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Purpose: To explore the effects of the combination of blueberry juice and probiotics on the
apoptosis of alcoholic fatty liver disease (AFLD).
Methods: Healthy C57BL/6J mice were used in the control group (CG). AFLD mice models
were established with Lieber–DeCarli ethanol diet and evenly assigned to six groups with
different treatments: MG (model), SI (SIRT1 [sirtuin type 1] small interfering RNA [siRNA]),
BJ (blueberry juice), BJSI (blueberry juice and SIRT1 siRNA), BJP (blueberry juice and
probiotics), and BJPSI (blueberry juice, probiotics, and SIRT1 siRNA). Hepatic tissue was
observed using hematoxylin and eosin (HE) and Oil Red O (ORO) staining. Biochemical indexes
of the blood serum were analyzed. The levels of SIRT1, caspase-3, forkhead box protein O1
(FOXO1), FasL (tumor necrosis factor ligand superfamily member 6), BAX, and Bcl-2 were
measured by reverse transcription-polymerase chain reaction and Western blotting.
Results: HE and ORO staining showed that the hepatocytes were heavily destroyed with large
lipid droplets in MG and SI groups, while the severity was reduced in the CG, BJ, and BJP
groups (P,0.05). The levels of superoxide dismutase (SOD), reduced glutathione (GSH), and
high-density lipoprotein-cholesterol (HDL-C) were increased in BJ and BJP groups when compared with the model group (P,0.05). In contrast, the levels of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT), total triglycerides (TGs), total cholesterol, low-density
lipoprotein-cholesterol (LDL-C), and malondialdehyde (MDA) were lower in BJ and BJP groups
than in the model group (P,0.05). The level of SIRT1 was increased, while the levels of FOXO1,
phosphorylated FOXO1, acetylated FOXO1, FasL, caspase-3, BAX, and Bcl-2 were decreased in
CG, BJ, and BJP groups (P,0.05). Meanwhile, SIRT1 silence resulted in increase of the levels
of FOXO1, phosphorylated FOXO1, acetylated FOXO1, FasL, caspase-3, BAX, and Bcl-2.
Conclusion: The combination of blueberry juice and probiotics reduces apoptosis in AFLD
by suppressing FOXO1, phosphorylated FOXO1, acetylated FOXO1, FasL, caspase-3, BAX,
and Bcl-2 via the upregulation of SIRT1.
Keywords: alcoholic fatty liver, blueberry, caspase-3, forkhead box protein O1, probiotics,
sirtuin type 1, tumor necrosis factor ligand superfamily member 6
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Alcoholic fatty liver disease (AFLD) is a very common disorder because long-term
consumption of alcohol in excessive amounts induces clinical manifestations of liver
injury. Hepatitis, fibrosis, cirrhosis, and liver cancer develop if the progression of AFLD
is not well controlled.1–3 The onset of AFLD is increasing in the world.4 Treatment with
drugs is one of the main methods of controlling AFLD. The drugs commonly used for
AFLD therapy are corticosteroids,5 tumor necrosis factor-α, and so on.6 However, all
these drugs have serious side effects and cannot be tolerated by all people.7 Therefore,
1649

submit your manuscript | www.dovepress.com

Drug Design, Development and Therapy 2016:10 1649–1661

Dovepress

© 2016 Zhu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

http://dx.doi.org/10.2147/DDDT.S102883

Dovepress

Zhu et al

it is necessary to explore nonpharmaceutical interventions
and natural food components for use in AFLD therapy.
The pathogenesis of AFLD is closely related with the oxidative stress caused by alcohol metabolism, which results in
the apoptosis of liver cells.8 Under normal circumstances, it is
critical to maintain the equilibrium between proliferation and
apoptosis of the liver cell. Otherwise, an increase in apoptotic
cells will cause liver inflammation and necrosis, resulting in
alcoholic hepatitis.9 Many studies10–12 show that the inhibition
of hepatic apoptosis can reduce liver injury. Antioxidants can
ameliorate ethanol-induced apoptosis in liver cells.13
Blueberries constitute a widely distributed species in
North America, Europe, Asia, and Africa, and they have
the highest antioxidant capacity.14 Ultra-performance liquid
chromatography-electrospray ionization quadrupole timeof-flight/mass spectrometry analysis shows that blueberries
are rich in quinic acid (203–3,614 µg/mL), chlorogenic acid
(20.0–346.8 µg/mL), and rutin (0.00–26.88 µg/mL), and the
contents varied depending on the genotypes.15 Quinic acid
shows high antioxidant activities by inducing the production
of the antioxidants tryptophan16 and nicotinamide17 in the
gastrointestinal tract and by improving DNA repair. On the
other hand, quinic acid can increase the levels of tryptophan
and nicotinamide by affecting the microflora in the gastrointestinal tract, as well as providing the essential metabolic
ingredients for people’s health.18 Previous work has shown
that chlorogenic acid treatment ameliorates the intestinal
mitochondrial injury induced by H2O2; meanwhile, the levels
of reactive oxygen species, 8-hydroxy-2-deoxyguanosine,
and cytochrome c were reduced.19 Rutin has been approved
to have antioxidant and antibacterial activities.20 Moreover,
probiotics can reduce liver damage and inhibit hepatic
apoptosis.21 Considering the importance of gut microbiota
in the development of AFLD, the function of probiotics in
AFLD therapy has been recognized. Probiotic intervention
inhibits the progression of AFLD in animal models and
patients.22 Thus, blueberry juice and probiotics may have
some complementary functions in the treatment of AFLD.
However, the synergistic effects of a combination of
blueberry juice and probiotics on AFLD remain unclear.
Sirtuin type 1 (SIRT1), an NAD-dependent deacetylase,
plays an important role in preventing metabolic diseases.23,24
SIRT1 deletion in mice increases hepatic steatosis and
inflammation.25,26 Serum SIRT1 has been reported to be associated with fatty liver infiltration.27 Many studies have shown
that SIRT1 affects energy metabolism,28,29 oxidative injury,30
and apoptosis.31 SIRT1 has been reported to affect the promoter
of p66shc.32 Salvianolic acid A can protect rats against apoptosis in liver injury by affecting the SIRT1/p66shc pathway.33
1650

