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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Caloric excess and sedentary lifestyles have led to an epidemic of obesity, metabolic
NRF2 syndrome, and non-alcoholic fatty liver disease (NAFLD). The objective of this study was to investigate the
KEAP1 mechanisms underlying high fat diet (HFD)-induced NAFLD, and to explore NRF2 activation as a strategy to
High fat diet .

Antonha alleviate NAFLD.

Ferrol;tofi}; Approach and results: Herein, we demonstrated that high fat diet (HFD) induced lipid peroxidation and ferrop-
Liver steatosis tosis, both of which could be alleviated by NRF2 upregulation. Mechanistically, HFD suppressed autophagosome
NAFLD biogenesis through AMPK- and AKT-mediated mTOR activation and decreased ATG7, resulting in KEAP1 sta-
ATG7 bilization and decreased NRF2 levels in mouse liver. Furthermore, ATG7 is required for HFD-induced NRF2
mTOR downregulation, as ATG7 deletion in Cre-inducible ATG7 knockout mice decreased NRF2 levels and enhanced
AKT ferroptosis, which was not further exacerbated by HFD. This finding was recapitulated in mouse hepatocytes,
AMPK ) which showed a similar phenotype upon treatment with saturated fatty acids (SFAs) but not monounsaturated
Fatty acids fatty acids (MUFAs). Finally, NRF2 activation blocked fatty acid (FA)-mediated NRF2 downregulation, lipid

peroxidation, and ferroptosis. Importantly, the HFD-induced alterations were also observed in human fatty liver
tissue samples.

Conclusions: HFD-mediated autophagy inhibition, NRF2 suppression, and ferroptosis promotion are important
molecular mechanisms of obesity-driven metabolic diseases. NRF2 activation counteracts HFD-mediated NRF2
suppression and ferroptotic cell death. In addition, SFA vs. MUFA regulation of NRF2 may underlie their harmful
vs. beneficial effects. Our study reveals NRF2 as a key player in the development and progression of fatty liver
disease and that NRF2 activation could serve as a potential therapeutic strategy.

1. Introduction chronic liver disease, affects up to 25% of the world’s adult population
[1]. Despite this growing prevalence, the mechanisms that drive NAFLD

Caloric excess and sedentary lifestyles have led to an imbalance of development and subsequent progression remain poorly understood.
energy uptake and consumption, resulting in a global epidemic of NAFLD is a spectrum of progressive liver diseases including simple fatty
obesity. Obesity is the main driver of metabolic disease and non- liver (steatosis), nonalcoholic steatohepatitis (NASH), hepatic fibro-

alcoholic fatty liver disease (NAFLD). NAFLD, a leading cause of sis/cirrhosis, and hepatocellular carcinoma (HCC) [2,3]. Hepatic
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steatosis, the earliest stage of NAFLD, is prevalent in obese individuals,
with the potential to advance to more severe liver diseases, type 2 dia-
betes mellitus, and other metabolic diseases [4]. While hepatic steatosis
is reversible, it can progress to NASH, an irreversible stage. Therefore,
reversing steatosis or slowing down its progression to NASH represents
an important intervention strategy. The progression of NAFLD from
steatosis to NASH is influenced by dietary fats that are rich in saturated
fatty acids (SFAs) and cholesterol (i.e., the Western diet) [5,6]. On the
other hand, the Mediterranean diet consisting of olive oil, fish, nuts,
fruits, vegetables, legumes, and cereals that are rich in monounsaturated
fatty acids (MUFASs), has been recognized as a healthy diet that reduces
the risk of chronic diseases including NAFLD [7].

Mechanisms of NAFLD progression are multifactorial involving ge-
netic variations, as well as increased lipid peroxidation and oxidative
stress, defective hepatic autophagy, and imbalances in gut microbiota
[8,9]. The protective role of the transcription factor NRF2 in NAFLD has
been studied, but a detailed mechanistic understanding of the relation-
ship between NRF2 and NAFLD is lacking [10-13]. NRF2 mediates the
cellular antioxidant defense system through upregulation of
ARE-bearing target genes [14]. Under basal conditions, the protein
levels of NRF2 are kept low due to ubiquitylation and proteasomal
degradation, primarily through the action of the KEAP1-Cullin3-Rbx1
E3 ligase complex. Functionally, KEAP1 acts as a substrate adaptor
protein that brings NRF2 to the E3 complex [15-17]. As a result, NRF2
generally has a short half-life because of constant ubiquitylation and
proteasomal degradation; however, this can be disrupted by NRF2 ac-
tivators such as sulforaphane (SF). SF works in a KEAP1-cysteinel51
dependent manner, resulting in stabilization of NRF2 and activation of
NRF2 regulated pathways. In contrast to short-lived NRF2, KEAP1 has a
longer half-life that is controlled through
autophagy-lysosomal-dependent degradation, which is generally
responsible for removal of old or damaged organelles and misfolded
proteins [18]. p62, an autophagy cargo-receptor protein, directly in-
teracts with KEAP1 via a DPSTGE motif (similar to the ETGE-interaction
motif in NRF2), and can recruit KEAP1 into the autophagosome [19,20].
Next, the autophagosome merges with the lysosome, and KEAP1 and
p62 are degraded by lysosomal proteases. Importantly, conditions or
compounds that change the protein level or subcellular localization of
p62 can disturb the balance between the KEAP1-p62 vs. KEAP1-NRF2
interaction, resulting in NRF2 activation, as exemplified by p62 over-
expression or chronic arsenic treatment in cells [19-21].

