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Blueberry, combined with probiotics, alleviates
non-alcoholic fatty liver disease via IL-22-
mediated JAK1/STAT3/BAX signalingt
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Non-alcoholic fatty liver disease (NAFLD) is one of the most prevalent diseases worldwide. Blueberry,
combined with probiotics (BP), might be a potential candidate for NAFLD treatment, due to its anti-
inflammatory and anti-apoptotic properties. Here, we investigated whether the anti-inflammatory cyto-
kine, IL-22, was involved in the therapeutic process of BP, using cell and rat models of NAFLD. Results
indicated that BP significantly reduced lipid droplets and triglyceride (TG) accumulation in NAFLD cells.
However, when IL-22 was deficient, the lipid droplets and TG content were significantly increased. In vivo,
the serum parameters and pathological degree of NAFLD rats were significantly improved by BP, while
IL-22 silencing significantly abolished the BP effect. Immunohistochemistry, immunofluorescence,
gRT-PCR, and western blotting showed that the NAFLD group expressed significantly lower levels of
IL-22, JAK1, and STAT3, and higher levels of BAX, than the normal group. Furthermore, BP significantly
elevated the levels of IL-22, JAK1 and STAT3, and reduced the level of BAX in NAFLD, while IL-22 silencing
prevented BP from restoring the expression of JAK1, STAT3, and BAX. We conclude that IL-22 is vital for
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most
common liver diseases worldwide, characterized by lipid
accumulation in the liver, with no established efficient
therapy.” The clinical burden of NAFLD is largely associated
with liver related morbidity, for instance, nonalcoholic fatty
hepatitis and liver cirrhosis, and the development of fatal
and nonfatal cardiovascular diseases.” Recently, the effect of
immune inflammation on NAFLD has started to be taken
seriously. Once the intrahepatic immune cells are stimulated
by bacteria, viruses, and drugs or other metabolites, the LPS/
TLR4 signaling pathway induces the activation of pro-inflam-
matory factors and anti-inflammatory factors.® The pro-inflam-
matory cytokines can activate fat synthesis, which leads to the
accumulation of triglycerides and cholesterol in liver cells, and
results in NAFLD. Interleukin-22 (IL-22) is a member of the
anti-inflammatory cytokine IL-10 family.* A previous study
found that IL-22 has potential therapeutic effects in alcoholic
fatty liver disease due to its anti-apoptotic, anti-microbial, and
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anti-oxidative functions, mediated via the activation of Janus
kinase 1 (JAK1)/signal transducer and activator of transcription
3 (STAT3) signaling pathways.” However, whether IL-22 is
involved in NAFLD or not is largely unknown.

As intestinal microecological regulators, probiotics can
effectively reduce endotoxemia and improve the intestinal
barrier function, and are thought to play a therapeutic role in
the treatment of NAFLD.*’” Additionally, blueberries are
common fruits that are rich in trace elements, flavonoids, vita-
mins, and especially polyphenols, such as anthocyanins, which
have anti-oxidative, anti-inflammatory and immune regulatory
properties. It has been shown that blueberries play a crucial role
in liver protection and liver fibrosis reversal.>® Moreover, we
have earlier reported that a combination of blueberries and
probiotics (BP) can effectively reduce liver inflammation.*®

Here, the therapeutic mechanism of BP in NAFLD was
investigated by exploring the roles of IL-22, the JAK1/STAT3 sig-
naling pathway, and the apoptotic regulator, Bel-2-associated X
protein (BAX).

Materials and methods
Ethics

All the protocols in this study were approved by the animal
care and ethical committee of Affiliated Hospital of Guizhou

This journal is © The Royal Society of Chemistry 2018
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Medical University. All animal-handling procedures were per-
formed 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.

