

Intestinal adhesion assay. The human intestinal epithelial
colorectal adenocarcinoma cell line Caco-2 was obtained from
the Bioresource Collection and Research Center BCRC and
cultured according to BCRC guidelines. A sterilized cover slip
was placed in the well of a 6-well dish and incubated at 37°C,
5% CO, for 3 days with Caco-2 cells in minimum essential
medium supplemented with 10% FBS (Merck KGaA) and
1% penicillin-streptomycin (GE Bio-Science). The medium
was removed (cell density almost 1.2x10° cells) and the wells
were washed twice with PBS before 1.5 ml bacterial suspen-
sion (1x10° CFU/ml) and 1.5 ml MRS medium were added to
each well and incubated at 37°C and 5% CO, for 1-4 h. The
cells were then washed twice with sterile PBS and fixed with
10% methanol at 25°C for 10 min. The cells were subjected to
Gram staining at 25°C for 15 min and enumerated using a light
microscope (Nikon Corporation) at 15x100 magnification.

Experimental animals. Male C57B/6N mice (age, 7 weeks;
weight, 20-22 g) were purchased from BioLASCO Taiwan. All
mice were housed in plastic cages and fed sterilized food and
water under 55+5% humidity, controlled temperature (22+2°C)
and a 12-h light/dark cycle, and were acclimated for 1 week prior
to experiments. On treatment day 0O, the mice were randomly
allocated to the following six groups (n=7 mice/group): i) Control
group, fed a regular diet; ii) group A, fed an ethanol-containing
diet (containing 28% ethanol; Dyets, Inc.); iii) group B, fed
an ethanol-containing diet + strain TSP0O5 8.2x10° CFU/kg;
iv) group C, fed an ethanol-containing diet + strains TSF331 and
TSR332 8.2x10° CFU/kg; v) group D, fed an ethanol-containing
diet + strains TSPO5, TSF331 and TSR332 8.2x10° CFU/kg;
and vi) group E, fed a regular diet + strains TSPO5, TSF331
and TSR332 (Fig. 1). Mice in the control and E groups were
fed a Lieber-DeCarli liquid diet (Dyets, Inc.) without alcohol
ad libitum. To induce alcoholic fatty liver injury, the mice in
groups A-D were fed a Lieber-DeCarli liquid diet with alcohol,
as described previously (20). Mice were administered with
a single 0.2 ml dose of deionized water (control, group A) or
0.2 ml deionized water containing the corresponding probiotic(s)
(groups B-E) daily via oral gavage for 4 weeks. Experiments
were performed in accordance with protocols approved by the
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Figure 1. Design of animal experiments. All mice were divide into 6 groups and the experiment was performed for 28 days. Sampling was carried out according
to the experimental design on day 0, 14 and 28. ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglyceride.

Institutional Animal Care and Use Committee of Hung Kuang
University (Taichung, Taiwan).

Mouse serum biochemical analysis. On days 0,
14 and 28, 0.2 ml of blood samples were collected from the
eye socket of each mouse 2 h after oral gavage with a probiotic
or water. After incubation for 1 h at 25°C, serum was obtained
and centrifuged at 2,000 x g 4°C for 10 min. Serum alanine
aminotransferase (ALT), aspartate aminotransferase (AST)
and triglyceride (TG) levels were determined using an auto-
matic analyzer (Hitachi 7080; Hitachi, Ltd.) at the National
Laboratory Animal Center (Taipei, Taiwan).

Hepatic assays. Mice were weighed and blood samples
were collected on day 28, the mice were euthanized via
cervical dislocation and their livers were aseptically
dissected out and weighed. Liver-to-body weight ratio: Liver
weight/body weight. Each liver was homogenized, and the
levels of cytokines [TNF-a (BioLegend, Inc.; cat. no. 430901);
IL-6 (BioLegend, Inc.; cat. no. 431301) and IL-10 (BioLegend,
Inc.; cat. no. 431411)], glutathione (GSH; BioAssay System:s;
cat. no. DIGT-250), GSH peroxidase (GPx; BioAssay
Systems; cat. no. EGPX-100) and TGs (Randox Laboratories
Ltd.; cat. no. TR1697) were determined using the following
commercially available kits: ELISA MAX™ Standard kit
(BioLegend, Inc.; IL-6, cat. no. 431301; IL-10, cat. no. 431411,
TNF-a, cat. no. 430901), QuantiChrom™ GSH assay kit
(BioAssay Systems; cat. no. 75877-994), EnzyChrom™ GPx
assay kit (BioAssay Systems; cat. no. 75878-136) and Randox
TG assay kit (Randox Laboratories, Ltd.; cat. no. TR3823)
according to the manufacturer's instructions.