Powered by TCPDF (www.tcpdf.org)

submit your manuscript | www.dovepress.com

Dovepress

All these results suggest that SIRT1 is an important regulator
in liver injury. Therefore, to understand the molecular mechanism of the effects of blueberry and probiotics on AFLD, an
AFLD model was established successfully in this study, and
the inhibitory mechanisms were elucidated with SIRT1 small
interfering RNA (siRNA) lentivirus. SIRT1,34,35 an apoptosis
inhibitor, reduces the levels of the apoptosis factors caspase-3,36
BAX,37 Bcl-2,38 forkhead box protein O1 (FOXO1);39 and
tumor necrosis factor ligand superfamily member 6 (FasL).40
On the other hand, FOXO1 is a phosphorylated protein, and
the phosphorylation of FOXO1 by Akt leads to nuclear export
and inhibition of the transcription activity.41 Additionally,
SIRT1 can inhibit FOXO1 by deacetylation.42 Therefore, the
level of phosphorylated FOXO1 and the acetylation status of
FOXO1 were determined.

Materials and methods
Animals
All the protocols in this study were approved by the animal
care and ethical committee of Suzhou University. A total
of 56 female C57BL/6J mice, 6–8 weeks of age and with
body weight 25±5 g, were purchased from the Experimental
Animal Center, Third Military Medical University (Animal
license, SYXK Qian 2012-0001; ethics license: 1403070).
All animal-handling procedures were performed according to
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and followed the guidelines of
the Animal Welfare Act. All animals were housed in a 12 hour
light/dark cycle and had constant access to food and water.

Materials
Blueberry juice (Vaccinium spp.) was purchased from
Majiang Blueberry Plant (Guiyang, People’s Republic of
China) and preserved at −20°C until use. The ingredients
of blueberry juice, including anthocyanins, trace elements,
and vitamins, were determined according to a previous
report.43 The mixed probiotics containing Bifidobacterium,
Lactobacillus bulgaricus, and Streptococcus thermophilus
were purchased from Inner Mongolia Double Odd Pharmaceutical Co (OTCS19980004; Inner Mongolia, People’s
Republic of China).44
RNA extraction and purification kit was purchased from
Biomiga Inc (R6311; Biomiga, CA, USA), SYBR Premix Ex
Taq II (Tli RNaseH Plus) from Clontech (Mountain View,
CA, USA), and PrimeScript™ RT Reagent Kit with gDNA
Eraser (Perfect Real Time) from Takara Bio Inc (RR047A;
Dalian, People’s Republic of China). SIRT1, caspase-3,
FOXO1, and FasL primers were synthesized by Takara
Bio Inc. SIRT1, caspase-3, FOXO1, FasL, and BAX rabbit
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anti-mouse antibodies (ab39670, ab2302, ab179450,
ab68338, and ab10813) were purchased from Abcam
(Cambridge, MA, USA). Anti-phosphorylated-FOXO1
(Ser256) Antibody (catalog no 9461) and Bcl-2 antibody
(catalog no D17C4) were purchased from CST (Shanghai)
Biological Reagents (Shanghai, People’s Republic of China).
Anti-acetylated FOXO1 (Ac-FoxO1) antibody (catalog no
sc-49437) was purchased from Santa Cruz Biotechnology
(Shanghai) Co Ltd (Shanghai, People’s Republic of China).
Goat anti-rabbit secondary antibody was from Shanghai
Genetic Engineering Company (GK500710; Shanghai,
People’s Republic of China). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) rabbit anti-mouse antibody was
procured from Wuhan Boster Biotechnology Co (21260-1-ap;
Wuhan, People’s Republic of China). Bicinchoninic acid
protein quantification kit was purchased from Biomiga Inc
(PW0104). Electrochemiluminescence (ECL) kit was from
Tupper Company (WBKLS0100, Farmersville, MA, USA).
Mouse Sirt-1, caspase-3, FOXO1, and FasL enzyme-linked
immunosorbent assay kits were purchased from Shanghai
Comissariado (Shanghai, People’s Republic of China).

The establishment of AFLD mouse model
Eight C57/6J mice were fed only Lieber–DeCarli ‘82 diet
(F1259SP) as a control group. Forty C57/6J mice were
fed Lieber–DeCarli diet (F1258SP) along with alcohol for
10 days. Lieber–DeCarli ‘82 and Lieber–DeCarli diets were
purchased from Bio-Serve (Flemington, NJ, USA).

SIRT1 siRNA
SIRT1 siRNA sequence (GCAGGTTGCAGGAATCCAAAG)
was synthesized and linked with lentivirus vector using a
carrier LV3 (H1/GFP and Puro) from Shanghai GenePharma Technology Co Ltd (Shanghai, People’s Republic of
China). The sequence was linked to the pshRNA-H1-Luc
lentivector to construct pshRNA-H1-Luc-SIRT1-siRNA.
The constructed vector was cotransfected into 293T cells by
Lipofectamine™ 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) and pPACK Packaging Plasmid Mix (System
Biosciences, Shanghai, People’s Republic of China). After
48-hour culture, viral supernatant was collected and the titer
was calculated with diluted lentivirus. Twenty-four AFLD
mice were intra-articularly injected with 100 µL supernatants
containing the lentivirus-carrying SIRT1 siRNA (1×108 virus
titer per injection, two times/day) for 10 days.

