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Abstract

Objective To investigate the effect of fermented barley extracts with Lactobacillus plantarum dy-1
(LFBE) for modulating glucose consumption in HepG2 cells via miR-212 regulation.

Methods Hepatocellular carcinoma (HepG2) cells were treated with palmitate. After 12 h,
palmitate-induced HepG2 cells were treated with LFBE and its main components. Changes in glucose
consumption, proinflammatory cytokine secretion, and miRNA-212 expression in HepG2 cells was
observed.

Results Treatment with LFBE rich in vanillic acid (VA) increased glucose consumption and reduced
proinflammatory cytokine secretion in HepG2 cells. LFBE and VA normalized the upregulation of
miR-212, which led to the upregulation of dual-specificity phosphatase-9 (DUSP9), a direct target of
miR-212, at both protein and mRNA levels. Downregulation of miR-212 markedly increased glucose
consumption and reduced proinflammatory cytokine secretion by enhancing DUSP9 expression.

Conclusion The results showed the benefit of LFBE and miR-212 downregulation in modulating glucose
consumption and reducing proinflammatory cytokine secretion by targeting DUSP9. VA in LFBE was a
strong regulator of palmitate-induced abnormal glucose consumption in HepG2 cells and can be a
primary mediator.
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INTRODUCTION

etabolic syndrome is one of the most
serious and prevalent
non-communicable chronic diseases

in humans. The syndrome is characterized by a
group of metabolic abnormalities resulting in
abdominal obesity, dyslipidemia, hyperglycemia, and
hypertensionm. It is evident that the development of
obesity is caused by a disorder of lipid metabolism
and glucose homeostasis’”. Moreover, these are

often accompanied by oxidative stress, insulin
resistance, and low-grade inflammation,
characterized by changes in biochemical markers of
inflammation and the activation of some
proinflammatory signaling pathways[S'S]. Dietary fat
and free fatty acids are known to impair insulin
sensitivity, enhance hepatic glucose production, and
activate inflammatory cascades®. Thus, glucose
content is an important tissue and cell marker of
obesity and hyperglycemia. Many bioactive
substances, such as litchi pulp extractsm, flavonoids
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from Tetrastigma obtectumla], and berberinelg], have
been shown to enhance glucose consumption in
hepatocellular carcinoma (HepG2) cells.

An excellent source of phenolic compounds,
barley is a cereal often associated with beneficial
health effects™®*". Phenolic acids are associated
with a low risk for chronic diseases™. The content
of phenolic acid in cereal grains is comparable with
or even higher than that found in fruits, berries, and
vegetables. However, little attention has been paid
to the health benefits of cereal consumption
attributed to their high content of phenolic
acids™™. Phenolic acids in cereals are mostly
present in bound form through ester bonds to
arabinoxylan chains or through ether bonds to
Iigninlls]. However, fermentation of flours from
whole grain barley with lactic acid bacteria can
significantly increase the content of free phenolic
acids™. In addition, Seo et al. showed that phenolic
compounds, including coumaric acid (CA) and ferulic
acid (FA), in aqueous extracts of hulled barley inhibit
adipogenesis in vitro and obesity in vivo™. 1t is
predicted that phenolic acids will play an important
role in preventing obesity and related diseases.

MicroRNAs (miRNAs or miRs) are short
non-coding RNA, only 18-25 nucleotides in length. It
has been demonstrated that miRNAs may regulate
cellular gene expression at the transcriptional or
post-transcriptional level, by suppressing translation of
protein coding genes or cleaving target mRNAs to
induce their degradation, through imperfect pairing
with target mRNAs™. In addition, miRNAs play
important regulatory roles in many physiological
processes, like regulating cell viability, embryonic
development, lipid metabolism, inflammatory
responses, and autoimmunity. Some miRNAs have
been proposed to be associated with obesity, such as
miR-375, miR-34a, miR-122, and so on™®”’. Further,
miR-34a is the most highly elevated hepatic miRNA in
obese mice and is also substantially elevated in
patients who have steatosis™. It had the benefit of
exercise and miR-212 downregulation in preventing
nonalcoholic fatty liver disease by targeting fibroblast
growth factor™. However, the potential of miRNAs to
mediate the protective effects of phenolic acids
against obesity remains largely unknown.

