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Abstract

This study aimed to identify and elucidate the mechanism underlying the protective effect of tricin-enriched Zizania latifolia
(Z. latifolia) extract (ETZL) against free fatty acid (FFA)-induced lipid accumulation in vitro and non-alcoholic fatty liver
disease (NAFLD) induced by a high-fat diet and fructose diet (HFD/F) in vivo. ETZL treatment significantly lowered body
weight gain and decreased adipose tissue, lipid, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels
in HFD/F-fed mice. ETZL acted on phosphorylated acetyl-CoA carboxylase (ACC) and anti-peroxisome proliferator-activated
receptor o (PPAR) by activating the adenosine monophosphate-activated protein kinase (AMPK) pathway and inhibiting
sterol regulatory element-binding proteins-1 (SREBP)/fatty acid synthase (FAS) signaling to inhibit de novo adipogenesis
and increase fatty acid oxidation. In addition, treatment with ETZL increased nuclear factor erythroid-2-related factor 2
(Nrf2) levels to activate the antioxidant pathway. FFA-induced oxidative stress and fatty acid accumulation in HepG2 cells
confirmed the improvement in fat accumulation through the AMPK and Nrf2 pathway activities of ETZL. These results
suggest that ETZL ameliorates NAFLD by regulating lipid metabolism and defending against oxidative stress via AMPK-
dependent pathways.
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Introduction

Fatty liver is a disease in which 5% or more of the fat in
the liver accumulates abnormally as white on abdominal
ultrasonography. The stages of fatty liver disease can be
classified according to the degree of fat mass accumula-
tion (Singh et al., 2017). The incidence of non-alcoholic
fatty liver disease (NAFLD) is increasing and is believed
to be the cause of chronic liver disease. NAFLD is often
accompanied by obesity, diabetes, and hyperlipidemia.
Fatty liver can also occur due to various drugs, including
female hormones or steroids, or suddenly losing weight
(Shoreibah et al., 2016; Singh et al., 2017). Obesity is
the most likely risk factor for NAFLD, and the likelihood
of developing non-alcoholic steatohepatitis (NASH)
increases proportionally with obesity severity. Fat accu-
mulation leads to metabolic disorders, excessive mitochon-
drial reactive oxygen species production, and endoplasmic
reticulum stress, leading to inflammation, cell damage, and
cell death. It is necessary to manage health through the
intake of functional foods that can prevent obesity and
fatty liver, along with fundamental efforts such as weight
control and regular exercise (Masarone et al., 2018). Pres-
ently, treatment focuses on controlling medical problems
and disorders causing fatty liver, including dietary modi-
fication, exercise, and weight loss. New medicines, such
as vitamin E and metformin, have been introduced to treat
fatty liver disease (Li et al., 2013). In patients with NASH,
confirmed by biopsy, a high dose of vitamin E (800 IU/
day for 12 months) can be used as a therapeutic agent to
improve liver tissue findings and steatohepatitis (Singh
et al., 2017; Gluchowski et al., 2017). However, a study
by Klein et al. involving more than 30,000 healthy men
reported considerably increased prostate incidence and
mortality in the vitamin E (400 IU/day, 7-12 years) group,
raising concerns about safety (Klein et al., 2011). Due to
these concerns, caution must be exercised when adminis-
tering drugs over a lengthy period. It was once believed
that metformin, which improves insulin resistance in the
liver and muscles and inhibits the production of new fat in
the liver by activating adenosine monophosphate-activated
protein kinase (AMPK), would be beneficial for treat-
ing NASH. Research is currently being conducted using
N-acetylcysteine (a glutathione precursor), betaine, and
lipid thistle for their antioxidant effects by preventing lipid
oxidation related to glutathione metabolism (Singh et al.,
2017; Yang et al., 2019). However, no significant results
have been reported in this regard. Therefore, safe, efficient,
and economic anti-NAFLD agents are urgently needed.
Recent studies have investigated the potential for
improving the alcoholic fatty liver using new approaches
such as gut microbiome treatment (Kolodziejczyk et al.,
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2019) and nanoformulations (Zobeiri et al., 2018). How-
ever, most of these pharmacological agents are still at
various stages of development. Natural products are easily
accessible and do not require artificial synthesis; thus, they
are beneficial for the effective management of NAFLD.