Histological analysis. Liver tissues were fixed with 10% buff-
ered formalin at room temperature for 8 h, dehydrated using
an alcohol gradient (80% for 1 h, 95% for 3 h and 100% for
4 h) and embedded in paraffin wax. Then, tissues were cut into
5-um sections and stained with H&E at room temperature.
The staining steps were as follows, hematoxylin solution for

10 min, water for 10 min, 0.5% HCI for 5 sec, running water
for 30 min, 0.5% eosin solution for 2 min, 80% alcohol for
30 sec, 90% alcohol for 30 sec, 100% alcohol for 30 sec,
xylene:alcohol (1:1) for 30 sec and xylene 30 sec. To histo-
logically evaluate liver injury, the slides were examined and
images were captured under a bright-field light microscope
at 10x20 magnification (TE2000-S; Nikon Corporation).

Statistical analysis. Data are presented as the mean + SEM
obtained from three repeats of per sample. All values from
different treatment groups were compared using SPSS 17.0
(SPSS, Inc.), analysing with one-way ANOVAs followed by
post-hoc Tukey's tests. P<0.05 was considered to indicate a
statistically significant difference.

Results

In vitro determination of LAB strain antioxidant activities.
The present study screened the antioxidant activity of 12 LAB
strains. The three strains with the highest antioxidant activi-
ties were TSPOS5, TSF331 and TSR332, which demonstrated
DPPH radical-scavenging capacities of 13.6, 13.5 and 13.2%,
respectively (Fig. 2A), with a 1.2-fold difference between
the third (TSR332) and fourth (gl-201) highest strains.
Similarly, the top three strains in the FRAP test were TSF331,
TSR332 and TSPOS5, which had antioxidant activities of
138.2, 135.8 and 110.8 pg/ml Fe**, respectively (Fig. 2B), with
a 1.6-fold difference between the third (TSP05) and fourth
(g1-201) highest strains. Based on these results, the three
strains with the highest antioxidant activity, TSP05, TSF331
and TSR332, were selected for the in vivo study.

Gastric acid and bile tolerance of potential probiotics and
their intestinal adhesion ability. Strains TSP05, TSF331
and TSR332 were resistant to gastric acid (pH 3.5) in MRS
medium for 3 h, displaying viable counts of 2.32x10%, 4.45x10°
and 1.93x10° CFU/ml, respectively. After treatment with 0.3% bile
for 4 h (Equivalent to 7 h of reaction), the same strains displayed
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Figure 2. Screening of probiotic antioxidant activities. (A) DPPH assay.
(B) FRAP assay. Vit C (2 ug/ml) was used as a positive control. Data are
presented as the mean + SEM (n=3). DPPH, diphenyl picryl hydrazyl; FRAP,
ferric reducing antioxidant power; Vit C, vitamin C.

viable counts of 2.66x107,2.59x10° and 4.74x10® CFU/ml, respec-
tively (Fig. S1). To estimate the potential intestinal efficacy of
TSPO5, TSF331 and TSR332, the current study microscopically
assessed their adhesiveness, demonstrating counts of 150.33,
236.67 and 990.07 CFU/area, respectively (Fig. S2), suggesting
that TSR332 exhibited higher intestinal adherence compared
with the other two probiotics.

Biochemical indicators of liver function. ALT and AST
biochemical values are the main indicators for evaluating
liver function (4). Mice on the ethanol diet (group A) had
significantly higher (*#P<0.001) ALT levels on days 14 and 28
(57.38+18.21 and 48.67+7.95 U/1, respectively) compared with
those of the control group (16.65+3.10 and 17.98+4.17 U/I,
respectively) (Fig. 3A). However, serum ALT levels
on days 14 and 28 were significantly lower in group B
(35.96+6.28 and 34.91+£12.60 U/1, respectively), group C
(33.01£5.91 and 30.64+10.01 U/1, respectively) and group D
(27.77+£3.79 and 25.32+8.69 U/1, respectively) compared with
those in group A ("P<0.05,P<0.01 and *"P<0.001, respectively),
with group D displaying the most effective results.
Alcohol-induced AST levels in group A on days 14 and 28
(72.74+14.53 and 88.98+29.45 U/1, respectively) were signifi-
cantly higher (*"P<0.01 and “P<0.05, respectively) compared
with those in the control group (46.50+6.20 and 51.62+1
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Figure 3. Biochemical indicators of liver function. Effects of probiotics
on serum (A) ALT and (B) AST concentrations in alcohol-induced liver
injury model mice on days 14 and 28. A, alcohol; B, alcohol + TSPOS5; C,
alcohol + TSF331 + TSR332; D, alcohol + TSP0O5 + TSF331 + TSR332;
E, TSP05 + TSF331 + TSR332. #P<0.05, #P<0.01, ##P<0.001 vs. control;
“P<0.05, "P<0.01, “"P<0.001 vs. group A. ALT, alanine aminotransferase;
AST, aspartate aminotransferase; TSP0S, Lactobacillus plantarum; TSF331,
Lactobacillus fermentum; TSR332, Lactobacillus reuteri.

