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s of a cocktail of lactic acid
bacteria on microcystin-LR-induced hepatotoxicity
and oxidative damage in BALB/c mice

Jichun Zhao,†a Fengwei Tian,†ac Qixiao Zhai,ac Ruipeng Yu,a Hao Zhang,ad

Zhennan Gu a and Wei Chen *abd

The aim of this study was to investigate the effects of mixed lactic acid bacteria (LAB) against microcystin-

LR-exposed hepatotoxicity and oxidative stress in BALB/c mice. 20 LAB strains were randomly divided into

three groups and the effects against microcystin-LR (MC-LR) toxicity investigated in vivo. The antioxidative

abilities of the three LAB groups were also determined. The results showed that a cocktail of LAB 3 (CLAB3),

including Lactobacillus johnsonii ATCC 33200, L. rhamnosus GG, Bifidobacterium adolescentis 1.1290 and

B. bifidum CCFM 16, was able to significantly reverse the increased levels of serum ALT and AST, and liver

tissue lesions by MC-LR. The alterations of hepatic malondialdehyde (MDA), superoxide dismutase (SOD)

and catalase (CAT) activities in the CLAB3 were improved compared to the MC-LR group alone.

Moreover, the free radical scavenging and reducing abilities of CLAB3 were higher than other groups.

CLAB3 can significantly alleviate MC-LR-induced hepatic damage and improve its oxidative stress.

Moreover, the protective effects of the CLAB3 groups are related to its outstanding antioxidative abilities

in vitro. LAB can be a promising dietary strategy to prevent cyanobacteria contamination toxicity.
Introduction

Microcystin-LR (MC-LR), the most common and most harmful
variant of the cyclopeptide-toxins found in cyanobacteria, is
believed to threaten the health of humans and livestock. To date,
the most severe accident related to MCs happened in a hospital
in Caruaru, Brazil, in which 126 patients contracted toxic hepa-
titis from contaminated hemodialysis water; at least 43 died.1

Unfortunately, microcystins are usually detected in lakes, ponds,
and rivers that are used as water sources or for aquaculture.
Contaminated water and shery products are the two avenues of
microcystin exposure in humans and animals. However, current
therapeutic strategies for MC-LR poisoning probably have little
signicance due to its irreversible and serious effects on the
liver.2 Thus, microcystins, especially MC-LR, are a non-negligible
threat to the health of humans and livestock.3

Previous studies have proved that the liver is one of the main
targets of MC-LR which induces severe hepatotoxicity through
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inhibiting specic protein phosphatases and depleting antioxi-
dant substances. In addition, studies have reported other
harmful effects of MC-LR, including reproductive toxicity in
female and male mice, liver tumor progression, and intestinal
disease.4–6 Oxidative damage is another important mechanism of
MC-LR-exposed toxicities.7 MC-LR exposure can cause a decrease
of superoxide dismutase (SOD), catalase (CAT) and glutathione
(GSH) in the liver and signicant increase in the malondialde-
hyde (MDA) level in mice model, suggesting that MC-LR-induced
pro-oxidants caused antioxidant system damage.8,9

The balance between antioxidant and oxidant common
dependent on endogenous protective substances and enzyme.10

Once pro-oxidants overwhelm antioxidant system, dietary anti-
oxidant supplements can help to keep the antioxidant system.
Some researchers have focused on prevention or methods to
decrease MC-LR-induced toxicity by physiological antioxidants,
due to its current poor therapeutic chances. Several studies have
revealed that phytochemical substances, such as green tea poly-
phenols, sulforaphane, and avonoids, are effective in preven-
tion of MC-LR-induced hepatotoxicity and oxidative damage.8,11,12

Many lactic acid bacteria (LAB) strains are reported to have
free radical scavenging ability, reducing ability, metal ion
chelating ability and inhibiting pro-oxidative enzyme.13,14

Moreover, some selected lactobacillus played an important role
in alleviating oxidative stress in vivo.15,16 On the other hand,
numerous studies have found that some Lactobacillus and Bi-
dobacterium, including Lactobacillus rhamnosus, Bidobacterium
breve, and L. plantarum, can remove MC-LR or decrease its
This journal is © The Royal Society of Chemistry 2017
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Table 1 Origin and randomized groups of lactic acid bacterial strains