In our previous study, LFBE significantly
prevented body weight gain and fat mass increase
and improved lipid profiles and glucose tolerance in
male rats with high-fat-diet-induced obesity. We also
demonstrated that hepatic miR-212 is upregulated in
high-fat-diet-fed rats. In this study, we used HepG2

cells to explore whether fermented barley extract
and phenolic acids increased glucose consumption
and reduced proinflammatory cytokine secretion.
Moreover, the contribution of miR-212 to the
occurrence of palmitate-reduced glucose
consumption (insulin resistance) was studied.
Fermented barley extract and phenolic acids with
significant effects on glucose consumption may have
a potential role in the prevention of obesity.

MATERIALS AND METHODS

Hulled barley (Yang si mai 3) was purchased
from Yan Cheng of China. The moisture, ash, and fat
contents were determined according to the
approved methods of the American Association of
Cereal Chemists. The selected Lactobacillus strain
was Lactobacillus plantarum dy-1, which had been
previously isolated and assigned preservation
number CGMCC NO. 6016 in the database of the
Chinese Common Microbe Bacterial Preservation
Administration Center. Fetal bovine serum and
Dulbecco’s modified Eagle’s medium (DMEM) were
purchased from GIBCO. CA, FA, gallic acid (GA),
caffeic acid (CFA), and vanillic acid (VA) were
purchased from Sigma-Aldrich, Inc. (Supelco,
Bellefonte, USA). All of the other reagents and
solvents were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China) and were of
either analytical or chromatographic grade.

Fermented Barley Extract Preparation

Two hundred grams of barley powders, 1.4 L of
distilled water, and logarithmic-phase Lactobacillus
plantarum dy-1 (viable count reached 4 x 10° cfu/mL)
were shaken and incubated at 30 °C under aerobic
conditions for 24 h in a microbiological incubator. After
fermentation, the solution was centrifuged at 12,000 g
for 15 min at 4 °C using a refrigerated centrifuge
(Jouan, France), then the supernatant was freeze-dried
into a powder (LFBE) using a vacuum freeze dryer
(Marin  Christ, Germany). In addition, for the
unfermented barley, 200 g of powder were extracted
with 1.4 L of distilled water at room temperature for 3
h on Air bath thermostat oscillator (100 r/min). The
supernatant was collected by centrifugation and then
freeze-dried into a powder (RBE) under the same
conditions as the fermented barley.

Phenolic Acid Characterization of LFBE

For the identification of polyphenols in LFBE, the
major phenolic acids were extracted. The 50%
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methanol solution extract was concentrated in a
rotary evaporator at 40 °C. The concentrated extract
was redissolved in 5 mL 25% methanol and filtered
through a 0.45-um membrane filter. Then, a rapid-
separation high-performance liquid chromatography
(HPLC) system (Shimadzu Corp., Kyoto, Japan)
equipped with a photo-diode array (PDA) was used
for analysis, identification, and quantification of
phenolic acids. Specific parameters were performed
as previously described™?.

Cell Lines and Cell Culture

Human HepG2 cells were used for
experimentation and obtained from the Shanghai
Institutes for Biological Sciences (SIBS) of the
Chinese Academy of Sciences (CAS). The cells were
cultured in monolayers up to 80% confluence in
DMEM supplemented with 10% heat-inactivated
fetal calf serum and 1% penicillin/streptomycin at

37 °Cin a humidified incubator supplied with 5% CO,.

Cell counts were determined using a CC-108
micro-cell counter (Sysmex, Kobe, Japan). Cells in the
logarithmic growth phase were used for all the
studies described below.

