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Abstract: Nonalcoholic steatohepatitis (NASH) is liver inflammation and a major threat to public
health. Several pharmaceutical agents have been used for NASH therapy but their high-rate side
effects limit the use. Blueberry juice and probiotics (BP) have anti-inflammation and antibacterial
properties, and may be potential candidates for NASH therapy. To understand the molecular
mechanism, Sprague Dawley rats were used to create NASH models and received different treatments.
Liver tissues were examined using HE (hematoxylin and eosin) and ORO (Oil Red O) stain, and
serum biochemical indices were measured. The levels of peroxisome proliferators-activated receptor
(PPAR)-α, sterol regulatory element binding protein-1c (SREBP-1c), Patatin-like phospholipase
domain-containing protein 3 (PNPLA-3), inflammatory cytokines and apoptosis biomarkers in
liver tissues were measured by qRT-PCR and Western blot. HE and ORO analysis indicated that the
hepatocytes were seriously damaged with more and larger lipid droplets in NASH models while BP
reduced the number and size of lipid droplets (p < 0.05). Meanwhile, BP increased the levels of SOD
(superoxide dismutase), GSH (reduced glutathione) and HDL-C (high-density lipoprotein cholesterol),
and reduced the levels of AST (aspartate aminotransferase), ALT (alanine aminotransferase), TG
(triglycerides), LDL-C (low-density lipoprotein cholesterol) and MDA (malondialdehyde) in NASH
models (p < 0.05). BP increased the level of PPAR-α (Peroxisome proliferator-activated receptor α),
and reduced the levels of SREBP-1c (sterol regulatory element binding protein-1c) and PNPLA-3
(Patatin-like phospholipase domain-containing protein 3) (p < 0.05). BP reduced hepatic inflammation
and apoptosis by affecting IL-6 (interleukin 6), TNF-α (Tumor necrosis factor α), caspase-3 and Bcl-2
in NASH models. Furthermore, PPAR-α inhibitor increased the level of SREBP-1c and PNPLA-3.
Therefore, BP prevents NASH progression by affecting SREBP-1c/PNPLA-3 pathway via PPAR-α.

Keywords: non-alcoholic steatohepatitis; blueberry juices; probiotics; Peroxisome proliferator-activated
receptor α; Sterol regulatory element-binding transcription factor 1c; Patatin-like phospholipase
domain-containing protein 3; biochemical indices; apoptosis; anti-oxidant

1. Introduction

Non-alcoholic steatohepatitis (NASH) is a kind of liver diseases caused by oxidant and
inflammation stress over a long time and results in liver damage. NASH can cause some serious
complications, such as liver failure [1], cirrhosis [2,3] and hepatocellular carcinoma [4]. Furthermore,
NASH risk is increasing worldwide [5–7]. Drug therapy is still the main option to control NASH
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progression [8–10]. The common drugs for NASH treatment are vitamin E [11], pioglitazone [12],
peroxisome proliferator-activated receptors (PPAR)-α and PPAR-γ agonist [13], etc. Vitamin E has
antioxidant activities and is widely used for treating chronic liver disorders. Vitamin E lowers the levels
of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in patients with NASH [14].
Pioglitazone shows inhibitory effects on the level of vascular endothelial growth factor (VEGF), which
is related to many ischemic and inflammatory disorders, and the main factor contributing to the
progression of liver fibrosis and hepatic carcinogenesis [15]. The activation of PPAR-α and PPAR-γ
ameliorates NASH by regulating the gene expression in hepatic and adipose tissues [13]. However, all
these medicines have obvious side effects. Long-term consumption of vitamin E will cause nausea,
vomiting, diarrhea, headache, dizziness, and cerebrovascular disorders, as well as increase the risk of
cancers [16]. Pioglitazone belongs to PPAR-γ agonist thiazolidinedione and has many side effects [17],
including weight gain, pedal edema, bone loss and heart failure [18]. Thiazolidinedione, as an
extracellular signal-regulated kinase (ERK) docking domain inhibitor, may cause angioneurosis edema.
PPAR-γ, an important regulator of lipid metabolism and energy balance, is involved in the progression
of insulin resistance and obesity [19]. Furthermore, thiazolidinedione may induce side effects via
PPAR since thiazolidinedione-induced activation of PPAR-γ changes the transcription of many genes
associated with glucose and lipid metabolism [20]. Generally, these side effects cannot be tolerated by
most patients. Thus, it is critical to find non-pharmaceutical therapy and fruit-based food products for
NASH treatment with few side effects.

Oxidative stress may be an important factor for causing NASH. Genetic SNPs (single nucleotide
polymorphisms) have been reported to be associated with fatty acid oxidation and contribute to
NASH [21]. An earlier report showed that increasing CYP2E1 (Catalase and cytochrome P450 2E1)
will increase oxidative stress and plays an important role in the progression of NASH [22]. Some data
suggested that NASH patients could receive antioxidant therapies according to the oxidative stresses
in their serum [23]. Inflammation is another important factor causing NASH because NASH is mainly
characterized by hepatic lipid accumulation and is associated with progressive inflammatory liver
disease [24,25]. The liver kinetics of gadolinium-ethoxybenzyl-diethylenetriamine-pentaacetic acid
and complications are associated with inflammation in animal NASH models [26]. The distribution of
gut microbiota also plays an important role in the progression of NASH [27].

Blueberry juice has significant anti-oxidant and anti-inflammation functions. Blueberry has
rich anthocyanins, which protect organs from oxidative destruction and it can be used as functional
fruits to control liver disorders caused by oxidative stress [28]. The anthocyanins can decrease the
levels of reactive oxygen species (ROS) and heme oxygenase-1 (HO-1) and increase the levels of
superoxide dismutase (SOD) and HO-1. Anthocyanins show protecting effects for inflammatory
disorders and protect cells from diabetes-induced oxidant and inflammatory injuries by affecting
Nrf-2/HO-1 (Nuclear factor erythroid 2-related factor 2/heme oxygenase-1) signal pathway [29].
The rich glycosides in blueberries also enhance their antioxidant capacities [28]. Phenolic acid is also
an important composition of blueberry and antioxidant protection for most cell and. The mixture of
phenolic acid in blueberry also shows anti-inflammatory functions by reducing the levels of nuclear
factor-kappa B and increasing the level of tumor necrosis factor (TNF)-α and interleukin-6 (IL-6) [30].
Blueberry has abundant polyphenols and some beneficial compounds, which can be used by gut
probiotics and affect digestive system and the distribution of intestinal microflora. Bifidobacterium, a
kind of probiotics, is considered beneficial for human health. Long-term consumption of blueberry
juice has been proven to improve the distribution of the intestinal microflora [31]. On the other hand,
blueberries provide health benefits for preventing the progression of various cancers. The anticancer
functions of blueberries are attributed to their high-content phytochemicals and antioxidant properties.
The main ingredients of blueberries show protective effects against cancer by suppressing inflammation,
oxidative stress, proliferation and angiogenesis via many pathways including nuclear factor kappa-B,
Wnt/beta-catenin, the phosphatidylinositol-3-kinase and the mammalian target of Rapamycin, and
extracellular signal-regulated kinase/mitogen-activated protein kinase [32]. Blueberry-enriched diet
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can control metabolic disorders including endothelial dysfunction and inflammation in the obese
animal models [33]. Probiotics have also been approved for NASH treatment in an animal model [34].
Thus, the combination of blueberry juice and probiotics (BP) may have protective functions in NASH
therapy since inflammation, oxidant stress and gut microbiota are associated with the development
of NASH.

However, the molecular mechanism of the effects of blueberry juice on the development of NASH
remains widely unclear. The mutual interaction between lipid metabolism and inflammation may
exacerbate atherosclerosis progression [35], which will contribute to NASH [36]. Sterol regulatory
element-binding protein-1c (SREBP-1c) and PPAR-α have been reported to affect the development of
NASH. Low-level expression of PPAR-α will induce the risk of NASH, which can be treated well by
chicory (Cichoriumintybus L.) seed extract by affecting the level of PPAR-α [37] while PPAR-α activation
will inhibit SREBP-1c pathway [38]. On the other hand, SREBP-1c and patatin-like phospholipase
domain-containing protein 3 (PNPLA-3) pathways may affect the progression of NASH [39,40]. The
pathway may be associated with inflammation [41] and oxidative stress [42]. PNPLA-3 has been
reported to be related to the increase in the level of total glycerol and risk of hepatic injuries [43].
The PNPLA-3 mutant is associated with the risks of hepatic steatosis [44], hepatic enzymes [45],
hepatosteatosis [46], and alcohol-induced cirrhosis [47]. PNPLA-3 encodes a 481-aa protein with
apatatin-like domain at the N-terminus. The over-expression of PNPLA-3 has been found in adipose
tissue [48]. PNPLA-3 is similar with PNPLA2, which is a main kind of hormone-sensitive lipase in
adipose tissue. Both PNPLA2 and PNPLA-3 can hydrolyze triglyceride [49]. Furthermore, PNPLA-3
level is higher in obese and insulin-resistant animal models [50].

Blueberry may affect NASH development by affecting SREBP-1c/PNPLA-3 pathway.
Therefore, the molecular mechanism for the functional role of BP in NASH treatment was
explored by investigating SREBP-1c/PNPLA-3 pathway. Meanwhile, the modulator PPAR-α of
SREBP-1c/PNPLA-3 pathway, and oxidative and inflammatory factors were also measured.

2. Materials and Methods

2.1. Animals

All the protocols were approved by the animal care and ethical committee of Affiliated Hospital
of Guiyang Medical College (Approval No. GY2015R29). A total of 56 male Sprague Dawley rats
(6- to 8-week old and 250 ± 20 g) were purchased from the experimental animal center, Third Military
Medical University (Chongqing, China). All animal-handling procedures were performed according
to the guide for the care and use of laboratory animals of NIH, and followed the guidelines of the
animal welfare act. All animals were housed in a 12 Light:12 Dark cycle with ad libitum access to food
and water.

2.2. Materials

Blueberries were purchased from Majiang Blueberry Plant (Guiyang, China) and preserved
at −20 ◦C immediately. Blueberry juice was prepared according to an earlier report [51]. Briefly,
1 kg blueberry blend was thawed at 4 ◦C for 8 h and milled using Braun Global Hand Blender MR300
(De’Longhi Kenwood A.P.A Ltd., Hong Kong, China). The crushed blueberries were pressed in a
bag press mod with the maximum pressure at 0.9 MPa. The blueberry juice was used as food for
rats immediately. The main composition of blueberry juice was measured according to an earlier
report [52]. The probiotics mixture with Bifidobacterium lactis, Lactobacillus bulgaricus and Streptococcus
thermophilus were from Inner Mongolia Double Odd Pharmaceutical Co. (Tongliao, China). Probiotics
were prepared freshly at log stage and used immediately. RNA purification kit was from Thermo Fisher
Scientific (Waltham, MA, USA), SYBR Premix Ex Taq and PrimeScript RT reagent Kit from TaKaRa
Bio Inc. (Dalian, Liaoning, China). SREBP-1c rabbit anti-rat antibodies (ab28481) and Anti-PNPLA-3
antibody (ab69170) were from Abcam (Cambridge, MA, USA). Monoclonal rabbit anti-rat PPAR-α
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antibody (sc-50252) was from Santa Cruz Biotechnology Inc. (Delaware Ave., Santa Cruz, CA, USA).
Rabbit anti-rat IL-6 antibody (ab6672), rabbit anti-rat TNF (tumor necrosis factor) antibody (ab6671),
rabbit anti-rat caspase-3 antibody (ab44976) and rabbit anti-rat BCL-2 antibody (ab59348) were also
from Abcam. Caspase 3 GAPDH rabbit anti-rat antibody (ab37168) and Goat anti-rabbit IgG H&L
(HRP, ab6721) were from Abcam.