No. Strains Origina Groups

1 L. acidophilus CCFM 137 1 1
2 L. casei Zhang CCFM 5 1 2
3 L. casei Zhang CCFM 9 1 1
4 L. fermentum CCFM 620 1 1
5 L. fermentum (CCFM 421 1 1
6 L. gasseri CCFM 15 1 1
7 L. helveticus CCFM 6 1 1
8 L. johnsonii ATCC 33200 2 3
9 L. plantarum CCFM 8610 1 1
10 L. plantarum CCFM 8661 1 1
11 L. reuteri CICC 6226 3 1
12 L. rhamnosus GG 2 3
13 L. rhamnosus CCFM 237 1 2
14 L. salivarius Z5 CCFM 8605 1 2
15 B. adolescentis 1.2190 4 3
16 B. animalis 1.3003 4 1
17 B. animalis 1.1852 4 2
18 B. bidum CCFM 16 1 3
19 B. breve 1.3001 4 2
20 B. breve 1.2213 4 1

a (1) The Culture Collections of Food Microbiology (CCFM), Jiangnan
University (Wuxi, China); (2) American type culture collection (ATCC);
(3) China Center of Industrial Culture Collection (CICC) (Beijing,
China); (4) China General Microbiological Culture Collection Center
(CGMCC) (Beijing, China).
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toxicity.17–19However, almost all of these studies were conducted
in vitro, and to our knowledge, no studies on the effects of LAB
against MC-LR in vivo have been reported. Therefore, it is
necessary to investigate the effect of LAB on MC-LR-induced
toxicity in vivo. However, the effect of single LAB on MC-LR-
exposure mice was not signicant in our previous studies,
although they had good adsorption capacity of MC-LR and
strong antioxidative ability in vitro (data not published). VSL#3,
a cocktail of eight different LAB strains, signicantly improved
MDA level and 4-hydroxynonenal in non-alcoholic fatty liver
disease (NAFLD) patients.20 Alisi et al. also found that VSL#3
supplement alleviated NAFLD in obese children, which could be
related to glucagon-like peptide 1 increase.21 VSL#3 had
a stronger ability to colonize the large bowel compared to that of
bidobacteria in this cocktail.22 We therefore supposed that
mixed LAB had an advantage over individual strains because of
their interaction and synergism.

In this study, we selected a batch of LAB from the list of
eatable bacteria released by National Health and Family Plan-
ning Commission of the People's Republic of China (PRC). We
aimed to evaluate the protective effects of three different groups
of LAB strains against MC-LR-induced oxidative stress and
hepatotoxicity in BALB/c mice and to investigate the differences
in protective ability among the three mixed LAB groups.
Furthermore, the preliminary protective mechanisms of mixed
LAB groups were also examined and discussed.
Materials and methods
Chemicals and kits

MC-LR (purity > 98%, by high-performance liquid chromatog-
raphy) was purchased from Zen-U Biotechnology (Taiwan,
China). MC-LR was rstly dissolved in the minimal amount of
methanol (nal concentration 0.1%, w/v) and diluted to 100 mg
mL�1 stock solution with Mill-Q water and stored at �20 �C
until use. Methanol, ethanol, potassium ferricyanide, FeSO4,
H2O2, trichloroacetic acid and ferrichloride were obtained from
Sinopharm Chemical Reagent Company (Shanghai, China). 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 1,10-phenanthroline, N-ace-
tylcysteine (NAC) and cysteine were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Kits used to measure the levels of aspartate transaminase
(AST), alanine transaminase (ALT), superoxide dismutase
(SOD), catalase (CAT), malondialdehyde (MDA), total choles-
terol (TC) and triglycerides (TG) were purchased from Nanjing
Jiancheng Institute of Biotechnology.
Bacterial strains and culture condition

20 strains of LAB were obtained from different culture collec-
tions. The bacterial collections are from the list of eatable
bacteria released by National Health and Family Planning
Commission of the PRC (http://www.moh.gov.cn/mohbgt/
s10787/201004/47133.shtml). These strains were randomly
separated into three groups of 11, 5, and 4 strains according to
the random number generation function of SPSS version 16.0.
The strain suppliers and randomized groups are shown in
This journal is © The Royal Society of Chemistry 2017
Table 1. These frozen strains were inoculated in de Man,
Rogosa, and Sharpe (MRS) medium and transferred three times
at 37 �C for 16 h prior to experiments, respectively. For Bido-
bacterium, L-cysteine hydrochloride was added to MRS medium
(nal concentration 0.1%, w/v).