Animal groups
All mouse models with AFLD were evenly and randomly
assigned to six groups (Figure 1) as follows: model group (MG);
Drug Design, Development and Therapy 2016:10
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1) blueberry juice group (BJ), in which the mice were fed
blueberry juice (1.5 mL/100 g) for 10 days;45 2) blueberry juice
and probiotic bacteria group (BJP), in which the mice were fed
blueberry juice and probiotics (blueberry juice: 1.5 mL/100 g;
20 mL/100 g probiotics were used.) for 10 days; 3) SIRT1
siRNA group (SI), in which the SIRT1 gene was silenced;
4) blueberry juice and SIRT1 siRNA group (BJSI), in which
the SIRT1 gene was silenced in the mice and the mice were fed
blueberry juice (1.5 mL/100 g) for 10 days; and 5) blueberry
juice, probiotics, and SIRT1 siRNA group (BJPSI), in which
the SIRT1 gene was silenced in the mice and the mice were fed
blueberry juice and probiotics (blueberry juice, 1.5 mL/100 g;
the concentrations of probiotics were 250 mg/100 mL and
20 mL/100 g probiotics were used) for 10 days. Meanwhile,
8 healthy mice were used as a control group (CG).

Histological analysis
All mice were anesthetized and sacrificed. Blood was taken
and centrifuged at 5,000× g for 10 minutes, and serum was
separated and stored at −80°C. The liver tissues were taken
and fixed in 10% neutral formalin, cut into paraffin-embedded
sections, and stained with hematoxylin and eosin (HE) and Oil
Red O. Each slice was randomly selected in five microscopic
fields (×400). One hundred cells were counted under Olympus
BX41 image system (OLYMPUS Company, Tokyo, Japan).

Flow cytometry analysis
Flow cytometry analysis was performed to measure the apoptotic status of liver cells. First, the liver cells were separated
based on the method introduced in a report.46 Briefly, 100 µL
cells at 5×105/mL were transferred into 5 mL flow tubes.
Annexin V/fluorescein isothiocyanate (FITC) (5 µL) was
added, and apoptotic rates were detected based on the fluorescence of Annexin V/FITC with a flow cytometer (Coulter
Epics XL; Beckman Coulter, Fullerton, CA, USA).

Biochemical analysis
For biochemical analysis, serum samples were used. Oxidative stress is associated with the development of AFLD.
Superoxide dismutase (SOD),47 aspartate aminotransaminase (AST),48 alanine aminotransferase (ALT),48 reduced
glutathione (GSH),49 and malondialdehyde (MDA) all have
antioxidant activities.50 The levels of AST and ALT were
determined by a Biochemical Analyzer (Siemens Advia
1650; Siemens, Bensheim, Germany). The levels of SOD
and GSH were measured according to previous reports.51,52
The level of MDA was measured with an MDA kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, People’s
Republic of China).
submit your manuscript | www.dovepress.com
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Figure 1 The flow chart of the study.
Notes: The AFLD model was established using LDA. CG is the control group, in which the mice were fed with Lieber–DeCarli (LD) diet; MG is the model group, in which
the mice were fed with LD diet and alcohol; SI is a model group, in which SIRT1 gene was silenced in the model mice; BJ is a model group, in which the model mice were fed
with blueberry juice; BJSI is a model group, in which SIRT1 gene was silenced in the model mice and the mice were fed with blueberry juice. BJP is a model group, in which
the model mice were fed with blueberry juice and probiotics; BJPSI is a model group, in which SIRT1 gene was silenced in model mice and the mice were fed with blueberry
juice and probiotics.
Abbreviations: SOD, superoxide dismutase; GSH, reduced glutathione; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TG, total triglyceride; TC, total
cholesterol; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; MDA, malondialdehyde; LDA, Lieber–DeCarli diet and alcohol;
MG, model group; SI, SIRT1 siRNA group; SIRT1, sirtuin type 1; BJ, blueberry juice group; BJSI, blueberry juice and SIRT1 siRNA group; BJP, blueberry juice and probiotics group;
BJPSI, blueberry juice, probiotics, and SIRT1 siRNA group; qRT-PCR, quantitative reverse transcription–polymerase chain reaction; NAFLD, nonalcoholic fatty liver disease.

AFLD is generally characterized by accumulation of lipids. A standard lipid panel includes total triglycerides (TGs),
total cholesterol (TC), high-density lipoprotein-cholesterol
(HDL-C), and low-density lipoprotein-cholesterol
(LDL-C).53,54 The levels of TGs, TC, HDL-C, and LDL-C
were measured using a biochemical analyzer (7020;
Hitachi High-Technologies, Shanghai, People’s Republic
of China).