Autophagy starts with formation of the phagophore, the maturation
of which is dependent upon both the ULK complex and the ATG
conjugation system, which work in concert to ensure phagophore for-
mation, expansion, and eventual formation of a mature autophagosome
[22,23]. HFD was previously shown to inhibit AMPK activation, pro-
mote mTOR activation, and inhibit ULK complex formation, thus sup-
pressing autophagy [24,25]. Autophagy, in turn, regulates lipid
metabolism and lipid droplet storage, and dysregulation of this axis has
been associated with metabolic disorders [23,26]. Another study
showed a reduction of autophagy in both ob/ob and HFD-induced
obesity mouse models [27]. In addition to HFD-mediated autophagy
dysregulation, many recent studies have demonstrated an association
between HFD, obesity, and ferroptosis, a form of cell death that is
induced by excessive lipid peroxidation and free labile iron accumula-
tion. Along these lines, ferroptosis has been shown to play a role during
the development and/or progression of chronic liver diseases including
NAFLD [28]. HFD was also shown to cause hepatic lipotoxicity by
inducing oxidative stress and lipid accumulation, thus triggering fer-
roptotic cell death [29]. A recent study also indicated that NRF2 acti-
vation improves NAFLD by suppressing ferroptosis [30]. With the
explosion of ferroptosis-related research, many crucial players that
control ferroptotic cell death have been identified. For instance, inhi-
bition of solute carrier family 7 member 11 (SLC7A11), a subunit of the
cystine/glutamate antiporter xCT and NRF2-target gene, sensitizes cells
to ferroptosis [31]. Glutathione peroxidase 4, an enzyme that catalyzes
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the reduction of peroxides at the expense of reduced glutathione, has
also been shown to be a key regulator of ferroptosis [32,33]. Further-
more, acyl-CoA synthetase long-chain family member 4 (ACSL4) has
been identified as a reliable biomarker, with its expression positively
correlating with the sensitivity of cells to ferroptosis [34]. PTGS2, the
gene encoding COX-2, is also significantly upregulated during ferrop-
tosis [32].

In the current study, we investigated the molecular basis of obesity-
driven metabolic liver diseases using HFD-induced NAFLD as a model.
We demonstrated the importance of the interplay between HFD, auto-
phagy, NRF2, and ferroptosis in NAFLD development and progression.
We found that HFD inhibited autophagosome biogenesis, suppressed
NRF2, and promoted ferroptosis both in vitro and in vivo. Our study also
uncovered distinct signaling mechanisms between SFAs and MUFAs.
Finally, we showed that NRF2 activation is a promising therapeutic
strategy to block ferroptotic cell death, reverse steatosis, and possibly
slow down NAFLD progression.

2. Materials and methods
2.1. Chemicals, reagents, and antibodies

Fatty Acid Supplement (F7050), palmitic acid (P0050), palmitoleic
acid (P9417), oleic acid (01383), stearic acid (S4751), sulforaphane
(S6317), MTT (M2003), rapamycin (R8781), and ferrostatin-1
(SML0583) were purchased from Sigma-Aldrich. The Amplite™ Color-
imetric Aspartate Aminotransferase (AST) Assay Kit (13801) and
Amplite™ Colorimetric Alanine Aminotransferase (ALT) Assay Kit
(13803) were purchased from AAT Bioquest. Antibodies against NRF2
(1:1000, sc-13032), KEAP1 (1:1000, sc-15246), p62 (1:1000, sc-28359),
GPX4 (1:1000, sc-166570), GAPDH (1:3000, sc-32233), as well as the
mouse (1:3000, sc-2005), goat (1:3000, sc-2350), and rabbit (1:3000, sc-
2004) secondary antibodies conjugated to horseradish peroxidase were
purchased from Santa Cruz Biotechnology. The antibodies against
SLC7A11 (1:3000, 12691S), AMPK (1:3000, 5831S), pAMPK (1:3000,
2535S), AKT (1:3000, 4691S), pAKT (1:3000, 4060S), mTOR (1:3000,
2983S), and pmTOR (1:3000, 5536S) were purchased from Cell
Signaling. The antibodies against LC3 (1:3000, L8918) and ATG7
(1:3000, A2856) were purchased from Sigma. The antibody against 4-
HNE (1:200, ab46545) was purchased from Abcam.

2.2. Cell culture

AML12 cells (ATCC, CRL-2254) were cultured using DMEM:F12
Medium (Corning, 15-090-CV) supplemented with 10% fetal bovine
serum (Gibco, 26140-079), 10 pg/mL insulin (Sigma, 91077C), 5.5 pg/
mL transferrin (Sigma, T8158), 5 ng/mL selenium (Sigma, 229865), and
40 ng/mL dexamethasone (Sigma, D4902). Cells were cultured in a
humidified incubator at 37 °C with 5% CO,. The generation of Nrf2~/~
cells was performed as reported in our previous studies [35,36], using a
pair of sgRNA oligos (sgRNA-A: 5'-AGAATTCCTCCCAATTCAGC-3’;
sgRNA-B: 5'-TTACTCATCGATCTCCTCGC-3') that targeted Nrf2 coding
sequences. Successful knockout was confirmed using sequencing and
immunoblot analysis.

2.3. Live cell immunofluorescence microscopy

AML12 cells were seeded in 35 mm glass-bottom dishes. The next
day, cells were transfected with the ptfLC3 vector containing mRFP-
GFP-LC3 (from Dr. Eileen White’s lab, Cancer Institute of New Jersey,
Rutgers) using Lipofectamine 3000 (Thermo Fisher Scientific,
L3000150) for 24 h, then either left untreated, or treated with 2 mL/L
Fatty Acid Supplement for 24 h. Finally, cells were imaged using a Zeiss
Observer Z1 microscope using the Slidebook 4.2.0.11 software (Intelli-
gent Imaging Innovations).
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2.4. Nile Red and BODIPY staining

Lipid droplet formation and lipid peroxidation were analyzed via
Nile Red and BODIPY staining, respectively. Briefly, AML12 cells were
washed with 1X PBS, then incubated with 0.1 pg/ml Nile Red (Sigma,
72485) or 1 pM BODIPY 581/591 C11 (Thermo Fisher Scientific, D3861)
for 30 min in normal culture medium at 37 °C. Cells were then washed
twice with 1X PBS and imaged. For the tissue staining, liver tissue from
the indicated groups were fixed in 3.7% paraformaldehyde, rinsed
several times with 1X PBS, then 20 pm thick sections were cut using a
vibratome (Precisionary Instruments LLC). Tissue sections were then
incubated with 1 pg/ml Nile Red or 5 pM BODIPY 581/591 C11 for 30
min in 1X PBS at room temperature and washed twice with 1X PBS.
Finally, the tissue sections were mounted with Vectashield (Vector Labs)
and imaged.