Aer cultured at 37 �C for 16 h, these cultured strains at
exponential phase were harvested and centrifuged at 3000 g for
10 min and washed three times with phosphate-buffered saline
solution (PBS; 0.01 M, pH 7.4) prior to their administration in the
animal trials. The cell pellets of the twenty strains were mixed
into three groups according to the randomization (Table 1),
lyophilized with skimmed milk as a protecting agent, and stored
below 4 �C. The number of bacteria in the lyophilized prepara-
tions was determined by plate colony-counting before the animal
trials to calculate the administrated volume and ensure 109

colony-forming units (CFU) for eachmouse. For determination of
antioxidative abilities, the cell pellets of the three groups were
resuspended in PBS aer washing three times with PBS, and the
number of cells was adjusted to 109 CFU mL�1.
Animal studies

All protocols for animal trials were approved by the Ethics
Committee of Jiangnan University (JN no. 20141010-0127-39) and
performed according to the European Community guidelines
(directive 2010/63/EU). All efforts were conducted to minimize
suffering. Male BALB/c mice (8 weeks old; SPF; 25 � 2 g) were
obtained from Shanghai Laboratory Animal Center (Shanghai,
China). These mice were placed in a standard animal room that
was controlled at temperature (24 �C) and humidity (50%), and
maintainedwith a 12 hour light/12 hour dark cycle. They were fed
RSC Adv., 2017, 7, 20480–20487 | 20481
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commercial rodent chow, and free access to water. Aer one week
of acclimatization, 54 mice were randomly separated into six
groups of nine. 20 strains of LAB were randomly divided into
three groups for animal studies in order to evaluate different
cocktails in improving microcystin-LR toxicity.

As shown in Table 2, the experimental processes comprised
three steps. The mice of the protective groups (III, IV, and V)
received oral administration of cocktails of LAB by gavage for 14
days before injection of MC-LR; meanwhile, the mice in groups
I, II and VI received gavage of skimmed milk only. During the
following week, the toxin-treated mice (groups III, IV and V)
received intraperitoneal injections of MC-LR at 45 mg kg�1 b.w.
per day 1 hour aer oral administration of mixed LAB, while the
mice of groups VI were treated by gavage with NAC adminis-
tration instead of LAB. The group I were treated with skimmed
milk and saline solution. The cocktails of LAB (CLAB) were
given for two weeks aer administration of MC-LR ended.

During the 5 week period, body weight was measured weekly.
All mice were sacriced aer the 5 week experiments. The body
weight of every mouse was weighted before sacrice. Blood
samples were collected, and centrifuged at 2000 g for 10 min to
obtain serum for determining of serum ALT, AST, TC, and TG
levels. The livers were removed, washed in cold saline solution for
three times, dried by lter paper and weighted. Liver body weight
index was calculated as liver weight in proportion to body weight.
Some amount of liver were homogenized for determination of
antioxidant enzyme activity. Other parts of the specimens from
the liver were removed and xed in 10% formaldehyde solution
(PBS pH 7.4, v/v) for histopathological studies.

Determination of serum transaminase, TC, and TG levels

The levels of serum ALT, AST, TC, and TG were measured
according to the manufacturer's recommendation with corre-
sponding kits purchased from the Nanjing Jiancheng Bioengi-
neering Institute.

Determination of antioxidant enzyme activities and MDA
levels in liver

The livers were rinsed and homogenized in ice-cold PBS to
obtain a 10% homogenate (w/v). The homogenates were
Table 2 Animal experimental protocol

Group

Treatment (days)

1–14 days 15–21 da

I Control Skimmed milk
(0.2 mL), i.g.

Skimmed
saline so

II MC-LR Skimmed milk
(0.2 mL), i.g.

Skimmed
MC-LR (4

III CLAB1 CLAB1
(1010 cfu mL�1, 0.2 mL) i.g.