Quantitative reverse transcription–
polymerase chain reaction analysis
Total RNA was isolated, and its concentration was measured
on Nanodrop 2000c (Thermo Fisher Scientific). Complementary DNA was synthesized according to the instructions of
reverse transcription–polymerase chain reaction (RT-PCR)
kits. Quantitative RT-PCR (qRT-PCR) was used to detect the
mRNA levels of SIRT1, caspase-3, FOXO1, FasL, BAX, and
Bcl-2 genes using the primers listed in Table 1. GAPDH was
used as an internal control to standardize the copy number (Ct
value) of each sample. qRT-PCR was performed on a DA7600
real-time fluorescence detection system (Zhongshan Da An
Gene Co, Ltd, Guangzhou, People’s Republic of China). The
mean Ct values represent the mRNA levels of these genes.
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Western blot analysis
Western blotting was used to detect the protein levels.
All proteins were extracted and the concentrations were
measured. An aliquot containing 40 µg proteins was taken
from each sample, separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and
then transferred to a membrane, which was blocked with
5% nonfat milk. The membrane was incubated with the
primary antibody at 4°C overnight. Secondary antibody
was added and incubated at room temperature for 1 hour.
Brown bands were developed after 1-hour ECL exposure,
scanned by Gel Doc EQ condensate gel imager, and analyzed by the Quantity software. The expression levels were
shown as gray values based on the relative ratio to GAPDH.
The results were recorded using a GelDocXR gel imaging
system (BIO-RAD Company, Hercules, CA, USA).

Caspase-3 activity assay
Liver tissues were lysed using the lysis buffer in the
caspase-3 activity assay kit by incubating for 15 minutes
on ice (catalog no C1115; Beyotime Institute of Biotechnology, Beijing, People’s Republic of China). Cell lysates
were centrifuged at 20,000× g for 10 minutes at 4°C, and

Drug Design, Development and Therapy 2016:10
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Table 1 The primers used in qRT-PCR
Gene

Primer sequence

Annealing temperature (°C)

Fragment size (bp)

GAPDH

F:5′-GTTGTCTCCTGCGACTTCA3′
R:5′-GCCCCTCCTGTTATTATGG3′
F:5′-GGAACCTTTGCCTCATCTACAT3′
R:5′-ATTCCTTTTGTGGGCGTGG3′
F:5′-TATCCTGAAATGGGCATATG3′
R:5′-TTCCTGACTTGGTATTTCAG3′
F:5′-AGTGGATGGTGAAGAGCGT3′
R:5′-GCCACTTAGAAAACTGAGACC3′
F:5′-GGTGCTTGCTGGCTCACAGT3′
R:5′-TTCACGAACCCGCCTCCTC3′
F:5′-CATCGAGGTGGAGAGCGACG3′
R:5′-GTGATGGGACTGAGTCCCGC3′
F:5′-AGAAGAAGGGAGAATCACAG3′
R:5′-CGGCATGATCTTCTGTCAAG3′

60

293

60

164

60

140

60

324

60

88

60

140

60

160

SIRT1
Caspase-3
FOXO1
FasL
BAX
Bcl-2

Abbreviations: F, forward; qRT-PCR, quantitative reverse transcription–polymerase chain reaction; R, reverse.

the supernatants were collected. The activity of caspase-3
was measured according to the manufacturer’s instructions on the kit. Acetyl-Asp-Glu-Val-Asp-p-nitroaniline
(Ac-DEVD-pNA) is cleaved and p-nitroaniline (pNA) is
released as the chromophore. The absorbance values at
405 nm stand for the activity of caspase-3. One unit of
caspase-3 is defined as the amount of enzyme that cleaves
1 nmol pNA/h at 37°C.

Statistical analysis

All the data are presented as mean ± standard deviation
(SD). All the groups were compared using analysis of variance and t-test. SPSS 17.0 (SPSS Inc, Chicago, IL, USA)
statistical software was used, and P,0.05 was considered
statistical difference. P,0.01 was a statistically significant
difference.

Results
Blueberry juice and probiotics ameliorate
AFLD
A mouse model with AFLD was established, and the
severity of AFLD was analyzed by staining with HE and
Oil Red O (Figure 2). In healthy animals, liver cells radially encircle a tubular section in the center, and all lipid
droplets are of small size. In the AFLD model group, the
lobular structure was destroyed and widely distributed, with
more lipid droplets when compared with controls. In the
SI group, the lobular structure was heavily destroyed and
filled with many large lipid droplets when compared with
the liver tissues from the model group. The liver injury
suggested that an AFLD mouse model was created. The

Drug Design, Development and Therapy 2016:10

severity of AFLD was reduced, and lipid droplets were
decreased in the BJ and BJP groups when compared with
the same in MG, SI, BJSI, and BJPSI groups (Figure 2). In
the SI group, the structure of the hepatic cord was heavily
destroyed and many large lipid droplets were produced
when the SIRT1 gene was blocked, suggesting that SIRT1
plays an important role in maintaining the normal structure of liver cells. In the BJ group, the hepatic cords were
arranged around a central vein clearly. A fewer number
of small-sized lipid droplets were produced. In the BJSI
group, the hepatic structure of cords was heavily destroyed
and more lipid droplets were produced when SIRT1 was
blocked. In the BJP group, the hepatic cords were radially
arranged around a central vein and there were fewer lipid
droplets. In the BJPSI group, the hepatic structure was
destroyed and the lipid droplets were of small size. These
findings suggested that the combination of blueberry juice
and probiotics attenuates AFLD better than the group fed
only blueberry juice.