2.80 U/, respectively) (Fig. 3B). However, AST levels were
significantly lower in groups B (59.09+5.84 U/l) and D
(54.73+£5.04 U/1), respectively compared with those in group
A on day 14. Thus, the probiotic combination could decrease
ALT and AST on day 14.

Effects of probiotics on serum and hepatic TG content. TG
content is one of the common indices used to evaluate fat metab-
olism (9). The serum TG levels of the mice in each group are
presented in Fig. 4A. Mice in group A displayed TG levels of 196.
37+68.09 and 192.50+111.51 mg/dl on days 14 and 28, respec-
tively, whereas those in group C had a lower alcohol-induced
serum TG content (80.57+28.50; "P<0.05) on day 28. However,
mice treated with probiotics demonstrated no significant differ-
ences in TG content on day 14 compared with that of group
A. In addition, group A had a significantly higher (*P<0.001)
hepatic TG level (76.35+£10.13 pM/g) compared with the control
group (39.13+5.10 uM/g) on day 28, while the alcohol-induced
hepatic TG content was reduced in groups B (50.20+6.00 xM/g),
C (48.86+9.39 uM/g) and D (50.88+4.57 uM/g), respectively, all
compared to that of group A (***P<0.001, respectively) on day 28.
Therefore, the results suggested that the probiotic combination
could effectively decrease the hepatic TG level.
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Figure 4. Effects of probiotics on serum and hepatic TG content. Effects
of probiotics on TG levels in the (A) serum and (B) liver of alcohol-fed
mice. A, alcohol; B, alcohol + TSP05; C, alcohol + TSF331 + TSR332; D,
alcohol + TSPO5 + TSF331 + TSR332; E, TSPO5 + TSF331 + TSR332.
7P<0.05, #"P<0.001 vs. control; "P<0.05, ““P<0.001 vs. group A. TSPO5,
Lactobacillus plantarum; TSF331, Lactobacillus fermentum; TSR332,
Lactobacillus reuteri; TG, triglyceride.

Effects of the probiotics on hepatic antioxidant capacity.
To examine whether the three probiotics with high in vitro
antioxidant activity, TSPO5, TSF331 and TSR332, could
affect the intestine and the alcohol-induced oxidative cascade
in the livers of mice, the liver GSH concentration and GPx
activity were measured (Fig. 5). In group A, alcohol-induced
free radicals significantly decreased GSH production
by ~36.14% (from 925.00+59.62 to 590.69+53.24 uM/g;
#"P<0.001) compared with the control group (Fig. 5A);
however, GSH levels were significantly higher in group B
(807.66+86.87 uM/g), group C (892.71+187.88 uM/g) and
group D (1,044.10£192.32 uM/g) compared with those in
group A ('P<0.05, "P<0.01 and *"P<0.001,respectively). Hepatic
GPx levels were significantly higher ("*P<0.001) in group B
(54,166.68+4,007.50 U/1), group C (70,019.85+3,612.79 U/1)
and group D (63,869.02+5,236.38 U/l) compared with those
in group A (25,003.95+1,194.51 U/1), and were significantly
higher(**P<0.001)ingroupE(61,000.00+9,706.00U/l)compared
with those in the control group (24,341.27+796.60 U/l; Fig. 5B).
Thus, the results indicated that the probiotics combination could
induce GPx and consequently improve antioxidant capacity.