2.5. Real-time quantitative reverse transcription PCR (qRT-PCR)

Total mRNA was extracted using TRIzol (Invitrogen), and 2 pg of
total RNA was used to synthesize cDNA. Mouse Gapdh was used for all
normalization, and all experiments were performed in triplicate. The
primer sequences (5'-3') are as follows:

mNrf2-F: CTCAGCATGATGGACTTGGA

mNrf2-R: TCTTGCCTCCAAAGGATGTC

mKeap1l-F: GATCGGCTGCACTGAACTG

mKeapl-R: GGCAGTGTGACAGGTTGAAG

mSqstm1(p62)-F: AGGATGGGGACTTGGTTGC

mSqgstm1(p62)-R: TCACAGATCACATTGGGGTGC

mAtg7-F: TGACCTTCGCGGACCTAAAGA

m Atg7-R: CCCGGATTAGAGGGATGCTC

mSlc7all-F: TGGGTGGAACTGCTCGTAAT

mSlc7all-R: AGGATGTAGCGTCCAAATGC

mGpx4-F: GATGGAGCCCATTCCTGAACC

mGpx4-R: CCCTGTACTTATCCAGGCAGA

mPtgs2-F: TGAGCAACTATTCCAAACCAGC

mPtgs2-R: GCACGTAGTCTTCGATCACTATC

mGapdh-F: AGGTCGGTGTGAACGGATTTG

mGapdh-R: TGTAGACCATGTAGTTGAGGTCA.

2.6. Immunoblot analyses

Cells were harvested in 1X sample buffer (50 mM Tris-HCI pH = 8,
2% SDS, 10% glycerol, 100 mM DTT, and 0.1% bromophenol blue).
Lysates were immediately boiled for 5 min and sonicated as reported
previously (36). All samples were resolved by SDS-PAGE and transferred
onto a nitrocellulose membrane. Following transfer, membranes were
blocked with 5% milk and incubated with primary antibodies overnight
at 4 °C, followed by incubation with secondary antibody for 1 h at room
temperature. Finally, protein bands were visualized using SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific)
and the Azure 600 Imaging System (Azure Biosystems). The results in
each group were quantified using ImageJ (National Institutes of Health).

2.7. Animal studies

All mice were handled according to the Guide for the Care and Use of
Laboratory Animals, and all protocols were approved by the University
of Arizona Institutional Animal Care and Use Committee. In addition, all
animals received humane care according to the criteria outlined in the
“Guide for the Care and Use of Laboratory Animals” prepared by the
National Academy of Sciences and published by the National Institutes
of Health (NIH publication 86-23 revised 1985). In this study, Nrf2*/*
(wild type, WT) and Nrf2~/~ mice in the C57BL/6J background were
used. Eight-week-old male mice (25-27g) were randomly allocated to
the Ctrl group, SF group, High fat diet group, or High fat diet + SF group.
To induce hepatic steatosis, mice in the high fat diet groups were fed a
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diet containing 60% calories from fat, 20% from protein, and 20% from
carbohydrates (Research Diets, D12492) for 20 weeks. Mice in the Ctrl
and SF groups received a normal chow diet containing 18% calories
from fat, 24% from protein and 58% from carbohydrates (Envigo Teklad
Laboratory Diet, 2018). In addition to normal vs. high fat chow, SF
(12.5 mg/kg) was administered three times per week intraperitoneally
in the SF and High fat diet + SF groups. At the end of the study, all mice
were sacrificed, and liver tissue was harvested for immunoblot, immu-
nofluorescence, and histological analysis as per our previous studies [27,
35]. In addition to the Nrf2*/* and Nrf2~/~ mice, Ubc-CrefR™* mice
(The Jackson Laboratory) and Atg7"*/f°X mice (from Dr. Eileen White’s
lab, Cancer Institute of New Jersey, Rutgers) were bred to generate
Ubc-CrePRT2/+, Arg710X/flox mice. To induce Cre expression, 8-10 week
old mice were intraperitoneally (IP) injected with 200 mg/kg tamoxifen
(TAM) dissolved in corn oil for five consecutive days. One week later,
mice were started on a high fat diet (Research Diets, D12492).

2.8. Human fatty liver tissues

Paraffin-embedded healthy human liver tissue (n = 18) and fatty
liver tissue (n = 20) sections were purchased from Biomax. The
expression of NRF2, KEAP1, ATG7, mTOR and pmTOR in the different
tissues was detected via immunohistochemistry (IHC). Briefly, sodium
citrate buffer (0.01 M, pH = 6.0) was used for antigen retrieval, and
endogenous peroxidase activity was blocked using 0.3% Hy0,. Tissue
sections were then blocked in 5% BSA for 30 min, and incubated with
primary antibodies overnight at 4 °C. Final secondary staining was
performed using the EnVision System-HRP kit (Dako) according to the
manufacturer’s instructions. Primary antibodies against NRF2 (1:100),
KEAP1 (1:100), mTOR (1:200), p-mTOR (1:200), and ATG7 (1:3000).

2.9. Statistical analysis

The results are presented as mean + SD. Statistical analysis was
performed using SPSS 17.0. Unpaired Student’s t-tests were applied to
compare the means of two groups. One-way ANOVA with Bonferroni’s
correction was used to compare the means of three or more groups. A p
value < 0.05 was considered statistically significant.