Liver apoptosis
Annexin/FITC analysis indicated that the apoptotic rate
was the highest in the SI group and the rate was reduced
in the BJSI and BJPSI groups when blueberry juice and/or
probiotics were used (Figure 3) (P,0.05). In comparison,
the apoptotic rate was higher in the MG group than in the
BJ and BJP groups. The rate was reduced in the BJ and BJP
groups when blueberry juice and/or probiotics were used
(Figure 3) (P,0.05). These results suggested that blueberry
juice and/or probiotics consumption reduces the apoptotic
rate of liver tissues.
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20 µm
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20 µm
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MG (H)

20 µm
BJ (H)

20 µm
BJP (H)
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BJPSI (H)

BJPSI (O)

20 µm

20 µm

MG (O)

20 µm
BJ (O)
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BJP (O)
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Figure 2 Effect of blueberry juice and probiotics on AFLD and liver damage.
Notes: All hepatic samples were stained with HE (marked as “H”) or Oil Red O (marked as “O”) to evaluate the severity of AFLD (original magnification: ×200). CG (H):
in the control group, hepatocytes are arranged radially around a vein in the center and hepatic structure is clearly visible. Few small-sized cavities are found. CG (O): in the
control group, small-sized lipid droplets are observed. MG (H): in the model group, hepatic cords were heavily destroyed and many cavities were observed. MG (O): in
the model group, many lipid droplets were visible. SI (H): in the SIRT1-RNAi group, hepatic cords were completely destroyed and many large-sized cavities were produced.
SI (O): in the SIRT1-RNAi group, many large-sized lipid droplets were produced. BJ (H): in the blueberry juice group, the structure of hepatic cords was slightly repaired and
arranged around the vein in the center. A few small-sized cavities appeared. BJ (O): in the blueberry juice group, many small-sized lipid droplets were produced. BJSI (H):
in the blueberry juice and SIRT1-RNAi group, hepatic cords were destroyed and middle-sized cavities were produced. BJSI (O): in the blueberry juice and SIRT1-RNAi group,
many middle-sized lipid droplets were found. BJP (H): in the blueberry juice and probiotics group, the destroyed hepatic cords were repaired well and radially arranged
around the vein in the center. Fewer small cavities were produced. BJP (O): in the blueberry juice and probiotics group, fewer small-sized lipid droplets were produced. BJPSI
(H): in the blueberry juice, probiotics, and SIRT1-RNAi group, the hepatic cords were destroyed. Small- and middle-sized cavities were observed. BJPSI (O): in the blueberry
juice, probiotics, and SIRT1-RNAi group, many small-sized lipid droplets were produced.
Abbreviations: AFLD, alcoholic fatty liver disease; HE, hematoxylin and eosin; MG, model group; BJ, blueberry juice group; BJSI, blueberry juice and SIRT1 siRNA group;
BJP, blueberry juice and probiotic bacteria group; BJPSI, blueberry juice, probiotics, and SIRT1 siRNA group; RNAi, RNA interference.

Blueberry juice and probiotics improve
the biochemical parameters in
AFLD mice
In AFLD model and SI groups, the serum levels of ALT,
AST, TGs, TC, and LDL were increased when compared with
other groups (P,0.05) (Table 2). Furthermore, the levels of
TGs and MDA were also increased in MG and SI groups
compared with other groups (P,0.05). In contrast, in AFLD
model and SI groups, the serum levels of HDL-C, SOD,
and GSH were decreased (P,0.05) (Tables 2 and 3). From
these biochemical indexes, the combination therapy was
1654
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significantly better than the group in which only blueberry
juice was used (P,0.05). There was a statistically significant
difference between the two treatment groups (BJ and BJP)
and the model group (P,0.05).
The results suggested that the combination of blueberry
juice and probiotics is better than blueberry intervention alone
for AFLD therapy (P,0.05) (Tables 2 and 3). When SIRT1
was silenced, there was no significant statistical difference
between the BJSI and MG groups in most cases (P.0.05)
(Tables 2 and 3), suggesting that blueberry juice attenuates ALFD by affecting the SIRT1 pathway. There were
Drug Design, Development and Therapy 2016:10
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Figure 3 Apoptosis of hepatic tissues.
Notes: CG is the control group, in which the mice were fed with Lieber–DeCarli diet; MG is the model group, in which the mice were fed with Lieber–DeCarli diet and
alcohol; SI is a model group, in which SIRT1 gene was silenced in the model mice; BJ is a model group, in which the model mice were fed with blueberry juice; BJSI is a model
group, in which SIRT1 gene was silenced in the model mice and the mice were fed with blueberry juice. BJP is a model group, in which the model mice were fed with blueberry
juice and probiotics; BJPSI is a model group, in which SIRT1 gene was silenced in model mice and the mice were fed with blueberry juice and probiotics. Panel A shows the
apoptotic rates in different groups. All data are presented as mean value ± SD and n=8 in each group. *P,0.05 vs control group and #P,0.05 vs model group. ANOVA was
performed to compare the mean values from different groups.
Abbreviations: CG, control group; MG, model group; BJ, blueberry juice group; SI, SIRT1 siRNA group; SIRT1, sirtuin type 1; BJSI, blueberry juice and SIRT1 siRNA group;
BJP, blueberry juice and probiotic bacteria group; BJPSI, blueberry juice, probiotics, and SIRT1 siRNA group; FITC, fluorescein isothiocyanate; SD, standard deviation; PI-A,
Propidium Iodide-A.

statistically significant differences between BJPSI and MG
groups (P,0.05) (Tables 2 and 3), suggesting that blueberry
juice and probiotic bacteria still can attenuate ALFD although
SIRT1 is silenced. However, the effects were significantly
lower than those seen with the SIRT1 gene. Thus, other
molecular mechanisms may exist for the synergetic functions
of blueberry juice and probiotics.
Drug Design, Development and Therapy 2016:10

Relative mRNA levels of SIRT1, FOXO1,
FasL, caspase-3, BAX, and Bcl-2
Real-time qRT-PCR showed that the mRNA levels of
SIRT1 were significantly lower in MG, SI, BJSI, and BJPSI
groups than in CG, BJ, and BJP groups (P,0.05) (Figure 4).
In contrast, the mRNA levels of FOXO1, FasL, caspase-3,
BAX, and Bcl-2 were significantly higher in the MG, SI,
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Table 2 Serum biochemical indexes in all groups
Groups (n=8)