2.3. The Effects of PPAR-α Antagonist and Blueberry Juice on the Growth of Liver Cells

According to previous reports [53–55], human liver cell line HL7702 and HepG2 were selected
for NASH research and purchased from Shanghai Cell bank (Chinese Academy of Science, Shanghai,
China), and cultured in DMEM with 25 mM glucose, 5 mM glutamine, 10% fetal bovine serum (FBS),
100 µg/mL penicillin and 100 µg/mL streptomycin at 37 ◦C under a 5% CO2 environment. The cell
concentrations were adjusted to 1 × 105/mL and 200 µL was added to each cell in a 96-cell plate.
GW6471, a PPAR-α antagonist, was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Either 20 µg/mL GW6471 or 10 µg/mL blueberry juice, or both, was added to each cell in a
96-cell plate and further cultured for 3 days. Adherent cells were detached by using 0.1% trypsin and
0.04% EDTA and resuspended in CASYton solution (Roche Applied Science, cat. no. 05651808 001).
The debris was removed using a 100-µm nylon filter (Falcon Business USA Inc., Fairfield, CT, USA).
Cell concentrations were measured using a glass hemocytometer and coverslip daily.

2.4. The Establishment of NASH Rat Model and Animal Groups

Eight Sprague-Dawley rats were fed with a normal diet as a control group (Table 1). Forty-eight
Sprague-Dawley rats were fed with high-fat diet (normal diet + two percent cholesterol and ten percent
lard) for two months (Table 1). The NASH rat model was evaluated by a histological feature scoring
system that addresses the full spectrum of lesions of NAFLD and NASH. A NAFLD activity score
(NAS) ≥5 was associated with a diagnosis of NASH, and less than 3 would be diagnosed as “not
NASH” [56]. Twenty-four NASH rats were intra-articularly intraperitoneally injected with PPAR-α
antagonist, GW6471, in 20 mL/kg solution for a week.

Table 1. Ingredient and nutrient composition of the diets (g/kg).

Ingredients (g/kg) Normal Diet HFD Diet

Casein 200.0 200.0
Starch 615.0 435.0

Sucrose - 150.0
Corn oil 80.0 -
lard oil - 100.0

cholesterol - 20
Cellulose 50.0 50.0

Vitamin-Mineral mixture 50.0 50.0
DL-Methionine 3.0 3.0

Choline chloride 2.0 2.0
Chromium, mg/kg 0.066 0.097

The doses of blueberry [57], probiotics [58], and PPAR α antagonist (GW6471) [59] were
administrated according to previous reports. As shown in Figure 1, all rat NASH models were
evenly and randomly assigned to 6 groups: model group (MG, the model rats were intraperitoneally
injected with 50 µL/kg saline solution and orally received 20 mL/kg liquid placebo daily); blueberry
juice group (BG, the model rats were intraperitoneally injected with 50 µL/kg saline solution and
orally received 10 mL/kg blueberry juice and 10 mL/kg liquid placebo daily); Blueberry juice and
probiotic bacteria group (BPG, the model rats were intraperitoneally injected with 50 µL/kg normal
saline solution and orally received 10 mL/kg blueberry juice and 10 mL/kg probiotics daily); PPAR-α
inhibitor group (PIG, the model rats were intraperitoneally injected with 50 µL/kg PPAR-α in saline
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solution); blueberry juice and PPAR-α inhibitor group (BPIG, the model rats were intraperitoneally
injected with 50 µL/kg PPAR-α in saline solution and orally received 10 mL/kg blueberry juice and
10 mL/kg liquid placebo daily); and blueberry juice, probiotics, and PPAR-α inhibitor group (BPPIG,
the model rats were intraperitoneally injected with 50 µL/kg PPAR-α in saline solution and orally
received 10 mL/kg blueberry juice and 10 mL/kg probiotics daily). Meanwhile, 8 healthy rats were
used as a control group (CG, the healthy rats were intraperitoneally injected with 50 µL/kg normal
saline solution and orally received 20 mL/kg liquid placebo daily). The whole treatment period was
ten days.
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2.5. Measurement of PPAR-α

The activity of PPAR-α was measured using PPAR-α assay kit (Cat. No. ab133107, Abcam
(Shanghai) branch, Shanghai, China) among different groups after ten-day blueberry and/or
BP treatment.

2.6. Histological Analysis

After ten-day blueberry and probiotic and/or -PPAR-α treatment, all rats were sacrificed
by decapitation. Blood samples were obtained and centrifuged at 5000× g for 10 min,
and serum was purified and stored at −80 ◦C. Liver tissue was cut and fixed in ten percent formalin,
and paraffin-embedded sections were prepared. All sections were stained by hematoxylin and eosin
(HE) and Oil Red O (ORO). The sections were observed under an A12.1503 microscope (Opto-Edu
(Beijing) Co., Ltd., Beijing, China). The diameters of droplets were calculated using a hemocytometer.
After being stained with HE, the sections were washed with ddH2O and 60% isopropanol for three
times. Oil Red O was extracted with 100% isopropanol for five minutes. The solution was measured
at 540 nm.

2.7. Flow Cytometry Analysis

The apoptotic rates of hepatic cells were measured by using an EC800 flow cytometer
(Shinagawa-ku, Tokyo, Japan). All hepatic tissues were pulverized using a pestle and mortar and single
cells were separated by a Nycodenz density gradient. A total of 100 µL of cells with the concentration
of 1 × 105/mL were transferred into 5-mL flow tubes. Annexin V, conjugated to green-fluorescent
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FITC dye, was added, and apoptotic rate was calculated according to the fluorescence intensity of
Annexin V-FITC.

2.8. Biochemical Analysis

Some molecules involving in oxidative stress were analyzed because oxidative stress is an
important element for the development of NASH [21,22]. The serum activity of superoxide dismutase
(SOD) was measured by formazan-WST method [60]. WST1 produces water soluble formazan dye
on reduction with superoxide anion. Reduction rate is linearly associated with the activities of
anthine oxidase, which can be repressed by SOD. Serum sample was treated with WST for 20 min
at 37 ◦C. The absorbing values were recorded at 450 nm and inhibiting rates were calculated.
The term “0.5 O.D.” is defined as having 1 unit of SOD activity. The serum concentration of reduced
glutathione (GSH) was determined by the Dithiobis-2-nitrobenzoic acid (DTNB) method [61]. DTNB
reacts with the sulfhydryl group of GSH and produces yellow TNB and GS-TNB, which is then reduced
by GSH and β-nicotinamide adenine dinucleotide phosphate (β-NADPH). The TNB production is
associated with the concentration of GSH in serum samples. TNB absorbing values were measured
at 412 nm. One unit is defined as the amount of enzyme required to catalyze the reduction of
one micromole of substrate per min. The serum concentrations of aspartate amino-transaminase
(AST) and alanine aminotransferase (ALT) were evaluated by using Hitachi 7170A/7180 Biochemical
Analyzer (Hitachi, Japan). Malondialdehyde (MDA) serum concentrations were determined by using
an MDA kit (GENMED, Shanghai, China). The units for AST and ALT are defined as one absorbing
unit per minute in the serum samples. NASH development is often associated with the disorder
of lipid metabolism. Therefore, the serum levels of total triglycerides (TG), total cholesterol (TC),
high-density lipoprotein-cholesterol (HDL-C), and low-density lipoprotein-cholesterol (LDL-C) were
also determined by Hitachi 7170A/7180 Biochemical Analyzer. Serum levels of IL-6 and TNF-α were
measured by using different ELISA kits (Cat. No. ab100772 and ab108913) from Abcam (Cambridge,
MA, USA).

2.9. qRT-PCR

Total hepatic RNA was exacted and purified by using a RNA purification kit. cDNA was produced
based on the instructions of RT-PCR kit. qRT-PCR was performed to assay the mRNA levels of PPAR-α
SREBP-1c, PNPLA-3, caspase-3 and Bcl-2 genes. GAPDH was a control to normalize the copy number
of each sample. All the primer sequences are listed in Table 2. qRT-PCR was performed on The CFX96
Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The mean Ct value represented
the mRNA levels of the individual gene.

Table 2. The primer sequences used in qRT-PCR.

Sequences (5′-3′) Size (bp)

PPAR-α Forward GTCAGCTGCCCTGCTGTCCC 130Reverse CGAAAGAAGCCCTTGCAGCC

SREBP-1c Forward CGCTTCTTACAGCACAGCAA 220Reverse TGCCCAAGGACAAGGGGCTA

PNPLA-3 Forward CGCACTTTCTTCGGCTGCTC 150Reverse AATGTTGAAGAACGGGTGGA

IL-6 Forward CACAACAGACCAGTATATAC 160Reverse GTATTTCTGGAAGTTTCAG

TNF-α Forward GTGGCGGGGGCCACCACGCTC 141Reverse CGAGTTTTGAGAAGATGATC

Caspase3 Forward ATGTCAGCTCGCAATGGTAC 210Reverse CGTTCCAAAAATTACTCC

Bcl-2 Forward GTGCACCGAGACACGGCTGC 140Reverse CGACGGTAGCGACGAGAGAA

GAPDH Forward TGTTCCAGTATGACTCTACC 130Reverse TCACCCCATTTGATGTTAGC
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2.10. Western Blot Analysis

Protein was extracted and the concentration was determined by a Bradford protein assay kit
(Beyotime Biotechnology, Beijing, China). Thirty micrograms of protein were taken from each group,
separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred to a Polyvinylidene difluoride (PVDF) membranes (Millipore Corporation, Bedford, MA,
USA), which was blocked by 5% non-fat milk. The membrane was treated with primary antibodies
at 4 ◦C for 10 h. Secondary antibodies were added and incubated for 1 h. Protein bands were shown
after 1-h exposure with GE’s Amersham ECL + Chemiluminescent CCD camera. The protein level was
indicated as the value according to relative ratio to loading control GAPDH.

2.11. Statistical Analysis

All data are presented as mean values± standard deviation (S.D.). The differences were compared
using the analysis of variance (ANOVA) among different groups. SPSS Statistical Package 20.0
(SPSS Inc., Chicago, IL, USA) was used to analyze these data. There was statistical significance of
difference if p < 0.05.

3. Results

3.1. Establishment of NASH Model

NASH models were determined according to an earlier report [56]. The scores of all rats were
more than 8 (Table 3). A NAFLD activity score (NAS) ≥5 was associated with a diagnosis of NASH,
and <3 would be diagnosed as “not NASH” [56]. Therefore, the model was established successfully
and would be useful in NASH experiment.

Table 3. NASH model evaluated by NASH Research Network Scoring System Definitions and Scores
in Study Set.

Items Definition Scores n = 48

Steatosis Grade Low- to medium-power evaluation
of parenchymal involvement by steatosis

<5% 0 0%
5%–33% 1 0%

>33%–66% 2 29%
>66% 3 70%

Location Predominant distribution pattern
Zone 3 0 0%
Zone 1 1 2%
Azonal 2 56%

Panacinar 3 42%
Microvesicular steatosis Contiguous patches

Not present 0 83%
Present 1 17%

Fibrosis stage
None 0 42%

Perisinusoidal or periportal 1 2%
Mild, zone 3, perisinusoidal 1 2%

Moderate, zone 3, perisinusoidal 1 8%
Portal/periportal 1 8%

Perisinusoidal and portal/periportal 2 25%
Bridging fibrosis 3 4%

Cirrhosis 4 4%
Inflammation

Lobular inflammation Overall assessment of all inflammatory foci
No foci 0 0%

<2 foci per 200× field 1 2%
2–4 foci per 200× field 2 56%
>4 foci per 200× field 3 42%
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Table 3. Cont.

Items Definition Scores n = 48

Microgranulomas Small aggregates of macrophages
Absent 0 63%
Present 1 37%

Large lipogranulomas Usually in portal areas or adjacent to central veins
Absent 0 73%
Present 1 27%

Portal inflammation Assessed from low magnification
None to minimal 0 52%

Greater than minimal 1 48%
Liver cell injury

Ballooning
None 0 21%

Few balloon cells 1 58%
Many cells/prominent ballooning 2 21%

Acidophil bodies
None to rare 0 87%

Many 1 13%
Pigmented macrophages

None to rare 0 83%
Many 1 17%

Megamitochondria
None to rare 0 75%

Many 1 24%
Other findings

Mallory’s hyaline Visible on routine stains
None to rare 0 67%

Many 1 33%
Glycogenated nuclei Contiguous patches

None to rare 0 52%
Many 1 48%

Diagnostic classification
Not steatohepatitis 0 0%
Possible/borderline 1 0%

Definite steatohepatitis 2 100%

3.2. BP Increase Weight Loss of Rat NASH Model

There were statistical differences for body weight, liver index and epididymal fat weight between
control and model groups after three months and ten days (Table 4, p < 0.05). Comparatively, PPAR-α
silence increased the weight while blueberry juice and/or probiotics treatment reduced the weight
compared to models (Table 4, p < 0.05).

