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Lipid metabolic disorders and oxidative stress in the liver are key steps in the progression of nonalco-
holic fatty liver disease (NAFLD), which is a major risk factor for the development of metabolic syn-
drome. To date, no pharmacological treatment for this condition has been approved. Our previous
study has found that the food-derived compound apigenin (Api) significantly attenuates obesity-
induced metabolic syndrome by acting as a peroxisome proliferator-activated receptor gamma modu-
lator (PPARM). Herein, a high fat diet (HFD) induced NAFLD model was used to dig out whether Api
had the effect on NAFLD. The results showed that Api had obvious effect in restraining NAFLD progres-
sion, including attenuating HFD induced lipid accumulation and oxidative stress in vivo. As a PPARM,
although Api did significantly inhibit the expression of PPARc target genes encoding the protein asso-
ciated with lipid metabolism, it had no obvious activating effect on PPARc. Interestingly, we found that
Api promoted Nrf2 into the nucleus, thereby markedly activating Nrf2 to inhibit the lipid metabolism
related genes and increase the oxidative stress related genes. Further Nrf2 knockdown/knockout and
overexpression experiments showed that Api regulating PPARc target genes was dependent on Nrf2
activation and the activation of Nrf2 counteracted the activation effect of PPARc by Api.
Importantly, we also found that Api might bind with Nrf2 via auto dock and ITC assay. Therefore,
our results indicate that Api ameliorates NAFLD by a novel regulating mode of Nrf2 and PPARc in
inhibiting lipid metabolism and oxidative stress abnormity.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Nonalcoholic fatty liver disease (NAFLD), characterized by
excessive triglyceride (TG) and oxidative stress in the liver [1], is
the hepatic manifestation of metabolic syndrome. It encompasses
a disease spectrum from simple steatosis (TG accumulation in hep-
atocytes) to nonalcoholic steatohepatitis (NASH), fibrosis, irre-
versible cirrhosis and even hepatocellular carcinoma [2] and has
been recognized as the leading cause of chronic liver disease. The
pathogenesis of NAFLD appears to involve a multiple-hit process,
such as the development of macrovesicular steatosis and oxidative
stress from mitochondrial reactive oxygen species (ROS). To date,
there are no effective medical interventions that can completely
reverse the disease other than lifestyle changes, dietary alterations
and, possibly, bariatric surgery [3]. Available treatments with
demonstrated benefits include the antioxidant vitamin E, the
insulin-sensitizing agent pioglitazone [4], and obeticholic acid;
however, the effect sizes are modest (<50%), and none of these
treatments have been approved by the US Food and Drug Adminis-
tration [5]. A major challenge to drug efficacy in general is that
drugs are intended to act on a single target in the pathology of a
disease [6]. Thus, identifying drugs or compounds that can simul-
taneously regulate different proteins might effectively curb the
progression of NAFLD.
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Natural products extracted frommedical plants are rich sources
of biologically active substances and have desirable health benefits
and effects on the prevention of human diseases. Recently, increas-
ing numbers of studies have focused on herbal extracts or natural
products with anti-hyperlipidemia and hepato-protective effects
against NAFLD [7]. Flavonoids constitute the largest class of dietary
phytochemicals, adding essential health value to the diet, and they
are emerging as key nutraceuticals [8]. These phytochemicals have
positive effects on lipid metabolism [9], insulin resistance [10] and
oxidative stress [11], which are the most important pathophysio-
logical pathways in NAFLD. Among these, Api (4,5,7-
trihydroxyavone), a naturally occurring flavonoid present in a vari-
ety of fruits and leafy vegetables, has many pharmacological activ-
ities, such as antioxidant [12] and anti-cancer [13]. In addition, Api
also can protect against HFD-induced hepatosteatosis in rats [7]
and prevent lipid peroxidation, thereby having hepato-protective
effects [14]. Moreover, NAFLD is a major risk factor for the develop-
ment of metabolic syndrome and our recently research has found
that Api is a PPARM that inhibits obesity-induced metabolic syn-
drome via binding and activating PPARc [15]. Hence, further study
of Api and the potential mechanism related to improving NAFLD
has potential therapeutic implications.

Nrf2, a target for new therapeutic approaches aimed at treating
liver diseases [16,17], has been well established as a master regu-
lator of lipid metabolism homeostasis and oxidative stress [18].
Additionally, it is well known that the actin-bound protein
Kelch-like ECH-associated protein 1(Keap1) interacts with Nrf2
and forms a complex to repress the function of Nrf2 [19]. Inducers
disrupt the cytoplasmic complex, thereby releasing Nrf2 to migrate
to the nucleus where it activates the antioxidant response element
(ARE) of phase 2 genes and promotes the activation of its target
genes. Nrf2 positively regulates the expression of anti-oxidant
genes and phage II metabolizing enzymes and negatively regulates
hepatosteatosis genes. Moreover, Nrf2 has garnered attention in
nutrition-related liver diseases. Feeding mice diets containing
ethanol [20] or a high concentration of fat [18] results in more sev-
ere liver injuries in Nrf2-null mice than in wild-type mice. In par-
ticular, the endogenous mRNA and protein levels of Nrf2 and Nrf2
target genes, such as heme oxygenase-1 (HO-1), were significantly
increased by Api, thereby protecting against oxidative stress
[21,22]. It is worth noting that PPARc is one of Api’s therapeutic
targets in human disease [8]. PPARc, as a ligand-dependent tran-
scription factor, plays central roles in lipid metabolism and oxida-
tive stress. Generally, it is increased in fatty liver disease associated
with obesity in both mouse models [23] and humans [24].
Hepatocyte/macrophage-specific PPARc knockout protects against
hepatic steatosis, and PPARc knockdown by RNA interfering-
adenoviral vector injection improves fatty liver in high-fat diet
(HFD)-fed mice [25,26]. In addition, the treatment of ob/ob mice
with rosiglitazone (Rosi) (the classical agonist of PPARc) does not
reverse histological NAFLD but instead increases oxidative stress
and liver steatosis [27]. However, treatment with thiazolidine-
dione improves hepatic steatosis and protection from NASH and
hepatic fibrosis via increasing insulin sensitivity in adipose tissue
and skeletal muscle, overcoming the direct steatogenic effect in
hepatocytes [28,29]. Previous studies suggested that the role of
PPARc in fatty liver may be due to the state of microenvironment
and its actions on different tissues and pathways. Thus, we focused
on a PPARM Api [15,30,31], in improving HFD-induced liver lipid
metabolic disorders and oxidative stress via acting on the hepato-
cytes. In the current study, we found that Api significantly inhib-
ited the progression of NAFLD. Importantly, Api activated Nrf2 by
promoting Nrf2 translocation into the nucleus. Further study indi-
cated that Nrf2 activation by Api inhibited the function of Api acti-
vating PPARc, thereby leading to the inhibition of NAFLD
progression.
2. Methods