Glucose Consumption Assay

HepG2 cells were cultured in high-glucose
DMEM supplemented with 10% FBS. After
confluence, cells were cultured in 96-well culture
plates in high-glucose DMEM supplemented with
10% FBS for 24 h and then treated with 0.15 mmol/L
palmitate for 12 h in serum-free and phenol
red-free high-glucose DMEM. Cells were then
washed twice with each of high-glucose DMEM
and PBS. Serum-free and phenol red-free
high-glucose DMEM with the test compounds at
various concentrations was added to the cells, which
were incubated for 24 h. After this incubation, the
glucose content in the culture medium was
measured by the glucose oxidase method using a
glucose assay kit. In this way, the effect of the test
compounds on glucose consumption in HepG2 cells
was studied. Glucose consumption = glucose
concentrations of blank wells - glucose
concentrations in plated wells.

Real-time Quantitative RT-PCR of RNA and Mature
MiRNAs

Approximately 2 x 10’ HepG2 cells were lysed in
TRIzol Reagent. Total RNA was prepared according to
the manufacturer’s instructions (Takara, Japan). The
concentration of purified RNA was estimated by

measuring the absorbance at 260/280 nm in a UV
spectrophotometer (Bio-Rad Laboratories, USA).
Purified RNA of each sample was used for cDNA
synthesis using the PrimeScript® RT Master Mix
(Takara, Japan). To analyze mRNA by RT-PCR, the
first-strand ¢cDNA was synthesized according to the
manufacturer’s instructions. Experimental reactions
containing 25 uL of SYBR Green PCR Master Mix
(Takara, Japan) were performed using north tube
plates. Quantitative PCR was conducted on the
iCycler according to the SYBR Green method.
Forward and reverse primers (IL-6, IL-1B, MCP-1,
TNF-a) were designed using the tools available on
the MIT Whitehead Institute website. PCR conditions
were 94 °C for 6 min followed by 40 cycles of
amplification consisting of 95 °Cfor 5's, 57 °C for 45 s,
and 72 °C for 30 s. The relative expression of mRNA
was calculated using the 2°*“ method.

MicroRNA-212 was carried out using a
MicroRNA Assay kit (Tiangen Biotech, Beijing, China).
Reactions were incubated at 95 °C for 10 min,
followed by 40 cycles at 95 °C for 10 s and 60 °C for
60 s on an ABI PRISM 7900 system (Applied
Biosystems, Foster City, USA). The U6 small nuclear
RNA was used as an internal control.

Transfection

MiR-212 mimic, miR-212 inhibitor (anti-miR-212)
and their negative controls (NC) were synthesized by
Viewsolid Biotech (Beijing, China). HepG2 cells were
maintained in DMEM supplemented with 10% fetal
bovine serum (FBS) at 37 °C in a humidified
incubator with 5% CO,. Cells (1 x 10°) were
transfected with either 20 nmol/L miR-212 mimic
(5’-UUCUCCGAACGUGUCACGUTT-3’), 20 nmol/L
miR-212 inhibitor (5’-ACGUGACACGUUCGGAGAAT
T-3’) and NC using Lipofectamine™ 2000 (Sigma)
according to the manufacturer’s instructions. At 12 h
post-transfection, the transfected cells were
transferred into normal growth medium. The
transfection efficiency was evaluated by real-time
PCR and fluorescence microscopy. After transfection
for 12 h, inflammatory cytokines produced by the
cells were analyzed by real-time PCR.

Construction of Reporter Gene Vectors and
Luciferase Reporter Assay

A region of a fragment encompassing the 3’-UTR
of DUSP9 containing the seeding sequences for
has-miR-212 was amplified by PCR from genomic
DNA and then inserted into the PGL3-3’-UTR dual
luciferase reporter plasmid (Promega, Madison, WI,
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USA) to generate the reporter construct (shRNA-
hsa-miR-212-3p). Mutagenesis of the reporter
plasmids was carried out with the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla,
CA). All constructs were confirmed by DNA
sequencing. After 24 h of transfection, the cells were
harvested for firefly and Renilla luciferase activity
assay. Renilla luciferase activities were used to
normalize those of firefly luciferase, correcting for
the transfection efficiency.