Preparation of BP

Blueberries were obtained from Majiang Blueberry Plant
(Guiyang, China). Blueberry juice was obtained in light of a
previous study.'' Briefly, 1 kg blueberry blend was thawed at
4 °C for 8 h and crushed using a Braun Global Hand Blender
MR300 (De’Longhi Kenwood A.P.A Ltd, Hong Kong, China).
The milled blueberries were pressed under the maximum
pressure of 0.9 MPa in a bag press mode. The prepared blue-
berry juice was gavaged to rats immediately. The main compo-
sition of the blueberry juice was detected as in a previous
study."” Table 1 shows the main chemical characterisation of
blueberry juice and the anthocyanidin concentration was
0.98 = 0.07 (mg mL™"). Dry probiotic tablets mixed with pro-
biotic species of Bifidobacterium infantis, Bifidobacterium
animalis and Lactobacillus acidophilus were obtained from
China General Microbiological Culture Collection Center
(Beijing, China). Dried probiotic tablets (each tablet contained
5 x 106 CFU ml™" bacteria) were ground into a powder, and to
each 10 ml of blueberry juice was added a portion of probio-
tics, and incubated at 4 °C. The live bacteria in the juice were
monitored as follows. After incubation for 6 h, 12 h, and 24 h,
0.01 ml of the blueberry probiotic mixture was taken and the
total number of colonies was calculated directly under a micro-
scope. Probiotic survival rate (%) = 1lg N1/IlgNO x 100% (N1:
number of live bacteria (CFU ml™") after treatment and NO:
initial quantity of live bacteria (CFU m1™")). The number of live
bacteria at 6 h, 12 h, and 24 h was 5.9 x 107, 6.3 x 107, and
5.2 x 10® (CFU ml ™), respectively (Table S11). BP with a concen-
tration of 10® CFU m1™" probiotics was used for further study.

Preparation of blueberry probiotic serum (BPS)

Male Wistar rats (weight: 180 + 20 g) of clean grade were pur-
chased from the Animal Experiment Center of Guizhou
Medical University (SCXK - (Guizhou) 2012-2012), and kept in
separate cages and allowed free feeding with the standard diet.
Rats were randomly divided into two groups: the physiological
saline control group and the blueberry probiotic group (1 mL
per 100 g). Gavage was administered 2 times per day, for
5 days. Two hours after the last gavage, rats were gavaged again,
and 1 h later, blood was collected from the femoral artery, and
centrifuged at 3000 rpm for 20 min. Complement components

Table 1 Main chemical characterisation of blueberry juice

Items Value

pH 3.20 £ 0.03
Total anthocyanidins (mg mL™") 0.98 + 0.07
Total phenolic acid (mg mL™") 2.54 +0.16
Total flavonols (mg mL ™) 1.18 + 0.06
Vitamin C (ug mL™") 171.40 + 3.0
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of the obtained serum were inactivated in a water bath at 50 °C
for 30 min. Thereafter, bacterial contaminants were removed
by filtration, using a 0.22 pm Millipore filter, and stored at
—20 °C.

Establishment of a NAFLD cell model

Human normal liver cell line L-02 was cultured in 90%
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), 100 U mL™" penicillin, 100 mg L™
streptomycin, and 1% non-essential amino acids, at 37 °C
under 5% CO,. NAFLD cells were established by treatment
with 1 mmol L™ of a mixed free fatty acid (oleic acid
(OA) : palmitic acid (PA) =2:1).

Cell treatment

Cells were divided into five groups: normal group, free fatty
acid + siRNA negative control group (FFA-NC), free fatty acid +
IL-22 siRNA group (FFA-IL-22si), free fatty acid + siRNA nega-
tive control + BPS group (FFA-NC-BPS), and free fatty acid +
IL-22 siRNA + BPS group (FFA-IL-22si-BPS). Cells were normally
cultured for 24 h, after which, the medium was discarded, and
fresh medium containing 10% saline-serum was added to the
normal group, while the other groups were transfected with
SiRNA reagents (primers are shown in Table S1t). After trans-
fection for 24 h, saline-serum was added to the FFA-NC group
and the FFA-IL-22si group, while BPS was added to the
FFA-NC-BPS group and the FFA-IL-22si-BPS group. After 24 h,
1 mmol L™' of the mixed free fatty acid was added to all
groups, except for the normal group, and cultured for 24 h.

0Oil red O (ORO)

Cells were seeded into 6-well plates, and cell slides were pre-
pared and fixed with 4% paraformaldehyde (PFA) for 15 min,
and stained with ORO for 30 min in a dark room. The cell
slides were washed with 60% isopropyl alcohol and stained
with hematoxylin for 10 s, and observed under a microscope.