2.1. Chemicals, reagents, antibodies and plasmids

Api, PubChem CID: 5280443, purity > 99%, purchased from
Zelang biotechnology company (Nanjing, China). Rosi (PubChem
CID: 77999), sulforaphane (SFN) (PubChem CID: 24724610),
Sodium oleate (PubChem CID: 24898044) and Methyl Palmitate
(PubChem CID: 24898607) were purchased from Sigma (St. Louis,
MO) (see Table 1). Dulbecco’s modified Eagle’s media (DMEM)
and fetal bovine serum (FBS) were purchased from Gibco (Grand
Island, NY). Oil red, radio immunoprecipitation assay (RIPA) lysis
buffer, the nucleus protein and cell plasma protein extraction kit
(P0028) and MTT are from Beyotime (Haimen, Jiangsu, China).
Superoxide dismutase (SOD) assay kit (A001-3), glutathione perox-
idase (GSH-Px) assay kit (A005), total glutathione/oxidized glu-
tathione assay kit (A061-2), catalase (CAT) assay kit (Visible
light) (A007-1), protein carbonyl assay kit (A087), TG assay kit
(F001-1) and methane dicarboxylic aldehyde (MDA) assay kit
(TBA method) (A003-1) were bought from Jiancheng biology insti-
tution (Nanjing, Jiangsu, China). LipofectamineTM 2000 was pur-
chased from Invitrogen (Carlsbad, CA). NEB buffer 2 (B7002S),
NEB buffer 3.1(B7203S), BsmBI (R0580S), T4 ligation buffer
(B0202S), T4 DNA ligase (M0202S), T7 endonuclease I (M0302S)
were bought from NEW ENGLAND BioLabS. PPARc antibody
(sc7273) and Keap1 antibody (sc15246) were purchased from
Santa Cruz Biotechnology, Santa Cruz, CA. Nrf2 antibody
(BS6286) and Lamin A/C (R386) pAb were purchased from Bio-
world technology company (Nanjing, China). HRP-conjugated
GAPDH was bought from Kangchen (Shanghai, China). HRP-
conjugated goat anti-rabbit IgG (H + L) and HRP-conjugated goat
anti-mouse IgG (H + L) were from Beyotime (Haimen, Jiangsu,
China). ARE-Luc plasmid, PPRE-Luc plasmid and dual-luciferase
reporter assay system were from Promega (Madison, WI, USA).
Nrf2-shRNAs were purchased from Gene biology institution
(Shanghai, China). LentiCRISPRv2 was from the Prof Cui (Sun Yat-
Sen University).
2.2. Mice and treatment

Male C57BL/6J mice (3–4 weeks old) were purchased from Ani-
mal Genetics Research Center of Nanjing University (Nanjing,
China) and housed in specific-pathogen-free (SPF) facility. Mice,
starting at age of 3–4 weeks old, were randomly divided into four
groups (n = 9 per group). Mice were fed for 16 weeks either on a
normal chow diet (ND) consisting of 4.5% fat or a HFD (D12492,
60% fat, 20% carbohydrate, 20% protein, total 5.24 kcal/g; Research
Diets Inc., New Brunswick, NJ). 19-week -old mice were grouped
and injected with Api (30 mg/kg), Rosi (10 mg/kg) or vehicle alone
(saline containing 0.1% DMSO) intraperitoneally daily for 3 weeks.
Mice were weighed daily until sacrificed under anesthesia using
diethylether. Animal welfare and experimental procedures were
followed in accordance with the Guide for Care and Use of Labora-
tory Animals (National Institutes of Health, the United States) and
the related ethical regulations of Nanjing University.
2.3. Hematoxylin and eosin (H&E)

After the mice were sacrificed, the livers were removed and
subsequently fixed in phosphate-buffered 10% formalin,
and embedded in paraffin blocks. A section from each paraffin
block was stained with hematoxylin and eosin to examine the
pathologic structures of the tissues and to score the liver steatosis
for five to eight sections/400 � field, five to six fields/gland/mouse,
score according to the grade of lesion, slight (0.5), mild (1), moder-
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ate (2), severe (3), profound severe (4) and normal (0), (n = 6).
Images were obtained from fluorescence microscopy.

2.4. Biochemical analyses

The liver tissues stored in the deep freezer were removed on the
day of analysis and weighed. The tissues were washed with cold
physiological saline and the tissues were cut into small pieces with
scissors and transferred into glass tubes for homogenization. After
stirring, some of the homogenate was transferred into Eppendorf
tubes for GSH and MDA measurements. The homogenate was cen-
trifuged at 3000 rpm for 10 min and the supernatants obtained
were used to measure the activities of SOD, GSH-Px and CAT. Addi-
tionally, the supernatants were sonificated three times for 10 s to
measure the CAT enzyme activity. Protein content was also mea-
sured in the supernatant in which enzymatic activities were mea-
sured. Analyses of carbonylated proteins were performed using
protein carbonyl assay kit. Briefly, 100 lL of protein samples were
mixed with 400 lL of 10 mM 2, 4-dinitrophenyl hydrazine (DNPH)
(in 2 M HCl) and incubated for 30 min at room temperature. Pro-
teins were precipitated with equal volume of 30% TCA, and the pel-
lets were washed three times with 1 mL ethanol-ethyl acetate (1:1,
v/v). The pellets were dissolved in 1.25 mL of 6 M guanidine HCl
and kept at 37 �C for 15 min. The carbonyl content was calculated
from the absorbance at 370 nm using a molar absorption.

2.5. Cell culture and drug treatment

Murine hepatoma Hepa1-6 cell line was obtained from Shang-
hai Institutes for Biological Sciences, Chinese Academy of Sciences
(Shanghai, China). The cells were grown as a monolayer culture in
DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 g/mL
streptomycin, in monolayer culture, and were incubated at 37 �C in
a humidified atmosphere containing 5% CO2 in air. The cell model
of NAFLD was developed as previously described [32,33]. Briefly,
Hepa1-6 cells (1 � 104/mL) were plated into a 48-well plate con-
taining 100 lL of cell culture medium. When �80% confluence
was reached and cells were cultured in FBS-free medium for
24 h, then cells were treated with or without 0.5 mM or 1 mM
long-chain FFA (2:1 oleate/palmitate, Sigma, St. Louis, MO) in
media containing 1% bovine serum albumin to develop a steatosis
model, which was assayed by oil red staining.

2.6. Cell viability assay

1 � 104 Hepa1-6 cells were seeded in 96-well plates, and the
next day (at �80% confluence) cells were treated with various con-
centrations (0.2–64 lM) of Api for 24 h, in a set of three replicates
including control (0.1% DMSO). Adherent cells were assayed by
MTT assay.

2.7. Western blot

Cell/tissue samples for were lysed with RIPA containing freshly
added protease inhibitor tablets (Roche Applied Science, Man-
nheim, Germany) and the nucleus protein and cytoplasmic protein
were extracted according to the nucleus protein and cell plasma
protein extraction kit’s instruction. The protein concentrations
were determined using a BCA kit (Beyotime, Haimen, Jiangsu,
China). The whole cell/tissue lysates were subjected to reducing
10% SDS-polyacrylamide gel electrophoresis (PAGE), transferred
onto PVDF membranes (Millipore, Bedford, MA, USA), blocked with
5% bull serum Albumin for 2 h at room temperature, and
immunoblotted at 4 �C overnight with the primary antibody for
Nrf2 (dilution 1:1000), Keap1(1.:1000) or PPARc (dilution 1:200).
The blots were visualized using an enhanced chemiluminescent
method kit (Cell Signaling Technology, Danvers, MA, USA). As an
internal control for equal protein loading, blots were stripped
and probed with antibodies against GAPDH or Lamin A/C. The band
intensity analysis of western blotting was performed using the
Image J software.
2.8. Luciferase assay