Preparation of Cell Lysates and Western Blot
Analysis

Cells were lysed using cell lysis buffer [20
mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1% Triton
X-100, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L
EDTA, 1% Na3VO,, 0.5 pg/mL leupeptin, 1 mmol/L
phenylmethanesulfonyl fluoride (PMSF)]. The lysates
were collected and then centrifuged at 10,000 xg at
4 °C for 5 min. The supernatants were collected,
assayed for protein concentration by BCA protein
assay, aliquoted, and stored at -80 °C until use for
western blot analyses. Briefly, proteins (30 ug) were
subjected to SDS-PAGE on 10%-12% Tris-glycine gels.
The separated proteins were transferred onto PVDF
membrane (Millipore) and probed with Dusp-9, JNK,
p-JNK, P38, and p-P38 antibodies (Abcam Inc.,
Cambridge, MA, USA) using the appropriate
peroxidase-conjugated secondary antibody (Abcam
Inc., Cambridge, MA, USA). Signals were visualized
using the Chemiluminescence HRP detection system
(Millipore) and the VersaDoc imaging system
(Bio-Rad). Membranes were stripped and re-probed
with a B-actin antibody (Abcam Inc., Cambridge, MA,
USA).

Statistical Analysis

All of the statistical analyses were accomplished
by using SPSS Statistics software version 17.0 (SPSS,
Chicago, IL, USA). Analysis of variance (ANOVA) was
used to test for differences between the means.

RESULTS

Phenolic Acids of the Extracts

HPLC analysis followed by individual
identification of compounds by comparison with
authentic standard compounds was performed. Five
compounds were identified: coumaric acid (CA),
ferulic acid (FA), gallic acid (GA), caffeic acid (CFA),
and vanillic acid (VA) (Table 1). LFBE exhibited
significantly higher VA and FA contents compared to
those of RBE, which correlated well with the
stronger biological actions of LFBE.

Glucose Consumption Activity

In the present study, LFBE and RBE were tested
for their effects on glucose consumption in HepG2
cells. LFBE significantly enhanced glucose
consumption in HepG2 cells at concentrations of
50-100 pg/mL (no cytotoxicity) (Table 2). Glucose
consumption decreased at high concentrations of
LFBE, compared with low and intermediate
concentrations, due to its ability to inhibit HepG2
cell growth. However, RBE scarcely increased
glucose consumption at all concentrations tested.

Table 1. Phenolic Acid Contents of RBE and LFBE

(dry weight)
Component RBE LFBE
GA (ug/g) 1.98 +0.08" 8.30 +0.08°
CA (ug/g) 5.39 £ 0.05° 49.99 +0.51°
VA (ug/g) 22.35+0.21° 117.99 +1.15°
CFA (ug/g) 2.27 +0.07° 1.31+0.02°
FA (ug/g) 23.52 +£0.07° 112.79 +1.21°

Note. Data are expressed as the mean + SEM, n
= 3. Different letters indicate a significant difference
(P < 0.05). RBE: aqueous extract of unfermented raw
barley; LFBE: aqueous extract of fermented barley
with Lactobacillus plantarum dy-1; CA: coumaric acid;
GA: gallic acid; VA: vanillic acid; CFA: caffeic acid; FA:
ferulic acid.