Immunofluorescence

Immunostaining was performed according to a previous
study."® In brief, cells were fixed with 4% PFA for 30 min, and
permeabilized with 0.5% Triton X-100 for 20 min at 20 °C.
Primary antibodies (1:100), including anti-IL-22 (Abcam,
Cambridge, UK, ab5984), anti-JAK1 (Abcam, ab138005), anti-
STAT3 (Abcam, ab76315) and anti-BAX (Abcam, ab32503) were
added and incubated at 4 °C, overnight. Slides were washed
and incubated with FITC or Alexa Fluor 594 labeled goat-anti-
rabbit IgG secondary antibodies for 2 h. The cells were visual-
ized using an Olympus FV 1000 (Olympus, Tokyo, Japan).

Rat model

Forty male Sprague-Dawley rats (200 to 250 g) were purchased
from the Animal Center of Guiyang Medical College (Approval
Number SCXK (Guizhou) 2002-0001, Guiyang, China), and
were randomly divided into five groups: (1) normal group,
which received a standard diet; (2) NC group, in which rats
were fed with a high-fat diet (HFD) and treated with lentivirus

Food Funct, 2018, 9, 6298-6306 | 6299
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carrying siRNA NC; (3) NC-BP group, in which HFD rats were
treated with siRNA NC and BP; (4) IL-22 siRNA group, in which
HFD rats were treated with IL-22 siRNA; and (5) IL-22
siRNA-BP group, in which HFD rats were treated with IL-22
siRNA and BP. Except for the normal group, rats were injected
with lentivirus carrying siRNA (virus titer of 1 x 10%, at a time)
on alternate days, for 12 weeks. Thereafter 3 rats from each
group were randomly selected to confirm the NAFLD model
and the siRNA effect, and BP groups were gavaged with BP
(once a day, 1.5 mL per 100 g weight, containing probiotics at
a concentration of 10® CFU mL™" and an anthocyanin amount
of 1.47 mg per 100 g weight, per time) for 8 weeks. Thereafter
rats were kept fasting for 12 hours, after which they were
weighed and sacrificed, and the blood and liver were sampled.

Biochemical analysis

The intracellular plasma triglyceride (TG) was tested using a
biochemical analyzer (Beijing Jinji Aomeng Co., Ltd, Beijing,
China), and the total protein was measured using a Pierce BCA
Protein Assay Kit (catalog 23225; Life Technologies). The
serum levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were also determined using a
Biochemical Analyzer (Siemens Advia 1650; Siemens,
Bensheim, Germany). Serum TG, total cholesterol (TC), high-
density lipoprotein—cholesterol (HDL), and low-density lipo-
protein—cholesterol (LDL) levels were measured using the bio-
chemical analyzer manufactured by Beijing Jinji Aomeng Co.,
Ltd, Beijing, China.

Histological analysis

Liver tissues were fixed in 10% neutral formaldehyde for
paraffin-embedded sections, followed by hematoxylin and
eosin (HE) staining and ORO staining, and observed under an
A12.1503 microscope (Opto-Edu (Beijing) Co., Ltd, Beijing,
China). The pathological diagnosis was evaluated according to
the guidelines set out by the National Institutes of Health.'>¢
Hepatic steatosis and inflammation were evaluated according
to the NAFLD activity score (NAS) system shown in Table S2.f
The fatty cells from 10 fields were randomly selected for calcu-
lation of the number and area.

Immunohistochemical staining

Immunohistochemical staining was performed on sections
from paraffin embedded liver tissues. The IL-22, JAK1 and
STAT3 anti-mouse monoclonal antibodies were diluted to
1:500. The BAX anti-rabbit monoclonal antibody was diluted
to 1:2000. The sections were stained with DAB and re-dyed
with hematoxylin. Images were captured via an Olympus BX41,
the optical density was measured using a MIAS (MIAS 2000,
Olympus, Tokyo, Japan), and the mean optical density for each
section was calculated from five randomly visualized fields,
under 400x.

Western blotting

The total protein concentration was measured using a BCA
assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA).

6300 | Food Funct, 2018, 9, 6298-6306
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Equivalent concentrations of samples were run on 10%
SDS-PAGE gel and transferred to polyvinylidene fluoride mem-
branes (Millipore, Bedford, MA, USA). Membranes were
blocked and incubated with primary antibodies (1:1000; the
antibodies were the same as those used for the immunofluor-
escence assays) for 12 hours at 4 °C, followed by incubation
with a secondary antibody for 2 hours. Proteins were photo-
graphed via a Chemi Doc MP system (Bio-Rad, Hercules, USA),
and analyzed with Image].