Cells were seeded in 48-well cell culture plates in triplicate and
allowed to grow overnight to reach �80% confluence. Then the
cells were transfected with plenti-Nrf2/ARE-Luc and PRL-control
or with pIRES-mPPARc/PPRE-Luc and pRL-control (containing
Renilla luciferase cDNA) using Lipofectamine 2000 transfection
reagent. After 24 h, luciferase activities were measured using the
dual-luciferase reporter assay system. Renilla luciferase activity
was normalized to firefly luciferase activity.
2.9. CRISPR-CAS9-Nrf2 knockout in hepatocyte

Constitutive exons near the 50 end of transcripts are identified
using NCBI CCDS datasets. The gRNA targeting Nrf2 genes were
designed by online tool developed by Prof Zhang (http://crispr.
mit.edu/). gRNA were ranked by an off target score using a metric
that includes the number of off-target in the genome and the type
of mutations (distance from protospacer-adjacent motif and clus-
tering of mismatches) and those with lowest off-target scores were
selected. Thus, gRNA designed to target the common exons for all
mouse Nrf2 isoforms were synthesized as follows: gRNA1-50-
CACCGGAGTAGC TGGCGGATCCAC-30, gRNA2-50-AAACGTG
GATCCGCCAGCTA CTCC-30, and cloned to PlentiCRISPRv2 (one vec-
tor system, lined by BsmBI) plasmids [34]. Then viral vector were
produced in HEK293T cells and concentrated to increase viral titer.
After the plasmids were transfected into Hepa1-6 cells for 24 h,
cells were selected with 2 lg/mL puromycin for 48 h. The cells
were trypsinized and seeded into 96-well plates. Then the genome
DNA extracted from all of the clones was tested by cloning PCR
using primer M-Nrf2-seqF and M-Nrf2-seqR. Then the T7E1
enzyme was and DNA sequencing were used to find the positive
cells transduced with a lentiCRISPR construct preserved. Finally,
the western blotting was used to detect the complete deletion of
the gene.
2.10. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from tissues or cells and reverse-
transcribed to cDNA using BioTeke supermoIII RT Kit (Bioteke Cor-
poration, Beijing, China). The mRNA expression of mouse Nrf2,
mouse PPARc, the oxidative stress relative genes such as Gclc,
Gclm, Gsta2, Gsta4, Gstm1 and Nqo1, the Lipid droplet formation
genes including Cidea, Fitm1, Fitm2, Plin2, G0s2, the lipid uptake
genes Lpl, Fabp1, Fatty acid oxidation genes including mCPT-1,
PDK4, ACOX1, ACAA2 and the lipogenesis genes Fasn, SCD1,
HMGCR, ACACA and Nrob2 were detected by qRT-PCR, which
was performed with the iCycler thermocycler system and iQ5 opti-
cal system (Bio-Rad) using SYBR green I dye (Bio-Rad). The studied
gene names were listed in Table 2. Threshold cycle numbers were
obtained using iCycler thermocycler system software version 10
PCR cycling conditions were as follows: 1 cycle of 94 �C for 5 min
followed by 40 cycles of 94 �C for 30 s, 60 �C for 30 s, and 72 �C
for 45 s. The primers used were listed in Table 3. Relative mRNA
expression of target genes was obtained by normalizing to control
group and the level of b-actin, by using 2�DDCt method [35].
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Table 1
The compound used in this paper.

Name PubChem CID

Apigenin (Api) 5280443
Rosiglitazone (Rosi) 77999
Sulforaphane (SFN) 24724610
Sodium oleate 24898044
Methyl Palmitate 24898607

Table 3
Primers used in this paper.

Nrf2(qPCR)-F 50-CAG CAC ATC CAG TCA GAA ACC-30

Nrf2(qPCR)-R 50-AGC CGA AGA AAC CTC ATT GTC-3
NQO1-F 50-AGC GTT CGG TAT TAC GAT CC-30

NQO1-R 50-AGT ACA ATC AGG GCT CTT CTC G-30

GCLm-F 50-TGA CTC ACA ATG ACC CGA AA-30

GCLm-R 50-CTT CAC GAT GAC CGA GTA CCT-30

GSTM1-F 50-GCA GCT CAT CAT GCT CTG TT-30

GSTM1-R 50-CAT TTT CTC AGG GAT GGT CTT C-30

GSTA2-F 50-TCT GAC CCC TTT CCC TCT G-30

GSTA2-R 50-GCT GCC AGG ATG TAG GAA CT-30

GSTA4-F 50-TCC GAC TTC CCT CTG CTG-30

GSTA4-R 50-AAC ATA GGG GCC ATC TGG A-30

GCLc-F 50-AGA TGA TAG AAC ACG GGA GGA G-30

GCLc-R 50-TGA TCC TAA AGC GAT TGT TCT TC-30

Fabp1-F 50-ATG AAC TTC TCC GGC AAG TAC C-30

Fabp1-R 50-CTG ACA CCC CCT TGA TGT CC-30

LPL-F 50-GGG AGT TTG GCT CCA GAG TTT-30

LPL-R 50-TGT GTC TTC AGG GGT CCT TAG-30

Nrob2-F 50-TGG GTC CCA AGG AGT ATG C-30

Nrob2-R 50-GCT CCA AGA CTT CAC ACA GTG-30

Cidea-F 50-TGA CAT TCA TGG GAT TGC AGA C-30

Cidea-R 50-GGC CAG TTG TGA TGA CTA AGA C-30

Plin2-F 50-GAC CTT GTG TCC TCC GCT TAT-30

Plin2-R 50-CAA CCG CAA TTT GTG GCT C-30

Fitm1-F 50-CCT CTG CCT TAC TGT ACT TTG G-30

Fitm1-R 50-TAG CGA AGA TCG TCC GAG AGT-30

Fitm2-F 50-TCG GTC GTC AAG GAG CTG T-30

Fitm2-R 50-GAG GAC GTT GCG CTT GTT G-30

G0s2-F 50-TAG TGA AGC TAT ACG TTC TGG GC-30

G0s2-R 50-GTC TCA ACT AGG CCG AGC A-30

Srebf1-F 50-GAT GTG CGA ACT GGA CAC AG-30

Srebf1-R 50-CAT AGG GGG CGT CAA ACA G-30

Elovl2-F 50-CCT GCT CTC GAT ATG GCT GG-30

Elovl2-R 50-AAG AAG TGT GAT TGC GAG GTT AT-30

Lipc-F 50-ATG GGA AAT CCC CTC CAA ATC T-30

Lipc-R 50-GTG CTG AGG TCT GAG ACG A-30

PLA2G7-F 50-CTT TTC ACT GGC AAG ACA CAT CT-30

PLA2G7-R 50-CGA CGG GGT ACG ATC CAT TTC-30
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2.11. Expression of recombinant Nrf2-his

The cDNA coding sequence for the Nrf2 protein including SacI/
Xbal was amplified by PCR, and then inserted into a pCzn1 plasmid
in frame to the C-terminal of 6 � His tag. The inserted Nrf2 in
pCzn1-Nrf2 was sequenced. Nrf2-his was expressed in Arctic
ExpressTM transformed with the pCzn1-Nrf2 expression plasmid. A
culture was grown in Luria–Bertani (LB) medium containing
50 mg/ml ampicillin at 37 �C until the OD600 nm was 0.6–0.8, at
which point isopropyl-b-D-thiogalactopyranoside (IPTG) (0.5 mM,
final) was added to induce protein expression.