3. Results

3.1. NRF2 upregulation alleviates hepatic steatosis and lipid peroxidation
induced by HFD in vivo

To gain a deeper understanding of the role of NRF2, lipid peroxi-
dation, and ferroptotic cell death in NAFLD, we used a HFD-induced
fatty liver disease model (steatosis) in Nrf2*/* and Nrf2~/~ mice. As
expected, 20 weeks of HFD induced hepatic steatosis, an effect that was
markedly reduced in the SF-treated Nrf2*/* group, but not the SF-
treated Nrf2~/~ group (Fig. 1A). HFD also significantly increased lipid
droplet accumulation, which was alleviated by SF in Nrf2"/*, but not
Nrf2~/~ mice (Fig. 1B). HFD resulted in an increase in body and liver
weight as well as the ratio of liver/body weight in both Nrf2™/* and
Nrf2~/~ groups that was suppressed by SF treatment in an NRF2-
dependent manner (Fig. 1C). Serum alanine transaminase (ALT) and
aspartate transaminase (AST) levels were enhanced by HFD in both
genotypes; however, the fold induction of both enzymes was larger in
the Nrf2~/~ groups, compared to Nrf2*/* groups. In addition, SF sup-
pressed HFD-induced elevation of ALT and AST only in Nrf2™/" mice
(Fig. 1D). HFD also resulted in increased markers of oxidative stress, as
indicated by lower glutathione levels (GSH) (Fig. 1E) and enhanced
MDA formation (Fig. 1F), both of which were alleviated by SF treatment
in the Nrf2/* but not Nrf2~/~ group. As expected, HFD led to increased
hepatic lipid peroxidation as measured by BODIPY staining that was
suppressed by SF in Nrf2*/* but not Nrf2~/~ mice (Fig. 1G). Consis-
tently, HFD enhanced lipid peroxidation, as well as the observed
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Fig. 1. NRF2 upregulation alleviates hepatic steatosis and lipid peroxidation induced by HFD in vivo. Nrf2*/* and Nrf2~/~ mice were fed a normal diet (ND)
or high fat diet (HFD) for 20 weeks. Sulforaphane (SF) (12.5 mg/kg) was administered three times per week intraperitoneally in the SF and HFD + SF groups. Liver
tissues from each group (n = 5 mice/group) were harvested for analysis. (A) Hematoxylin and eosin staining of the indicated liver tissues. Scale bar = 100 pm. (B)
Lipid droplet formation in liver tissues measured using Nile Red staining. Scale bar = 50 um. (C) Body weight, liver weight, and liver/body weight ratio in each
group. (D) Serum AST and ALT levels. (E-F) Oxidative stress was measured by GSH (E) and MDA (F) levels in liver tissues. Results in C-F are expressed as mean + SD.
*p < 0.05 compared between two groups. (G) Lipid peroxidation in liver tissues was detected by BODIPY staining. (H) Oxidative damage in liver tissues was
measured by IHC analysis of 4-HNE. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reduction in the SF-treated Nrf2™" group, were confirmed by 4-HNE
staining (Fig. 1H). Collectively, these data indicate that HFD induced
lipid peroxidation and liver steatosis and that these phenotypes were
alleviated by NRF2 upregulation.

3.2. HFD leads to decreased autophagosome biogenesis, increased
KEAP1, decreased NRF2, and enhanced ferroptosis

Interestingly, HFD increased KEAP1 and decreased NRF2 protein
levels in the liver of Nrf2+/ * mice (Fig. 2A). Since KEAP1 is known to be
degraded by the autophagy-lysosome pathway through direct KEAP1-
p62 interaction, markers of autophagy flux, such as p62, LC3-I/LC3-II,
and ATG7 were measured. HFD altered the protein levels of these
autophagy-related proteins in an NRF2-independent manner, as the fold
of induction for KEAP1 and p62 or reduction for LC3-I/LC3-II and ATG7
were similar regardless of NRF2 status (Fig. 2A for Nrf2*/* mice, Fig. 2B
for Ner’/ ~ mice). As expected, SF treatment did not affect any of the
proteins controlling the autophagy process (p62, LC3-I/LC3-1I, ATG7),
nor KEAP1, but significantly induced NRF2 in Nrf2+/ T mice (Fig. 2A-B).
Collectively, these results indicate that autophagosome biogenesis was
compromised by chronic HFD, which led to increased KEAP1 and
decreased NRF2.

The observation that loss of NRF2-promoted oxidative stress (Fig. 1E
and F) and enhanced lipid peroxidation (Fig. 1G and H) in the liver of
chronic HFD-fed mice prompted us to test the hypothesis that HFD
induced ferroptosis in the livers of these mice. First, induction of lipid
peroxidation by HFD in the liver was confirmed by an increased level of
4-HNE-protein adducts that was slightly reduced in the SF-treated group
(Fig. 2C-D). Interestingly, ferroptosis biomarkers, including SLC7A11,
GPX4, COX2, and ACSL4 were either downregulated (SLC7A11 and
GPX4) or upregulated (COX2 and ACSL4) in HFD-fed mice (Fig. 2C-D).
Importantly, while HFD induction of ferroptosis is NRF2-independent
(Fig. 2C-D), the suppressive effects of SF on HFD-induced alterations
to ferroptotic biomarkers are NRF2-dependent (Fig. 2C-D).