CLAB1 (1
MC-LR (4

IV CLAB2 CLAB2
(1010 cfu mL�1, 0.2 mL) i.g.

CLAB2 (1
MC-LR (4

V CLAB3 CLAB3
(1010 cfu mL�1, 0.2 mL) i.g.

CLAB3 (1
MC-LR (4

VI NAC Skimmed milk
(0.2 mL), i.g.

NAC (150
MC-LR (4

20482 | RSC Adv., 2017, 7, 20480–20487
centrifuged at 3000 g and 4 �C for 10 minutes, and the super-
natant was separated. The liver homogenate supernatant was
used to determine antioxidant enzyme SOD and CAT using
corresponding commercial assay kits. As an indicator of lipid
peroxidation, MDA was detected by determining the concen-
tration of the reaction product of MDA and thiobarbituric acid
in uorescence at 532 nm with a trace MDA detection kit.
Histopathological studies

Specimens were collected from the same regions of the liver
from each mouse and xed in 10% formaldehyde overnight at
room temperature. The tissues were embedded in paraffin
blocks and cut at 4 mm thicknesses. The paraffin-embedded
tissue sections were stained with hematoxylin and eosin for
microscopic examination.
Measurement of DPPH radical scavenging ability

The scavenging of DPPH by three groups of CLAB was deter-
mined with a modication of the method utilized.23 One-
milliliter cell suspensions (109 CFU mL�1) were mixed with
equivalent volume of fresh DPPH solution (0.2 mmol L�1 in
ethanol), briey blended, and allowed to react for 30 minutes in
the dark. Blank controls consist of equal parts of PBS and
ethanol. The scavenged DPPH radical was then determined by
measuring the decrease in absorbance at 517 nm. The scav-
enging ability was dened as follows:

Scavenging rate (%) ¼ [1 � A517(sample)/A517(blank)] � 100%

Measurement of hydroxyl radical scavenging ability

The method of hydroxyl radical scavenging ability of three
groups of LAB strains was determined as previously described.24

The hydroxyl radical scavenging ability was dened as follows:

Scavenging rate (%) ¼ [A536(sample) � A536(blank)]/

[A536(control) � A536(blank)] � 100%
ys 21–34 days

milk (0.2 mL), i.g. +
lution i.p. 1 h later

Skimmed milk (0.2 mL), i.g.

milk (0.2 mL), i.g. +
5 mg kg�1) i.p. 1 h later

Skimmed milk (0.2 mL), i.g.

010 cfu mL�1, 0.2 mL) i.g. +
5 mg kg�1) i.p. 1 h later

CLAB1 (1010 cfu mL�1, 0.2 mL) i.g.

010 cfu mL�1, 0.2 mL) i.g. +
5 mg kg�1) i.p. 1 h later

CLAB2 (1010 cfu mL�1, 0.2 mL) i.g.

010 cfu mL�1, 0.2 mL) i.g. +
5 mg kg�1) i.p. 1 h later

CLAB3 (1010 cfu mL�1, 0.2 mL) i.g.

mg kg�1, 0.2 mL) i.g. +
5 mg kg�1) i.p. 1 h later

Skimmed milk (0.2 mL), i.g.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Liver body weight indexa

Group Final weight Liver weight Liver body weight index

Control 29.32 � 0.34b 1.42 � 0.01 4.85 � 0.02a

MC-LR 27.13 � 0.47a 1.48 � 0.02 5.46 � 0.14b

CLAB1 28.28 � 0.41a,b 1.40 � 0.01 4.97 � 0.05a

CLAB2 28.76 � 0.46a,b 1.42 � 0.01 4.89 � 0.05a

CLAB3 29.18 � 0.32b 1.43 � 0.01 4.88 � 0.02a

NAC 29.35 � 0.32b 1.42 � 0.01 4.86 � 0.02a

a The superscript letters a and b indicate statistically differences (p <
0.05) between the groups in each row.
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Measurement of reducing activity