2.12. Purification of recombinant Nrf2-his

Cells were harvested 12 h later and resuspended in Lysis buffer
containing 20 mM Tris-HCl, 1 mM phenylmethylsulfonyl fluoride
(PMSF) and bacteria protease inhibitor cocktail (pH8.0), then soni-
cated 100 times for 12 s. Samples were centrifuged for 20 min at
10 � 103 g and 4 �C. Precipitated material (inclusion bodies) con-
taining Nrf2-his was washed three more times by resuspending
the material in 20 mM Tris, 1 mM EDTA, 2 M Urea, 1 M NaCl, 1%
Triton X-100 (pH8.0), followed by centrifugation. Pellets from the
final wash were resuspended in buffer A [20 mM Tris (pH7.9),
PPARc-F 50-GGA AGA CCA CTC GCA TTC CTT-30

PPARc-R 50-TCG CAC TTT GGT ATT CTT GGA G-30

b-Actin-F 50-GCT CTG GCT CCT AGC ACC-30

b-Actin-R 50-CCA CTA TCC ACA CAG AGT ACT TG-30

mCPT-1-F 50-GAG GAC AGA TGT GGT GGG TTT-30

mCPT-1-R 50 AGG AGT CAA CTC AGC TTT CTC TT-30

PDK4-F 50-AGG GAG GTC GAG CTG TTC TC-30

PDK4-R 50-GGA GTG TTC ACT AAG CGG TCA-30

ACOX1-F 50-TAA CTT CCT CAC TCG AAG CCA-30

ACOX1-R 50-AGT TCC ATG ACC CAT CTC TGT C-30

Fasn-F 50-GGA GGT GGT GAT AGC CGG TAT-30

Fasn-R 50-TGG GTA ATC CAT AGA GCC CAG-30

Hmgcr-F 50-AGC TTG CCC GAA TTG TAT GTG-30

Hmgcr-R 50-TCT GTT GTG AAC CAT GTG ACT TC-30

Hmgcs2-F 50-GAA GAG AGC GAT GCA GGA AAC-30

Hmgcs2-R 50-GTC CAC ATA TTG GGC TGG AAA-30

SCD1-F 50-TTC TTG CGA TAC ACT CTG GTG C-30

SCD1-R 50-CGG GAT TGA ATG TTC TTG TCG T-30

SOD1-F 50-AAC CAG TTG TGT TGT CAG GAC-30

SOD1-R 50-CCA CCA TGT TTC TTA GAG TGA GG-30

Gaps-F 50-TCC TCA GGT CAA GCA AGT GTT-30

Gaps-R 50-TGG TCC GAC AAC TAC GAG TTC-30

Acaa2-F 50-CTG CTA CGA GGT GTG TTC ATC-30

Acaa2-R 50-AGC TCT GCA TGA CAT TGC CC-30

GSR-F 50-GAC ACC TCT TCC TTC GAC TAC C-30

GSR-R 50-CCC AGC TTG TGA CTC TCC AC-30

ACACA-F 50-GAT GAA CCA TCT CCG TTG GC-30

ACACA-R 50-GAC CCA ATT ATG AAT CGG GAG TG-30

M-Nrf2-seqF 50-GCT ATT TCT GTT GTT TTG CAG TC-30

M-Nrf2-seqR 50-ACT TCT CCT CCT CAC AAA AGA C-30

Table 2
List of the studied gene names.

Gene
names

Gene aliases

Nrf2 NF-E2-related factor 2
PPARc Peroxisome proliferator-activated receptor gamma
Gclc Glutamate cysteine ligase catalytic subunit
Gclm Glutamate cysteine ligase modifier subunit
Gsta2 Glutathione S-transferase class Alpha2
Gsta4 Glutathione S-transferase class Alpha4
Gstm1 Glutathione S-transferase M1
Cidea Cell death-inducing DNA fragmentation factor-a-like effector A
Plin2 Perilipin 2
Lpl Lipoprotein lipase
Nr0b2 SHP, small heterodimer partner
Fitm1 Fat-induced transcript 1, FIT1
Fitm2 Fat-induced transcript 2, FIT2
G0s2 G0/G1 switch gene 2
Fabp1 Fatty acid binding protein-1 genes
Nqo1 NAD (P) H: quinone oxidoreductase 1
PPARa Peroxisome proliferator-activated receptor a
Srebf1 Sterol regulatory element binding protein-1
Elovl2 Elongation of very long-chain fatty acids 2
Lipc Hepatic lipase
PLA2G7 Platelet-activating factor acetylhydrolase
Fasn Fatty acid synthase
mCPT Muscle carnitine palmitoyltransferase I
PDK4 Pyruvate dehydrogenase kinase 4
ACOX1 Acyl-CoA oxidase 1
Hmgcr 3-hydroxy-3-methylglutaryl coenzyme A
Hmgcs2 Hydroxymethylglutaryl CoA synthase 2
SCD1 Stearoyl-CoA desaturase–1
SOD1 Superoxide dismutase 1
Acaa2 Acetyl-coenzyme A acyltransferase 2
Gsr Glutathione reductase
Acaca Acetyl-CoA carboxylase alpha
5 mM DTT and 8 M Urea] and protein was extracted by overnight
nutation at 4 �C. After centrifugation to remove the remaining
insoluble material, samples containing Nrf2-his were aliquoted
and stored at �80 �C. Nrf2-his can be further purified by dialysis
and Ni-NTA–agarose affinity chromatography. The purification
was identified by Coomassie Brilliant Blue staining.
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2.13. Isothermal titration calorimetry (ITC)

ITC experiments on the alpha subtype were performed at 25 �C
using a MicroCal ITC200 microcalorimeter (MicroCal Inc.,
Northampton, MA, USA). Protein was extensively dissolved in a
buffer of PBS (pH 7.4) and the PBS buffer was used to dilute the
Api stock solutions (185 mM in DMSO). DMSO was added to the
protein solution in the same percentage of the ligand solution
(below 0.05%). Protein solution (50 lM) was added to the sample
cell and the ligand solution (10 times more concentrated than
the protein) was injected into the cell in 19 aliquots of 20 ll for
4 s (the first injection was 0.4 ll for 0.8 s) with delay intervals
between injections of 120 s. Reference titration of ligand into buf-
fer was used to correct for heat of dilution. The syringe stirring
speed was set at 1000 rpm. The thermodynamic data were pro-
cessed with Origin 7.0 software provided by MicroCal. To correct
for any discrepancies in the baseline outlined by the software, a
manual adjustment was performed.
2.14. Statistical analysis

The data were expressed as the mean ± standard error of mean
(SEM). The statistical analysis was performed by the Student t-test
when only two value sets were compared. A one-way ANOVA fol-
lowed by a Dunnett’s test was used when the data involved three
or more groups, as indicated in the Figure legends. All of the statis-
tical tests and graphical presentation were performed using the
Prism 5.0 software (GraphPad, San Diego, CA). P < 0.05, P < 0.01
or P < 0.001 were considered statistically significant and indicated
by *, ** or ***, respectively.
3. Results

3.1. Api attenuates HFD-induced NAFLD

Api (Fig. 1A), a food-derived compound, has been reported to
have a marked attenuating effect on the steatosis of liver tissue
[36]. However, the effect of Api on NAFLD progression and the
potential mechanism are still unknown. To address this question,
male C57BL/6 J mice fed with HFD for 16 weeks gradually devel-
oped NAFLD [37–39] were used, with or without 30 mg/kg Api
treatment. Meanwhile, 10 mg/kg Rosi was used as a positive con-
trol. As Fig. 1B-C shown that various degrees of liver steatosis
and many lipid droplets of different sizes were observed in all
HFD-fed mice, suggesting HFD induced the derangement of cell
structures and excessive lipid droplets in hepatocytes, however,
this effect was alleviated by Api treatment. In addition, the levels
of TG in the liver tissue increased in HFDmice were all significantly
reduced by Api treatment (Fig. 1D). Moreover, we assayed the
expression of inflammatory factors MCP-1 (Fig. 1E), TNFa
(Fig. 1F), F4/80 (a surface marker of macrophages) (Fig. 1G), and
the results indicated that Api significantly reduced the expression
of inflammatory factors, suggesting Api obviously inhibited the
liver inflammation.