Table 4. The comparison of liver and fat body weights among different groups.

CG MG PIG BG BPG BPIG BPPIG

Body weight (g) 368.2 ± 32.7 397.4 ± 36.6 410.4 ± 47.5 390.3 ± 32.6 384.8 ± 28.9 394.7 ± 36.8 388.4 ± 33.2

Liver index (%) 2.6 ± 0.3 3.2 ± 0.4 3.4 ± 0.5 3.0 ± 0.3 2.8 ± 0.3 3.1 ± 0.3 2.9 ± 0.3

epididymal fat
weight (g) 8.4 ± 1.3 9.8 ± 1.6 11.2 ± 1.8 9.1 ± 1.6 8.8 ± 1.3 9.3 ± 1.4 8.9 ± 1.5

Note: Liver index was presented as liver weight/body weight × 100%. All rat NASH models were evenly and
randomly assigned to 6 groups: model group (MG, the model rats were intraperitoneally injected with 50 µL/kg
saline solution and orally received 20 mL/kg liquid placebo daily); blueberry juice group (BG, the model rats were
intraperitoneally injected with 50 µL/kg saline solution and orally received 10 mL/kg blueberry juice and 10 mL/kg
liquid placebo daily); Blueberry juice and probiotic bacteria group (BPG, the model rats were intraperitoneally
injected with 50 µL/kg normal saline solution and orally received 10 mL/kg blueberry juice and 10 mL/kg probiotics
daily); PPAR-α inhibitor group (PIG, the model rats were intraperitoneally injected with 50 µL/kg PPAR-α in saline
solution); blueberry juice and PPAR-α inhibitor group (BPIG, the model rats were intraperitoneally injected with
50 µL/kg PPAR-α in saline solution and orally received 10 mL/kg blueberry juice and 10 mL/kg liquid placebo
daily); and blueberry juice, probiotics, and PPAR-α inhibitor group (BPPIG, the model rats were intraperitoneally
injected with 50 µL/kg PPAR-α in saline solution and orally received 10 mL/kg blueberry juice and 10 mL/kg
probiotics daily). Meanwhile, 8 healthy rats were used as a control group (CG, the healthy rats were intraperitoneally
injected with 50 µL/kg normal saline solution and orally received 20 mL/kg liquid placebo daily).
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3.3. BP Improve Antiinflammatory Activities of Rat NASH Model

There were statistical differences for the levels of inflammatory cytokines between control and
model groups after three months and ten days (Table 5, p < 0.05). Comparatively, PPAR-α silence
increased the levels while blueberry juice and/or probiotics treatment reduced the levels compared to
models (Table 5, p < 0.05).

Table 5. The comparison of inflammatory cytokines among different groups.

CG MG PIG BG BPG BPIG BPPIG

IL-6 (pg/mL) 12.34 ± 2.65 42.59 ± 6.18 46.81 ± 7.52 28.42 ± 5.17 22.32 ± 4.77 38.52 ± 5.34 29.33 ± 4.18
TNF α (pg/mL) 5.42 ± 2.41 14.59 ± 12.03 16.36 ± 2.87 12.35 ± 2.44 9.34 ± 1.38 13.55 ± 2.69 11.46 ± 2.79

3.4. BP Improve Antioxidant Activities of Rat NASH Model

Serum biochemical index analysis showed that serum levels of ALT and AST were the highest in
PIG compared to all other groups (Table 6) (p < 0.05). In contrast, the serum levels of SOD and GSH
were lowest compared to all other groups (Table 6) (p < 0.05). Blueberry juice and/or BP reduced the
serum levels of ALT and AST, and increased the levels of SOD and GSH in NASH models and the
models with the treatment of PPAR-α inhibitor (Table 6) (p < 0.05). Serum levels of ALT and AST were
lowest, and the levels of SOD and GSH were highest in CG (Table 6) (p < 0.05). Biochemical analysis
showed that there was statistical significance of differences for the serum levels of SOD, GSH, ALT
and AST among different groups (Table 6) (p < 0.05). The results suggest that BP improve antioxidant
activities of rat NASH model.

Table 6. Biochemical parameters of enzyme activities for NASH.

Group (n = 8) SOD (U/mL) GSH (ng/L) ALT (U/mL) AST (U/mL)

CG 27.24 ± 3.26 b,c,d,f 24.15 ± 2.14 b,d,f 45.12 ± 10.43 b,c,d,e 103.32 ± 25.17 b,c,f

MG 12.25 ± 4.16 a,c,d,e,f 13.23 ± 1.93 a,c,e,f 87.79 ± 8.40 a,c,e, 208.26 ± 19.64 a,c,e

PIG 9.34 ± 2.32 a,b,c,d,e,f 10.28 ± 1.74 a,b,c,e,f 123.79 ± 12.36 a,b,c,e 289.42 ± 24.48 a,b,c,e

BG 22.34 ± 3.48 a,b,d,e 22.38 ± 1.02 b,a,d,f 61.45 ± 12.18 b,a,d, 146.19 ± 25.28 b,d,f

BPIG 17.68 ± 2.43 a,b,c,e 14.28 ± 1.61 a,c,e 105.25 ± 15.82 a,b,c,e 253.24 ± 17.54 a,b,c,e,f

BPG 28.52 ± 4.53 b,c,d,f 25.64 ± 2.28 b,c,d,f 56.34 ± 12.16 b,a,d 128.63 ± 22.38 b,d,f

BPPIG 20.25 ± 4.47 a,b,e 17.331 ± 1.64 a,b,c,d,e 95.18 ± 7.28 a,c,e 186.61 ± 22.35 a,c,d,e

Note: Eight blood samples were analyzed in each group. All data are presented as mean value ± S.D.
a p < 0.05 vs. the control group (CG); b p < 0.05 vs. the model group (MG); c p < 0.01 vs. the BG group;
d p < 0.05 vs. BPIG (Blueberry juice and the treatment of PPAR-α inhibitor); e p < 0.05 vs. the BPG (BP treatment);
f p < 0.05 vs. the BPPIG group (BP and the treatment of PPAR-α inhibitor).

3.5. Blueberry Juice and Probiotics Improve Lipid Patterns of Rat NASH Model

Lipid pattern analysis showed that serum MDA, TG, TC, and LDL-C reached the highest level in
PIG compared to other groups (Table 7) (p < 0.05). In contrast, the serum HDL-C reached the lowest
level. Blueberry juice and/or BP treatment reduced serum levels of MDA, TG, TC, and LDL-C, and
increased the levels of HDL-C in NASH models and the models with the treatment of PPAR-α inhibitor.
Comparatively, serum MDA, TG, TC, and LDL-C were at the lowest level and HDL-C was at the
highest level in CG (Table 7) (p < 0.05). Lipid profile analysis also showed that there was statistical
significance of differences for the serum levels of TG, TC, HDL-C, LDL-C and MDA among different
groups (Table 7) (p < 0.05).
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Table 7. Biochemical parameters of lipid metabolism for NASH (mmol/L).

Group (n = 8) TG TC HDL-C LDL-C MDA

CG 0.84 ± 0.16 b,c,d,f 2.55 ± 0.49 b,f 1.36 ± 0.28 b,c,d,f 1.13 ± 0.48 b,c,d,e,f 0.48 ± 0.17 b,d,f

MG 1.76 ± 0.42 a,c,d,e,f 3.34 ± 1.50 a,c,d,e,f 0.67 ± 0.48 a,c,e,f 1.84 ± 0.66 a,c,e,f 1.45 ± 0.44 a,c,d,e,f

PIG 2.38 ± 0.32 a,b,c,d,e,f 3.64 ± 1.29 a,b,c,d, e,f 0.56 ± 0.29 a,b,c,e,f 2.09 ± 0.43 a,b,c,e,f 1.64 ± 0.37 a,b,c,d,e,f

BG 1.19 ± 0.15 a,b,d,e,f 3.26 ± 0.74 b,d,f 1.12 ± 0.29 a,b,d 1.52 ± 0.68 a,b,d,e, 0.56 ± 0.39 b,d,f

BPIG 2.03 ± 0.65 a,b,c,e,f 3.47 ± 0.53 a,c,e,f 0.76 ± 0.25 a,c,e,f 1.73 ± 0.28 a,c,e 1.12 ± 0.36 a,b,c,e,f

BPG 0.92 ± 0.31 a,b,c,d,f 3.12 ± 0.46 b,d,f 1.24 ± 0.30 b,d,f 1.36 ± 0.59 a,b,c,d,f 0.41 ± 0.28 b,a,d,f

BPPIG 1.26 ± 0.18 a,b,c,d,e 3.52 ± 0.68 a,b,c,d,e 0.98 ± 0.27 a,b,c,d,e 1.66 ± 0.49 a,b,e 0.72 ± 0.38 a,b,c,d,e

Note: Eight blood samples were analyzed in each group. All data are presented as mean value ± S.D.
a p < 0.05 vs. the control group (CG); b p < 0.05 vs. the model group (MG); c p < 0.01 vs. the BG group;
d p < 0.05 vs. BPIG (Blueberry juice and the treatment of PPAR-α inhibitor); e p < 0.05 vs. the BPG (Blueberry
juice and probiotics); f p < 0.05 vs. the BPPIG group (Blueberry juice and probiotics and the treatment of
PPAR-α inhibitor).

The results suggested that the combination of BP is better than only blueberry consumption for
improving serum biochemical indices (Table 6) and lipid pattern (Table 7) in NASH models. When
PPAR-α inhibitor was used, there was statistical significance of the differences between PIG and MG
groups in most cases (p > 0.05) (Tables 6 and 7), suggesting PPAR-α may play an important role in the
progression of NASH. Blueberry juice and the combination of BP reduced the progression of NASH by
improving its biochemical indices and lipid patterns in NASH models or the models with the treatment
of PPAR-α inhibitor (p < 0.05) (Tables 6 and 7).

3.6. The Effects of PPAR-α Antagonist and/or Blueberry Juice on the Growth of Liver Cells

There was no statistical significance of differences for the cell concentrations among all groups in
cell line HL7702 (p > 0.05) (Figure 2A) and cell line HepG2 (p > 0.05) (Figure 2B) before the treatment of
PPAR α antagonist. After treatment, Figure 2A showed that GW6471 inhibited the growth rate of cell
line HL7702 while blueberry juice increased the growth rates of HL7702 cells (p < 0.05). Meanwhile,
blueberry reduced the inhibition of PPAR-α activity caused by GW6471 in HL7702 cells (p < 0.05).
Similarly, Figure 2B shows that GW6471 inhibited the growth rate of cell line HepG2 while blueberry
juice increased the growth rates of HepG2 cells (p < 0.05). Meanwhile, blueberry reduced the inhibition
of PPAR-α activity caused by GW6471 in HepG2 cells (p < 0.05). All these results suggest that blueberry
juice prevents the inhibition of PPAR-α activity caused by GW6471 in both kinds of liver cell lines.
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Figure 2. The effects of PPAR-α antagonist and blueberry juice on the growth of human liver cells:
(A) the effects of PPAR-α antagonist and blueberry juice on the growth rate of cell line HL7702;
and (B) the effects of PPAR-α antagonist and blueberry juice on the growth rate of liver cell line HepG2.
All data are presented as mean value ± S.D. Five samples were analyzed in each group. * p < 0.05 via a
blueberry juice group.
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3.7. Measurement of PPAR-α Activity

There was no statistical significance of differences for the activity of PPAR-α among all groups in
cell line HL7702 (p > 0.05) (Figure 3A) and cell line HepG2 (p > 0.05) (Figure 3B) before the treatment
of PPAR-α antagonist. Compared with controls, the antagonist of PPAR-α reduced the activity of
PPAR-α significantly in HL7702 (Figure 3A) and HepG2 (Figure 3B) liver cells (p < 0.05). There was
statistical significance of differences in the PPAR-α activity between GW6471 and GW6471 + blueberry
juice treatment in HL7702 (Figure 3A) and HepG2 (Figure 3B) cells (p < 0.05).
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Figure 3. The activity of PPAR-α in different cells: (A) the effects of BP on the antagonist of PPAR-α in
HL7702 cells; and (B) the effects of BP on the antagonist of PPAR-α in HepG2 cells. Five samples were
analyzed in each group. All data are presented as mean value ± S.D. * p < 0.05 via a blueberry juice
group BG.