3.3. ATG7 depletion is required for HFD-mediated NRF2 downregulation,
and NRF2 is critical in determining lipotoxicity, ferroptosis induction, and
development of hepatic steatosis

Because HFD resulted in a decrease of both ATG7 and NRF2 in liver
tissues, we tested if ATG7 is essential in HFD-mediated NRF2 suppres-
sion by using an inducible-Cre ATG7 knockout mouse model. Four
weeks of HFD feeding in both Atg7*/* (control) and Atg7*/* mice
(Fig. 3A) recapitulated the changes observed in Nrf2"/* mice fed a HFD
for 20 weeks, including the development of hepatic steatosis (Fig. 3B),
lipid droplet accumulation (Fig. 3C), increased bodyweight and liver/
bodyweight ratio (Fig. 3D), elevated serum ALT and AST (Fig. 3E), and
enhanced lipid peroxidation (Fig. 3F and G). Interestingly, although the
alterations induced by HFD were similar in Atg7™™" vs. Atg7*/* mice
(Fig. 3B-G, compare [ vs. Il and IIT vs. IV), reduced expression of ATG7 in
Atg7*% mice fed a ND also resulted in hepatic steatosis (Fig. 3B,
compare I vs. III, arrow), lipid droplet accumulation (Fig. 3C, compare I
vs. III), and increased lipid peroxidation (Fig. 3F and G, compare I vs.
III). These results indicated a higher basal level of lipid accumulation
and lipid peroxidation. Next, a detailed comparison of the protein level
of autophagy, NRF2, and ferroptosis biomarkers (Fig. 3H) revealed the
following important points. First, autophagosome biogenesis was
compromised in Atg7*/2 mice, resulting in an increase in KEAP1 and
p62, and a reduction of LC3-1/LC3-II (Fig. 3H, compare I vs. III). Second,
reduced expression of ATG7 in Atg7*/* mice resulted in increased
KEAP1 and reduced NRF2 (Fig. 3H, compare I vs. III), Third, ATG7 is
required for HFD-mediated KEAP1 accumulation and NRF2 down-
regulation as the protein levels of NRF2 and KEAP1 remained the same
in the ND Atg7%/* vs. HFD Atg7*’ groups (Fig. 3H compare III vs. IV).
Fourth, All the ferroptosis markers (4-HNE, SLC7A11, GPX4, COX2,

ACSL4) were altered even in Atg7*/* mice fed a ND (Fig. 31, compare I
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vs. III). It is worth mentioning, while HFD enhanced 4-HNE in both
Atg7"/* and Atg7*/* mice (Fig. 3G and I), HFD had very limited effect on
ferroptosis biomarkers in Atg72/* mice, such as a slight decrease in
SLC7A11 and GPX4 levels, but no change in COX-2 and ACSL4 levels
(Fig. 3L, compare III vs. IV). These results demonstrate that ATG7 is
essential for the downregulation of NRF2 observed in response to HFD
and indicates that NRF2 protein levels are a critical determinant of the
severity of lipid toxicity, ferroptotic cell death, and degree of liver
damage induced by HFD.

3.4. HFD decreases NRF2 and promotes lipid peroxidation in liver tissues
in vivo, which is recapitulated in cultured hepatocytes treated with SFAs
but not MUFAs

Next, we focused on understanding the molecular basis of HFD-
mediated NRF2 inhibition and ferroptosis promotion. A separate
experiment in wild type C57/B6 mice fed a ND or HFD reproduced the
effects observed in Figs. 2 and 3, including increased KEAP1 and
decreased NRF2, SLC7A11, and GPX4 protein levels (Fig. 4A). HFD-
mediated NRF2 inhibition and ferroptosis sensitization (decreased
SLC7A11 and GPX4) in vivo was also validated in vitro using a non-
transformed mouse hepatocyte cell line (AML12) treated with FA in a
dose-dependent manner (Fig. 4B). Interestingly, only the FA supple-
ment, or SFAs such as palmitic acid (16:0, PA) and stearic acid (18:0, SA)
(Fig. 4C and D), but not MUFAs such as palmitoleic acid (16:1, PO) and
oleic acid (18:1, OA) (Fig. 4E and F), resulted in a dose-dependent in-
crease in KEAP1, and decrease in NRF2, SLC7A11, and GPX4. Consistent
with their ability to inhibit NRF2, fatty acids such as PA and SA, but not
OA and PO, also decreased GSH (Fig. 4G and H) and increased MDA
(Fig. 4I and J). Furthermore, only the FA supplement, or PA and SA
alone, resulted in lipid droplet accumulation and lipid peroxidation
(Fig. 4K-L).

3.5. HFD alters the AKT- and AMPK-mTOR signaling pathways in liver
tissues in vivo, which is recapitulated in cultured hepatocytes treated with
SFAs but not MUFAs

Since the nutrient/energy sensor mTOR complex 1 (mTORC1) is
crucial in controlling autophagy (phagophore formation) by negatively
controlling the ULK complex, the activation status of mTOR and its
upstream kinases AMPK and AKT were analyzed in mice fed a HFD and
in AML12 cells treated with fatty acids. HFD feeding for 20 weeks
significantly enhanced the phosphorylated level of AKT without
affecting its total protein levels in liver tissues (Fig. 5A). Contrastingly,
AMPK activation was inhibited by HFD, i.e., HFD decreased phosphor-
ylated AMPK without affecting its total protein levels in liver tissues
(Fig. 5A). Consistent with previous reports that AKT positively, whereas
AMPK negatively, regulates mTORC1, HFD enhanced phosphorylated
mTOR without affecting the total level of mTOR in liver tissues (Fig. 5A).
These in vivo results were recapitulated in in vitro in AML12 cells treated
with increasing concentrations of a fatty acid supplement (FA) (Fig. 5B).
Furthermore, only SFAs (PA and SA) (Fig. 5C and D), but not MUFAs (PO
and OA) (Fig. 5E and F) activated AKT, suppressed AMPK, and triggered
mTOR activation in a dose-dependent manner.