The reducing activity was evaluated with a method used by.13

Aer the reaction mixture was centrifuged at 3000 g for 5
minutes, a 1 mL portion of the supernatant was then added to 1
mL of ferrichloride (0.1%, w/v). The reducing activity was
expressed with equivalent cysteine. Specically, reducing
activity of a series of known concentrations of L-cysteine was
evaluated as the above method to build standard curve, with
OD700 on the X axis and the concentrations of L-cysteine on the Y
axis. The reducing activity of mixed LAB was calculated on the
base of L-cysteine standard curve.
Statistical analysis

Results were expressed as the mean � SEM. The statistical
differences between groups were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey's post hoc test. A p value
of less than 0.05 was considered to indicate statistical signi-
cance. Statistical analyses were performed using SPSS 16.0
soware.
Results
Body weight and liver body weight index

All mice showed an obvious weight gain during the rst 2 weeks.
The weights of the MC-LR-treated mice began to decrease aer
intraperitoneal administration of 45 mg kg�1 b.w. MC-LR,
whereas the control mice continued to gain weight. The
administration cocktails of CLAB3 obviously diminished the
decrease in weight in these mice. For other intervention group
and NAC group, the weights of mice recovered more quickly
aer quitting MC-LR administration. In the end, the weights of
all groups reached nearly the same level except the only MC-LR
treated group (Fig. 1). The liver body weight index of MC-LR
group was bigger than others (Table 3)
Fig. 1 Effects of mixed LAB administration on the body weights of
mice ( ) control, ( ) MC-LR, ( ) MC-LR + CLAB1, ( ) MC-LR + CLAB2,
( ) MC-LR + CLAB3, ( ) MC-LR + NAC. Data are mean � SEM of 9
mice per group.

This journal is © The Royal Society of Chemistry 2017
Serum transaminase, TC, and TG levels

As shown in Fig. 2, compared with the control group, MC-LR
exposure caused signicant increases in serum ALT and AST
activity (p < 0.05), indicating severe hepatotoxicity. Although
three different groups underwent administration of LAB before
and aer MC-LR exposure for 2 weeks, respectively, only the
CLAB3 group successfully reversed the elevation of ALT (�41%)
and AST (�36%) activities and alleviated liver damage. NAC
administration caused a slight decrease in the ALT and AST
levels compared with the MC-LR-exposed mice. A slight but
nonsignicant increase was seen in the TC level in the MC-LR
group. The TG level was signicantly increased (p < 0.05). It
seems that MC-LR treatment also affected the metabolism of
lipid in the liver. However, in mixed LAB-treated and N-
acetylcysteine-treated groups, the TG levels had recovered to
normal.
SOD, CAT, and MDA in the liver

In the liver, MC-LR administration resulted in a signicant
decrease of SOD activity and an increase in the CAT level (p <
0.05) compared with the control group (Fig. 3). The CLAB
treatments had a positive effect on the alteration of CAT and
SOD activity, especially CLAB3, which reversed the alter-
ations to normal levels. The antioxidant activities of CLAB3
seemed to suppress MC-LR-induced oxidative liver damage.
The positive NAC also recovered their levels of SOD and
CAT. In addition, a signicant increase in the MDA content
was observed in the MC-LR-treated group, which indicates
that MC-LR caused lipid peroxidation. However, neither
CLAB nor NAC treatment had any effect on the content
of MDA.
Liver histopathological studies

On histologic examination, in the control group, the livers
showed normal histology. A central vein was localized in the
middle area of the liver lobules, with hepatic plates extending
from the central vein toward the portal regions (Fig. 4a).
Obviously, MC-LR exposure caused injury to liver, including
loss of intact liver plates, shrinking of the cytoplasm,
condensed chromatin, inammatory cellular inltration, and
necrosis of hepatocytes (Fig. 4b). Histologic alterations were
alleviated in the CLAB treatment groups. Pretreatment with
CLAB3 signicantly alleviated hepatic injury such as loss of
RSC Adv., 2017, 7, 20480–20487 | 20483
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Fig. 2 Effects of a cocktail of LAB on the serum enzyme and biochemical indicates: (a) AST activity; (b) ALT activity; (c) TC contents; (d) TG
contents. Data are presented as the mean � SEM per group. Significant differences (p < 0.05) are shown with different superscripts.
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intact hepatic plates and necrosis of hepatocytes, whereas the
histological changes in the other groups were not so visible
(Fig. 4). However, inammatory cellular inltration was still
seen in mixed LAB group. It seemed that the specially mixed
LAB are able to prevent hepatic damage by MC-LR. Moreover,
pretreatment with NAC also preserved normal hepatic tissue
structures.
Antioxidative activities of mixed LAB in vitro