Similarly, compared with controls, the antagonist reduced the activity of PPAR-α significantly in
PIG (Figure 4, p < 0.05). There was statistical significance of differences in the PPAR-α activity between
PIG and BPIG or BPPIG (Figure 4) (p < 0.05). All these results suggest that blueberry juice can prevent
the inhibition of PPAR-α activity caused by GW6471.
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different groups by using blood samples. Eight samples were analyzed in each group. All data are
presented as mean value ± S.D. * p < 0.05 via a blueberry juice group BG.

3.8. Blueberry Juice and Probiotics Ameliorate NASH

Figure 5 showed the liver tissues stained by HE in different groups. For healthy rats, hepatic
cells encircled a tubular section regularly, and all lipid droplets were small. In MG, the structures of
hepatic cells were destructed and widely distributed with many lipid droplets. In PIG, the lobular
structure was heavily destroyed and filled with many large lipid droplets compared to the liver tissues
from the model group. Many large lipid droplets were produced when the activity of PPAR-α was
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blocked by its antagonist GW6471, suggesting that PPAR-α plays an important role in maintaining
the normal structure of liver cells. The size of lipid droplets was decreased in the BG and BPG groups
compared to the tissues in MG, PIG, BPIG, and BPPIG groups. In BPG, the hepatic cords were radially
arranged around a central vein and there were fewer lipid droplets. In the BPPIG, the hepatic structure
was destroyed and the lipid droplets were small. Although the number of droplets in BPIG was
greater than in PIG (Figure 5A), the average size of droplets was larger in PIG than in BPIG (Figure 5B).
These findings suggested that the combination of blueberry juice and probiotics attenuates NASH
better than the group only fed blueberry juice.
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Figure 5. HE analysis for the effects of BP on NASH and liver damage: (A) the diameters of lipid
droplets in different groups; and (B) the concentration of lipid droplets in different groups. Eight liver
samples were analyzed in each group. All data are presented as mean value ± S.D. * p < 0.05 via a
blueberry juice group BG.

Figure 6 shows the liver tissues stained using ORO from different groups. In CG, the liver tissues
were little stained with ORO while the liver tissues were most stained with ORO in PIG. Blueberry
juice reduced the staining in animal models and the model treated with GW6471. BP treatment reduced
the staining better than only blueberry juice. The absorbing values for ORO showed a similar changing
trend in different groups (Figure 6A). The value was highest in PIG and lowest in CG. BP reduced the
values in BG, BPG, BPIG and BPPIG. Comparatively, the number and size of droplets were highest in
PIG compared to other groups while the number and size of droplets were lowest in CG compared to
other groups (Figure 6B). Blueberry juice and/or probiotics treatment reduced the number and size of
droplets compared to PIG (Figure 6B, p < 0.05).
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Figure 6. ORO analysis for the effects of BP on NASH and liver damage: (A) the absorbing value of the
solvent of ORO extraction at 540 nm in different groups; and (B) the diameters of droplets in different
groups. Eight liver samples were analyzed in each group. All data are presented as mean value ± S.D.
* p < 0.05 via a blueberry juice group BG.

3.9. Liver Apoptosis

The degree of apoptosis for NASH liver tissues was analyzed by flow cytometer. The results
showed that the apoptotic rate was lowest in CG and highest in PIG compared to other groups
(Figure 7) (p < 0.05). Blueberry juice treatment and/or BP treatment reduced apoptotic rates in NASH
models. Blueberry juice treatment and/or BP treatment also significantly reduced apoptotic rates in
NASH models treated with GW6471. All these results showed that of BP treatment reduced apoptotic
rates of NASH than only blueberry consumption (Figure 7A).

3.10. Relative mRNA Levels of PPAR-α, SREBP-1c and PNPLA-3

qRT-PCR analysis indicated that the mRNA levels of Srebp-1c and Pnpla-3 were higher in MG,
PIG, BPIG and BPPIG than in CG, BG, and BPG (Figure 8) (p < 0.05). Comparatively, the mRNA level
of PPAR-α was higher in CG, BG, BPG, BPIG, and BPPIG than in MG and PIG (p < 0.05) (Figure 8).
The results suggest that BP increased the mRNA levels of PPAR-α, which reduced the level of SREBP-1c
and PNPLA-3. After the treatment of PPAR-α inhibitor, the mRNA level of PPAR-αwas stable but the
mRNA levels of SREBP-1c and PNPLA-3 were reduced, suggesting that PPAR-αantagonist reduced the
activity of PPAR-α and resulted in the increase of the mRNA levels of SREBP-1c and PNPLA-3. Thus,
the results confirmed that blueberry juice can inhibit the progression of NASH by down-regulating
SREBP-1c/PNPLA-3 pathway via PPAR-α.
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Figure 7. Flow cytometer analysis for the apoptosis of liver tissue: apoptotic rate of liver tissues in
different groups (A). Eight liver samples were analyzed in each group. All data are presented as mean
value ± S.D. * p < 0.05 via a blueberry juice group BG.

3.11. Relative mRNA Levels of Apoptosis-Inducing Factors (caspase-3 and Bcl-2)

qRT-PCR analysis indicated that the mRNA levels of caspase-3 and Bcl-2 were higher in MG, PIG,
BPIG and BPPIG than in CG, BG, and BPG (Figure 9) (p < 0.05). The results suggest that BP treatment
reduced the mRNA level of caspase-3 and Bcl-2. After the treatment of PPAR-α inhibitor, the mRNA
level of PPAR-α was stable but the mRNA levels of caspase-3 and Bcl-2 were increased, suggesting
that the inhibition of PPAR-α activity will increase the mRNA levels of caspase-3 and Bcl-2.
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Figure 8. Real-time quantitative RT-PCR analysis of the mRNA levels of SREBP-1c/PNPLA-3 pathway
and its interacting molecules. (A) Relative mRNA level of PPAR-α; (B) Relative mRNA level of
SREBP-1C; (C) Relative mRNA level of PNPLA3. Eight liver samples were analyzed in each group.
All data are presented as mean value ± S.D. * p < 0.05 via a blueberry juice group BG.
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Figure 9. Real-time quantitative RT-PCR analysis of the mRNA levels of apoptotic factors: (A) relative
mRNA levels of caspase-3; and (B) relative mRNA levels of Bcl-2. Five liver samples were analyzed in
each group. All data are presented as mean value ± S.D. * p < 0.05 via a blueberry juice group BG.

3.12. Relative mRNA Levels of Inflammatory Cytokines (IL-6 and TNF-α)

Similar to caspase-3 and Bcl-2, qRT-PCR analysis indicated that the mRNA levels of IL-6 and
TNF-α were higher in MG, PIG, BPIG and BPPIG than in CG, BG, and BPG (Figure 10) (p < 0.05).
The results suggest that BP treatment will reduce the level of IL-6 and TNF-α. After the treatment of
PPAR-α inhibitor, the mRNA level of PPAR-α was stable but the mRNA levels of IL-6 and TNF-α were
increased, suggesting that the inhibition of PPAR-α activity will result in the increase of the mRNA
levels of IL-6 and TNF-α.
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Figure 10. Real-time quantitative RT-PCR analysis of the mRNA levels of inflammatory cytokines:
(A) relative mRNA levels of IL-6; and (B) relative mRNA levels of TNF-α. Five liver samples were
analyzed in each group. All data are presented as mean value ± S.D. * p < 0.05 via a blueberry juice
group BG.

3.13. Relative Protein Levels of PPAR-α, SREBP-1c and PNPLA-3

qRT-PCR analysis indicated that the protein levels of SREBP-1c and PNPLA-3 were higher in MG,
PIG, BPIG and BPPIG than in CG, BG, and BPG (Figure 11) (p < 0.05). Comparatively, the protein level
of PPAR-α was higher in the CG, BG, BPG, BPIG, and BPPIGs than in the MG and PIG groups (p < 0.05)
(Figure 11). The results suggest that BP increased the protein levels of PPAR-α while the inhibition
of PPAR-α activity will increase the level of SREBP-1c and PNPLA-3. Thus, the results confirmed
that blueberry juice can inhibit the progression of NASH by affecting SREBP-1c-PNPLA-3 pathway
via PPAR-α.
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Figure 11. Western blot analysis of the protein levels of SREBP-1c/PNPLA-3 pathway and its interacting
molecules. (A) relative protein level of PPAR-α; (B) relative protein level of SREBP-1c; (C) relative
protein level of PNPLA3. Eight liver samples were analyzed in each group. All data are presented as
mean value ± S.D. * p < 0.05 via a blueberry juice group BG.
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3.14. Relative Protein Levels of Apoptosis-Inducing Factors (caspase-3 and Bcl-2)

qRT-PCR analysis indicated that the protein levels of caspase-3 and Bcl-2 were higher in MG, PIG,
BPIG and BPPIG than in CG, BG, and BPG (Figure 12) (p < 0.05). The results suggest that BP reduces
the protein level of caspase-3 and Bcl-2. After the treatment of PPAR-α inhibitor, the protein level
of PPAR-α was stable but the protein levels of casepase-3 and Bcl-2 were increased, suggesting that
PPAR-α antagonist increased the protein levels of caspase-3 and Bcl-2.
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Figure 12. Western blot analysis of the protein levels of casepase-3 and Bcl-2. Eight liver samples
were analyzed in each group. (A) relative protein level of caspase-3; (B) relative protein level of Bcl-2.
All data are presented as mean value ± S.D. * p < 0.05 via a blueberry juice group BG.

3.15. Relative Protein Levels of Inflammatory Cytokines (IL-6 and TNF-α)

Just as caspase-3 and Bcl-2, Western Blot analysis indicated that the protein levels of IL-6 and
TNF-α were higher in MG, PIG, BPIG and BPPIG than in CG, BG, and BPG (Figure 13) (p < 0.05).
The results suggest that BP increased the protein levels of PPAR-α, which reduced the level of IL-6 and
TNF-α. After the treatment of PPAR-α inhibitor, the protein level of PPAR-α was stable but the protein
levels of IL-6 and TNF-α were increased, suggesting that PPAR-α antagonist increased the protein
levels of IL-6 and TNF-α.
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analyzed in each group. A, relative protein level of IL-6. B, relative protein level of TNF-α. All data are
presented as mean value ± S.D. * p < 0.05 via a blueberry juice group BG.
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4. Discussion

Inflammation is the main reason for the pathogenesis of NASH [24,25]. Quantitative real-time PCR
and Western blot analysis showed that the combination of blueberry juice and probiotic bacteria had a
significant inhibitory effect on inflammatory cytokines IL-6 and TNF-α. The levels of inflammatory
cytokines in the BPG group was lower than that in the BG group (p < 0.05) (Figures 10 and 13),
suggesting that there is a cumulative effect of the combination of BP for NASH treatment by reducing
the levels of cytokines. On the other hand, the combination of BP also increased the level of PPAR-α.
PPAR-α has been reported to play an important role in many physiological activities, such as lipid
metabolism [62,63], glucose homeostasis [64] and anti-inflammatory action [65–67]. PPAR-α has been
reported to play an important role in many physiological activities, such as lipid metabolism [62,63],
glucose homeostasis [64] and anti-inflammatory action [65,66]. At cell levels, blueberry increased the
growth rate of HL7702 (Figure 3A) and HepG2 (Figure 3B) cells compared to other groups without
blueberry treatment (p < 0.05). Similarly, compared with controls, the antagonist reduced the activity
of PPAR-α significantly in PIG (Figure 4, p < 0.05). All these results suggest that blueberry juice may
reduce the inhibitory functions of the antagonist for PPAR-α and promote the growth of liver cells.
However, the exact molecular mechanism remains unknown. Further work is needed to confirm the
results and explore the related molecular mechanism.