As shown in Fig. 1H, liver weight of ND mice was significantly
increased by a HFD, which was significantly restored by Api or Rosi
treatment. Meanwhile, we analyzed the liver index (liver/body
weight) and found that it was also obviously reduced by Api or Rosi
treatment (Fig. 1I). Additionally, NAFLD is a disease caused by ‘‘sec-
ond hits” after fat accumulation and hepatic steatosis inflict the
first hit. The second hits may include enhanced lipid peroxidation
and oxidative stress [40]. Therefore, the levels of lipid peroxidation
in the liver tissue were tested. MDA content in liver tissues of HFD
mice was markedly decreased after Api or Rosi treatment (Fig. 1J).
In addition, the levels of antioxidant enzyme activity are the
indices of the oxidative stress response. The effect of Api treatment
on HFD-induced liver oxidative stress was also detected. The
results showed that Api notably increased the activities of anti-
oxidative enzymes in liver, such as an endogenous anti-oxidase
SOD (Fig. 1K), CAT (Fig. 1L) and GSH-Px (Fig. 1M), which were all
obviously inhibited by a HFD. Interestingly, protein carboxylation,
the most frequent and usually irreversible oxidative modification
affecting proteins [41] was markedly enhanced up to 16-fold in
HFD mice compared with ND mice, and Api treatment markedly
decreased the effects (Fig. 1N). Carbonylated protein in the sera
was also detected (Fig. 1O), and the results agreed with the data
in the liver tissue. Importantly, the results of the ratio of GSH with
GSSG were further indicated that Api significantly decreased liver
oxidative stress (Fig. 1P). These data suggest that Api significantly
attenuates HFD-induced NAFLD, including liver steatosis, fat accu-
mulation, liver inflammation and oxidative stress of mice.

3.2. Api attenuates aberrant expression of genes affecting oxidative
stress and lipid metabolism associated with NAFLD in mice

To further investigate the effect of Api on NAFLD progression,
lipid metabolism-related genes, including those affecting lipid dro-
plet formation-, lipid uptake-, lipogenesis- and oxidative stress-,
were tested in the liver tissues of mice by using qRT-PCR. Lipid dro-
plet formation-related genes, such as Cidea, Plin2, Fitm1, Fitm2
and G0s2, which were expressed at abnormally high levels in the
liver tissue of HFD mice, were significantly inhibited by Api treat-
ment (Fig. 2A). Consistently with the results for lipid droplet
formation-related genes, the expression levels of lipid uptake-
related genes (Fabp1 and Lpl) (Fig. 2B), the fatty oxidation genes
including mCPT-1, PDK4, ACOX1, ACAA2 (Fig. 2C) and the
lipogenesis-related gene Fasn, SCD1, HMGCR, ACACA and Nrob2
(Fig. 2D) in HFD mice were also markedly decreased by Api treat-
ment. During NAFLD development, the liver tissue is under oxida-
tive stress. Therefore, we tested the oxidative stress-related genes,
such as Phase 2 enzymes, including glutathione-S-transferase
(GST) isozymes, NADP(H): Quinone oxidoreductase (NQO1), heavy
(catalytic) and light (modifier) subunits of glutamyl cysteine ligase
(GCLc, GCLm), GSTA2 and GSTA4. As shown in Fig. 2E, the expres-
sion levels of these genes in liver were obviously decreased by
HFD, but were significantly increased by Api treatment. These
observations suggest that Api effectively attenuates NAFLD pro-
gression in vivo. In addition, Nrf2 regulates the expression of mul-
tiple cellular defense proteins through the antioxidant response
element (ARE) and also functions as a major regulator of cellular
lipid disposition in the liver [42]. Here, we found that Nrf2 and
Keap1 were significantly enhanced in Api-treated HFD mice com-
pared with vehicle group while the expression of PPARc was no
obvious change (Fig. 2F). Importantly, the nuclear Nrf2 level was
decreased after HFD treatment but was clearly increased by Api
or Rosi treatment. In contrast, the cytosolic increased Nrf2 was
restored to normal levels after Api and Rosi treatment thus sug-
gesting that Api promoted Nrf2 translocating from cytoplasm to
nuclei (Fig. 2G). As to the difference that the effect of Api was more
obvious than Rosi’s, it might for two reasons: one is that their dif-
ferent binding sites with PPARc and different capacities of activat-
ing PPARc [36], the other might for Api not only a modulator of
PPARc but also is an antioxidant. Taken together with the above
results, this suggests that Api can significantly inhibit the progres-
sion of NAFLD.

3.3. Api inhibits the expression of PPARc target genes without obvious
activating effect on PPARc

In our previous study, we have indicated that Api is a PPARM
and it can significantly improve obesity-induced metabolic syn-



Fig. 1. Api attenuates HFD-induced NAFLD. (A) The chemical structure of Api. (B) Representative H&E staining showed liver, morphology from ND and HFD mice (n = 6)
treated with the vehicle (0.1% DMSO), Api for 3 weeks, original magnification �400 (n = 6). (C) Quantification of the steatosis of liver tissue, n = 6. (D) The TG contents in the
liver tissue of ND and HFD mice (n = 6) treated with the vehicle (0.1% DMSO), Api for 3 weeks were assayed with a TG assay kit. (E-G) The inflammatory cytokine MCP-1, TNF-
a, and the expression of F4/80 in the liver tissue of HFD-fed mice treated with the vehicle (0.1% DMSO), Api for 3 weeks were measured by qRT-PCR according to
manufacturer’s instructions (n = 6). (H) The effect of Api on mice liver weight. (I) The effect of Api on mice liver index. (J) The lipid peroxidation product MDA was tested by
using a MDA assay kit. The activities of SOD (K), CAT (L), and GSH-Px (M) in the liver tissue of mice treated with vehicle (0.1% DMSO), Api (30 mg/kg) or Rosi (10 mg/kg) were
measured. (N-O) The carbonyl proteins in the liver tissues/sera of mice treated with vehicle (0.1% DMSO), Api (30 mg/kg) or Rosi (10 mg/kg) were tested. (P) The ratio of GSSG/
GSH in the liver tissue of mice treated with vehicle (0.1% DMSO), Api (30 mg/kg) or Rosi (10 mg/kg) were evaluated. Data are means ± SEM. Statistical analysis is based on one-
way ANOVA followed by a Dunnett’s test. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 vs ND or HFD group.
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drome. To elucidate the role of PPARc in Api attenuating NAFLD,
we first established an in vitromodel of mouse NAFLD by using dif-
ferent doses of free fatty acid (FFA) to stimulate mouse hepatoma
Hepa1-6 for 24 h. Then, the lipid contents in the cells were ana-
lyzed by using oil red O staining and quantified on the basis of
the optical density. As the Fig. 3A showed that 1 mM FFA was suf-
ficient to induce cells to produce lipids. In addition, the effects of
Api and/or FFA on the viability of hepatocytes presented in
Fig. 3B showed that Api and/or FFA under the dosages we used
had no significant toxicity on the viability of Hepa1-6 cells. Thus,
1 mM FFA and (1–10 lM) Api was used to perform the subsequent
experiments.