Manchurian wild rice has traditionally been dried or
consumed as a tea with leaves, stems, and roots and fer-
mented for use in various diseases. The scientific name
of the Manchurian wild rice is Zizania latifolia Turcz. (Z.
latifolia) (Chang et al., 2021). Z. latifolia is known for vari-
ous pharmaceutical effects (Han et al., 2013; Moon et al.,
2018; Yu et al., 2020; Yan et al., 2018). According to Jiang
et al., the flavonoid, saponin, and phytosterol contents of
Manchurian wild rice are 52.3, 12.1, and 4.3 times higher
than white rice, respectively (Jiang et al., 2016). Jiao et al.
reported tricin and flavonolignan groups in Z. latifolia (Jiao
et al., 2007). Among them, tricin (5,7,4'-trihydroxy-3',5'-
dimethoxyflavone) occurs as a glycoside in rice bran and
other grasses such as wheat, barley, and maize. Lee et al.
reported in vitro antiobesity effects of tricin were confirmed
in an HFD-induced obese animal model (Lee and Imm,
2018). Tricin is beneficial for HSC-targeted therapeutic and
chemopreventive applications in hepatic fibrosis (Seki et al.,
2012). Our previous study confirmed that the enzyme treat-
ment time increased the tricin content in manchurian wild
rice and standardized the extraction method (Moon et al.,
2018; Chang et al., 2021). Tricin-enriched Z. latifolia extract
(ETZL) showed a high antioxidant effect and improved alco-
holic fatty liver (Chang et al., 2021). Therefore, we hypoth-
esized that ETZL could effectively treat NAFLD and evalu-
ated its efficacy.

Materials and methods
Preparation of ETZL

ETZL was provided by the BTC Corporation (Sangnok-gu,
Ansan, Korea); it was extracted and treated with a mixed
hydrolytic enzyme, as described previously (Moon et al.,
2018). Experiments were conducted with ETZL from the
same lot (BZI30-1910-01) used in our previously published
study (Chang et al., 2021). Tricin was used as an ETZL
marker for validation. Results of high-performance liquid
chromatography (HPLC) of tricin content are shown in
Fig. 1. The tricin content of Z. latifolia extract was 0.80 mg/g
(Fig. 1C). After Z. latifolia extract enzyme treatment, the
tricin content was 1.09 mg/g (Fig. 1D).

Experimental animals and design

Five-week-old C57BL/6 male mice were obtained from Gbio
Korea Inc. (Charles River, Gwangju, Korea). The animals
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Fig. 1 HPLC chromatograms
of tricin contents. (A) HPLC
chromatogram of blank; (B)
HPLC chromatogram of tricin
(standard); (C) HPLC chroma-
togram of Z. latifolia Extract;
(D) HPLC chromatogram of 1
ETZL; (E) Tricin peaks are S
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were housed under optimal humidity (50-55%), and tem-
perature (22-25 °C) with a 12 h light/dark cycle and were
given free access to food and water. The Wonkwang Univer-
sity Animal Care Committee approved this study (WK20-
45). The experimental diets used to induce NAFLD were a
60 kcal% fat diet and a 400 kcal% fructose; high-fat diet and
fructose (HFD/F) diet (Rodent Diet D12091402; Research
Diets, New Brunswick, NJ, USA). The mice in the Nor-
mal (NOR) group were fed a normal diet (ND; Rodent Diet
D12450B; Research Diets). The mice were divided into
NOR, HFD/F (HFD/F-CON), HFD/F+ETZL (100, 200, and
400 mg/kg), and HFD/F + metformin (200 mg/kg, positive
control) groups. The ETZL concentration was chosen based
on preliminary experiments and previous studies on the alco-
holic fatty liver (Chang et al., 2021). Mice were divided
into six groups (n=38 per group). ETZL and metformin were

administered orally. NOR or HFD/F received an identical
volume of the vehicle.

During the test period, weight and food intake were meas-
ured weekly to calculate weight gain and food efficiency.
Mice were anesthetized, and the amounts of fat and muscle
in their bodies were measured and analyzed using pDEXA
(InAlyzer DXA, Medikors, Seongnam, Korea) three times at
four-week intervals. After the experiments, whole blood was
collected, and the serum was separated. The wet weights of
the harvested organs (liver and spleen) were measured. All
samples were stored at — 80 °C until use.