The dysfunction of lipid metabolism is another main reason for the pathogenesis of NASH.
The dysfunction of lipid metabolism often produces reactive oxygen species (ROS), which lead to
hepatic apoptosis. On the other hand, caspase-3 and Bcl-2 are important apoptotic biomarkers.
Blueberry and/or probiotics consumption increased the levels of SOD and GSH, and reduced the
levels of ALT, AST, caspase-3 and Bcl-2. Thus, the results will prevent ROS production and apoptosis in
hepatocytes and maintain the normal development and homeostasis of liver tissues. This study reports
the pathogenesis of NASH and shows the destruction of hepatic tissues because of the changes in the
activity of PPAR-α. According to an earlier report, the consumption of n-3 long-chain polyunsaturated
fatty acids reduced the ratios of SREBP-1c to PPAR-α, which contributes to favored fatty acid oxidation
and attenuate steatosis [68]. The combination of blueberry juice and probiotic bacteria increased the
level of PPAR-α and reduced the level of SREBP-1c. According to an earlier report, oxidative stresses
increase in NASH patients by increasing total oxidant status. Antioxidant treatment and increasing
total antioxidant status are therapeutic options for NASH patients [69]. Elevated serum level of
ALT is a marker of inflammation and oxidative stress [70]. AST is also related to oxidative stress and
increasing all-cause mortality [71]. SOD is an important antioxidant biomarker by detoxifying normally
generated reactive oxygen species. The increase of PPAR-α will enhance antioxidant functions of
liver cells by affecting the level of SOD, ALT and AST [13,72]. In contrast, SREBP-1c will increase the
level of ROS in hepatocytes and aggravate inflammatory injury of liver tissues [73]. Therefore, the
results reduced lipid deposition, inflammation, necrosis, and fibrosis in hepatic tissues by enhancing
the activity of the anti-oxidant enzyme SOD and decreasing the levels of biomarkers of oxidative
stress ALT and AST. Comparatively, the antioxidant activities were measured by earlier reports. There
was positive correlation between antioxidant activity and the polyphenols and vitamin C content in
Actinidia kolomikta, Actinidia arguta, and Actinidia chinensis [74]. Another report showed that strawberry
extract had no cytotoxic effects on HepG2 cell lines with high concentration of strawberry extracts,
while 250 µg/mL had cytotoxic for HepG2 after 48- and 72-hour culture [75].

Hepatocyte apoptosis is greatly enhanced in NASH patients with NASH and the apoptosis is
associated with NASH severity, suggesting that anti-apoptotic treatment will be useful for preventing
the progression of NASH [76]. Flow cytometer analysis showed that the combined therapy of BP had a
significant inhibitory effect on hepatic apoptosis. The apoptotic rate in the BPG group was lower than
that in the BG group (p < 0.05) (Figure 7A), also suggesting that there was a synergistic effect of the
combination of BP for NASH treatment. However, an exact molecular mechanism for the synergetic
functions of BP still needs to be explored.
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According to earlier reports, SREBP-1c plays a critical role in NASH progression and involves in
tissue apoptosis [3,77], cell cycle control [78,79], transcription regulation [80], lipid metabolism [81,82],
and many other life activities. All these are related to the development of NASH. Polyphenol is one of
main component of blueberry juice [83,84] and observed to reduce the SREBP-1c level [85]. Present
findings indicated that BP increase PPAR-α activity, which prevented the expression of SREBP-1c and
resulted in the decrease of PNPLA-3 level.

Furthermore, BP can reduce the severity of NASH even antagonist of PPAR-α is used. The result
suggests that other molecular mechanisms maybe existed for controlling NASH progression via BP.
Probiotics and blueberry cooperatively increase the protecting functions for liver tissues of NASH
models. The probiotics mixture with Bifidobacterium lactis, Lactobacillus bulgaricus and Streptococcus
thermophiles had an additional effect to prevent NASH and/or its related events. The reason is complex.
Systemic and local inflammation of NASH is often associated with the resident microbiota of the human
gastro-intestinal tract. Thus, the administration of probiotics mixture may modulate systemic immune,
and prevent the metabolic syndrome, liver injury, inflammatory bowel disorder, and enteritis [86].
All these activities may be beneficial for improving NASH.

Clearer molecular mechanism still needs to be explored in the future. On the other hand, PPAR-α
activation prevents triglyceride synthesis in liver cells, which may be caused by inhibiting SREBP1
activity [87] while SREBP-1c expression has been widely reported to be associated with steatosis [68,88].
PNPLA-3 is associated with lipid accumulation in hepatic tissues, especially in steatosis progression.
Steatosis progression will contribute to increasing the risk of NASH [89]. One important question
should be considered here. SREBP-1c is not involved in cholesterol homeostasis. Why were the
cholesterol levels changed by the NASH diet and PPARα antagonist? According to previous reports,
PPAR-α and PPAR-γ activation induce cholesterol removal from human cells [90]. This result suggests
that PPARα antagonist will cause the increase of cholesterol levels. On the other hand, cholesterol
overloading will result in the increase in the expression of SREBP-1c [91]. BP can increase PPAR-α
level, resulting in the decrease of cholesterol levels.

SIRT1 regulates lipid homeostasis by upregulating PPAR-α [92]. Present results showed the
increased level of PPAR-α would reduce the levels of SREBP-1c and PNPLA-3. Thus, PPAR-α may
inhibit the activity of SREBP-1c and PNPLA-3 ways. Thus, SIRT-1 signaling pathway may control
SREBP-1c/PNPLA-3 pathway.

There were the following limitations in the present work: (1) The antagonist of PPAR-α was
not used in healthy animals. The following reasons were considered: present work mainly focuses
on animal NASH models, and, to reduce the number of animals and injury, fewer animals were
used finally; (2) A clinical trial was not performed, although all the materials are safe for human
consumption. Therefore, further work is needed to be done in NASH patients in the future;
(3) Although probiotic has been regarded as a treatment option for NASH because of its effects
on the gut flora, no randomized clinical trial was identified for such proposal [93]. We guess probiotic
alone cannot prevent the progression of NASH. Therefore, the experiment was not performed here;
(4) SREBP1c-PNPLA3 pathway has been regarded as a “disease module” that promotes hepatic
fibrogenesis [94] while the latter is associated with the progression of NASH. Thus, we guess PPAR α

may affect NASH development by affecting SREBP1c-PNPLA3 pathway. Further work is needed to
confirm this proposal.

5. Conclusions

This study showed that BP has synergistic effects for preventing the development of NASH.
BP can reduce the injuries and apoptosis of liver tissues in NASH models by improving the activity
of PPAR-α, which inhibits the levels of SREBP-1c and PNPLA-3. The results increased the levels
of anti-oxidant enzymes to remove oxygen free radicals, reduced lipid peroxidation and protected
hepatocytes. Therefore, BP reduces the apoptosis and inflammation of hepatocytes in NASH by
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affecting the SREBP-1c/PNPLA-3 pathway via PPAR-α. BP should be developed food additives for
preventing the progression of NASH.

Acknowledgments: We are very grateful to three anonymous reviewers for their critical comments, which have
significantly improved the quality of present paper. The work is supported by the National Natural Science
Foundation of China (NSFC) (Project No. 81560100) and the project for Guizhou Provincial Science and Technology
(No. ZLYJZFCG-2012-7).

Author Contributions: T.R. and J.Z. conceived and designed the experiments; L.Z. performed the experiments;
L.Z. and M.C. analyzed the data; M.C. contributed reagents/materials/analysis tools; and L.Z. and M.C. wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Day, C.P. NASH-related liver failure: One hit too many? Am. J. Gastroenterol. 2002, 97, 1872–1874. [CrossRef]
[PubMed]

2. Canbay, A.; Sowa, J.P.; Syn, W.K.; Treckmann, J. NASH Cirrhosis—The New Burden in Liver Transplantation:
How Should It Be Managed? Visc. Med. 2016, 32, 234–238. [CrossRef] [PubMed]

3. Xu, H.; Zhou, Y.; Liu, Y.; Ping, J.; Shou, Q.; Chen, F.; Ruo, R. Metformin improves hepatic IRS2/PI3K/Akt
signaling in insulin-resistant rats of NASH and cirrhosis. J. Endocrinol. 2016, 229, 133–144. [CrossRef]
[PubMed]

4. Ambade, A.; Satishchandran, A.; Saha, B.; Gyongyosi, B.; Lowe, P.; Kodys, K.; Catalano, D.; Szabo, G.
Hepatocellular carcinoma is accelerated by NASH involving M2 macrophage polarization mediated by
HIF-1alphainduced IL-10. Oncoimmunology 2016, 5, e1221557. [CrossRef] [PubMed]

5. Michelotti, G.A.; Machado, M.V.; Diehl, A.M. NAFLD, NASH and liver cancer. Nat. Rev. Gastroenterol.
Hepatol. 2013, 10, 656–665. [CrossRef] [PubMed]

6. Sanyal, A.J. NASH: A global health problem. Hepatol. Res. 2011, 41, 670–674. [CrossRef] [PubMed]
7. Ong, J.P.; Younossi, Z.M. Epidemiology and natural history of NAFLD and NASH. Clin. Liver Dis. 2007, 11,

1–16. [CrossRef] [PubMed]
8. Chi, K.R. The NASH drug dash. Nat. Rev. Drug Discov. 2015, 14, 447–448. [CrossRef] [PubMed]
9. Argo, C.K.; Iezzoni, J.C.; Al-Osaimi, A.M.; Caldwell, S.H. Thiazolidinediones for the treatment in NASH:

sustained benefit after drug discontinuation? J. Clin. Gastroenterol. 2009, 43, 565–568. [CrossRef] [PubMed]
10. Feher, J.; Lengyel, G. A new approach to drug therapy in non-alcoholic steatohepatitis (NASH). J. Int.

Med. Res. 2003, 31, 537–551. [CrossRef] [PubMed]
11. Ji, H.F. Vitamin E therapy on aminotransferase levels in NAFLD/NASH patients. Nutrition 2015, 31, 899.

[CrossRef] [PubMed]
12. Tsuchiya, S.; Amano, Y.; Isono, O.; Imai, M.; Shimizu, F.; Asada, M.; Imai, S.; Harada, A.; Yasuhara, Y.;

Tozawa, R.; et al. Pharmacological evaluation of pioglitazone and candesartan cilexetil in a novel mouse
model of non-alcoholic steatohepatitis, modified choline-deficient, amino acid-defined diet fed low-density
lipoprotein receptor knockout mice. Hepatol. Res. 2016. [CrossRef] [PubMed]

13. Abd El-Haleim, E.A.; Bahgat, A.K.; Saleh, S. Effects of combined PPAR-gamma and PPAR-alpha agonist
therapy on fructose induced NASH in rats: Modulation of gene expression. Eur. J. Pharmacol. 2016, 773,
59–70. [CrossRef] [PubMed]

14. Ji, H.F.; Sun, Y.; Shen, L. Effect of vitamin E supplementation on aminotransferase levels in patients with
NAFLD, NASH, and CHC: Results from a meta-analysis. Nutrition 2014, 30, 986–991. [CrossRef] [PubMed]

15. Surapaneni, K.M.; Vishnu Priya, V.; Mallika, J. Effect of pioglitazone, quercetin, and hydroxy citric acid on
vascular endothelial growth factor messenger RNA (VEGF mRNA) expression in experimentally induced
nonalcoholic steatohepatitis (NASH). Turk. J. Med. Sci. 2015, 45, 542–546. [PubMed]

16. Yafi, F.A.; Pinsky, M.R.; Sangkum, P.; Hellstrom, W.J. Therapeutic advances in the treatment of Peyronie’s
disease. Andrology 2015, 3, 650–660. [CrossRef] [PubMed]

17. Shadid, S.; Jensen, M.D. Angioneurotic edema as a side effect of pioglitazone. Diabetes Care 2002, 25, 405.
[CrossRef] [PubMed]