Quantitative reverse transcription-PCR (qRT-PCR)

Hepatic tissues were collected for RNA extraction using Trizol,
and reverse transcribed using a PrimeScript™ RT reagent Kit
with a gDNA Eraser. qRT-PCR was performed using an SYBR
Premix Ex Taq™ (TaKaRa, Tokyo, Japan) on an ABI one-step
fast thermocycler (Applied Biosystems, Paisley, UK). The
gRT-PCR conditions used were: 1 cycle at 95 °C for 10 min, fol-
lowed by 40 cycles at 95 °C for 5 s, and annealing and exten-
sion at 55-58 °C for 30 s. Each group was analyzed in tripli-
cate. The primers are shown in Table S2.T Actin was used as
the internal reference. Data were obtained by the 2744¢T
method.

Statistical analysis

Data were analyzed via SPSS 19.0 (SPSS Inc., Chicago, IL, USA)
and shown as mean + standard deviation (SD). The groups
were compared by one-way ANOVA, and P < 0.05 was con-
sidered a statistically significant difference.

Results
BP reduced lipid deposition via IL-22 in vitro

Normal liver cells showed a normal morphology, and no lipid
droplets were deposited in the cytoplasm (Fig. 1A). With FFA
treatment, the cells displayed an irregular or elliptic shape,
and red lipid droplets were ubiquitously present in the cyto-
plasm, while the BPS treatment significantly decreased the red
lipid droplets (Fig. 1B and C). Moreover, knockdown of IL-22
significantly increased the red lipid droplets in FFA treated
cells, and the IL-22 siRNA significantly blocked the restoration
effect of BPS, as evidenced by the lipid increase in the
FFA-IL-22si-BPS group, compared to the FFA-NC-BPS group
(Fig. 1C-E). Additionally, a significant accumulation of TG con-
tents was observed in the NAFLD cells compared to those in
the normal cells, while BPS significantly reduced the TG con-
tents, and IL-22 deficiency completely abolished the BPS effect
(Fig. 1F, P < 0.05).

BP activated JAK1/STAT3 signaling via IL-22 in vitro

The expression level of IL-22 in the FFA-NC group was signifi-
cantly decreased compared to that in the normal group
(Fig. 2A-D). After treatment with BPS, the expression level of
IL-22 was significantly increased in the FFA-NC-BPS group
compared to that in the FFA-NC group, indicating that
IL-22 might be involved in the treatment process of BPS. In

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 BP reduced lipid deposition via IL-22 in L-02 cells. (A) Oil red O staining indicated the red lipid droplets in each group, x400. (B) Triglyceride
(TG) concentration in each group. Data are expressed as TG/total protein, per gram of cells (P < 0.05, one way ANOVA, n = 3).
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Fig. 2 BP increased the expression of JAK1 and STAT3 via IL-22 in L-02 cells. (A) Immunofluorescence analysis of IL-22, JAK1, and STAT3 in each
group, x400. (B) mRNA expression levels of IL-22, JAK1, and STAT3 in each group, by gPCR. Samples were normalized to actin mRNA levels. (B, C)
Western blot of IL-22, JAK1, and STAT3. Optical density measurements analyzed by ImagedJ. Different lowercase letters (a, b, ¢, d) represent signifi-
cant differences (P < 0.05, one way ANOVA, n = 3).
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addition, the IL-22 signal in the FFA-IL-22si and FFA-IL-22si-
BPS groups was remarkably lower than that in the FFA-NC and
FFA-NC-BPS groups respectively, suggesting that the IL-22
siRNA successfully silenced IL-22 in the NAFLD model cells.
Interestingly, the expression levels of STAT3 and JAK1 were
significantly decreased in the FFA-NC group, compared to
those in the normal group (P < 0.05). With BPS treatment, the
expression of STAT3 and JAK1 in the FFA-NC-BPS group was
restored to approximately normal levels compared to the
normal group (P < 0.05). However, IL-22 silencing significantly
inhibited BPS from restoring the expression of STAT3 and JAK1
(P < 0.05). Similarly, the FFA-IL-22si group expressed
lower levels of STAT3 and JAK1, compared to the FFA-NC group
(P<0.05).