ALT

AST

CG
MG
SI
BJ
BJSI
BJP
BJPSI

57.37±11.68
99.84±10.48*
116.21±5.17*,#
72.41±12.58*,#
104.25±14.48*,#
62.37±8.53#
90.58±7.48*,#

TG

98.34±25.47
326.24±35.26*
346.32±32.79*,#
126.49±22.21*,#
308.24±35.26*
107.63±34.28#
288.66±28.66*,#

#

TC

0.73±0.25
1.78±0.19*
1.87±0.32*
0.86±0.37*,#
1.88±0.28*
0.77±0.23#
1.73±0.14*

#

HDL

1.97±0.57
3.39±0.68*
3.25±0.64#
2.18±0.31#
3.56±0.55*
1.88±0.44#
2.93±0.68*,#

#

LDL

1.42±0.22
0.77±0.30*
0.79±0.44*
1.07±0.43*,#
0.80±0.28*
1.23±0.24*,#
0.82±0.30*

#

0.89±0.34#
1.45±0.33*
1.57±0.52*,#
1.03±0.18*,#
1.33±0.36*
0.86±0.23#
1.26±0.28*,#

#

Notes: *P,0.05 vs CG group; #P,0.05 vs MG group. All the data are presented as mean ± SD (n=8). ANOVA was performed to compare the mean values from
different groups.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, total triglyceride; TC, total cholesterol; HDL, high-density lipoprotein; LDL, lowdensity lipoprotein; CG, control group; MG, model group; SI, SIRT1 siRNA group; BJ, blueberry juice group; BJSI, blueberry juice and SIRT1 siRNA group; BJP, blueberry juice
and probiotic bacteria group; BJPSI, blueberry juice, probiotic bacteria, and SIRT1 siRNA group.

Table 3 Biochemical indexes of liver tissues
Groups (n=8)

SOD (U/mL)

MDA (mmol/L)

GSH (ng/L)

CG
MG
SI
BJ
BJSI
BJP
BJPSI

27.42±4.08
14.26±5.26*
12.67±4.84*
25.67±4.84#
16.31±4.36*,#
29.79±5.79#
17.26±5.26*,#

0.676±0.332
1.556±0.276*
1.732±0.394*
0.783±0.403#
1.474±0.472*
0.525±0.367*,#
1.444±0.325*

22.415±2.152
14.325±1.794*
12.320±1.663*,#
20.362±1.773#
13.432±1.586*
24.278±2.667#
14.356±1.666*

#

#

TG (nmol/L)
1.945±0.973#
3.586±0.976*
4.843±0.857*,#
2.145±0.812#
3.472±1.153*
1.813±0.774#
3.176±0.852*,#

#

Notes: *P,0.05 vs CG group; #P,0.05 vs MG group. All the data are presented as mean ± SD (n=8). ANOVA was performed to compare the mean values from different
groups.
Abbreviations: SOD, superoxide dismutase; MDA, malondialdehyde; GSH, reduced glutathione; TG, total triglyceride; CG, control group; MG, model group; SD, standard
deviation; SI, SIRT1 siRNA group; BJ, blueberry juice group; BJSI, blueberry juice and SIRT1 siRNA group; BJP, blueberry juice and probiotic bacteria group; BJPSI, blueberry
juice, probiotic bacteria, and SIRT1 siRNA group.
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Figure 4 Real-time quantitative RT-PCR analysis of the mRNA levels of SIRT1, FOXO1, FasL, caspase-3, BAX, and Bcl-2.
Notes: CG is the control group, in which the mice were fed Lieber–DeCarli diet; MG is the model group, in which the mice were fed Lieber–DeCarli diet and alcohol; SI is
a model group, in which SIRT1 gene was silenced in the model mice; BJ is a model group, in which the model mice were fed blueberry juice; BJSI is a model group, in which
SIRT1 gene was silenced in the model mice and the mice were fed blueberry juice. BJP is a model group, in which the model mice were fed blueberry juice and probiotics;
BJPSI is a model group, in which SIRT1 gene was silenced in model mice and the mice were fed blueberry juice and probiotics. All data are presented as mean value ± SD and
n=8 in each group. *P,0.05 vs control group and #P,0.05 vs MG. ANOVA was performed to compare the mean values from different groups.
Abbreviations: BAX, BCL2-associated X protein; Bcl-2, B-cell lymphoma 2; RT-PCR, reverse transcription-polymerase chain reaction; CG, control group; MG, model group;
BJ, blueberry juice group; SI, SIRT1 siRNA group; SIRT1, sirtuin type 1; BJSI, blueberry juice and SIRT1 siRNA group; BJP, blueberry juice and probiotic bacteria group; BJPSI,
blueberry juice, probiotics, and SIRT1 siRNA group; FOXO1, forkhead box protein O1; FasL, tumor necrosis factor ligand superfamily member 6; SD, standard deviation.
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BJSI, and BJPSI groups than in the CG, BJ, and BJP groups
(P,0.05) (Figure 4). The results suggest that the combination of blueberry juice and probiotic bacteria increased the
mRNA levels of SIRT1 and decreased the levels of FOXO1,
FasL, caspase-3, BAX, and Bcl-2. After SIRT1 silencing,
the mRNA levels of FOXO1, FasL, caspase-3, BAX, and
Bcl-2 were increased, suggesting that SIRT1 inhibited
the mRNA levels of FOXO1, FasL, caspase-3, BAX, and
Bcl-2. Thus, the results confirmed that blueberry juice can
CG

MG

SI

inhibit the progression of AFLD by affecting the mRNA
level of SIRT1.