Table 2. Effect of LFBE and RBE on Glucose Consumption after 24 h Treatment of HepG2 Cells

Control Model
LFBE (pg/mL RBE (ug/mL
Item (ng/mL) (ng/mL) (hg/mL) (ug/mL)
0 0 200 100 50 200 100 50
Glucose consumption a d 2.02 + 251+ 2.18 + 142+ 134+ 1.23 %
2.64 +£0.24 1.26+0.25
(mmol/L)° 0.81° 0.36° 0.17° 0.26° 0.22% 0.13°

Note. Data are expressed as the mean + SEM, n = 8. Different letters indicate a significant difference (P <
0.05). Control: normal cells without palmitate treatment; Model: HepG2 cells treated with palmitate; RBE:
aqueous extract of unfermented raw barley; LFBE: aqueous extract of fermented barley with Lactobacillus

plantarum dy-1.
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The effects of FA and VA on glucose
consumption in HepG2 cells were also investigated
(Table 3). At all concentrations tested from 2 pg/mL
to 8 ug/mL, VA showed a significant enhancement of
glucose consumption in HepG2 cells (compared with
model). FA also enhanced glucose consumption in
HepG2 cells, but the effect was not significant. These
results indicated that VA showed the greatest

enhancement of glucose consumption in HepG2 cells.

Therefore, VA may contribute to the
glucose-consumption-enhancing activity of LFBE.
Since 50-100 pg/mL LFBE did not induce cell toxicity,
and 100 pg/mL LFBE enhanced glucose consumption
the most, 100 pug/mL LFBE was selected for further
studies. At the same time, 2-8 ug/mL VA did not
induce cell toxicity, and 4 pg/mL and 8 ug/mL VA had
a similar effect on enhancement of glucose
consumption activity. Therefore, 4 pug/mL VA was
selected for further studies.

LFBE and VA Regulate Inflammation in HepG2 Cells

Chronic, low-grade inflammation is a major
component of obesity[B]. The mMRNA expression
levels of proinflammatory cytokines (TNF-a, IL-6,
IL-1B, etc.) were measured in palmitate-induced
HepG2 cells by RT-PCR. As shown in Table 4,
compared with the model, the relative mRNA
contents of TNF-a were 0.08, 0.07, and 0.52 in HepG2
cells of the control, VA, and LFBE, respectively.
Furthermore, the relative mRNA contents of IL-13

were 0.01, 0.01, and 0.09, respectively, and the
relative mRNA contents of IL-6 were 0.35, 0.44, and
0.14, respectively. The results showed that palmitate
induced changes in inflammatory cytokines,
increasing the risk of inflammation. VA and LFBE can
significantly reduce the levels of TNF-q, IL-1B, and IL-6.

LFBE and VA Diminishes Phosphorylation of INK and
P38 in HepG2 Cells

The phosphorylation of mitogen-activated
protein kinase (MAPK) plays an important role in
activating  transcription factors that induce
inflammatory gene expression. As shown in Figure 1,
LFBE and VA treatment led to a significant reduction
in phosphorylation of p38 and JNK1 compared with
the model in palmitate-induced HepG2 cells.

LFBE and VA Diminishes Upregulation of MiR-212 in
HepG2 Cells

To address how LFBE and VA improve lower
levels of glucose improve high levels of glucose and
the expression of proinflammatory factors in
palmitate-induced HepG2 cells. MiR-212 was
upregulated in palmitate-induced HepGz2 cells, while
the addition of LFBE and VA diminished miR-212
expression relative to the model (Figure 2A). These
results prompted us to further clarify the functional
and molecular mechanisms of miR-212 dysregulation
in glucose consumption and expression of
proinflammatory factors. We also measured DUSP9

Table 3. Effect of FA and VA on Glucose Consumption after 24 h Treatment of HepG2 Cells

Control Model

FA (ug/mL) VA (ug/mL)
Item (ng/mL) (ng/mL)
0 0 8 4 2 8 4 2
Glucose consumption 2.69 137+ 1.84 £ 1.76 £ d b b ¢
a a e o d 1.60+0.21 2.43+0.41 2.25+0.16 2.05+0.21
(mmol/L) 0.16 0.16 0.23 0.23

Note. Data are expressed as the mean + SEM, n = 8. Different letters indicate a significant difference (P <
0.05). Control: normal cells without palmitate treatment; Model: HepG2 cells treated with palmitate; FA: ferulic

acid; VA: vanillic acid.