Biochemical assays

To evaluate liver function, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels were

@ Springer



2120

B.Y.Chang et al.

measured by Frankel's method using serum samples.
Serum triglyceride (Biovision, CA, USA), total choles-
terol (Asan Co., Seoul, Korea), and high-density lipopro-
tein-cholesterol (Asan Co., Seoul, Korea) concentrations
were quantified colorimetrically using enzymatic kits.
Hepatic lipids were extracted using the Folch method, and
triglyceride (TG) and cholesterol levels were measured
in the same manner as in the serum. Serum leptin and
adiponectin levels were measured using enzyme-linked
immunosorbent assay kits (R&D Systems, Minneapolis,
MN, USA). Malondialdehyde (MDA) was measured by
the Ohkawa (1979) method using a thiobarbituric acid
reaction (Ohkawa et al., 1979). Glutathione was measured
using the Griffith (1979) method (Griffith et al., 1979).

Histopathology

Hepatic tissues were fixed in a 10% buffered neutral for-
malin solution for 24 h and dehydrated with sucrose to
prepare frozen blocks. Frozen sections were cut into 5 pm
slices, pasted onto glass slides, and stained with Oil Red
O and hematoxylin and eosin (H&E). A microscope at
200 x magnification was used to observe lipid accumula-
tion in liver tissue. Quantitative staining was performed
using the ImageJ software (NIH, USA).

Gene expression analysis

Ribonucleic acid (RNA) was separated from each hepatic
tissue sample using Easy Blue (iNtRON Biotechnology,
Seongnam, Korea). The TagMan one-step master mix
(Applied Biosystems, Waltham, MA, USA) was used for
reverse transcription and real-time polymerase chain reac-
tion (PCR) of the messenger RNA (mRNA) samples. PCR
was performed using the ABI 7500 real-time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA). FAS
(MmO01204974_m1), sterol regulatory element-binding
proteins-1c (SREBP1c) (Mm00550338_m1), heme oxyge-
nase-1 (HO-1, Mm00516005_m1), NAD(P)H quinone oxi-
doreductase 1 (NQO1, Mm01253561_m1), tumor necrosis
factor-alpha (TNF-a; Mm00443258_m1), interleukin-6
(IL-6; Mm00446190_m1), cyclooxygenase-2 (COX-2;
Mm03294838_g1), and B-actin (Mm99999915_g1) were
validated using the TagMan Gene Expression Assay. Rela-
tive gene expression was calculated using StepOne soft-
ware version 2.3 (Applied Biosystems, Foster City, CA,
USA) with relative threshold cycle values. f-actin was
used as the reference value. Three repetitions were per-
formed for all animals for the harvested cell and hepatic
samples of animals.
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Western blotting

PROPREP™ protein extraction solution (iNtRON Biotech,
Seongnam, Korea) was used with dephosphorylation inhibi-
tors to isolate proteins from cells or liver tissue. After sepa-
rating 20 pg of protein by 10% SDS-PAGE, electroblotting
with polyvinylidene difluoride membrane, blocking with
5% skim milk, primary antibody AMPK, anti-1 SREBPIc,
anti-phospho-ACC (p-ACC), FAS, PPARa, anti-peroxisome
proliferator-activated receptor gamma (PPARY). After treat-
ment with Nrf2, anti-HO-1, anti-NQO1, or anti-GAPDH or
anti-f-actin antibodies (all antibodies were used at a 1:1000
dilution and purchased from Cell Signaling Technology,
Danvers, MA, USA), the protein was detected using the
enhanced chemiluminescence method. The protein blot
intensities were analyzed using a FluorChem E imaging sys-
tem (ProteinSimple; Santa Clara, CA, USA). In the case of
the harvested cell sample, three repetitions were performed,
and for the hepatic sample of animals, two repetitions were
performed for all animals.

Cell culture and lipid accumulation

HepG?2 cells were purchased from the American Type
Culture Collection (Manassas, VA, USA) and maintained
in Dulbecco's Modified Eagle Medium 1% antibiotics and
10% fetal bovine serum in a humidified 5% carbon dioxide
atmosphere at 37 °C. The cells used had fewer than five pas-
sages; HepG2 cells were incubated for 24 h in Dulbecco's
Modified Eagle Medium containing 1 mM of a mixture of
free fatty acids (FFA; oleic acid: palmitic acid=2:1) and 1%
FFA—free bovine serum albumin to induce intracellular lipid
accumulation. For the ETZL experiments, HepG2 cells were
treated with different concentrations of ETZL as indicated
2 h prior to the addition of the FFA mixture.