Next, we investigated the role of PPARc in Api ameliorating
NAFLD. When treated with Api, the lipid accumulation was mark-
edly decreased in the Hepa1-6 (Fig. 3C). Meanwhile, the mRNA
level of PPARc induced by FFA or HFD was significantly decreased
by Api treatment (Fig. 3D). Furthermore, as shown in Fig. 3E, Api
showed little effect on PPARc activity assayed by using a luciferase
reporter system while Rosi significantly enhanced PPARc activity.
However, the expression of genes targeted by PPARc was signifi-



Fig. 2. Api attenuates the oxidative stress and lipid metabolism-related gene deregulation associated with NAFLD. Relative mRNA expression of lipid droplet-related genes,
including Cidea, Plin2, Fitm1, Fitm2 and G0s2 (A), lipid uptake-related genes Fabp1, Lpl (B), fatty acid oxidation genes mCPT-1, PDK4, ACOX1, and ACAA2 (C), lipogenesis
genes Fasn, SCD1, HMGCR, ACACA and Nrob2 (D) and oxidative stress-related genes, such as Nqo1, Gclc, Gstm1, Gsta2, Gclm and Gsta4 (E), in the liver tissues of mice treated
with vehicle (0.1% DMSO), Api (30 mg/kg) or Rosi (10 mg/kg) were measured by using qRT-PCR, and normalized to (HFD + vehicle) group and b-actin level. (F) Nrf2, Keap1 and
PPARc protein expression in the liver tissues of mice treated with vehicle (0.1% DMSO), Api (30 mg/kg) or Rosi (10 mg/kg) were assayed by using western blotting and
quantified by using Image J software. (G) Nuclear protein and cytoplasmic proteins were recovered from lysed liver tissue of mice treated with vehicle (0.1% DMSO), Api
(30 mg/kg) or Rosi (10 mg/kg), and were subjected to western blotting and quantified by using Image J software. Data are means ± SEM. Statistical analysis is based on one-
way ANOVA followed by a Dunnett’s test. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 vs the (HFD + Vehicle) group.
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cantly decreased by Api in vitro (Fig. 3F), which is consistent with
the results obtained in obese mice (Fig. 2A). Together, these find-
ings indicate that Api inhibits the expression of PPARc target genes
but shows no significant effect on PPARc activity in mouse cell
model of NAFLD.

3.4. Nrf2 is necessary for Api inhibiting NAFLD progression

Numerous studies have established that Nrf2 is involved in
NAFLD progression [43,44]. In addition, Api, as a natural plant fla-
vonoid, has been reported to induce dissociation of Keap1/Nrf2
complex and activation Nrf2 [45]. Also there is study indicated that
Api can demethylase Nrf2 in the promoter region [46]. Our in vivo
data also indicated that Api significantly increased Nrf2 expression
in the liver tissue of HFD mice and promoted Nrf2 protein translo-
cating into nuclei (Fig. 2F-G). Here, further studies were performed
to investigate the role of Nrf2 in Api regulating NAFLD. SFN, which
interacts directly with Keap1 disrupts the complex between keap1
and Nrf2, releasing Nrf2 to migrate to the nucleus, as a positive
control. Firstly, the mRNA levels of Nrf2 were comparable between



Fig. 3. Api inhibits the expression of genes targeted by PPARcwithout obvious effect on PPARc activity. (A) Hepa1-6 cells were treated with different doses of FFA (0.5–1 mM)
for 12 h to establish a NAFLD cell model. Lipid accumulation was visualized using oil Red O staining (left) and then quantified according to the OD value (right). Original
magnification, �200. Data are means ± SEM. Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. *P < 0.05, **P < 0.01 vs untreated group. (B) The
effects of various concentrations of Api (0.2–64 lM) on the viability of Hepa1-6 cells were assayed by using the MTT method. Data are means ± SEM. Statistical analysis is
based on one-way ANOVA followed by a Dunnett’s test. ns, not significant vs FFA treated group (C) The effect of Api on FFA-induced lipid accumulation in Hepa1-6 cells was
assayed by using oil Red O staining (left) and quantified on the basis of OD values (right). Original magnification, �100. Data are means ± SEM. Statistical analysis is based on
one-way ANOVA followed by a Dunnett’s test. *P < 0.05, **P < 0.01 vs untreated group or FFA treated group. (D) PPARcmRNA expression in Hepa1-6 cells or liver tissue derived
from HFD mice treated with vehicle (0.1%DMSO), Api (30 mg/kg) or Rosi (10 mg/kg) was measured by using qRT-PCR and normalized to b-actin levels. Data are means ± SEM.
Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. *P < 0.05, **P < 0.01 vs FFA treated group or (HFD + Vehicle) group. (E) Transcriptional activation
of PPARc in cells treated with Api. Hepa1-6 cells were transfected with pIRES-mPPARc/PPRE-Luc and pRL-control using Lipofectamine 2000. Then, cells were pre-treated with
1 mM FFA for 12 h before Api treatment for 24 h. Luciferase activities were measured by using a dual luciferase reporter assay system. Data are means ± SEM. Statistical
analysis is based on one-way ANOVA followed by a Dunnett’s test. *P < 0.05, **P < 0.01 vs untreated group or FFA treated group. (F) Hepa1-6 cells were pre-treated with 1 mM
FFA for 12 h before Api treatment for 24 h. The indicated genes were measured by using qRT-PCR and normalized to b-actin levels. Data are means ± SEM. Statistical analysis
is based on one-way ANOVA followed by a Dunnett’s test. *P < 0.05, **P < 0.01 vs FFA treated group.
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the Api-treated group and the vehicle control group (Fig. 4A), thus
suggesting that Api did not affect Nrf2 mRNA expression. However,
the Nrf2 protein level was significantly increased by Api in a dose-
dependent manner (Fig. 4B) in the cell model, consistent with the
results in vivo (Fig. 2F). Moreover, the level of Keap1 protein was
also increased by Api treatment in the liver tissue compared with
control group (Fig. 2F), which is agreed with Oscar Perez-Leal’
study that Api as an inducer of Nrf2 was not independent of
Keap1-mediated degradation. Interestingly, consistently with
in vivo data, the nuclear Nrf2 level was decreased after FFA treat-
ment but was clearly increased with increasing doses of Api. In
contrast, the cytosolic increased Nrf2 was restored to control levels
after Api treatment, thus suggesting that Api promoted Nrf2
translocation from cytoplasm to nucleus (Fig. 4C), which is also
consistently with in vivo result (Fig. 2G). As expected, Nrf2 activity
was significantly increased by Api assayed by luciferase reporter
system (Fig. 4D). The mRNA levels of the lipid metabolism-
related genes negatively regulated by Nrf2, which were notably
up-regulated by FFA in the Hepa1-6 cells, were significantly
down-regulated by Api (Fig. 4E). Meanwhile, the oxidative stress-