Effects of probiotics on hepatic cytokine levels. To evaluate the
effects of probiotics on hepatic cytokine levels, the levels of the
inflammatory cytokines, TNF-a and IL-6, and the anti-inflam-
matory cytokine IL-10 were detected. TNF-a and IL-6 were
significantly induced in the alcohol-fed groups; however,
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Figure 5. Effects of probiotics on liver antioxidant capacity of alcohol-fed
mice on day 28. (A) Glutathione concentration. (B) Glutathione peroxidase
activity. A, alcohol; B, alcohol + TSPO5; C, alcohol + TSF331 + TSR332;
D, alcohol + TSPO5 + TSF331 + TSR332; E, TSP05 + TSF331 + TSR332.
##P<0.001 vs. control; "P<0.05, P<0.01, ““P<0.001 vs. group A. TSPO3,
Lactobacillus plantarum; TSF331, Lactobacillus fermentum; TSR332,
Lactobacillus reuteri.

TNF-a levels in the probiotic-fed groups B, C and D were 537.
91+9.40, 589.15+10.57 and 545.48+9.09 pg/ml, respectively,
lower compared with those in group A (655.48+23.35 pg/ml;
*P<0.001, ""P<0.001 and “"P<0.001) (Fig. 6A). Similarly,
IL-6 levels were 25.10% lower in groups D compared with
those in group A (372.22 pg/ml; "P<0.05; Fig. 6B). It was found
that group E displayed physiological TNF-a and IL-6 levels
comparable with those of the control (Fig. 6A and B), whereas
group D had significantly higher IL-10 levels compared with
group A (Fig. 6C). Moreover, group E demonstrated the
highest IL-10 levels of all groups, indicating that the triple
LAB mixture could activate this anti-inflammatory peptide to
inhibit alcohol-induced inflammatory responses (Fig. 6C).

Effects of probiotics on fatty liver, body weight and liver-to-body
ratio in alcohol-challenged mice. To observe the performance
of probiotics in the liver tissue, changes in the histological struc-
ture of the livers in the six groups were assessed using H&E
staining. Excessive alcohol consumption in group A caused
macrovesicular fat accumulation in liver cells, as well as cell
degeneration and necrosis (Fig. 7B), which were likely due to
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Figure 6. Effects of probiotics on cytokine levels in the liver of alcohol-fed
mice on day 28. (A) TNF-a, (B) IL-6 and (C) IL-10. A, alcohol; B, alcohol
+ TSPO5; C, alcohol + TSF331 + TSR332; D, alcohol + TSP05 + TSF331 +
TSR332; E, TSPO5 + TSF331 + TSR332. #P<0.01, ##P<0.001 vs. control;
“P<0.05, "“P<0.001 vs. group A. TSPO5, Lactobacillus plantarum; TSF331,
Lactobacillus fermentum; TSR332, Lactobacillus reuteri.

inflammatory effects. However, groups B, C and D, which were
treated with probiotics, demonstrated a similar liver histology
to the control group (Fig. 7C-E), and the triple LAB mixture
caused no fatty liver and no histological changes compared with
the control group (Fig. 7F). Hence, the probiotic combinations
could effectively decrease the accumulation of fat bubbles.

The changes in body weight and the liver-to-body weight
ratio were observed in alcohol-challenged mice. Mice in the
alcohol-fed groups A (23.31+£1.48 g), B (22.44+1.25 g), C
(22.03+1.51 g) and D (23.25+0.86 g) displayed a significantly
lower body weight compared with those in the control group
(28.28+2.04 g; ""P<0.001, ""P<0.001 and *"P<0.001, respec-
tively) and in group E (26.70+2.24 g; ""P<0.001, "*P<0.001
and ""P<0.001, respectively) (Fig. 8A). However, no significant
differences in the liver-to-body weight ratio were identified
between the different groups (Fig. 8B).

Discussion

Excessive alcohol intake is a major cause of chronic liver
disease, and chronic alcohol abuse can cause ROS overproduc-
tion and interfere with lipid metabolism in the liver, leading
to ROS-mediated liver injury (7). Therefore, the present study
screened the in vitro antioxidant activity of 12 generally recog-
nized as safe (GRAS) LAB strains. Of these, strains TSP0S5,
TSF331 and TSR332 were found to display the highest in vitro
antioxidant activities, and their dietary supplementation
enhanced the liver antioxidant capacity of mice and amelio-
rated ethanol-induced oxidative stress in vivo. Collectively, the
present results indicated that more functional probiotic strains
could be discovered using this screening strategy.