Relative protein levels of SIRT1, FOXO1,
P-FOXO1, Ac-FOXO1, FasL, caspase-3,
BAX, and Bcl-2
Western blot analysis showed that the protein level of
SIRT1 was significantly lower in MG, SI, BJSI, and BJPSI
groups than in CG, BJ, and BJP groups (P,0.05) (Figure 5).
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Figure 5 Western blot analysis of the protein levels of SIRT1, FOXO1, phosphorylated FOXO1 (P-FOXO1), acetylated-FOXO1 (Ac-FOXO1), FasL, and caspase-3.
Notes: CG is the control group, in which the mice were fed Lieber–DeCarli diet; MG is the model group, in which the mice were fed Lieber–DeCarli diet and alcohol;
SI was the model group, in which SIRT1 gene was silenced in the model mice; BJ is a model group, in which the model mice were fed with blueberry juice; BJSI is a model group,
in which SIRT1 gene was silenced in the model mice and the mice were fed with blueberry juice. BJP is a model group, in which the model mice were fed with blueberry juice
and probiotics; BJPSI is a model group, in which SIRT1 gene was silenced in model mice and the mice were fed with blueberry juice and probiotics. All data are presented as
mean value ± SD and n=8 in each group. *P,0.05 vs control group and #P,0.05 vs MG. ANOVA was performed to compare the mean values from different groups.
Abbreviations: CG, control group; MG, model group; BJ, blueberry juice group; SI, SIRT1 siRNA group; SIRT1, sirtuin type 1; BJSI, blueberry juice and SIRT1 siRNA group;
BJP, blueberry juice and probiotic bacteria group; BJPSI, blueberry juice, probiotics, and SIRT1 siRNA group; FOXO1, forkhead box protein O1; FasL, tumor necrosis factor
ligand superfamily member 6; BAX, BCL2-associated X protein; Bcl-2, B-cell lymphoma 2; SD, standard deviation.
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In contrast, the protein levels of FOXO1, P-FOXO1,
Ac-FOXO1, FasL, caspase-3, BAX, and Bcl-2 were significantly higher in MG, SI, BJSI, and BJPSI groups than in CG,
BJ, and BJP groups (P,0.05) (Figure 5). The results suggest
that the combination of blueberry juice and probiotic bacteria increased the protein levels of SIRT1 and decreased the
levels of FOXO1, P-FOXO1, Ac-FOXO1, FasL, caspase-3,
BAX, and Bcl-2. After SIRT1 silencing, the protein levels
of FOXO1, P-FOXO1, Ac-FOXO1, FasL, caspase-3, BAX,
and Bcl-2 were increased, suggesting that SIRT1 inhibited
the protein levels of FOXO1, P-FOXO1, Ac-FOXO1, FasL,
caspase-3, BAX, and Bcl-2. Thus, the results also confirmed
that blueberry juice can inhibit the development of AFLD
by affecting the protein level of SIRT1.

Caspase-3 activity
Lieber–DeCarli diet along with alcohol induced hepatic
apoptosis in a mouse model because the activity of caspase-3
was increased when compared with that in the control group
(P,0.05). However, deletion of SIRT1 gene is more likely
to result in apoptosis with high activity of caspase-3 when
compared with a model mouse (P,0.05, Figure 6), suggesting that caspase-3 plays an important role in the progression
of apoptosis in liver tissues. Comparatively, blueberry juice
and/or probiotics decreased the activity of caspase-3 in BJ
and BJP groups when compared with the model group, as
well as decreasing the activity in BJSI and BJPSI groups

Caspase-3 activity
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*
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Figure 6 The effects of blueberry juice and probiotics on the activity of caspase-3.
Notes: CG is the control group, in which the mice were fed Lieber–DeCarli diet;
MG is the model group, in which the mice were fed Lieber–DeCarli diet and alcohol;
SI was the group, in which SIRT1 gene was silenced in the model mice; BJ is the group,
in which the model mice were fed with blueberry juice; BJSI is the group, in which
SIRT1 gene was silenced in the model mice and the mice were fed with blueberry
juice. BJP is the group, in which the model mice were fed with blueberry juice and
probiotics; BJPSI is the group, in which SIRT1 gene was silenced in model mice and
the mice were fed with blueberry juice and probiotics. All data are presented as mean
value ± SD and n=8 in each group. *P,0.05 vs a control group; #P,0.05 vs a model
group. ANOVA was performed to compare the mean values from different groups.
Abbreviations: CG, control group; MG, model group; BJ, blueberry juice group;
SI, SIRT1 siRNA group; SIRT1, sirtuin type 1; BJSI, blueberry juice and SIRT1 siRNA
group; BJP, blueberry juice and probiotic bacteria group; BJPSI, blueberry juice,
probiotics, and SIRT1 siRNA group; SD, standard deviation.
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when compared with the SI group (P,0.05, Figure 6),
confirming that blueberry juice and/or probiotics prevent
apoptosis by inhibiting the activity of caspase-3.