Fig. 4. Api regulates Nrf2 nucleocytoplasmic transport and activates Nrf2. (A) Hepa1-6 cells were pre-treated with 1 mM FFA for 12 h before Api treatment for 24 h. Nrf2
mRNA expression was measured by using qRT-PCR and normalized to b-actin levels. (B) The effect of Api on the expression of Nrf2, PPARc proteins was detected by using
western blotting and quantified by using Image J software. (C) Nuclear protein and cytoplasmic proteins were recovered from lysed Hepa1-6 cells treated with 1 mM FFA or
1 mM FFA plus different doses of Api, and were subjected to western blotting and quantified by using Image J software. (D) Transcriptional activation of Nrf2 in cells treated
with 1 mM FFA or 1 mM FFA plus different doses of Api. Hep1-6 cells were transfected with plenti-mNrf2/ARE-Luc and pRL-control using Lipofectamine 2000. Then, cells were
pre-treated with 1 mM FFA for 12 h before Api treatment for 24 h. The effect of Api on Nrf2 activity was evaluated by using a luciferase reporter system. (E) Relative mRNA
expression of PPARa, Lipc, Fasn, Fabp1, Elvol2 and Srebf1 and (F) the oxidative stress-related genes, such as Nqo1, Gclc, Gclm, Gsta4, Gsta2 and Gstm1 were quantified by
using qRT-PCR and normalized to b-actin levels. Data are means ± SEM. Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. ns, not significant,
*P < 0.05, **P < 0.01, ***P < 0.001 vs FFA treated group.
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related genes, such as Nqo1, Gclc, Gclm, Gsta4, Gsta2 and Gstm1,
which were clearly down-regulated by FFA in the Hepa1-6 cells,
were significantly up-regulated by Api (Fig. 4F). Thus, Api can acti-
vate Nrf2, and thus regulating the corresponding genes targeted by
Nrf2.

Additionally, in order to further examine the role of Nrf2 in Api
induced inhibition of NAFLD progression, the expression of Nrf2 in
hepatocytes was knocked down by specific shRNAs. At first, the
efficacy of Nrf2 shRNA was verified by western blotting and qRT-
PCR (Fig. 5A-B). When Nrf2 expression was inhibited by Nrf2
shRNA, the effects of Api on the mRNA levels of both lipid
metabolism-related genes (PPARa, Lipc, Fasn, Fabp1, Elvol2, Srebf1
and Pla2g7) (Fig. 5C) and oxidative stress-related genes (Nqo1,
Gclm, Gclc, Gsta4, Gsta2 and Gstm1) were abolished (Fig. 5D).
Taken together, all these results suggest that the regulation of
NAFLD progression by Api is dependent on Nrf2.
3.5. Api binds with Nrf2 to inhibit its function of activating PPARc

According to our above results, the regulation of PPARc target
genes by Api might be associated with Nrf2 in hepatocytes. Firstly,
Nrf2 was over-expressed in hepatocytes to detect the effect of Api
on PPARc activity. The data shown in Fig. 6A indicated that PPARc
activity was further inhibited after Nrf2 overexpressed, thus sug-
gesting that Nrf2 negatively regulated PPARc activity. Moreover,
the expression of PPARc downstream genes (Nrob2, Cidea, Fitm2,
Fitm1 and G0s2) was further inhibited by Api in Nrf2 over-
expressing cells (Fig. 6B). Additionally, PPARc was significantly
activated by Api after Nrf2 knock out by CRISPER/Cas9 system in
NAFLD cell model (Fig. 6C). Certainly, after Nrf2 knockdown, the
inhibition effect of Api on the mRNA levels of genes targeted by
PPARc were clearly eliminated (Fig. 6D). The same conclusion
was obtained in Nrf2 knock out hepatocytes (Fig. 6E). These data



Fig.5. Nrf2 is necessary for Api inhibiting hepatocyte lipid metabolism disorder and oxidative stress induced by FFA in vitro. (A) Nrf2 mRNA level in Hepa1-6 cells transfected
with scrambled or Nrf2 shRNA were evaluated by using qRT-PCR and normalized to b-actin levels. Data are means ± SEM. Statistical analysis is based on one-way ANOVA
followed by a Dunnett’s test. (B) Nrf2 protein expression level in Hepa1-6 cells transfected with scrambled or Nrf2 shRNA were evaluated by using western blotting and
quantified by using Image J software. (C-D) Hep1-6 cells transfected with scrambled or Nrf2 shRNA were pre-treated with 1 mM FFA before Api treatment for 24 h, then
subjected to qRT-PCR with the indicated probes (below graphs) and normalized to b-actin levels. Data are means ± SEM. All data shown are representative of three
independent experiments. Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 vs scramble-FFA or
shRNA-FFA group.
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Fig. 6. Nrf2 negatively regulates PPARc in the Api-treated NAFLD cell model. (A) Transcriptional activation of PPARc in Nrf2 over-expression cells treated with FFA or FFA plus
Api. Nrf2 over-expression cells were transfected with pIRES-mPPARc/PPRE-Luc, pRL-control and PPARc using Lipofectamine 2000. Then, cells were pre-treated with 1 mM
FFA for 12 h before Api treatment for 24 h. Luciferase activity levels were measured by using a dual luciferase reporter assay system. (B) Hepa1-6 cells transfected with the
lac-Z empty vector or Nrf2 vector were pre-treated with 1 mM FFA before Api treatment for 24 h, then subjected to qRT-PCR with the indicated probes (below graphs) and
normalized to b-actin levels. Data are means ± SEM. Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. *P < 0.05, **P < 0.01, ***P < 0.001 vs the lacZ-
FFA or Nrf2-FFA group. (C) Transcriptional activation of PPARc in Nrf2 knock out cells treated with FFA or FFA plus Api. Nrf2 knock out cells were transfected with pIRES-
mPPARc/PPRE-Luc, pRL-control and PPARc using Lipofectamine 2000. Then, cells were pre-treated with 1 mM FFA for 12 h before Api treatment for 24 h. Luciferase activity
levels were measured by using a dual luciferase reporter assay system. Data are means ± SEM. Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. ns,
not significant, *P < 0.05, **P < 0.01 vs the untreated group or FFA treated group. (D) Hepa1-6 cells transfected with scrambled empty vector or Nrf2 shRNA vector were pre-
treated with 1 mM FFA before Api treatment for 24 h, followed by qRT-PCR with the indicated probes (below graphs) and normalized to b-actin levels. Data are means ± SEM.
Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 vs the scramble-FFA or ShRNA-FFA group. (E)
Nrf2 knock out Hepa1-6 cells were pre-treated with 1 mM FFA before Api treatment for 24 h, followed by qRT-PCR with the indicated probes (below graphs) and normalized
to b-actin levels. Data are means ± SEM. Statistical analysis is based on one-way ANOVA followed by a Dunnett’s test. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001
compared with the scramble-Api group. All data shown are representative of three independent experiments.
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suggest that the activation effect of PPARc is counteracted by Nrf2
activation by Api.