18. Shah, P.; Mudaliar, S. Pioglitazone: Side effect and safety profile. Expert Opin. Drug Saf. 2010, 9, 347–354.
[CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1572-0241.2002.05952.x
http://www.ncbi.nlm.nih.gov/pubmed/12190148
http://dx.doi.org/10.1159/000446379
http://www.ncbi.nlm.nih.gov/pubmed/27722159
http://dx.doi.org/10.1530/JOE-15-0409
http://www.ncbi.nlm.nih.gov/pubmed/26941037
http://dx.doi.org/10.1080/2162402X.2016.1221557
http://www.ncbi.nlm.nih.gov/pubmed/27853646
http://dx.doi.org/10.1038/nrgastro.2013.183
http://www.ncbi.nlm.nih.gov/pubmed/24080776
http://dx.doi.org/10.1111/j.1872-034X.2011.00824.x
http://www.ncbi.nlm.nih.gov/pubmed/21711426
http://dx.doi.org/10.1016/j.cld.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17544968
http://dx.doi.org/10.1038/nrd4667
http://www.ncbi.nlm.nih.gov/pubmed/26129791
http://dx.doi.org/10.1097/MCG.0b013e31818f4fc2
http://www.ncbi.nlm.nih.gov/pubmed/19318980
http://dx.doi.org/10.1177/147323000303100610
http://www.ncbi.nlm.nih.gov/pubmed/14708419
http://dx.doi.org/10.1016/j.nut.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25933502
http://dx.doi.org/10.1111/hepr.12773
http://www.ncbi.nlm.nih.gov/pubmed/27421062
http://dx.doi.org/10.1016/j.ejphar.2016.01.011
http://www.ncbi.nlm.nih.gov/pubmed/26825546
http://dx.doi.org/10.1016/j.nut.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24976430
http://www.ncbi.nlm.nih.gov/pubmed/26281317
http://dx.doi.org/10.1111/andr.12058
http://www.ncbi.nlm.nih.gov/pubmed/26097120
http://dx.doi.org/10.2337/diacare.25.2.405
http://www.ncbi.nlm.nih.gov/pubmed/11815525
http://dx.doi.org/10.1517/14740331003623218
http://www.ncbi.nlm.nih.gov/pubmed/20175701


Nutrients 2017, 9, 198 21 of 25

19. Zhang, F.; Lavan, B.E.; Gregoire, F.M. Selective Modulators of PPAR-gamma Activity: Molecular Aspects
Related to Obesity and Side-Effects. PPAR Res. 2007, 2007, 32696. [CrossRef] [PubMed]

20. Hauner, H. The mode of action of thiazolidinediones. Diabetes Metab. Res. Rev. 2002, 18, S10–S15. [CrossRef]
[PubMed]

21. Oliveira, C.P.; Stefano, J.T. Genetic polymorphisms and oxidative stress in non-alcoholic steatohepatitis
(NASH): A mini review. Clin. Res. Hepatol. Gastroenterol. 2015, 39, S35–S40. [CrossRef] [PubMed]

22. Minato, T.; Tsutsumi, M.; Tsuchishima, M.; Hayashi, N.; Saito, T.; Matsue, Y.; Toshikuni, N.; Arisawa, T.;
George, J. Binge alcohol consumption aggravates oxidative stress and promotes pathogenesis of NASH from
obesity-induced simple steatosis. Mol. Med. 2014, 20, 490–502. [CrossRef] [PubMed]

23. Stiuso, P.; Scognamiglio, I.; Murolo, M.; Ferranti, P.; De Simone, C.; Rizzo, M.R.; Tuccillo, C.; Caraglia, M.;
Loguercio, C.; Federico, A. Serum oxidative stress markers and lipidomic profile to detect NASH patients
responsive to an antioxidant treatment: A pilot study. Oxid. Med. Cell. Longev. 2014, 2014, 169216. [CrossRef]
[PubMed]

24. Li, J.; Chanda, D.; van Gorp, P.J.; Jeurissen, M.L.; Houben, T.; Walenbergh, S.M.; Debets, J.; Oligschlaeger, Y.;
Gijbels, M.J.; Neumann, D.; et al. Macrophage Stimulating Protein Enhances Hepatic Inflammation in a
NASH Model. PLoS ONE 2016, 11, e0163843. [CrossRef] [PubMed]

25. Reid, D.T.; Reyes, J.L.; McDonald, B.A.; Vo, T.; Reimer, R.A.; Eksteen, B. Kupffer Cells Undergo Fundamental
Changes during the Development of Experimental NASH and Are Critical in Initiating Liver Damage and
Inflammation. PLoS ONE 2016, 11, e0159524. [CrossRef] [PubMed]

26. Yamada, T.; Obata, A.; Kashiwagi, Y.; Rokugawa, T.; Matsushima, S.; Hamada, T.; Watabe, H.; Abe, K.
Gd-EOB-DTPA-enhanced-MR imaging in the inflammation stage of nonalcoholic steatohepatitis (NASH) in
mice. Magn. Reson. Imaging 2016, 34, 724–729. [CrossRef] [PubMed]

27. Smith, K. Microbiota: Gut microbiota produce alcohol in patients with NASH. Nat. Rev. Gastroenterol. Hepatol.
2012, 9, 687. [CrossRef] [PubMed]

28. Huang, W.; Zhu, Y.; Li, C.; Sui, Z.; Min, W. Effect of Blueberry Anthocyanins Malvidin and Glycosides on
the Antioxidant Properties in Endothelial Cells. Oxid. Med. Cell. Longev. 2016, 2016, 1591803. [CrossRef]
[PubMed]

29. Song, Y.; Huang, L.; Yu, J. Effects of blueberry anthocyanins on retinal oxidative stress and inflammation in
diabetes through NRF2/HO-1 signaling. J. Neuroimmunol. 2016, 301, 1–6. [CrossRef] [PubMed]

30. Kang, J.; Thakali, K.M.; Jensen, G.S.; Wu, X. Phenolic acids of the two major blueberry species in the US
Market and their antioxidant and anti-inflammatory activities. Plant. Foods Hum. Nutr. 2015, 70, 56–62.
[CrossRef] [PubMed]

31. Vendrame, S.; Guglielmetti, S.; Riso, P.; Arioli, S.; Klimis-Zacas, D.; Porrini, M. Six-week consumption of
a wild blueberry powder drink increases bifidobacteria in the human gut. J. Agric. Food Chem. 2011, 59,
12815–12820. [CrossRef] [PubMed]

32. Afrin, S.; Giampieri, F.; Gasparrini, M.; Forbes-Hernandez, T.Y.; Varela-Lopez, A.; Quiles, J.L.; Mezzetti, B.;
Battino, M. Chemopreventive and Therapeutic Effects of Edible Berries: A Focus on Colon Cancer Prevention
and Treatment. Molecules 2016, 21, 169. [CrossRef] [PubMed]

33. Dorothy, K.-Z.; Vendrame, S.; Kristo, A.S. Wild blueberries attenuate risk factors of the metabolic syndrome.
J. Berry Res. 2016, 6, 225–236.

34. Mencarelli, A.; Cipriani, S.; Renga, B.; Bruno, A.; D'Amore, C.; Distrutti, E.; Fiorucci, S. VSL#3 resets insulin
signaling and protects against NASH and atherosclerosis in a model of genetic dyslipidemia and intestinal
inflammation. PLoS ONE 2012, 7, e45425.

35. Van Diepen, J.A.; Berbée, J.F.; Havekes, L.M.; Rensen, P.C. Interactions between inflammation and
lipid metabolism: Relevance for efficacy of anti-inflammatory drugs in the treatment of atherosclerosis.
Atherosclerosis 2013, 228, 306–315. [CrossRef] [PubMed]

36. Bieghs, V.; Rensen, P.C.; Hofker, M.H.; Shiri-Sverdlov, R. NASH and atherosclerosis are two aspects of a
shared disease: Central role for macrophages. Atherosclerosis 2012, 220, 287–293. [CrossRef] [PubMed]

37. Ziamajidi, N.; Khaghani, S.; Hassanzadeh, G.; Vardasbi, S.; Ahmadian, S.; Nowrouzi, A.; Ghaffari, S.M.;
Abdirad, A. Amelioration by chicory seed extract of diabetes- and oleic acid-induced non-alcoholic fatty
liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH) via modulation of PPARalpha and SREBP-1.
Food Chem. Toxicol. 2013, 58, 198–209. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2007/32696
http://www.ncbi.nlm.nih.gov/pubmed/17389769
http://dx.doi.org/10.1002/dmrr.249
http://www.ncbi.nlm.nih.gov/pubmed/11921433
http://dx.doi.org/10.1016/j.clinre.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26160475
http://dx.doi.org/10.2119/molmed.2014.00048
http://www.ncbi.nlm.nih.gov/pubmed/25180626
http://dx.doi.org/10.1155/2014/169216
http://www.ncbi.nlm.nih.gov/pubmed/24987492
http://dx.doi.org/10.1371/journal.pone.0163843
http://www.ncbi.nlm.nih.gov/pubmed/27685150
http://dx.doi.org/10.1371/journal.pone.0159524
http://www.ncbi.nlm.nih.gov/pubmed/27454866
http://dx.doi.org/10.1016/j.mri.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/26979540
http://dx.doi.org/10.1038/nrgastro.2012.209
http://www.ncbi.nlm.nih.gov/pubmed/23147655
http://dx.doi.org/10.1155/2016/1591803
http://www.ncbi.nlm.nih.gov/pubmed/27034731
http://dx.doi.org/10.1016/j.jneuroim.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27847126
http://dx.doi.org/10.1007/s11130-014-0461-6
http://www.ncbi.nlm.nih.gov/pubmed/25535004
http://dx.doi.org/10.1021/jf2028686
http://www.ncbi.nlm.nih.gov/pubmed/22060186
http://dx.doi.org/10.3390/molecules21020169
http://www.ncbi.nlm.nih.gov/pubmed/26840292
http://dx.doi.org/10.1016/j.atherosclerosis.2013.02.028
http://www.ncbi.nlm.nih.gov/pubmed/23518178
http://dx.doi.org/10.1016/j.atherosclerosis.2011.08.041
http://www.ncbi.nlm.nih.gov/pubmed/21930273
http://dx.doi.org/10.1016/j.fct.2013.04.018
http://www.ncbi.nlm.nih.gov/pubmed/23603006


Nutrients 2017, 9, 198 22 of 25

38. Yoshikawa, T.; Ide, T.; Shimano, H.; Yahagi, N.; Amemiya-Kudo, M.; Matsuzaka, T.; Yatoh, S.; Kitamine, T.;
Okazaki, H.; Tamura, Y. Cross-talk between peroxisome proliferator-activated receptor (PPAR) α and liver X
receptor (LXR) in nutritional regulation of fatty acid metabolism. I. PPARs suppress sterol regulatory element
binding protein-1c promoter through inhibition of LXR signaling. Mol. Endocrinol. 2003, 17, 1240–1254.
[PubMed]

39. Grove, J.I.; Austin, M.; Tibble, J.; Aithal, G.P.; Verma, S. Monozygotic twins with NASH cirrhosis: Cumulative
effect of multiple single nucleotide polymorphisms? Ann. Hepatol. 2016, 15, 277–282. [PubMed]

40. Wada, T.; Miyashita, Y.; Sasaki, M.; Aruga, Y.; Nakamura, Y.; Ishii, Y.; Sasahara, M.; Kanasaki, K.; Kitada, M.;
Koya, D.; et al. Eplerenone ameliorates the phenotypes of metabolic syndrome with NASH in liver-specific
SREBP-1c TG mice fed high-fat and high-fructose diet. Am. J. Physiol. Endocrinol. Metab. 2013, 305,
E1415–E1425. [CrossRef] [PubMed]

41. Da Silva Morais, A.; Lebrun, V.; Abarca-Quinones, J.; Brichard, S.; Hue, L.; Guigas, B.; Viollet, B.; Leclercq, I.A.
Prevention of steatohepatitis by pioglitazone: Implication of adiponectin-dependent inhibition of SREBP-1c
and inflammation. J. Hepatol. 2009, 50, 489–500. [CrossRef] [PubMed]

42. Qin, S.; Yin, J.; Huang, K. Free Fatty Acids Increase Intracellular Lipid Accumulation and Oxidative Stress by
Modulating PPARalpha and SREBP-1c in L-02 Cells. Lipids 2016, 51, 797–805. [CrossRef] [PubMed]

43. Romeo, S.; Kozlitina, J.; Xing, C.; Pertsemlidis, A.; Cox, D.; Pennacchio, L.A.; Boerwinkle, E.; Cohen, J.C.;
Hobbs, H.H. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease.
Nat. Genet. 2008, 40, 1461–1465. [CrossRef] [PubMed]