The DPPH radical scavenging rate of the CLAB3 group was
signicantly greater than those of the CLAB1 and CLAB2
groups (Table 4). The hydroxyl radical is the most reactive
oxygen radical, and thus the ability to scavenge hydroxyl
radicals is of importance. The hydroxyl radical scavenging of
the CLAB2 group was lower than that of the other mixed LAB
groups. In addition, the reducing ability of the CLAB3 group
also was greater than that of CLAB1 and CLAB2. In conclusion,
the antioxidative activities of the CLAB3 group were better
than those of the other two mixed LAB groups.
20484 | RSC Adv., 2017, 7, 20480–20487
Discussion

Cyanobacteria toxin-induced illness and deaths have been re-
ported worldwide in both human beings and animals.1,2 As one
of the most toxic and common cyanobacteria toxins, MC-LR is
reported to cause liver damage, gastrointestinal apoptosis,
reproductive toxicity, kidney injuries, and immunosuppression
in rodents.4,5,25–27 The strategic solutions for reducing MC-LR
exposure mainly include removal, degradation and decrease
intake without regard to environmental governance. Several
studies have suggested that MC-LR may be degraded by LAB; in
particular, the cell-envelope proteinases involved in the degra-
dation of MC-LR were identied in Lactobacillus and Bido-
bacterium strains.28 In contrast, the removal of microcystins by
LAB in vitro is supposed to be a function of physical adsorption
rather than metabolism.29–31 The mechanisms of LAB effect on
MC-LR in vitro is still controversial. However, only limited
studies have reported the prevention against MC-LR-toxicity in
vivo. In this study, MC-LR was administered via intraperitoneal
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effects of a cocktail of LAB on the antioxidant enzymes in livers of MC-LR-exposed mice: (a) SOD activity; (b) CAT activity; (c) MDA
contents. Data are presented as the mean � SEM per group. Significant differences (p < 0.05) are shown with different superscripts.
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injection rather than by an intragastric route to avoid contact
between the MC-LR and the mixed LAB to investigate the effects
of LAB on MC-LR-induced toxicity in vivo. Our study may be the
rst to conrm the protective effects of LAB against MC-LR-
exposed hepatotoxicity and oxidative stress in an animal
model, characterized by reducing lipid peroxidation, alleviating
liver lesion, and protecting antioxidant enzymes system.

Liver is reported to be the specic affected organ by MC-LR
due to its uptake through bile acid carrier system in hepatic
cells.32 The toxin inhibits protein serine/threonine phospha-
tases 1 and 2A through its methy-dehydroalanine binding
Cys273 of the phosphatases, causing excessive phosphorylation
of proteins and subsequently hepatocytes damage such as loss
of cell shape, DNA lesion and hepatic hemorrhage.33–35 In the
presenting study, liver damage was caused by a sublethal dose
of MC-LR, with an increase in serum ALT and AST, which was
signicantly prevented by oral administration of CLAB3. The
histologic results also demonstrated that CLAB3 treatment
preserved more normal tissue structures with less cytoplasmic
shrinkage, few hepatic necrosis and normal liver weight,
compared with the only MC-LR group. Administration of LAB
with high antioxidative activity enhances the level of gluta-
thione peroxidase, which is crucial for the detoxication of MC-
LR by the glutathione pathway.36,37 However, whether CLAB3
have the same hepatoprotective pathway needs to further
investigate. CLAB3 administration also diminished the
decrease in weight of mice seen during and aer this toxin
This journal is © The Royal Society of Chemistry 2017
treatment, which may be related to improvement of the inhi-
bition of nutrient absorption by MC-LR.38 Our study provides
biological evidence that mixed LAB can protect mice from
hepatotoxicity by MC-LR. Furthermore, the protective effect of
CLAB3 on the liver was even better than that of the positive
control NAC. Compared to NAC group, CLAB3 group had the
lower levels of serum ALT and AST, which were regarded as
indices of liver function, although there was no signicant
difference in stained liver section between CLAB3 and NAC
group.