BP decreased BAX via IL-22 in vitro

The mRNA and protein levels of BAX were significantly
increased in the FFA-NC group, compared to those of the
normal group (Fig. 3, P < 0.05). However, with BPS treatment,

Normal FFA-NC

FFA-NC-BPS
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the expression of BAX in the FFA-NC-BPS group was decreased
compared to that in the FFA-NC group (P < 0.05). Moreover,
IL-22 silencing significantly prevented BPS from decreasing
the expression of BAX (P < 0.05). Similarly, the expression level
of BAX in the FFA-IL-22si group was significantly increased
compared to that in the FFA-NC group (P < 0.05).

BP improved enzymology indicators of NAFLD rats via IL-22

The serum levels of ALT and AST in NC rats were significantly
higher than those in the normal rats (Fig. 4A, P < 0.05). After
silencing of IL-22, the levels of ALT and AST were significantly
increased in the NAFLD rats (P < 0.05). Moreover, the ALT and
AST levels in the NC-BP group were significantly lower than
those in the NC group (P < 0.05). However, the IL-22 siRNA
diminished the effect of BP, since the levels of ALT and AST in
the IL-22si-BP group were higher than those in the NC-BP
group. In addition, compared to the normal rats, the NC rats
had higher TG, TC, and LDL, but lower HDL (P < 0.05, Fig. 4B).
Furthermore, the serum levels of TG, TC, and LDL were signifi-
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Fig. 3 BP decreased the expression of BAX via IL-22 in L-02 cells. (A) Immunofluorescence analysis of BAX, x400. (B) qPCR analysis of BAX. (C)
Western blot of BAX. Different lowercase letters (a, b, ¢, and d) represent significant differences (P < 0.05, one way ANOVA, n = 3).
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Fig. 4 Serum biochemical indices in rats. (A) Enzyme indicators in each group. (B) Serum lipids in each group. The different lowercase letters (a, b,
c, d, and e) represent significant differences (P < 0.05, one way ANOVA, n = 5).
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cantly increased, and that of HDL was significantly reduced in
the IL-22si rats compared to the respective levels in the NC rats
(P < 0.05). The serum TG, TC, and LDL levels of NC-BP rats
were lower, and that of HDL was higher than those of NC rats
(P < 0.05). Inversely, the serum TG, TC, and LDL levels were
increased, and HDL was decreased in IL-22si-BP rats compared
to those in the NC-BP rats. In particular, there was no signifi-
cant difference in the TC and LDL levels between the NC and
IL-22si-BP groups.

BP improved pathological feature of NAFLD rats via IL-22

HE staining suggested that the hepatic lobules of normal rats
were complete and clear (Fig. 5A). The central vein was large
and thin, and was surrounded by liver cells, which were
radially and orderly distributed. The hepatic sinus was clearly
visible, the size was consistent, the nuclear structure was
clearly visible, and there was no fatty degeneration. The NC
group showed swollen hepatocytes with microbubble fatty
degeneration, accompanied by balloon-like degeneration, and
neutrophil and lymphocyte infiltrates were observed.
Importantly, the hepatocyte fatty degeneration in the NC-BP
group was significantly decreased compared to that in the NC
group, while the fatty degeneration was significantly increased
in the IL-22si-BP group compared to that in the NC-BP group.
Similarly, ORO staining showed that the lipid droplets in the
NC rats were significantly increased compared to those in the
normal rats, while the BP treatment significantly reduced the
lipid droplets (Fig. 5B). The lipid droplets in the IL-22si-BP rats
were significantly increased compared to those in the NC-BP
rats. Additionally, NAS integration was performed for liver

HE staining >
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tissues (Fig. 5C). The NAS of the NC group was significantly
higher than that of the normal group (P < 0.01). With BP treat-
ment, the NAS of the NC-BP group was significantly lower than
that of the NC group (P < 0.01). Furthermore, the integration
of the IL-22si group was significantly higher than that of the
NC group (P < 0.01), and the score of the IL-22si-BP group was
significantly higher than that of the NC-BP group (P < 0.05). In
addition, the NC group displayed a larger area of adipose cells
than the normal group, while BP treatment significantly
decreased the area of adipose cells (Table S31). However, the
IL-22 siRNA dramatically blocked the effect of the BP adipose
tissue area.