44. Browning, J.D.; Kumar, K.S.; Saboorian, M.H.; Thiele, D.L. Ethnic differences in the prevalence of cryptogenic
cirrhosis. Am. J. Gastroenterol. 2004, 99, 292–298. [CrossRef]

45. Kollerits, B.; Coassin, S.; Kiechl, S.; Hunt, S.C.; Paulweber, B.; Willeit, J.; Brandstatter, A.; Lamina, C.;
Adams, T.D.; Kronenberg, F. A common variant in the adiponutrin gene influences liver enzyme values.
J. Med. Genet. 2010, 47, 116–119. [CrossRef]

46. Sookoian, S.; Castano, G.O.; Burgueno, A.L.; Gianotti, T.F.; Rosselli, M.S.; Pirola, C.J. A nonsynonymous gene
variant in the adiponutrin gene is associated with nonalcoholic fatty liver disease severity. J. Lipid Res. 2009,
50, 2111–2116. [CrossRef] [PubMed]

47. Tian, C.; Stokowski, R.P.; Kershenobich, D.; Ballinger, D.G.; Hinds, D.A. Variant in PNPLA3 is associated
with alcoholic liver disease. Nat. Genet. 2010, 42, 21–23. [CrossRef] [PubMed]

48. Graff, M.; North, K.E.; Franceschini, N.; Reiner, A.P.; Feitosa, M.; Carr, J.J.; Gordon-Larsen, P.;
Wojczynski, M.K.; Borecki, I.B. PNPLA3 gene-by-visceral adipose tissue volume interaction and the
pathogenesis of fatty liver disease: The NHLBI Family Heart Study. Int. J. Obes. 2013, 37, 432–438. [CrossRef]
[PubMed]

49. He, S.; McPhaul, C.; Li, J.Z.; Garuti, R.; Kinch, L.; Grishin, N.V.; Cohen, J.C.; Hobbs, H.H. A sequence
variation (I148M) in PNPLA3 associated with nonalcoholic fatty liver disease disrupts triglyceride hydrolysis.
J. Biol. Chem. 2010, 285, 6706–6715. [CrossRef]

50. Lake, A.C.; Sun, Y.; Li, J.L.; Kim, J.E.; Johnson, J.W.; Li, D.; Revett, T.; Shih, H.H.; Liu, W.; Paulsen, J.E.; et al.
Expression, regulation, and triglyceride hydrolase activity of Adiponutrin family members. J. Lipid Res. 2005,
46, 2477–2487. [CrossRef] [PubMed]

51. Rossi, M.; Giussani, E.; Morelli, R.; Lo Scalzo, R.; Nani, R.C.; Torreggiani, D. Effect of fruit blanching on
phenolics and radical scavenging activity of highbush blueberry juice. Food Res. Int. 2003, 36, 999–1005.
[CrossRef]

52. GuangQin, W.; Fei, N.; YouJiang, L. Comparative analysis of physicochemical component content in
blueberry fruit and their function evaluation. Acta Agric. Jiangxi 2012, 24, 117–119.

53. Li, S.; Liao, X.; Meng, F.; Wang, Y.; Sun, Z.; Guo, F.; Li, X.; Meng, M.; Li, Y.; Sun, C. Therapeutic role of
ursolic acid on ameliorating hepatic steatosis and improving metabolic disorders in high-fat diet-induced
non-alcoholic fatty liver disease rats. PLoS ONE 2014, 9, e86724. [CrossRef] [PubMed]

54. Chanda, D.; Li, J.; Oligschlaeger, Y.; Jeurissen, M.L.; Houben, T.; Walenbergh, S.M.; Shiri-Sverdlov, R.;
Neumann, D. MSP is a negative regulator of inflammation and lipogenesis in ex vivo models of non-alcoholic
steatohepatitis. Exp. Mol. Med. 2016, 48, e258. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/12730331
http://www.ncbi.nlm.nih.gov/pubmed/26845607
http://dx.doi.org/10.1152/ajpendo.00419.2013
http://www.ncbi.nlm.nih.gov/pubmed/24129399
http://dx.doi.org/10.1016/j.jhep.2008.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19155087
http://dx.doi.org/10.1007/s11745-016-4160-y
http://www.ncbi.nlm.nih.gov/pubmed/27270405
http://dx.doi.org/10.1038/ng.257
http://www.ncbi.nlm.nih.gov/pubmed/18820647
http://dx.doi.org/10.1111/j.1572-0241.2004.04059.x
http://dx.doi.org/10.1136/jmg.2009.066597
http://dx.doi.org/10.1194/jlr.P900013-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19738004
http://dx.doi.org/10.1038/ng.488
http://www.ncbi.nlm.nih.gov/pubmed/19946271
http://dx.doi.org/10.1038/ijo.2012.65
http://www.ncbi.nlm.nih.gov/pubmed/22546774
http://dx.doi.org/10.1074/jbc.M109.064501
http://dx.doi.org/10.1194/jlr.M500290-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16150821
http://dx.doi.org/10.1016/j.foodres.2003.07.002
http://dx.doi.org/10.1371/journal.pone.0086724
http://www.ncbi.nlm.nih.gov/pubmed/24489777
http://dx.doi.org/10.1038/emm.2016.79
http://www.ncbi.nlm.nih.gov/pubmed/27609031


Nutrients 2017, 9, 198 23 of 25

55. Bashiri, A.; Nesan, D.; Tavallaee, G.; Sue-Chue-Lam, I.; Chien, K.; Maguire, G.F.; Naples, M.; Zhang, J.;
Magomedova, L.; Adeli, K.; et al. Cellular cholesterol accumulation modulates high fat high sucrose
(HFHS) diet-induced ER stress and hepatic inflammasome activation in the development of non-alcoholic
steatohepatitis. Biochim. Biophys. Acta 2016, 1861, 594–605. [CrossRef] [PubMed]

56. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.;
Liu, Y.C.; Torbenson, M.S.; Unalp-Arida, A.; et al. Design and validation of a histological scoring system for
nonalcoholic fatty liver disease. Hepatology 2005, 41, 1313–1321. [CrossRef] [PubMed]

57. Kujawska, M.; Ignatowicz, E.; Ewertowska, M.; Oszmianski, J.; Jodynis-Liebert, J. Protective effect of
chokeberry on chemical-induced oxidative stress in rat. Hum. Exp. Toxicol. 2011, 30, 199–208. [CrossRef]
[PubMed]

58. Bisson, J.F.; Hidalgo, S.; Rozan, P.; Messaoudi, M. Preventive effects of different probiotic formulations
on travelers' diarrhea model in wistar rats: Preventive effects of probiotics on TD. Dig. Dis. Sci. 2010, 55,
911–919. [CrossRef] [PubMed]

59. Cluny, N.L.; Keenan, C.M.; Lutz, B.; Piomelli, D.; Sharkey, K.A. The identification of peroxisome
proliferator-activated receptor alpha-independent effects of oleoylethanolamide on intestinal transit in
mice. Neurogastroenterol. Motil. 2009, 21, 420–429. [CrossRef] [PubMed]

60. Tan, A.S.; Berridge, M.V. Superoxide produced by activated neutrophils efficiently reduces the tetrazolium
salt, WST-1 to produce a soluble formazan: A simple colorimetric assay for measuring respiratory burst
activation and for screening anti-inflammatory agents. J. Immunol. Methods 2000, 238, 59–68. [CrossRef]

61. Smith, I.K.; Vierheller, T.L.; Thorne, C.A. Assay of glutathione reductase in crude tissue homogenates using
5,5′-dithiobis(2-nitrobenzoic acid). Anal. Biochem. 1988, 175, 408–413. [CrossRef]

62. Feng, L.; Luo, H.; Xu, Z.; Yang, Z.; Du, G.; Zhang, Y.; Yu, L.; Hu, K.; Zhu, W.; Tong, Q.; et al. Bavachinin,
as a novel natural pan-PPAR agonist, exhibits unique synergistic effects with synthetic PPAR-gamma
and PPAR-alpha agonists on carbohydrate and lipid metabolism in db/db and diet-induced obese mice.
Diabetologia 2016, 59, 1276–1286. [CrossRef] [PubMed]

63. Van Diepen, J.A.; Jansen, P.A.; Ballak, D.B.; Hijmans, A.; Hooiveld, G.J.; Rommelaere, S.; Galland, F.;
Naquet, P.; Rutjes, F.P.; Mensink, R.P.; et al. PPAR-alpha dependent regulation of vanin-1 mediates hepatic
lipid metabolism. J. Hepatol. 2014, 61, 366–372. [CrossRef] [PubMed]

64. Cariou, B.; Zair, Y.; Staels, B.; Bruckert, E. Effects of the new dual PPAR alpha/delta agonist GFT505 on lipid
and glucose homeostasis in abdominally obese patients with combined dyslipidemia or impaired glucose
metabolism. Diabetes Care 2011, 34, 2008–2014. [CrossRef] [PubMed]

65. Paterniti, I.; Campolo, M.; Cordaro, M.; Impellizzeri, D.; Siracusa, R.; Crupi, R.; Esposito, E.; Cuzzocrea, S.
PPAR-alpha Modulates the Anti-Inflammatory Effect of Melatonin in the Secondary Events of Spinal Cord
Injury. Mol. Neurobiol. 2016. [CrossRef] [PubMed]

66. Carniglia, L.; Durand, D.; Caruso, C.; Lasaga, M. Effect of NDP-alpha-MSH on PPAR-gamma and -beta
expression and anti-inflammatory cytokine release in rat astrocytes and microglia. PLoS ONE 2013, 8, e57313.
[CrossRef] [PubMed]

67. Duval, C.; Fruchart, J.C.; Staels, B. PPAR alpha, fibrates, lipid metabolism and inflammation. Arch. Mal.
Coeur Vaiss 2004, 97, 665–672. [PubMed]

68. Dossi, C.G.; Tapia, G.S.; Espinosa, A.; Videla, L.A.; D'Espessailles, A. Reversal of high-fat diet-induced
hepatic steatosis by n-3 LCPUFA: Role of PPAR-alpha and SREBP-1c. J. Nutr. Biochem. 2014, 25, 977–984.
[CrossRef] [PubMed]

69. Baskol, M.; Dolbun Seckin, K.; Baskol, G. Advanced oxidation protein products, total thiol levels and total
oxidant/antioxidant status in patients with nash. Turk. J. Gastroenterol. 2014, 25, 32–37. [CrossRef] [PubMed]

70. Yamada, J.; Tomiyama, H.; Yambe, M.; Koji, Y.; Motobe, K.; Shiina, K.; Yamamoto, Y.; Yamashina, A. Elevated
serum levels of alanine aminotransferase and gamma glutamyltransferase are markers of inflammation
and oxidative stress independent of the metabolic syndrome. Atherosclerosis 2006, 189, 198–205. [CrossRef]
[PubMed]

71. Josekutty, J.; Iqbal, J.; Iwawaki, T.; Kohno, K.; Hussain, M.M. Microsomal triglyceride transfer protein
inhibition induces endoplasmic reticulum stress and increases gene transcription via Ire1alpha/cJun to
enhance plasma ALT/AST. J. Biol. Chem. 2013, 288, 14372–14383. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbalip.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/27090939
http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://dx.doi.org/10.1177/0960327110371697
http://www.ncbi.nlm.nih.gov/pubmed/20488852
http://dx.doi.org/10.1007/s10620-009-0822-4
http://www.ncbi.nlm.nih.gov/pubmed/19437118
http://dx.doi.org/10.1111/j.1365-2982.2008.01248.x
http://www.ncbi.nlm.nih.gov/pubmed/19140957
http://dx.doi.org/10.1016/S0022-1759(00)00156-3
http://dx.doi.org/10.1016/0003-2697(88)90564-7
http://dx.doi.org/10.1007/s00125-016-3912-9
http://www.ncbi.nlm.nih.gov/pubmed/26983922
http://dx.doi.org/10.1016/j.jhep.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24751833
http://dx.doi.org/10.2337/dc11-0093
http://www.ncbi.nlm.nih.gov/pubmed/21816979
http://dx.doi.org/10.1007/s12035-016-0131-9
http://www.ncbi.nlm.nih.gov/pubmed/27686077
http://dx.doi.org/10.1371/journal.pone.0057313
http://www.ncbi.nlm.nih.gov/pubmed/23468969
http://www.ncbi.nlm.nih.gov/pubmed/15283041
http://dx.doi.org/10.1016/j.jnutbio.2014.04.011
http://www.ncbi.nlm.nih.gov/pubmed/24993917
http://dx.doi.org/10.5152/tjg.2014.4172
http://www.ncbi.nlm.nih.gov/pubmed/25910362
http://dx.doi.org/10.1016/j.atherosclerosis.2005.11.036
http://www.ncbi.nlm.nih.gov/pubmed/16405892
http://dx.doi.org/10.1074/jbc.M113.459602
http://www.ncbi.nlm.nih.gov/pubmed/23532846