Oil Red O staining of intracellular fat

FFA-treated cells were washed with phosphate-buffered
saline and fixed with 4% paraformaldehyde for 1 h. After
washing with 60% isopropanol, cells were incubated with
Oil Red O for 20 min. The staining solution was washed with
phosphate-buffered saline, and the cells were observed under
a microscope. Oil Red O stain of the cells was dissolved in
100% isopropanol, and the lipid content was measured at
540 nm.

Statistical analysis

Data are expressed as mean =+ standard error. Significant dif-
ferences were compared using repeated measures analysis
of variance (ANOVA) followed by Duncan's multiple com-
parison test. Statistical significance was defined as P <0.05.
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All statistical analyses were performed using GraphPad Soft-
ware (GraphPad Software, Inc.).

Results and discussion

Effects of ETZL on anti-adipogenic activity
in FFA-stimulated HepG2 cells

Up to the experimental concentration of 100 pg/mL, cyto-
toxicity by ETZL treatment was not observed (data not
shown). Treatment with 0.5 mM FFA using palmitic acid
and oleic acid-induced oxidative stress and lipid accumula-
tion in HepG2 cells, and these results were consistent with
the study of Kim et al. (Kim et al., 2020). Palmitic acid
is the most common saturated fatty acid in the blood, and
various mechanisms of hepatotoxicity have been reported.
Increased levels of fatty acids are metabolized in the mito-
chondria, peroxisomes, and endoplasmic reticulum, leading

to oxidative stress (Fransen et al., 2017). FFA groups showed
that the amount of Oil Red O staining increased 1.87 times
compared to the NOR group without FFA treatment. The
FFA + ETZL treatment group showed a significant dose-
dependent decrease in the amount of Oil Red O staining
compared to the FFA group (Fig. 2B, C). These results sug-
gest that ETZL does not inhibit cell viability but reduces
steatosis. Z. latifolia has strong antioxidant effects (Moon
et al., 2018). To further investigate the relationship among
ETZL, oxidative stress, and lipid accumulation, in the pre-
sent research, ETZL was administered to FFA-induced
HepG?2 cells to observe the specific mechanisms of ETZL
on lipid accumulation. ETZL was standardized by conduct-
ing a study to increase tricin content through the enzymatic
treatment of Z. latifolia (Chang et al., 2021). Under oxidative
stress, cells respond by activating the antioxidant defense
machinery to combat cellular damage (Rejitha et al., 2015).
We investigated the effect of ETZL on oxidative stress by
analyzing changes in the Nrf2/HO-1 pathway. As shown in
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Fig.2 Effects of enzyme-treated Zizania latifolia (ETZL) on lipid
accumulation in free fatty acid (FFA)-stimulated HepG2 cells. (A)
The stained cells were observed under a microscope (200 X). and (B)
intracellular lipid levels were colorimetrically measured at 520 nm.
(C) Nuclear factor erythroid-related factor (Nrf2), and Heme oxy-
genase 1 (HO-1), (D) sterol regulatory element-binding protein
(SREBP)-1c, fatty acid synthase (FAS), (E) peroxisome proliferator-
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activated receptor alpha (PPARa) and (F) AMP-activated protein
kinase (AMPK) protein levels were monitored by western blot analy-
sis. Data are expressed as mean + SE of three replicates. Values with
different letters (a, b, c) are significantly different from one another
(one-way ANOVA followed by Duncan's multiple comparison tests,
P <0.05)
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«Fig. 3 Effects of ETZL on body weight and composition and serum
biochemistry in NAFLD-induced mice. (A) Weekly body weights
over 12 weeks, (B) dual-energy X-ray absorptiometry images of fat
distribution and fat/lean mass. (C) alanine transaminase (ALT), (D)
aspartate transaminase (AST), (E) triglycerides, (F) total cholesterol,
(G) leptin, and (H) adiponectin. Data are expressed as mean + SE.
n=28, Values with different letters (a, b, c) are significantly different
from one another (one-way ANOVA followed by Duncan's multiple
comparison tests, P <0.05)

Fig. 2C, compared to the FFA group, incubation with ETZL
increased the expression of Nrf2 and HO-1 in HepG2 cells
(P<0.01). These results suggested that ETZL reduced oxi-
dative stress by increasing Nrf2 and HO-1 levels.