BP alleviates NAFLD with IL-22 via JAK1/STAT3/BAX

Immunohistochemistry results showed that the signals of
IL-22, JAK1, and STAT3 in the NC rats were significantly
weaker than those in the normal rats, while the BAX signal
was stronger in the NC rats, compared to that in the normal
rats (Fig. 6A and B, P < 0.05). With BP treatment in the NAFLD
rats, the IL-22, JAK1, and STAT3 signals were significantly
increased, while the BAX signal was found to be decreased in
the liver tissue (P < 0.05). Moreover, the signals of JAK1 and
STAT3 were decreased and BAX was increased in the IL-22si-BP
rats compared to those in the NC-BP rats (P < 0.05).
Additionally, qRT-PCR and western blotting showed that the
mRNA and protein levels of IL-22, JAK1, and STAT3 were sig-
nificantly lower, and BAX was significantly higher in the liver
tissue of NAFLD rats than in that of the normal rats (Fig. 6C
and D, S1,f P < 0.05). However, the BP treatment partly
restored the expression of IL-22, JAK1, STAT3, and BAX in the
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Fig. 5 NAFLD related pathological analysis in liver tissues. (A) Hematoxylin and eosin (HE) staining analysis of each group. (B) Qil red O staining of
liver tissues. (C) NAFLD activity scoring (NAS) of each group. Different lowercase letters (a, b, c, d) represent significant differences (P < 0.05, one

way ANOVA, n = 5).

This journal is © The Royal Society of Chemistry 2018

Food Funct, 2018, 9, 6298-6306 | 6303


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8fo01227j

Open Access Article. Published on 31 October 2018. Downloaded on 3/4/2026 11:04:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Food & Function

Optic density
Relative mRNA expression level

= NC =3 NC-BP
1L22si-BP

=1 Normal
e IL22si

= =
=] o

Protein expression level
o
o

C
i
H
H

o
=)

Fig. 6 Expression levels of IL-22, JAK1, STAT3, and BAX in liver tissues of each group. (A, B) Immunohistochemical analysis of IL-22, JAK1, STAT3,
and BAX in each group, x400. (C) gPCR analysis of IL-22, JAK1, STAT3, and BAX mRNA expression in each group. Samples were normalized to actin
mRNA. (D) Western blot of IL-22, JAK1, STAT3, and BAX. Different lowercase letters (a, b, c, d, and e) represent significant differences (P < 0.05, one

way ANOVA, n = 5).

NAFLD rats, close to the levels of the normal rats. Moreover,
the IL-22 siRNA decreased the levels of IL-22, JAK1, and STAT3,
and increased the level of BAX in the NAFLD rats (P < 0.05). As
expected, the expression of IL-22, JAK1, and STAT3 was lower,
and that of BAX was higher in the IL22si-BP rats than in the
NC-BP rats (P < 0.05).

Discussion

At present, there is no efficient evidence-based drug for
NAFLD, and dietary therapy is critical in any attempt to
control the progress of NAFLD at the early stage. Similar to our
results, a previous study has shown that blueberries have a
potential inhibitory effect on NAFLD at the early stage.'*
Blueberry treatment alleviates CCly-induced liver disease via
regulation of inflammation, oxidative stress, and stellate cell
activation in mice.">'® Blueberry extracts attenuate y-radiation-
induced hepatocyte damage via effecting oxidative stress and
suppressing NF-xB in rats."” Except for blueberries, other
berries also display an alleviation effect on NAFLD.
Consumption of bayberry juice can protect against NAFLD by
improving the plasma antioxidant status and inhibiting the
inflammatory and apoptotic responses in young adults.'®

6304 | Food Funct, 2018, 9, 6298-6306

Jaboticaba berry peel induces higher production of gut SCFA,
compounds known to counteract obesity markers, to prevent
hepatic steatosis in mice fed a high-fat diet.'® Furthermore,
several data exist to indicate that probiotics may be beneficial
in the therapy of NAFLD, via regulating the intestinal micro-
biota, improving the function of the epithelial barrier, improv-
ing intestinal inflammation, and reducing oxidative and
inflammatory liver damage.”® For instance, probiotics contain-
ing Bifidobacterium infantis, Lactobacillus acidophilus and
Bacillus cereus suppress the progression of NAFLD via restoring
the gut microbiota structure and reducing intestinal endotoxe-
mia.?!  Multi-probiotics ~ (concentrated  biomass  of
Bifidobacterium, Lactobacillus, Lactococcus,
Propionibacterium) reduce the fatty liver index, and cytokine
and aminotransferase levels in NAFLD patients.”” However,
little is known about the effect of BP. In our previous study, we
have reported that BP can reduce the damage to hepatocytes
caused by the action of inflammatory cytokines, regulate lipid
metabolism and reduce hepatocyte adipose degeneration
in vivo.”® In this study, we show that blueberries mixed with
probiotics reduce the formation of lipid droplets, improve
lipid indicators, and improve the pathology of fatty liver, both
in vitro and in vivo, which further supports the alleviatory
effect of BP on NAFLD.