Discussion
Oxidative stress is the main reason for the pathogenesis of
AFLD. Alcohol metabolism often produces more oxygen
free radicals (reactive oxygen species [ROS]), which lead
to hepatic apoptosis.8 Thus, it is important to prevent ROS
production in hepatocytes at an early stage and maintain the
balance between proliferation and apoptosis of hepatocytes.
This study reports the pathogenesis of AFLD and shows
the destruction of hepatic tissues because of the changes in
antioxidant enzymes. The combination of blueberry juice
and probiotic bacteria significantly reduced lipid deposition,
inflammation, necrosis, and fibrosis in hepatic tissues by
enhancing the activity of the enzyme SOD and decreasing
the levels of ALT and AST.
Flow cytometry analysis showed that the combination
of blueberry juice and probiotic bacteria had a significant
inhibitory effect on liver cell apoptosis. The apoptotic rate in
the BJP group was lower than that in the BJ group (P,0.05)
(Figure 3A), suggesting that there is a synergistic effect of
the combination of blueberry juice and probiotic bacteria
during AFLD therapy. However, the detailed molecular
mechanisms for the collaborative functions still need to be
further confirmed in the future.
To elucidate the molecular mechanism of our results,
some important molecules were explored. SIRT1, a powerful nicotinamide adenine dinucleotide (NAD+)-dependent
histone deacetylase,55 plays an important role in deacetylation, is involved in cell apoptosis, cell cycle regulation, gene
transcription, metabolism, and many other cellular processes,
and is associated with the incidence and progression of
AFLD. SIRT1 regulates the ratio of NAD/NADH.56 Blueberry juice shows antioxidant activity and inhibits oxidative
damage by reducing the ratio of NAD/NADH.57 In addition,
blueberry juice contains the polyphenol resveratrol, which
is currently found to increase the SIRT1 levels up to eight
fold.58 This study demonstrated that, compared with the
model group, blueberry juice and probiotic bacteria enhance
SIRT1 expression and then affect the downstream effects of
the SIRT1 pathway.
The balance between oxidative and antioxidant pathways
plays a vital role in protecting the liver cells from damage.
SOD is regulated by SIRT1.59 Therefore, blueberry improves
SIRT1 activity, which increases SOD level, resulting in
a decrease in free radical levels. On the other hand, as a
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downstream factor in SIRT1 regulation, FOXO1 plays an
important role in regulating mammalian apoptosis, oxidative stress, and cell cycle. FOXO1 is a transcription factor,
and its downregulation can inhibit the expression of FasL.
FasL induces the damage and the apoptosis of liver.58 FasL
can activate caspase, which increases the activity of DNAdegrading enzymes and leads to the degradation of DNA,
resulting in liver apoptosis.60 In this study, the levels of
FOXO1, P-FOXO1, Ac-FOXO1, FasL, caspase-3, BAX, and
Bcl-2 were significantly lower in the BJ and BJP groups than
in the model group, suggesting that the intervention of blueberry juice and probiotics activates the SIRT1 gene, which
downregulates the apoptotic factors FOXO1, P-FOXO1, and
Ac-FOXO1, resulting in the decrease of the levels of FasL,
caspase-3, BAX, and Bcl-2. All these result in the inhibition of the progression of hepatocyte apoptosis and prevent
excessive necrosis of hepatocytes.
To prove the earlier theory, lentivirus-packaged SIRT1
siRNA was used to infect C57/6J mouse livers. The levels
of FOXO1, P-FOXO1, Ac-FOXO1, FasL, caspase-3, BAX,
and Bcl-2 were changed significantly and there were significant differences between the BJ and the BJSI groups after
SIRT1 silencing. On the other hand, there were significant
differences in the apoptotic rates between the SI and the
BJSI/BJPSI groups (Figure 3). Furthermore, the combination
of blueberry juice and probiotic bacteria could still ameliorate the severity of AFLD even after SIRT1 was silenced.
Therefore, these findings confirm that there may be other
molecular mechanisms for the inhibition of the severity of
fatty liver by blueberry juice and probiotics. The results suggest that probiotic bacteria also play an important regulatory
role in the protection of the liver from damage caused by
alcohol. Probiotic bacteria and blueberry juice can synergistically enhance the protective effects However, the exact
mechanism remains to be confirmed by further studies.
Certainly, there are some limitations in this study. First,
SIRT1 RNA interference was not performed in healthy mice.
There are two reasons: some conclusions can be arrived at
only using model mice without SIRT1 gene silencing as
controls; to reduce injury to animals, only limited mice were
used for this study according to the instructions of our animal
research and ethical committee of the Suzhou University.
Second, there are complex components in the combination
of blueberry juice and probiotics, which leads to difficulty
in clearly explaining the molecular mechanism of dual
therapy. According to our previous experiments, it is hard to
obtain good therapeutic results if only one main component
of blueberry juice or one type of probiotic was used (Zhu
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et al, unpublished data, 2015). Thus, there is still a conflict
regarding how this study should have been designed. Finally,
clinical trials were not performed, but we are sure that there
are no harmful effects on humans. Much evidence needs to
be accumulated before conducting such an experiment in
patients with AFLD in the future.

Conclusion
This study clearly showed that the combination of blueberry
juice and probiotic bacteria has a synergistic effect against the
progression of AFLD. Blueberry juice can reduce the damage
and apoptosis of AFLD by improving the activity of SIRT1
and promote activity of liver cells against oxidative damage
by increasing the activities of related enzymes to remove
oxygen free radicals, protect liver cells, effectively prevent
lipid peroxidation, and regulate lipid metabolism. On the other
hand, increase in SIRT1 downregulates the levels of FOXO1,
P-FOXO1, and Ac-FOXO1, resulting in the inhibition of FasL,
caspase-3, BAX, and Bcl-2. In addition, SIRT1 siRNA proves
that blueberry juice reduces the apoptosis of hepatocytes in
AFLD by affecting the SIRT1 pathway, which plays an important role in the incidence and progression of AFLD.
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