FFA treatment significantly upregulated FAS and SREBP-
1c protein levels. However, ETZL markedly downregulated
the expression levels of FAS and SREBP-1c. These results
indicated that ETZL suppressed lipid accumulation by inhib-
iting the expression of lipogenic proteins such as SREBP-1c
and FAS in HepG2 cells (Fig. 2D).

ETZL treatment significantly enhanced PPAR« in FFA-
exposed hepatocytes (Fig. 2E). Activation of PPAR-a
induces uptake, utilization, and catabolism of fatty acids
through the upregulation of gene expression involved in
fatty acid transport, binding, and activation and increases
mitochondrial fatty acid B-oxidation. ETZL treatment
significantly increased the expression of phospho-AMPK
(p-AMPK) in a concentration-dependent manner (Fig. 2F).
AMPK, a master energy homeostasis regulator, is believed to
play a central role in controlling lipid metabolism by modu-
lating various metabolic proteins and enzymes (Zhang et al.,
2021). AMPK also regulates Nrf2, a promising therapeutic
target (Kim et al., 2020). These data indicate that AMPK
activation mediates ETZL inhibition of lipogenesis and sup-
presses lipid accumulation in FFA-exposed hepatocytes.

Effects of ETZL on body composition
in NAFLD-induced mice

An HFD induces weight gain in mice and rats of various
strains and results in diabetes, hyperlipidemia, and NAFLD.
In the present study, NAFLD was induced in C57BL/6 mice,
which were sensitive to HFD (Rossmeisl et al., 2003).

The animals were fed an HFD/F freely to reduce stress.
Mice fed an HFD/F did not show a significant differ-
ence in food intake (g/day/mouse) because they did not
have a high preference for the taste or smell of HFD/F
compared to standard mouse chow. However, the HFD/F
(5.25 kcal/g) contained 40.9%p more calories than normal
chow (3.10 kcal/g), and the total weight gain was signifi-
cantly higher. Significant differences were observed after
the fourth week of HFD/F diet-induced obesity. We found
that the ETZL 400 mg/kg group showed a significantly
decreased body weight compared to the HFD/F-CON group

(Fig. 3A). Food and energy efficiencies also showed signifi-
cant decreases in the ETZL 400 mg/kg group compared to
the HFD/F-CON group (Table 1). During the 12th week,
body composition analysis showed that fat increased by
2.1%, and lean mass decreased by 1.3% in the HFD/F-CON
group. HFD/F-CON also has perirenal and epididymis fat of
6.8-fold and 4.7-fold, respectively, than NOR.

In contrast, in the ETZL 400 mg/kg group, compared to
the HFD/F-CON group, fat decreased by 1.2%, and lean
mass increased by 1.2% in the 12th week (Fig. 3B). From
week 0 to week 12, the ETZL 400 mg/kg treatment group
showed a decrease in body fat compared to the HFD/F-CON
group and an increase in lean mass, except for fat. Under-
standing the biological behavior of an organ in response to
changes in body weight is essential for evaluating organ
weight. Normalization of organ weight to body weight helps
eliminate variations because it is often helpful in clarifying
treatment-related organ weight changes (Sellers et al., 2007).
In another study that induced NAFLD with an HFD, the
absolute liver weight increased, but the relative liver weight
decreased, or there was no difference (Lau et al., 2017). In
the present study, the relative liver weight was significantly
lower in the HFD/F-CON group than in the NOR group.
ETZL or metformin treatment did not alter the relative liver
weight compared to the HFD/F-CON group. The relative
weights of the spleen and gastrocnemius were markedly
decreased in the HFD/F-CON group. These parameters were
significantly improved by treatment with 400 mg/kg ETZL.
The relative perirenal and epididymal fat weights did not dif-
fer between the HFD/F-CON and 100 and 200 mg/kg ETZL
groups. However, the metformin and 400 mg/kg ETZL
groups had lower perirenal and epididymal fat weights than
the HFD/F-CON group.

Changes in body weight and composition demonstrated
the effectiveness of HFD/F diet-induced obesity in mice.
However, 400 mg/kg ETZL resulted in lower obesity induc-
tion than HFD/F-CON.