As we known, in macrophages and in lung of mice, Nrf2 regu-
lated PPARc expression by the interaction [47,48]. However, we
did not detect the interaction between Nrf2 and PPARc by using
co-immunoprecipitation in hepatocytes (data not shown). Then
we performed the molecular docking experiment to assay the
interaction between Api and Nrf2 and the data shown in Fig. 7A
indicated that the 4 and 7 hydroxyl hydrogen of Api could form
H bonds with the residues of carboxyl oxygen of Nrf2’s GLU496
or MET 499, separately. And the total binding free energy between
Api and Nrf2 was �6.6 kcal/mol. Then, to explore whether Api can
directly bind to Nrf2, we first expressed and purified the recombi-
nant his6-tagged Nrf2 (Fig. 7B-C). Then qualitative method-ITC was
employed to analyze the binding activity between Nrf2 and Api at
298 K. The binding affinity and binding stoichiometry of Nrf2 to



Fig. 7. Api binds with Nrf2. (A) Api can bind with Nrf2 at the sites of GLU496 and MET 499 via hydrogen bond. (B) The expression of Nrf2-his in bacteria was staining with
coomassie brilliant blue. Lane M: Protein Marker, Lane 1: Un-induced, Lane 2: Induced, Lane3: supernatant of 11 degree induction with 0.5 mM IPTG, Lane 4: Precipitate of 11
degree induction with 0.5 mM IPTG. (C) The purification of Nrf2-his and the identification assay by using coomassie brilliant blue staining, Lane M: Protein marker, Lane 1:
Un-purified, Lane 2: Flow through, Lane 3: Elution. (D) ITC data for binding of Api to Nrf2. The left panels show the raw data, and the right panels show the corresponding
binding isotherm fitted according to the ‘‘one binding site” model. Reference titration of ligand into buffer was used to correct for heat of dilution. The thermodynamic
parameters (K, DH, and DS) are indicated under the below.
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Api were obtained via the one-site binding model fitting using
integrated binding heat, which revealed 1 potential Api binding
sites within Nrf2 with moderate binding affinity
(Ka = 301 ± 1.22E5 M�1) (Fig. 7D). Thus, we conclude that Api
might binds with Nrf2 to inhibit its function of activating PPARc,
leading to the amelioration of NAFLD.
4. Discussion

NAFLD, the most common chronic liver disease strongly associ-
ated with obesity, is an emerging metabolic-related disorder char-
acterized by fatty infiltration of the liver in the absence of alcohol
consumption [49]. The disease ranges from simple steatosis to
non-alcoholic steatohepatitis (NASH), includes a wide spectrum
of liver disorders and markedly affects the health of affected indi-
viduals [50]. Currently, there is no approved pharmacological
treatment for NAFLD although a large variety of phytochemicals
and/or nutraceuticals have been concerned. A major challenge to
drug therapies is that the detail mechanism remains elusive. Thus,
studies on mechanisms of NAFLD and potential protective thera-
peutic interventions are important and topical.

PPARc is a ligand-activated transcriptional factor [51] that has
been recognized as the target of anti-diabetic drugs thiazolidine-
dione. Opinions differ regarding PPARc activation in the liver.
There have been concerns about the worsening of steatosis and
liver injury when PPARc ligands are administered to patients with
NASH for de novo lipogenesis (DNL). Some studies have indicated
that PPARc activation induces novel, previously undefined mecha-
nisms that attenuate NASH, including improved b-oxidation, which
decreases hepatic steatosis, and the up-regulation of the Nrf2 path-
way, which decreases oxidative stress, thereby overriding the
PPARc-induced DNL effects [29]. These opinions highlight the need
for novel approaches, such as more selective PPARc modulation,
which can improve b-oxidation, decrease hepatic steatosis. Total
flavonoids (TFs) from Rosa laevigata Michx fruit may serve as a
new drug for NAFLD treatment [7]. Api, a widely distributed plant
flavonoid, has been identified as a modulator of PPARc that is effec-
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tive in improving metabolic syndrome without the side effects of
TZDs, by binding to different sites of PPARc [15]. Here, we report
that the pharmacological administration of Api effectively
improves HFD-induced hepatic steatosis, hepatic lipid oxidation,
lipogenesis and oxidative stress, thus suggesting that Api inhibits
the progression of NAFLD. Although some previous reports have
shown that increasing PPARc expression is a feature of the steato-
tic liver and can activate lipogenic genes and DNL [52,53], it had no
deleterious effects under conditions of HFD-induced hepatic
steatosis and oxidative stress. In addition, the activation
[29,54,55] of PPARc by its ligands, can effectively attenuate NAFLD
progression. However, the mechanism of PPARc in modulating
NAFLD is still elusive until now.

In our study, we found that the activities of anti-oxidant
enzymes and lipid peroxidation were significantly restored by
Api treatment. Interestingly, the activation function of PPARc by
Api disappeared in hepatocytes of NAFLD model but its target
genes were markedly inhibited, suggesting there must be some
negative regulatory factor of PPARc involved in the event. As we
know, transcription factor Nrf2 plays a central role in defense
against oxidative stress and lipid metabolism abnormity [18,56].
In addition, cross-talk between PPARc and Nrf2 has been well sta-
ted. Transfection of Nrf2 stimulates PPARc promoter activity, and
stable knockdown of Keap1 enhances PPARc expression in 3T3-
L1 cells [57]. Nrf2-induced PPARc plays an essential protective role
during the pathogenesis of pulmonary inflammation and oxidative
stress in acute lung injury [47]. In contrast, Nrf2 can also be sup-
pressed by activated PPARc via a protein-protein interaction in
macrophages [48]. In our study, we found that Nrf2 was translo-
cated into the nucleus and the activity of Nrf2 was clearly
increased by Api. The target genes of Nrf2, including anti-oxidant
genes (Nqo1, Gclm, Gclc, Gsta4, Gsta2 and Gstm1) and lipid meta-
bolic genes (PPARa, Lipc, Fasn, Fabp1, Elvol2 and Srebf1), were all
expectedly affected by Api. Nrf2 knock down by specific shRNA or
knock out by CRISPER/Cas9 system diminished the protective
effects of Api on the oxidative stress and lipid metabolism of liver
tissue. Meanwhile, Nrf2 overexpression enhanced the inhibition
effect of Api on and the expression of the hepatocyte lipid meta-
bolic genes. Thus, Nrf2 is required for Api ameliorating HFD-
induced oxidative stress and lipid metabolic disorders of liver
tissue.

Importantly, Nrf2 overexpression further inhibited the activity
of PPARc in the presence of Api. After Nrf2 knock out in hepato-
cytes, PPARc activity was significantly activated by Api, indicating
that the activation of Nrf2 by Api inhibited its function of activat-
ing PPARc. As expected, the inhibition effects of PPARc target
genes induced by Api were blocked in Nrf2 knockdown cells.
Together, the data indicated that Nrf2 activation induced novel
mechanisms to decrease oxidative stress and override the PPARc-
induced DNL effects. For the mechanism, although we did not
detect the interaction between Nrf2 and PPARc (data not shown),
the docking experiment indicated that Api can interact with Nrf2.

In summary, our findings demonstrated that Api had the effi-
cacy on inhibiting NAFLD progression by improving the oxidative
stress and the lipid metabolism abnormity of liver. Further mech-
anism study found that Api inhibited its function of activating
PPARc via Nrf2 activation. This study supplied a novel regulating
mode of Nrf2 and PPARc by Api in inhibiting lipid metabolism
and oxidative stress abnormity to improve the progression of
NAFLD and has potential importance in the field of NAFLD therapy.
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