3.6. HFD downregulates ATG7 and autophagosome biogenesis in liver
tissues in vivo, which is recapitulated in cultured hepatocytes treated by
SFAs but not MUFAs

The ULK complex and the ATG conjugation system work in concert to
ensure phagophore formation, expansion, and eventual formation of a
mature autophagosome. Cargo proteins, including KEAP1, are then
recruited into the autophagosome by p62, a cargo adapter. In the final
step of the autophagy pathway, the autophagosome merges with the
lysosome, and KEAP1 and p62 are degraded by lysosomal proteases. The
observation that mTOR is activated and ATG7 levels decreased in the
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Fig. 2. HFD leads to decreased autophagosome biogenesis, increased KEAP1, decreased NRF2, and enhanced ferroptosis. Nrf2"/" and Nrf2~/~ mice were fed
a ND or HFD for 20 weeks with or without SF treatment as described in Fig. 1. (A-D) Protein levels of key players in the NRF2 and autophagy (A-B), or ferroptosis
(C-D) cascades in liver tissues were measured using immunoblot analysis. The band intensity for each protein was quantified using ImageJ and relative intensity to
GAPDH was plotted as mean + SD, n = 3 (lower panels). *p < 0.05 compared between two groups.
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Fig. 3. ATG?7 is required for HFD-mediated NRF2 downregulation, and NRF2 is critical in determining lipotoxicity, ferroptosis induction, and develop-
ment of hepatic steatosis. (A) Atg7*’* was induced in Ubc-Cre®™7%/*;Atg7/*/f°X mice by tamoxifen (TAM) administration. Six week-old Ubc-CrePRT2/+;ArgAflox/flox
mice received 200 mg/kg TAM (Atg7*/*) or corn oil (Atg7 ™ control) daily by intraperitoneal injection for five consecutive days. Mice in each group (n = 5) at week
eight were fed with ND or HFD for 4 weeks before the liver tissues were harvested. Group I: Atg7"/* mice fed ND; group II: Atg7"/* mice fed HFD; group III: Atg7*/*
mice fed ND; and group IV: Atg7*/ mice fed HFD. (B) Hematoxylin and eosin staining of liver tissues. Scale bar = 100 um. (C) Lipid droplet formation in liver tissues
assessed by Nile Red staining. Scale bar = 50 pm. (D) Body weight, liver weight, and liver/body weight ratios in each group. (E) Serum AST and ALT levels in liver
tissues from each group. (F-G) Lipid peroxidation in liver tissues was measured by (F) BODIPY and (G) 4-HNE staining. (H-I) Inmunoblot analysis of the autophagy
pathway (H) and ferroptosis markers (I) in liver tissues. (n = 3 mice/group). Results are expressed as mean + SD; *p < 0.05 compared between two groups. (For
iAnterpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. HFD decreases NRF2 and promotes lipid peroxidation in liver tissues in vivo, which is recapitulated in cultured hepatocytes treated with SFAs but
not MUFAs. (A) Wild type C57/B6 mice (n = 4 per group) were fed with HFD for 20 weeks, and the liver tissues were harvested for immunoblot analysis. (B-F)
AML12 cells were treated with the indicated concentration of mixed fatty acid (FA) supplement, palmitic acid (16:0, PA), stearic acid (18:0, SA), palmitoleic acid
(16:1, PO), or oleic acid (18:1, OA) for 24 h. Cell lysates were analyzed using immunoblot analyses. (G-H) The level of GSH in AML12 cells treated with FA (G, the
indicated doses in mL/L), or the indicated fatty acid (H, the indicated doses in mM) was measured. (I-J) The same cell lysates were used for MDA measurement. The
experiments were repeated 3 times (n = 3). Results are expressed as mean + SD. *p < 0.05 compared with the control (normal diet, 0 ml/L, or 0 mM) group. (K-L)
AML12 cells were treated with 2 mL/L FA or 0.2 mM of the indicated fatty acid for 24 h. Lipid droplet formation (K) and lipid peroxidation (L) were detected with

Nile Red and BODIPY staining, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. HFD alters the AKT- and AMPK-mTOR signaling pathways in liver tissues in vivo, which is recapitulated in cultured hepatocytes treated with SFAs
but not MUFAs. (A) Wild type C57/B6 mice (n = 4 per group) were fed with ND or HFD for 20 weeks, and liver tissues were harvested for immunoblot analysis.
(B-F) AML12 cells were treated with the indicated concentrations of FA, palmitic acid (16:0, PA), stearic acid (18:0, SA), palmitoleic acid (16:1, PO), or oleic acid
(18:1, OA) for 24 h. Cell lysates were analyzed using immunoblot analysis. The experiments were repeated 3 times (n = 3). Results are expressed as mean + SD. *p <

0.05 compared with the control (normal diet, 0 ml/L, or 0 mM) group.

liver of mice fed a HFD indicates that autophagosome biogenesis is
suppressed. To test this, autophagosome formation was measured in
mice fed a HFD as well as AML12 cells treated with fatty acids. Auto-
phagosome formation was decreased in the liver tissue of HFD-mice, as
indicated by a reduction of ATG7 and LC3-I/LC3-II, and an increase in
the protein levels of p62 (Fig. 6A). This in vivo result was recapitulated in
in vitro using AML12 cells treated with increasing concentrations of FA
(Fig. 6B). Furthermore, only SFAs (PA and SA) (Fig. 6C and D), but not
MUFAs (PO and OA) (Fig. 6E and F) decreased the protein levels of ATG7
and LC3-I/LC3-1I, as well increased p62 protein levels. Next autophagy
flux was visualized in AML12 cells transfected with an autophagy tan-
dem fluorescent reporter mRFP-GFP-LC3. In AML12 cells treated with
DMSO (Ctrl), PO, and OA, there are numerous yellow and red puncta,
indicating a normal basal level of autophagy in these cells; in contrast,
FA, PA, and SA treatment significantly reduced the number of puncta
(Fig. 6G). These results demonstrate that HFD and SFAs (FA, PA, SA) but
not MUFAs (PO, OA) suppress autophagosome biogenesis.