Table 4. TNF-q, IL-1B, and IL-6 mRNA Expression Analysis in HepG2 Cells

Relative mRNA Expression TNF-a IL-18 IL-6
Control (0 pg/mL) 0.08 + 0.00° 0.01 % 0.00° 0.35+0.02°
Model (0 pg/mL) 1.00 + 0.01° 1.00 + 0.00° 1.00 + 0.02°
VA (4 pg/mL) 0.07 £ 0.00° 0.01 % 0.00° 0.44+0.02°
LFBE (100 pg/mL) 0.52+0.03° 0.09 +0.00° 0.14+0.01°

Note. Data are expressed as the mean + SEM, n = 8. Different letters indicate a significant difference (P <
0.05). Control: normal cells without palmitate treatment; Model: HepG2 cells treated with palmitate.
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MRNA  levels and confirmed that DUSP9
downregulation was blocked when LFBE and VA
treatment increased glucose consumption and
reduced proinflammatory cytokine expression
(Figure 2B).

Repression of DUSP9 by MiR-212

Previously, we found that high-fat-diet-induced
downregulation of miR-212 and LFBE effectively
prevented the decrease in miR-212 expression
induced by a high-fat-diet in obese rats by
microarray and RT-PCR in liver (unpublished data).
We performed a luciferase reporter assay to identify
genes that were targeted by miR-212. As shown in
the miRWalk database, DUSP9 is a validated target
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gene of miR-212, given that DUSP9 is a central
regulator contributing to the inflammatory response.
To verify that DUSP9 is a true target of miR-212, we
generated Renilla luciferase reporter plasmids
containing miR-212 binding sites in the 3’-UTR of
DUSP9. Transfection of the miR-212 precursor
oligonucleotide significantly reduced luciferase
expression from a reporter plasmid that contained
the 3’-UTR of DUSP9 compared with the transfection
of control miRNA (Figure 3).

To further determine whether DUSP9 is a
validated target gene of miR-212, HepG2 cells were
transfected with miR-212 mimics, inhibitor or their NC.
As measured by qRT-PCR, miR-212 mimics
upregulated, while miR-212 inhibitor downregulated
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Figure 1. Inhibitory effects of LFBE and VA on phosphorylation of JNK (A) and p38 (B) in HepG2 cells.
Results are expressed as relative ratios of band density of phosphorylated forms of p38 and JNK to the
respective total proteins. Data are means + SEM of six replicate experiments. Different letters indicate a
significant difference in each figure (P < 0.05). Control: normal cells without palmitate treatment; Model:
HepG2 cells treated with palmitate; LFBE: aqueous extract of fermented barley with Lactobacillus

plantarum dy-1; VA: vanillic acid.

A 141
hsa-miR-212-3P
1.2}
N a
N 1.0} —
5
E 0
o & 065 b
£ x
T 04r
(0]
¢ o2} m d
0o . _F1 .
Control  Model LFBE VA

vy

161 DUSP9 4
14f a = —E

12|
10|
0.8
0.6/
04/
02f

DUSP9 Expression
(relative to model)

Model LFBE VA

Control

Figure 2. The expression of miR-212 (A) and mRNA expression of DUSP9 (B) in HepG2 cells treated with
LFBE and VA. Data are means + SEM of six replicate experiments. Different letters indicate a significant
difference in each figure (P < 0.05). Control: normal cells without palmitate treatment; Model: HepG2
cells treated with palmitate; LFBE: aqueous extract of fermented barley with Lactobacillus plantarum