Moreover, several studies have suggested that oxidative
stress plays an important role in the pathogenic mechanism of
MC-LR-exposed toxicity,7 which may be caused by an increase in
reactive oxygen species and a decrease in antioxidant levels.
Reactive oxygen species, such as cOH, O2c

�, and ROOc, come
mainly from the mitochondrial transport chain and enzyme
during oxidative phosphorylation. Once the balance between
reactive oxygen species and an antioxidative system is broken,
oxidative stress can induce severe damage to cell structures by
causing destruction of lipids, proteins, and DNA. In this study,
CLAB3 induced recovery of the antioxidative levels by reducing
the CAT activities and MDA levels and increasing the levels of
SOD in the liver. The results suggest that CLAB3 can signi-
cantly prevent the oxidative damage caused by MC-LR treat-
ment. Similarly, many Lactobacillus and Bidobacteria are
reported to have antioxidative abilities including reducing lipid
peroxidation, enhancing antioxidative enzyme and improving
RSC Adv., 2017, 7, 20480–20487 | 20485
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Fig. 4 Effect of mixed LAB on histological changes of liver in mice administered MC-LR: (a) liver of control, �200; (b) liver of mice treated with
MC-LR, arrows indicating loss of intact liver plates, shrinking of the cytoplasm, condensed chromatin, inflammatory cellular infiltration and
necrosis, �200; (c–e) and (f), liver of MC-LR-exposed mice pretreated with CLAB1, CLAB2, CLAB3 and N-acetylcysteine, respectively, �200.

Table 4 Determination of antioxidative activities of three groups of
mixed LAB strainsa

Group
DPPH radicals
scavenging (%)

Hydroxyl radicals
scavenging (%)

Reducing abilityb

(mmol)

CLAB1 25.92 � 0.87a 78.76 � 1.56b 30.04 � 2.00a

CLAB2 26.40 � 1.25a 66.42 � 1.17a 52.81 � 1.63b

CLAB3 32.06 � 0.56b 76.73 � 0.98b 75.93 � 1.69c

a Values are mean � SEM for 3 times per group. The superscript letters
a and c indicate statistically differences (p < 0.05) between the groups in
each row. b Reducing activity was expressed with equivalent cysteine
(mmol L�1).
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lipid metabolism.15,16 Due to CLAB3 including L. johnsonii ATCC
33200, L. rhamnosus GG, B. adolescentis 1.1290 and B. bidum
CCFM 16, it is difficult to gure out the dominante of these
strains in antioxidant ability. Therefore, it is necessary to
compare every single strain with CALB3 in antioxidant ability in
the future research. Moreover, the alteration of TG levels also
indicated that CLAB can improve lipid metabolism in the liver.

We speculate the antioxidative of probiotics may be related
to reducing ability, reactive oxygen species scavenging, enzyme
inhibition, and inhibition of ascorbate autoxidation.13 Actually,
20486 | RSC Adv., 2017, 7, 20480–20487
the antioxidative ability of CLAB3 is greater than others, which
is consistent with the results in vivo. Although the molecular
mechanisms and pathways of LAB on protective effects still
require further study, the antioxidative activity of LAB may be
one of the most important aspects. The positive NAC was
considered as one of potent chemical substances against liver
injury.39 As a glutathione precursor, NAC improved MC-LR-
induced oxidative stress by increasing antioxidative enzymes,
which was similar to LAB. Moreover, NAC also can prevent MC-
LR-induced DNA damage in HepG2 cells.40 The possible
mechanisms of NAC on MC-LR toxicity included decreasing
ROS production, attenuating p38 mitogen-activated protein
kinase activation, elevating mitochondrial membrane potential
and reducing apoptosis.41–43

In conclusion, we demonstrate for the rst time that a cock-
tail of LAB administration conferred protection against oxida-
tive damage and hepatotoxicity induced by MC-LR in vivo. The
study indicates that the antioxidant abilities of LAB may play an
important role in diminishing MC-LR-induced toxicity. More-
over, the antioxidant capacity may be related to radical scav-
enging abilities and reducing ability. The results show that LAB
may be one of potential dietary strategies against MC-LR
toxicity.
This journal is © The Royal Society of Chemistry 2017
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