3.7. mTOR activation and ATG7 downregulation are two independent
early events, leading to decreased autophagosome biogenesis and NRF2
inhibition in response to HFD or SFA treatment

To better understand the signaling events leading to decreased
autophagosome biogenesis, decreased NRF2, and increased lipid per-
oxidation/ferroptosis, the protein and mRNA levels of key players in
each cascade were measured at different time points. AKT activation,
AMPK inactivation, and mTOR induction were all early events that
occurred before 4 h, at a time point when KEAP1 and NRF2 were not
affected (Fig. 7A and B). The observed reduction in ATG7 and LC3-1/
LC3-II protein levels started at 4 h, reaching their lowest levels at 8 h
(Fig. 7C and D). At 8-16 h, a change in NRF2 and KEAP1 protein levels
occurred (Fig. 7E and F), followed by a decrease in the anti-ferroptotic
proteins SLC7A11 and GPX4 by 16 h (Fig. 7E and F). Furthermore,
while fatty acid-induced changes in NRF2, KEAP1, ATG7, and p62 were
all at the protein level (i.e., no observable changes in mRNA expression
at any timepoint), the mRNA levels of Slc7all, Gpx4, and Ptgs2 (fer-
roptosis markers) all changed later, occurring ~16-36 h after initial
treatment (Fig. 7G and H). Furthermore, AKT activation, AMPK inhibi-
tion, and mTOR activation in response to HFD are independent of ATG7,
since the effect of HFD on mTOR activation was the same in Atg7*/" vs.
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Fig. 6. HFD downregulates ATG7 and autophagosome biogenesis in liver tissues in vivo, which is recapitulated in cultured hepatocytes treated by SFAs
but not MUFAs. (A) Wild type C57/B6 mice were fed with HFD for 20 weeks, and liver tissues were harvested for immunoblot analysis. (B-F) AML12 cells were
treated with the indicated concentration of FA, palmitic acid (16:0, PA), stearic acid (18:0, SA), palmitoleic acid (16:1, PO), or oleic acid (18:1, OA) for 24 h. Cell
lysates were analyzed using immunoblot analysis. The experiments were repeated 3 times (n = 3). Results are expressed as mean =+ SD. *p < 0.05 compared with the
control (normal diet, 0 ml/L, or 0 mM) group. (G) AML12 cells were transfected for 24 h with an mRFP-GFP-LC3 plasmid, then treated with the indicated con-

centrations of various fatty acids for 24 h and imaged. Scale bar = 100 pm.

Atg7A/ A mice (Fig. 7I). Collectively, these results support a mode of
action whereby HFD or SFA suppress autophagosome biogenesis
through both activation of mTOR and downregulation of ATG7, result-
ing in KEAP1 accumulation and NRF2 degradation that promote HFD-
induced lipid peroxidation and ferroptotic cell death (Fig. 7J).

3.8. mTOR activation, ATG7 downregulation, and NRF2 suppression are
also observed in human fatty liver tissues

To further illustrate the importance of NRF2 in defending against
HFD-induced ferroptosis, Nrf2~/~ AML12 cells were established using
Crispr/Cas9. Consistent with the model describing the signaling events
of HFD-mediated NRF2 suppression (Fig. 7J), NRF2 deletion had no
effect on the kinase activity of AKT, AMPK, or mTOR in response to FA,
as expected (Fig. 8A). NRF2 deletion also had no effect on the protein
levels of ATG7, LC3-I, or LC3-II in response to FA, although a slight
reduction of p62 was observed under both basal and FA-treated condi-
tions (Fig. 8B), which is due to the fact that p62 is an NRF2 target gene
[37,38]. Consistent with the notion that HFD suppresses autophagosome
biogenesis, FA treatment significantly reduced the number of

10

autophagosomes (puncta), which was observed in both Nrf2+/ * and
Nrf2~/~ AML12 cells (Fig. 8D). In addition, an increase of KEAP1 in the
FA-treated condition was seen even in Nrf2*/ ~ AML12 cells (Fig. 8C).
These results further verify our model (Fig. 7J), indicating that mTOR
activation, ATG7 suppression, and decreased autophagosome biogen-
esis, are upstream events that mediate NRF2 downregulation in response
to FA treatment. In contrast, the level of SLC7A11 or GPX4 in Nrf2~/~
AML12 cells is much lower than even FA-treated Nrf2+/ + AMLI12 cells
(Fig. 8C), indicating the importance of NRF2 in regulating the ferrop-
totic response. Next, we investigated if the in vivo protective effect of
NRF2 activation by SF on HFD-induced ferroptosis could be replicated in
AML12 cells in vitro. SF treatment robustly blocked FA-induced NRF2
suppression, as well as the reduction of SLC7A11 and GPX4 (Fig. 8E). As
expected, SF treatment had no effect on KEAP1 induction by FA
(Fig. 8E). Moreover, while SF treatment did not affect FA-induced lipid
droplet accumulation (Fig. 8F), it reduced FA-mediated ferroptosis
(Fig. 8F). Ferrostatin-1 (Fer-1), a ferroptosis inhibitor, was included as a
control to show that SF blocked FA-induced ferroptosis to a similar de-
gree as Fer-1 (Fig. 8F). Taken together, these data not only further verify
the HFD/FA signaling events illustrated in the model (Fig. 7J), but also
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Fig. 7. mTOR activation and ATG7 downregulation are two independent early events, leading to decreased autophagosome biogenesis and NRF2 inhi-
bition in response to HFD or SFA treatment. (A-F) AML12 cells were treated with FA (2 mL/L) or PA (0.2 mM) at the indicated time points. Cells were then
harvested for immunoblot analysis. Experiments were repeated three times (n = 3). Results are expressed as mean + SD. *p < 0.05 different treatment time points
compared with untreated control. (G-H) AML12 cells were treated with FA (2 mL/L) for the indicated times (G), or with the indicated dose of FA for 24 h (H),
followed by qRT-PCR analysis. (I) The liver tissues from the same experiment described in Fig. 3A were used for immunoblot analysis. (J) Model illustrating how HFD
or SFA inhibit autophagosome biogenesis, leading to NRF2 suppression and enhanced ferroptosis during the course of liver steatosis.
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tissues (n = 20). Results are expressed as mean + SD. *p < 0.05 compared between two groups. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