Alcohol is metabolized into acetaldehyde, resulting in
the production of free radicals and carcinogens, thereby
stimulating inflammatory responses to release liver injury
indicators (ALT and AST) into the serum (21-24). Oxidative
damage has been reported to induce lipid peroxidation, thus
disrupting lipid metabolism and affecting liver cells (7,21-23).
Since enzymatic and non-enzymatic antioxidant reactions
are necessary to protect against oxidative damage, GPx and
GSH are commonly used as indicators to evaluate the effect of
oxidative stress (23-25). GSH is the most abundant antioxidant
in liver cells and prevents damage caused by heavy ethanol
consumption (26), while GPx reduces lipid hydroperoxides to
their corresponding alcohols and free hydrogen peroxide to
water (27). Therefore, high GSH levels and GPx activity can
neutralize ROS and prevent oxidative stress (7,23). The present
study identified that feeding mice with probiotics (individually
and in combination) for 4 weeks significantly increased GSH
levels, thus recovering GSH concentrations to a level equivalent
to that of the control group. Moreover, the mice administered
probiotic combinations demonstrated significantly higher GPx
activities, with group E displaying ~3-fold higher GPx activity
compared with the control group. Thus, these probiotic combi-
nations could stimulate the host antioxidant system and reduce
the damage caused by alcohol-induced oxidation.

In addition to oxidative stress, inflammation can cause
ALD (28). The present results suggested that inflammatory
cytokines,such as TNF-a and IL-6, were significantly repressed
in group D, which were administered probiotic combinations,
whereas no direct inflammatory responses were induced in
group E. Notably, levels of the anti-inflammatory peptide
IL-10 were significantly higher in groups D and E compared
with those in the control group. Therefore, the administration
of probiotic combinations not only increased the levels of anti-
oxidant enzymes to protect against alcohol-induced oxidative
stress, but also enhanced the anti-inflammatory response in
ALD to reduce liver injury and ameliorate lipid peroxidase
activity due to chronic alcohol consumption.

The current study established a mouse model of alcoholic
fatty liver disease, and hepatoprotective effects were observed
in the probiotic-treated groups, with their anti-inflammatory
and antioxidant activities demonstrated by investigating TNF-a.,
IL-6 and IL-10 levels, as well as GSH and GPx content. However,
it was not possible to examine all signal transduction pathways
that may be involved in this mechanism, and additional research
is required to further elucidate the molecular mechanism. A
possible mechanism could be the production of polyphenols
and phenolic-derives by probiotics (29), since L. plantarum has
been reported to exert O-glycosidase activity, which can break
down flavonoid C-rings at different positions (30). In addition,
polyphenol conversion by gut microbiota is usually essential
for absorption and biological activities in the human body (30).
TSPO5, and the combination of TSR332 and TSF331, may
exert anti-inflammatory responses via different pathways, as
stronger decreases in TNF-a and IL-6 levels were identified in
mice treated with TSPO5 compared with in those treated with
TSR332 and TSF331. Previous studies have revealed that the
liver-protective effects of extra virgin olive oil are due to the
downregulation of NF-xB expression, which acts downstream
of TNF-a and IL-6 (31,32). Although the present study did
not measure NF-«kB levels in the experimental animals, it is
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Figure 7. Effects of alcohol and probiotics on hepatic histopathology in alcohol-fed mice. Hematoxylin and eosin staining in (A) control group; (B) Group
A, alcohol; (C) Group B, alcohol + TSPO05; (D) Group C, alcohol + TSF331 + TSR332; (E) Group D, alcohol + TSPO5 + TSF331 + TSR332; and
(F) Group E, TSPO5 + TSF331 + TSR332. Magnification, x400. Arrows indicates fat inclusions in the liver. TSPO5, Lactobacillus plantarum; TSF331,

Lactobacillus fermentum; TSR332, Lactobacillus reuteri.