Nutrients 2017, 9, 198 24 of 25

72. Kaviarasan, K.; Pugalendi, K.V. Influence of flavonoid-rich fraction from Spermacoce hispida seed on
PPAR-alpha gene expression, antioxidant redox status, protein metabolism and marker enzymes in
high-fat-diet fed STZ diabetic rats. J. Basic Clin. Physiol. Pharmacol. 2009, 20, 141–158. [CrossRef] [PubMed]

73. Li, X.; Huang, W.; Gu, J.; Du, X.; Lei, L.; Yuan, X.; Sun, G.; Wang, Z.; Li, X.; Liu, G. SREBP-1c overactivates
ROS-mediated hepatic NF-kappaB inflammatory pathway in dairy cows with fatty liver. Cell Signal. 2015,
27, 2099–2109. [CrossRef] [PubMed]

74. Zuo, L.L.; Wang, Z.Y.; Fan, Z.L.; Tian, S.Q.; Liu, J.R. Evaluation of antioxidant and antiproliferative properties
of three Actinidia (Actinidia kolomikta, Actinidia arguta, Actinidia chinensis) extracts in vitro. Int. J.
Mol. Sci. 2012, 13, 5506–5518. [CrossRef] [PubMed]

75. Forbes-Hernandez, T.Y.; Gasparrini, M.; Afrin, S.; Mazzoni, L.; Reboredo, P.; Giampieri, F. A comparative
study on cytotoxic effects of strawberry extract on different cellular models. J. Berry Res. 2016, 6, 263–275.
[CrossRef]

76. Feldstein, A.E.; Canbay, A.; Angulo, P.; Taniai, M.; Burgart, L.J.; Lindor, K.D.; Gores, G.J. Hepatocyte
apoptosis and fas expression are prominent features of human nonalcoholic steatohepatitis. Gastroenterology
2003, 125, 437–443. [CrossRef]

77. Li, X.; Chen, Y.T.; Josson, S.; Mukhopadhyay, N.K.; Kim, J.; Freeman, M.R.; Huang, W.C. MicroRNA-185
and 342 inhibit tumorigenicity and induce apoptosis through blockade of the SREBP metabolic pathway in
prostate cancer cells. PLoS ONE 2013, 8, e70987. [CrossRef] [PubMed]

78. Esquejo, R.M.; Jeon, T.I.; Osborne, T.F. Lipid-cell cycle nexus: SREBP regulates microRNAs targeting Fbxw7.
Cell Cycle 2014, 13, 339–340. [CrossRef] [PubMed]

79. Nakakuki, M.; Shimano, H.; Inoue, N.; Tamura, M.; Matsuzaka, T.; Nakagawa, Y.; Yahagi, N.; Toyoshima, H.;
Sato, R.; Yamada, N. A transcription factor of lipid synthesis, sterol regulatory element-binding protein
(SREBP)-1α causes G(1) cell-cycle arrest after accumulation of cyclin-dependent kinase (CDK) inhibitors.
FEBS J. 2007, 274, 4440–4452. [CrossRef] [PubMed]

80. Steen, V.M.; Skrede, S.; Polushina, T.; Lopez, M.; Andreassen, O.A.; Ferno, J.; Hellard, S.L. Genetic evidence
for a role of the SREBP transcription system and lipid biosynthesis in schizophrenia and antipsychotic
treatment. Eur. Neuropsychopharmacol. 2016. [CrossRef] [PubMed]

81. Jiang, Z.; Huang, X.; Huang, S.; Guo, H.; Wang, L.; Li, X.; Huang, X.; Wang, T.; Zhang, L.; Sun, L. Sex-Related
Differences of Lipid Metabolism Induced by Triptolide: The Possible Role of the LXRalpha/SREBP-1
Signaling Pathway. Front. Pharmacol. 2016, 7, 87. [CrossRef] [PubMed]

82. Zhao, Y.; Li, H.; Zhang, Y.; Li, L.; Fang, R.; Li, Y.; Liu, Q.; Zhang, W.; Qiu, L.; Liu, F.; Zhang, X.; Ye, L.
Oncoprotein HBXIP Modulates Abnormal Lipid Metabolism and Growth of Breast Cancer Cells by Activating
the LXRs/SREBP-1c/FAS Signaling Cascade. Cancer Res. 2016, 76, 4696–4707. [CrossRef] [PubMed]

83. Siddiq, M.; Dolan, K.D. Characterization of polyphenol oxidase from blueberry (Vaccinium corymbosum L.).
Food Chem. 2017, 218, 216–220. [CrossRef] [PubMed]

84. Terefe, N.S.; Delon, A.; Buckow, R.; Versteeg, C. Blueberry polyphenol oxidase: Characterization and the
kinetics of thermal and high pressure activation and inactivation. Food Chem. 2015, 188, 193–200. [CrossRef]
[PubMed]

85. Ikarashi, N.; Toda, T.; Okaniwa, T.; Ito, K.; Ochiai, W.; Sugiyama, K. Anti-Obesity and Anti-Diabetic
Effects of Acacia Polyphenol in Obese Diabetic KKAy Mice Fed High-Fat Diet. Evid. Based Complement.
Alternat. Med. 2011, 2011, 952031. [CrossRef] [PubMed]

86. Hakansson, A.; Molin, G. Gut microbiota and inflammation. Nutrients 2011, 3, 637–682. [CrossRef] [PubMed]
87. Konig, B.; Koch, A.; Spielmann, J.; Hilgenfeld, C.; Hirche, F.; Stangl, G.I.; Eder, K. Activation of PPARalpha

and PPARgamma reduces triacylglycerol synthesis in rat hepatoma cells by reduction of nuclear SREBP-1.
Eur. J. Pharmacol. 2009, 605, 23–30. [CrossRef] [PubMed]

88. Yan, C.; Chen, J.; Chen, N. Long noncoding RNA MALAT1 promotes hepatic steatosis and insulin resistance
by increasing nuclear SREBP-1c protein stability. Sci. Rep. 2016, 6, 22640. [CrossRef] [PubMed]

89. Greenhill, C. NASH: Understanding how steatosis progresses to NASH. Nat. Rev. Endocrinol. 2017, 13, 5.
[CrossRef] [PubMed]

90. Chinetti, G.; Lestavel, S.; Bocher, V.; Remaley, A.T.; Neve, B.; Torra, I.P.; Teissier, E.; Minnich, A.; Jaye, M.;
Duverger, N.; et al. PPAR-alpha and PPAR-gamma activators induce cholesterol removal from human
macrophage foam cells through stimulation of the ABCA1 pathway. Nat. Med. 2001, 7, 53–58. [PubMed]

http://dx.doi.org/10.1515/JBCPP.2009.20.2.141
http://www.ncbi.nlm.nih.gov/pubmed/19662717
http://dx.doi.org/10.1016/j.cellsig.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26189441
http://dx.doi.org/10.3390/ijms13055506
http://www.ncbi.nlm.nih.gov/pubmed/22754311
http://dx.doi.org/10.3233/JBR-160124
http://dx.doi.org/10.1016/S0016-5085(03)00907-7
http://dx.doi.org/10.1371/journal.pone.0070987
http://www.ncbi.nlm.nih.gov/pubmed/23951060
http://dx.doi.org/10.4161/cc.27509
http://www.ncbi.nlm.nih.gov/pubmed/24335356
http://dx.doi.org/10.1111/j.1742-4658.2007.05973.x
http://www.ncbi.nlm.nih.gov/pubmed/17662109
http://dx.doi.org/10.1016/j.euroneuro.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27492885
http://dx.doi.org/10.3389/fphar.2016.00087
http://www.ncbi.nlm.nih.gov/pubmed/27065871
http://dx.doi.org/10.1158/0008-5472.CAN-15-1734
http://www.ncbi.nlm.nih.gov/pubmed/26980761
http://dx.doi.org/10.1016/j.foodchem.2016.09.061
http://www.ncbi.nlm.nih.gov/pubmed/27719900
http://dx.doi.org/10.1016/j.foodchem.2015.04.040
http://www.ncbi.nlm.nih.gov/pubmed/26041182
http://dx.doi.org/10.1093/ecam/nep241
http://www.ncbi.nlm.nih.gov/pubmed/21799697
http://dx.doi.org/10.3390/nu3060637
http://www.ncbi.nlm.nih.gov/pubmed/22254115
http://dx.doi.org/10.1016/j.ejphar.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19248225
http://dx.doi.org/10.1038/srep22640
http://www.ncbi.nlm.nih.gov/pubmed/26935028
http://dx.doi.org/10.1038/nrendo.2016.187
http://www.ncbi.nlm.nih.gov/pubmed/27834389
http://www.ncbi.nlm.nih.gov/pubmed/11135616


Nutrients 2017, 9, 198 25 of 25

91. Field, F.J.; Born, E.; Murthy, S.; Mathur, S.N. Regulation of sterol regulatory element-binding proteins in
hamster intestine by changes in cholesterol flux. J. Biol. Chem. 2001, 276, 17576–17583. [CrossRef] [PubMed]

92. Purushotham, A.; Schug, T.T.; Xu, Q.; Surapureddi, S.; Guo, X.; Li, X. Hepatocyte-specific deletion of SIRT1
alters fatty acid metabolism and results in hepatic steatosis and inflammation. Cell Metab. 2009, 9, 327–338.
[CrossRef] [PubMed]

93. Lirussi, F.; Mastropasqua, E.; Orando, S.; Orlando, R. Probiotics for non-alcoholic fatty liver disease and/or
steatohepatitis. Cochrane Database Syst. Rev. 2007. [CrossRef]

94. Krawczyk, M.; Grunhage, F.; Lammert, F. Identification of combined genetic determinants of liver stiffness
within the SREBP1c-PNPLA3 pathway. Int. J. Mol. Sci. 2013, 14, 21153–21166. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M010917200
http://www.ncbi.nlm.nih.gov/pubmed/11278785
http://dx.doi.org/10.1016/j.cmet.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19356714
http://dx.doi.org/10.1002/14651858.CD005165.pub2
http://dx.doi.org/10.3390/ijms141021153
http://www.ncbi.nlm.nih.gov/pubmed/24152445
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Materials 
	The Effects of PPAR- Antagonist and Blueberry Juice on the Growth of Liver Cells 
	The Establishment of NASH Rat Model and Animal Groups 
	Measurement of PPAR- 
	Histological Analysis 
	Flow Cytometry Analysis 
	Biochemical Analysis 
	qRT-PCR 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Establishment of NASH Model 
	BP Increase Weight Loss of Rat NASH Model 
	BP Improve Antiinflammatory Activities of Rat NASH Model 
	BP Improve Antioxidant Activities of Rat NASH Model 
	Blueberry Juice and Probiotics Improve Lipid Patterns of Rat NASH Model 
	The Effects of PPAR- Antagonist and/or Blueberry Juice on the Growth of Liver Cells 
	Measurement of PPAR- Activity 
	Blueberry Juice and Probiotics Ameliorate NASH 
	Liver Apoptosis 
	Relative mRNA Levels of PPAR-, SREBP-1c and PNPLA-3 
	Relative mRNA Levels of Apoptosis-Inducing Factors (caspase-3 and Bcl-2) 
	Relative mRNA Levels of Inflammatory Cytokines (IL-6 and TNF-) 
	Relative Protein Levels of PPAR-, SREBP-1c and PNPLA-3 
	Relative Protein Levels of Apoptosis-Inducing Factors (caspase-3 and Bcl-2) 
	Relative Protein Levels of Inflammatory Cytokines (IL-6 and TNF-) 

	Discussion 
	Conclusions 