confirm that NRF2 upregulation is beneficial to suppress FA-mediated
ferroptotic cell death. To verify the human relevance of our findings
that HFD/FA suppresses autophagosome biogenesis, resulting in NRF2
suppression and enhanced ferroptosis, paraffin-embedded human liver
specimens were analyzed by IHC. While the mTOR intensity was similar
between normal vs. fatty liver tissues, the intensity of phosphorylated
mTOR was significantly higher in fatty liver tissues compared to normal
liver tissues (Fig. 8G). In addition, a decrease of ATG7 and NRF2, as well
as an increase of KEAP1 were detected in fatty liver tissues compared to
normal liver tissues (Fig. 8G). Therefore, NRF2 downregulation is likely
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a crucial event during the development of NAFLD in human patients.
4. Discussion

In this study, we investigated the molecular basis of obesity-induced
liver diseases using chronic HFD-induced NAFLD as a model. We found
that HFD/FA/SFA was able to suppress autophagosome formation
through both mTOR activation and ATG7 inhibition. Lipophagy is a
selective form of autophagy that is responsible for mediating lipid
droplet degradation. Therefore, decreased lipophagy could result in
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lipotoxicity such as lipid peroxidation, an essential element of ferrop-
totic cell death. In addition to enhanced lipid peroxidation, suppression
of autophagy stabilizes KEAP1, resulting in a decrease of NRF2 that has
anti-ferroptotic functions through the multi-actions of its target genes,
including SLC7A11 and GCLC/GCLM that modulate redox balance [39,
40], as well as HERC2/VAMPS8 that control ferritin synthesis/de-
gradation, thus maintaining iron homeostasis (manuscript under revi-
sion). Therefore, this HFD-mediated double effect on lipid metabolic
dysregulation and NRF2 suppression are key drivers of HFD-induced
ferroptotic cell death.

Our study has not only revealed the cellular signaling events leading
to ferroptotic cell death and liver steatosis in response to HFD/FA/SFA
in murine in vitro (AML 12 cells) and in vivo (HFD-induced mouse liver
steatosis) models (Fig. 7J), but also detected these alterations occur in
the liver of patients with fatty liver disease (Fig. 8G). Therefore, sup-
pressing these alterations may provide a new clinical avenue for NAFLD
intervention. In this study, we have demonstrated NRF2-dependent
protection against HFD/FA/SFA-mediated ferroptotic cell death and
steatosis using an NRF2-activator, SF (Figs. 1 and 8E and F). As expected,
NRF2 activation by SF counteracted HFD-induced molecular alterations,
and decreased lipid peroxidation and ferroptosis only in Nrf2*/* but not
Nrf2~/~ mice, and improved liver function following exposure to a HFD
for 20 weeks (Figs. 1-2). NRF2 activation also suppressed FA-induce
ferroptotic cell death in an NRF2-dependent manner in vitro (Fig. 8E
and F). Furthermore, ATG7 depletion was required for HFD-induced
NRF2 downregulation, as deletion of ATG7 in Cre-inducible ATG7
knockout mice resulted in decreased NRF2 and a marked increase in
ferroptosis, which was only slightly exacerbated by HFD (Fig. 3). This
matches previous reports indicating that loss of ATG7 function can
dictate the severity of NAFLD in patients [41]. These results also imply
that suppression of autophagosome formation is an upstream event
leading to NRF2 suppression and enhanced ferroptotic cell death.
Another interesting finding is that only mixed FAs or SFAs (PA and SA)
but not MUFAs (PO and OA) recapitulated the in vivo HFD-mediated
signaling events, including mTOR activation, ATG7 reduction, NRF2
suppression, and ferroptosis induction. Although the different health
benefits of SFA (bad fat) vs MUFA (good fat) have been well docu-
mented, the reason for this difference is not well understood. Currently,
the molecular basis of the distinct effects of SFAs vs. MUFAs on NRF2
and ferroptosis is under further investigation.

This study indicates that pharmacological activation of NRF2 may
prove to be a promising therapeutic strategy for fatty liver disease
intervention. Additionally, our data support the notion that the benefi-
cial effects associated with a diet rich in MUFAs and PUFAs could, at
least in part, be via activation of NRF2. This is in agreement with the vast
body of scientific literature already generated indicating the protective
effects associated with many dietary natural product inducers of this
pathway (i.e. sulforaphane — broccoli sprouts, cinnamaldehyde - cin-
namon, bixin - achiote, etc ...). However, there are no NRF2-specific
activators that have been developed into drugs. Dimethyl fumarate
(DMF), an FDA approved drug, is a weak and non-specific NRF2 acti-
vator [42]. Recently, NRF2-specific activators that are non-electrophilic
disruptors of the KEAP1-NRF2 protein-protein interaction, which have
less off-target toxicity, are actively under development [43-45]. A
compound called KI696, developed by GSK, is a very potent NRF2
inducer, however, the in vivo efficacy is limited to ~20 mg/kg in mice
[44]. Therefore, developing more potent NRF2 activating drugs with
less off-target effects could be valuable for reversing or slowing down
the progression of human liver diseases.
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Abbreviations

HFD high fat diet

NAFLD non-alcoholic fatty liver disease

NRF2 nuclear factor erythroid 2-related factor 2
KEAP1 Kelch-like ECH-associated protein 1

LC3 microtubule associated protein 1 light chain 3
SFA saturated fatty acid

MUFA  monounsaturated fatty acid

ALT alanine aminotransferase

AST aspartate aminotransferase
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