Effects of ETZL on serum biochemistry
in NAFLD-induced mice

The measurement of liver function-related enzymes, such
as ALT and AST, can detect damage to hepatocytes and
the biliary tract. In NAFLD, the activities of ALT and AST
are elevated (Mashek, 2020; Singh et al., 2017). ALT is a
hepatocyte-specific enzyme whose increased serum levels
directly reflect liver damage. Oxidative stress during lipid
deposition can damage hepatocyte mitochondrial mem-
branes and reduce membrane fluidity. AST is released from
the mitochondria of liver cells into the blood cells, increas-
ing serum AST levels. Increased serum ALT and AST lev-
els indicate a change from functional impairment to organic
lesions. ALT and AST levels were measured as biochemical
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Table 1 Effects of ETZL on relative organ weight and food consumption in NAFLD-induced mice

Groups Liver weight Spleen weight ~ Gastrocne-  Perirenal fat Epididymal  FER (%) EER (%)
(%) (%) mius weight  weight (%) fat weight
(%) (%)

NOR 451+0.15" 0.29+0.03 0.58+0.03*  0.53+0.09 1.77£021* 6.67+1.44* 2.16+0.46
HFD/F CON 3.33+0.08° 0.19+0.01° 0.44+0.04°  627+029°  23.56+2.80° 4.50+0.53" 2.75+0.12°
Met 200 (mg/kg) 3.88+0.24° 0.24+0.01° 0.49+0.05°  526+0.71°  18.95+3.81° 4.02+0.81° 1.95+0.25®
ETZL (mg/kg) 100 3.31+0.15° 0.20+0.01° 6.51+0.41° 23.48+5.28° 448+1.01° 0.42+0.03° 2.49+0.28"
200 3.16+0.03" 0.17 +0.00° 6.34+0.09°  25.40+3.06° 4.85+0.58° 0.40+0.04° 3.06+0.06°
400 3.26+0.18° 0.26+0.01¢ 5.01+0.43°  19.69+2.89° 3.76+0.55¢ 0.51+0.06° 1.95+0.20°

HFD/F high-fat diet/fructose, ETZL tricin-enriched zizania latifolia extract, FER Food efficiency ratio, EER Eenergy efficiency ratio, CON Con-

trol, NOR Normal, Met metformin

Data are expressed as mean +SE. n=8

Values with different letters (a, b, c) are significantly different from one another (one-way ANOVA followed by Duncan's multiple range test,

P<0.05)

indicators of hepatotoxicity (Fig. 3C, D). The ALT and AST
levels in the HFD/F-CON group showed 5.0- and 4.9-fold
increases, respectively, compared to those in the NOR group.
ALT and AST levels in the metformin group were signifi-
cantly reduced by 35.5% and 56.2%, respectively, compared
to those in the HFD/F-CON group. In the ETZL group, the
concentrations of ALT in the blood at 100 and 400 mg/kg
were significantly decreased by 24.9% and 28.5%, respec-
tively, compared to the HFD/F-CON group. The serum AST
concentration showed a significant decrease of >4.3% at all
ETZL doses. Serum triglyceride levels in the HFD/F-CON
group increased by 51.1% compared to those in the NOR
group. The metformin group showed a significant decrease
of 27.7% compared with the HFD/F-CON group. In the
200 and 400 mg/kg ETZL groups, serum TG levels were
significantly decreased by 33.2% and 48.6%, respectively,
compared to those in the HFD/F-CON group (Fig. 3E).
The total serum cholesterol of the HFD/F-CON group was
increased by 63.6% compared to that of the NOR group, and
the metformin group showed a significant decrease of 3.1%
compared to that of the HFD/F-CON group. In the 400 mg/
kg, compared to the HFD/F-CON group, total cholesterol
showed a significant decrease of 22.7% compared to the
HFD/F-CON group (Fig. 3F).

Leptin levels significantly increased, and adiponectin
levels significantly decreased in the HFD/F-CON group
compared to those in the NOR (Fig. 3G, H). According to a
cohort study by Marques et al., serum leptin discriminates
against NAFLD, and adiponectin combined with specific
lipids stratifies NASH (Marques et al., 2021). Leptin may
exert an anti-steatotic action in early NAFLD by promoting
fatty acid oxidation and decreasing lipogenesis and a pro-
inflammatory and pro-fibrotic action at later disease stages
by increasing hepatic reactive oxygen species generation,
pro-inflammatory cytokine release, and enhancing fibrino-
genesis. Adiponectin regulates several metabolic functions,
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including glucose control and fatty acid oxidation. A reduc-
tion in adipocyte differentiation and an increase in energy
expenditure associated with the mitochondrial uncoupling
result from increased blood adiponectin concentration
(Bauche et al., 2007). The present study showed that ETZL
reduced serum leptin and increased serum adiponectin levels
in HFD/F-fed mice. However, the food intake of the ETZL
group was not significantly different from that of the HFD/
F-CON group. Therefore, improved lipid metabolism after
ETZL administration is likely related to the change in the
concentration of these adipokines.