and

This journal is © The Royal Society of Chemistry 2018
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It has recently been shown that IL-22 mediates beneficial
metabolic and anti-inflammatory effects in NAFLD patients.>*
As a member of anti-inflammatory cytokines, IL-22 can act as a
receptor in the JAK/STAT signaling pathway and reduce the TG
synthesis related genes by activating the STAT3 pathway to
improve fatty liver, caused by obesity.>®> Kong et al. found that
IL-22 can activate the JAK1/STAT3 signaling pathway through
its receptor, IL-22RA1, and down-regulate the expression of
FATP to improve lipid degeneration of hepatocytes.”® The
STAT3 signaling pathway induces numerous genes involved in
various biological processes, such as apoptosis, fat synthesis,
and cell-cycle progression. Increased IL-22 induced the acti-
vation of STAT3 in liver cells Moreover, it increased the
expression of anti-apoptotic genes (b cell lymphoma-2 families,
BCL-2), anti-oxidation genes, metallothionein 1 and 2,
and mitochondrial DNA repair genes, Nei-like homolog 1
(Neil 1), and reduced the expression of genes related to fat for-
mation (such as sterols regulating element binding protein,
SREBP-1-c).”” Therefore, IL-22 is a key survival factor for liver
cells as it can prevent and repair liver injury by activating
STAT3 and subsequently cause up-regulation of a number of
genes involved in anti-apoptosis and proliferation.”® Based on
these pieces of evidence, we speculated that IL-22 may be
involved in the therapeutic effect of BP on NAFLD through
JAK1/STAT3 mediated anti-apoptosis, in liver cells. Using the
IL-22 siRNA, we found that IL-22 deficiency partly abolished
the mitigation capacities of BP for NAFLD. This indicated that
IL-22 was involved in the therapeutic process of BP. We next
investigated whether IL-22 mediated the therapeutic effect
through activation of the JAK1/STAT3 signaling pathway. The
results of immunohistochemistry, immunofluorescence,
gRT-PCR, and western blot showed that the IL-22 siRNA
decreased the expression of JAK1 and STAT3, both in NAFLD
cells and in the rat model under BP treatment, suggesting that
BP induces IL-22 to activate the JAK1/STAT3 signaling pathway
in NAFLD.

To further explore whether the activation of STAT3 improves
NAFLD by inducing anti-apoptosis in hepatocytes, we studied
the role of the apoptosis regulator, BAX, in NAFLD. BAX was
the first identified pro-apoptotic member of the Bcl-2 protein
family.?® A previous study showed that blocking JAK1/STAT3
can induce the apoptosis of hepatic stellate cells via increasing
the activation of BAX.*® Moreover, Liu et al. found that the
increased BAX level accelerates apoptotic death in severe fatty
degeneration.’® Similarly, our results showed that BAX was
down-regulated in the NAFLD group. Furthermore, the IL-22
siRNA increased the expression of BAX, both in NAFLD cells
and in a rat model under BP treatment. Overall, these pieces of
evidence suggest that BP mitigates NAFLD, partly by inhibiting
the apoptosis of hepatocytes via the IL-22 mediated JAK1/
STAT3/BAX signaling pathway.

In conclusion, we have utilized detailed molecular
approaches, and cell and rat models to demonstrate that the
precise regulation of IL-22 in the liver is essential for the BP-
mediated improvement of NAFLD. Moreover, BP might
improve NAFLD partly through the inhibition of apoptosis via

This journal is © The Royal Society of Chemistry 2018
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IL-22, mediating the JAK1/STAT3/BAX signaling pathway. This
study further advances our understanding of the mechanisms
underlying NAFLD, and can aid in the development of new
therapeutic strategies.
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