A 40 1

@ 30- T ok — *RE

- 1| #H# g Hitt

-‘D:'.I = e e

e »f| | EEE N

= \

=] u .

g \
10 o P §
A N

L
Control A B C D E
28 Days

B 0.06-

o

I = L -

= 0.04+

-g_) -

‘©

=

=) o

© 0.024 o

o

5 2R

= o

_l T

0.00 - —
Control A B o] D E

28 Days

Figure 8. Effects of probiotics on the liver and body weight of alcohol-induced
liver injury mouse models on day 28. Changes in (A) body weight and
(B) liver/body weight ratio. A, alcohol; B, alcohol + TSPOS; C, alcohol +
TSF331 + TSR332; D, alcohol + TSPO5 + TSF331 + TSR332; E, TSPOS +
TSF331 + TSR332. ##P<0.001 vs. control; **P<0.001 vs. group E. TSP05,
Lactobacillus plantarum; TSF331, Lactobacillus fermentum; TSR332,
Lactobacillus reuteri.

reasonable to assume that NF-xB expression may be downregu-
lated as a result of probiotic supplementation. The antioxidant
response is regulated by a complex network in which Nrf2 is a
key transcription factor, and previous studies have shown that
Nrf2 is activated in the mouse liver by a high-fat diet (32,33).
In the current study, strong GPx induction was observed in
all probiotic-treated groups and was attributed to antioxidant
activity; therefore, future studies should investigate whether
GSH and GPx are induced by Nrf2.

Previous studies have reported that probiotics, such as
LGG, could effectively improve ALD (9,28). For instance,
Forsyth er al (11) found that supplementing rats with LGG
(2.5x107 CFU/ml) for 10 weeks improved ALD. Similarly,
Bull-Otterson et al (34) increased the LGG dose to
1x10° CFU/ml over 2 weeks to examine the effects on liver
improvement in mice, identifying that LGG altered the intes-
tinal microbiome and reduced alcohol-induced ALT levels
by 27%. The present results suggested that alcohol-induced
ALT levels were significantly lower in the probiotic-treated
groups (B, C and D; 1.6x10® CFU/ml) compared with group A.
Previously, Kim ez al (35) reported that L. fermentum LA12
could improve liver function and hepatic steatosis in rats by
restoring the gut barrier, thus preventing endotoxin leakage
into the blood. In addition, LA12 (1x10° CFU/ml; 4 weeks)
reduced ALT and AST levels in the serum by 24 and 18%,
respectively (35). Similarly, Chiu et al (36) demonstrated that
symbiotic (mixture of probiotics and prebiotics) supplementa-
tion (2x10° CFU/ml) for 4 weeks could attenuate serum ALT
and AST levels by 29 and 13%, respectively. In the present
study, the probiotic-treated mice in groups B, C and D displayed
lower ALT (by 28, 37 and 48%, respectively) and AST (by
14,20 and 26%, respectively) levels on day 28 compared with
those of group A. Unlike ALT, which is primarily present in
the liver, AST is not liver-specific and is also present in the
heart, brain and skeletal muscle (37); therefore, probiotics may
not completely repress alcohol-induced AST expression.
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Chronic alcohol consumption increases TG levels in the
serum and liver, eventually leading to fatty liver disease (38,39).
In the current study, the serum TG content did not differ
between group A and the control group on day 28, as the stan-
dard error in group A was large; however, TG levels were 58%
lower in group C compared with in group A. Although serum
TG levels were not decreased to control levels by the probi-
otic combinations, there were significantly downregulated
alcohol-induced TG levels in the liver by 34, 36 and 33% in
groups B, C and D, respectively. Moreover, histopathological
analysis of the liver tissue revealed that treatment with probi-
otics and their combinations (groups B, C and D) significantly
prevented alcohol-induced fat accumulation in the liver.

Collectively, the present results indicated that the LAB strains
TSPO5, TSF331 and TSR332 and their combinations could be
used as supplements to ameliorate ASH and ALD due to their
antioxidant and anti-inflammatory activities. Furthermore, these
probiotics were demonstrated to protect against ethanol-induced
oxidation, reduce gut barrier damage and suppress the inflamma-
tory response. Although the potential of these probiotics warrants
confirmation in a human clinical study, antioxidants have been
reported to effectively regulate gut permeability and enhance
antioxidant activity in patients with ALD (40). The probiotic
strains used in the current study are GRAS and have the potential
to be used as therapeutic agents in patients with ALD; however,
this study is limited by the fact that fecal microbiota were not
examined due to inaccurate technology for quantifying and iden-
tifying different microbial species.

In conclusion, the present study proposed a novel combina-
tion of probiotic L. strains TSPOS, TSF331 and TSR332 for the
improvement of ALD. The current results demonstrated that
this combination could alleviate alcohol-induced liver injury
and elevate antioxidant activity to attenuate the alcohol-induced
oxidative cascade. In addition, these supplements enhanced
the anti-inflammatory response to reduce alcohol-induced
inflammatory signals. Therefore, this probiotic combination
provides a new therapeutic option for treating ALD.
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