Effects of ETZL on hepatic lipid contents
and antioxidant activity in NAFLD-induced mice

Food fat is absorbed in the intestine, and blood lipids interact
with or combine with synthetic lipoproteins to circulate in
the blood. Therefore, serum and hepatic TG and TC levels
are closely related to fatty liver. Representative Oil red O-and
H&E-stained liver sections are shown in Fig. 4A. H&E, and
Oil Red O staining demonstrated that induced NAFLD con-
tributed to fatty liver degeneration, ballooning degeneration,
and decreased infiltration of mixed inflammatory cells in the
lobules of liver tissues, along with decreased neutral fat dep-
osition. HFD/F treatment induces significant hepatic lipid
accumulation. In the ETZL groups, the reduction in hepatic
lipids increased by HFD/F was histologically and biochemi-
cally observed (Fig. 4). The content of hepatic TG, an essen-
tial lipid in NAFLD, increased 7.42-fold compared to that in
NOR by HFD/F. The metformin group showed a significant
decrease of 41.3% compared with the HFD/F-CON group.
Hepatic TG levels in the 200 and 400 mg/kg ETZL groups
decreased by 32.1% and 59.0%, respectively, in a dose-
dependent manner (Fig. 4C). The hepatic total cholesterol
level in HFD/F-CON mice was 2.46-fold higher than that
in NOR mice. The total cholesterol content in the 400 mg/
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«Fig.5 Effects of ETZL on lipogenesis, antioxidant, and anti-inflam-
matory in NAFLD-induced mice. (A) p-AMPK, SREBP-1c, p-ACC,
FAS, PPARa, and PPARy protein levels were monitored by west-
ern blot analysis, and (B) quantitative of protein densities. (C) The
mRNA levels of FAS and SREBP-1c were monitored by real-time
PCR. (D) Nrf2, HO-1, and NQOI1 protein levels were monitored by
western blot analysis and (E) quantitative protein densities. (F) The
mRNA levels of HO-1 and NQO1 were monitored by real-time PCR.
(G) The mRNA levels of TNF-a, IL-6, and COX were monitored by
real-time PCR. Independent experiments were performed in triplica-
tion. n=8, Data are expressed as mean+SE. Values with different
letters (a, b, c) are significantly different from one another (one-way
ANOVA followed by Duncan's multiple comparison tests, P <0.05)

kg ETZL group did not change, but low-density lipoprotein
cholesterol was reduced without altering the high-density
lipoprotein cholesterol levels (Fig. 4D—F). These data sug-
gested that ETZL modulated lipid accumulation in the liver.
The hepatic MDA level of the HFD-CON group increased by
41.7% compared to that of the NOR group. The metformin
group showed a significant decrease of 35.4% compared
with the HFD/F-CON group. The hepatic MDA level of the
HFD-CON group increased by 41.7% compared to that of
the NOR group. The metformin group showed a significant
decrease of 35.4% compared with the HFD/F-CON group.
The hepatic MDA level in the ETZL group was signifi-
cantly decreased by more than 36.6% compared to that in
the HFD/F-CON group (Fig. 5G). No significant differences
were observed in the hepatic glutathione by HFD intake,
metformin treatment, or ETZL treatment (Fig. 4H).

Effects of ETZL on anti-lipogenic activity
in NAFLD-induced mice

We measured the levels of the proteins and mRNA involved
in lipogenesis. SREBP1c, FAS, and PPARY were decreased,
and pAMPK, pACC, and PPARa were increased by ETZL
or metformin administration (Fig. 5SA, B). We measured the
mRNA levels of the genes involved in lipogenesis. ETZL
significantly reduced FAS and SREBPI1c genes (Fig. 5C).
SREBP-I1c is a transcription factor that regulates the syn-
thesis of fatty acids, cholesterol, and triglycerides; this pro-
motes the expression of ACC and FAS, eventually leading to
fatty acid synthesis. SREBP-1c and AMPK levels negatively
correlate because AMPK activity modulates SREBP-1c inhi-
bition. Several studies have shown that mice fed an HFD
with FFA-induced HepG?2 cells suppressed AMPK activity
(Kim et al., 2020). In the present study, HFD/F-inactivated
AMPK was upregulated by ETZL, which downregulated
the expression of SREBP-1c, FAS, and ACC. PPAR-a, a
major factor regulating pB-oxidation, can potentially pre-
vent NAFLD. NAFLD can inhibit the breakdown of free
fatty acids by directly inhibiting the f-oxidation of FFA
(Jorgacevi€ et al., 2021); this leads to the accumulation of
cytotoxic lipid substances (such as cholesterol) in the liver,