dy-1; VA: vanillic acid.
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miR-212 levels in HepG2 cells (Figure 4A), confirming
that the inhibitors and mimics used in this study are
effective. The miR-212 mimics downregulated
DUSP9 mRNA and protein levels (Figure 4B and C).
By contrast, treatment with the miR-212 inhibitor
enhanced the expression of DUSP9 mRNA and
protein in HepG2 cells. These data suggest that
miR-212 downregulates the expression of DUSP9 by
targeting the DUSP9 3’-UTR to facilitate translational
repression or mRNA degradation in HepG2 cells. In
addition, to determine whether LFBE and VA directly
modulate miR-212, the results presented in Figure 3
were analyzed again. We found that the expression
of miR-212 was decreased, and mRNA expression of
DUSP9 was increased, by LFBE and VA treatment
(Figure 2). Above all, these data confirmed that LFBE
and VA modulate miR-212 and clearly indicate that
DUSP9 is a target gene of miR-212 involved in
palmitate-induced abnormal glucose consumption.

DISCUSSION

Recently, cereal fermentations have shown
significant potential to improve the nutritional
quality and increase the health effects of foods and
ingredients[“] Barley fermentation with
Lactobacillus plantarum dy-1 can lead to a significant
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Figure 3. Target validation for miR-212. A: Top,
miR-212 and the miR-212-binding site in the
3’-UTR of DUSP9. Bottom, miR-212 and the
mutated miR-212-binding site in the 3’-UTR of
DUSP9. B: Results are shown as the relative
luciferase activity for the combination of
miR-212 and reporter construct. NC: negative
control. Data are means = SEM of six replicate
experiments. *, P < 0.05, compared with
corresponding control.

increase of free phenolic acids (mainly VA, FA, GA,
and CA), whereas CFA was even reduced in LFBE vs.
RBE. Koji (Aspergillus kawauchi) fermentation of
barley has been reported to enhance the
concentrations of polyphenols[ZS]. This is further
reinforced by fermentation of barley with probiotic
LAB strains, which can significantly increase the
content of free phenolic acids, thereby improving
the nutritional value of the grain“a]. More detailed
studies of the changes in microbial populations and
the activities of relevant enzymes during fermentation
of barley are required to determine the mechanisms
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Figure 4. A: The expression of miR-212 in
HepG2 cells treated with miR-212 mimic and
miR-212 inhibitor. B: The mRNA expression of
DUSP9 in HepG2 cells treated with miR-212
mimic and miR-212 inhibitor. C: The protein
expression of DUSP9 in HepG2 cells treated
with miR-212 mimic and miR-212 inhibitor.
NC: negative control. Data are means + SEM
of six replicate experiments. Different letters
indicate a significant difference in each figure
(P<0.05).
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that improve the nutritional value of barley upon
fermentation®®. Hepatocellular carcinoma (HepG2)
cells, which possess the same bioactivity as normal
hepatic cells, are valuable for investigating
liver-associated functions and stable during many
passagesm. Previous studies have shown that
palmitate can indirectly phosphorylate JNK, cause
the abnormal phosphorylation of IRS and AKT, block
insulin signaling pathways, activate a series of
inflammatory processes, and reduce glucose
consumption in hepatocytes[27'28]. Therefore,
palmitate-induced HepG2 cells have been used as a
model to study the effects of LFBE on glucose
consumption and  proinflammatory  cytokine
secretion, and miRNA-212 contributes to the
occurrence of palmitate-induced abnormal glucose
consumption.

In the present study, we examined the role of
miRNAs in palmitate-induced abnormal glucose
consumption by using HepG2 cells as a model. We
demonstrated that miR-212 expression was
increased in HepG2 cells. Amelioration of glucose
consumption, proinflammatory cytokines (TNF-a,
IL-6, IL-1B), and phosphorylation of JNK and
P38 protein in HepG2 cells by LFBE was accompanied
by the normalization of miR-212 expression
levels. DUSP9 was one of the targets of miR-212,
and it was directly and inversely regulated by
miR-212.

We found that LFBE rich in VA can markedly
increase glucose consumption and reduce the
secretion of proinflammatory cytokines in HepG2
cells. Elevated levels of free fatty acids and cytokines,
such as TNF-q, IL-6, IL-1B, are involved in this process
by activating stress pathways that impede insulin
signaling and lead to a decreased insulin responselzg].
TNF-q, IL-1B, and IL-6 overexpression induces insulin
resistance and human obesitylzg]. Studies have
shown that abundant polyphenols possess
anti-oxidative and anti-inflammatory propertiesBO]. A
VA derivative was reported to inhibit PTP1B activity,
reduce the interference in insulin-signaling proteins,
and lead to the alleviation of insulin resistance in

type2 diabetes mellitus patients[m. VA also
significantly down-regulated hepatic
inflammation-related proteins, including

cyclooxygenase-2 and monocyte chemoattractant
protein-1 expression in high-fat-diet-fed ratst2.
Furthermore, we also observed that LFBE rich in
VA regulated two important transcription factors,
JNK1 and p38. The c-Jun NH2-terminal kinases (JNK1)
are members of the MAPK superfamily.

Inflammation is thought to be an important driver of
diet-induced obesity and insulin resistance, and JNK1
is a central player in this processlss]. Modulation of
hepatic JNK1 in adult animals also produces systemic
effects on glucose metabolism, which underscores
the importance of this pathway in the liver®®, p38is
also a vital member of the MAPK family. The p38
MAPK family is another sub-group of the MAPK
superfamily and is closely associated with
inflammation™!. Recent evidence suggests that the
phosphorylation of JNK and p38 plays an important
role in activating transcription factors that induce
inflammatory gene expressionlso].

Recent studies confirmed that miRNAs act as key
regulators of signal transduction in diverse
diseases®”. MiRNAs may have an important role in
obesity; we observed that miRNA-212 expression
patterns were upregulated in HepG2 cells. When
glucose consumption was ameliorated by LFBE and
VA, the expression of miRNA-212 was recovered. In
fact, miR-212 dysregulation has previously been
reported in non-alcoholic fatty liver disease®?.
Several studies have shown that overexpressing
miR-132 and/or miR-212 increase glucose-stimulated
insulin secretion®”. To our knowledge, we are the
first to reveal the potential role of miR-212 in
glucose consumption, which may be used as a
therapeutic tool for managing obesity and
obesity-related diseases.

A target study revealed that DUSP9 was a direct
target of miR-212. DUSP9 is an interesting candidate
for the regulation of the stress responses involved in
obesity and insulin resistance. DUSP9 reversed the
effect of TNF-a to alter IL-6, Glutl, and Glut4
expression and inhibit insulin-stimulated glucose
uptake in 3T3-L1 adipocytesm]. Overexpression of
DUSP9 in the liver of ob/ob mice decreased ERK and
JNK phosphorylation, leading to a reduction in fed
and fasted glycemia, improved glucose intolerance,
decreased expression of gluconeogenic and lipogenic
genes, and reduced hepatic steatosis™®. DUSP9 is a
strong negative regulator of transcription factor
activating kinases (ERK, JNK, and p38) in the MAPK
pathwayslsg]. DUSP9 may improve
hypercholesterolemia by upregulating SREBP2 and
LDL levels and decreasing hepatic glucose output
and fasted glucose levels in C57 mice with
high-fat-diet-induced insulin resistance”. The
upregulation of miR-212 and downregulation of
DUSP9 in HepG2 cells led to a decrease in glucose
consumption and an increase in proinflammatory
cytokine secretion. We demonstrated that the
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miR-212 inhibitor increased DUSP9 mRNA and
protein levels.

We also demonstrated that LFBE increased
glucose consumption and reduced proinflammatory
cytokine secretion in HepG2 cells by downregulating
miR-212. VA in LFBE was well regulated for glucose
consumption in HepG2 cells and can be seen as a
primary mediator. We identified DUSP9 as a novel
target of miR-212. We also revealed that the
miR-212 inhibitor can increase glucose consumption
and reduce proinflammatory cytokine secretion in
HepG2 cells. Given the promising preclinical findings
presented in this study, we suggest that LFBE rich in
VA possesses great potential for preventing obesity.
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