resulting in liver cells and mitochondrial damage. Upregula-
tion of PPAR-y suggests that ETZL contributes to decreased
p-oxidation, inhibiting lipid accumulation in hepatocytes.
AMPK acts as a switch in cellular metabolism, regulating
changes between the anabolic and catabolic states (Zhang
et al., 2021). In the liver, AMPK activates mitochondrial bio-
synthesis, fatty acid oxidation, and glucose production path-
ways and deactivates fatty acid synthesis, gluconeogenesis,
and adenosine triphosphate consumption. AMPK plays a
key role in metabolic liver disorders. PPAR-a and p-AMPK
are well-known mediators in fatty acid metabolism that
enhance metabolic processes. Disrupted fatty acid metabo-
lism is involved in the pathogenesis of steatosis. Qu et al.
reported that AMPK regulates Nrf2 translocation to induce
HO-1 expression (Qu et al., 2016). Increasing evidence sug-
gests that Nrf2 plays a vital role in fatty acid metabolism as
a negative regulator of lipogenesis by activating antioxidant
responses (Xu et al., 2018). ETZL significantly increased
the expression levels of Nrf2, HO-1, and NQOI1 proteins
compared to those in the HFD/F-CON group (Fig. 5D, E).
ETZL treatment significantly increased the mRNA expres-
sion of HO-1 and NQO1 (Fig. 5F). Cellular stress activates
both AMPK and Nrf2. AMPK regulates Nrf2, which pro-
motes the transcription of Nrf2 downstream antioxidant
genes. Additionally, it has been demonstrated that activating
the Nrf2 and AMPK pathways efficiently shields the liver
from cellular oxidative stress. Therefore, the pharmacologi-
cal activation of AMPK-Nrf2 expression via ETZL has the
potential to attenuate the onset of fatty liver disease.

Effects of ETZL on hepaticinflammation
in NAFLD-induced mice

Since obesity is a chronic inflammatory condition that can
damage the liver, liver inflammation was examined in each
group. The expression of TNF-a and IL-6 were detected
to assess the role of ETZL in the inhibition of inflamma-
tion. NAFLD is hypothesized to follow the two-hit theory, in
which the first hit causes fat to accumulate in the liver, and
the breakdown of adipose tissue enters the liver and releases
FFA. After that, various oxidative stresses develop, and the
second hit occurs owing to lipid peroxidation and inflamma-
tory cytokine production, leading to steatohepatitis accom-
panied by hepatocyte damage and inflammatory response.
(Singh et al., 2017). TNF-a plays a pivotal role in develop-
ing NAFLD and progression to NASH through upregulating
key molecules associated with lipid metabolism, inflamma-
tory cytokines, and fibrosis in the liver (Leyva-Jiménez and
Ruiz-Malagén, 2020). The excessive increase of IL-1f and
IL-6 aggravates inflammatory cytokines production and
leads to hepatic steatosis and metabolic disorders. COX-2
is upregulated in patients with metabolic syndrome and ani-
mal models, accumulating prostaglandins (Lee et al., 2020).
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Herein, we found that ETZL suppressed the expression of
pro-inflammatory cytokines in the livers of NAFLD mice,
including TNF-a, IL-6, and COX-2 (Fig. 5G).

The HFD/F-induced NAFLD mouse model demonstrated
that ETZL, whose tricin content was increased by enzymatic
treatment, protected hepatocytes from NAFLD. The protec-
tive effect of ETZL can act by promoting the activation of
AMPK signaling in lipids that partially increase fat degen-
eration. It has also been confirmed that ETZL administration
suppresses oxidative stress and inflammation in the liver.

These results suggested that ETZL exerted protective
effects against HFD/F-induced NAFLD in the liver by pre-
venting lipid metabolism disorders. Thus, ETZL can be
a potential therapeutic or preventive agent for fatty liver
disease.
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