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6-Methyl flavone inhibits Nogo-B expression and improves
high fructose diet-induced liver injury in mice
Ke Gong1, Zhen Zhang1, Sha-sha Chen1, Xin-ran Zhu1, Meng-yao Wang1, Xin-yue Yang2, Chen Ding2, Ji-hong Han1,3,
Qing-shan Li1✉ and Ya-jun Duan2✉

Excessive fructose consumption increases hepatic de novo lipogenesis, resulting in cellular stress, inflammation and liver injury.
Nogo-B is a resident protein of the endoplasmic reticulum that regulates its structure and function. Hepatic Nogo-B is a key protein
in glycolipid metabolism, and inhibition of Nogo-B has protective effects against metabolic syndrome, thus small molecules that
inhibit Nogo-B have therapeutic benefits for glycolipid metabolism disorders. In this study we tested 14 flavones/isoflavones in
hepatocytes using dual luciferase reporter system based on the Nogo-B transcriptional response system, and found that 6-methyl
flavone (6-MF) exerted the strongest inhibition on Nogo-B expression in hepatocytes with an IC50 value of 15.85 μM. Administration
of 6-MF (50mg· kg−1 ·d−1, i.g. for 3 weeks) significantly improved insulin resistance along with ameliorated liver injury and
hypertriglyceridemia in high fructose diet-fed mice. In HepG2 cells cultured in a media containing an FA-fructose mixture, 6-MF
(15 μM) significantly inhibited lipid synthesis, oxidative stress and inflammatory responses. Furthermore, we revealed that 6-MF
inhibited Nogo-B/ChREBP-mediated fatty acid synthesis and reduced lipid accumulation in hepatocytes by restoring cellular
autophagy and promoting fatty acid oxidation via the AMPKα-mTOR pathway. Thus, 6-MF may serve as a potential Nogo-B inhibitor
to treat metabolic syndrome caused by glycolipid metabolism dysregulation.
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INTRODUCTION
Fructose, an isomer of glucose, is a common monosaccharide that
is able to bind to glucose to form sucrose. High fructose corn sirup
(HFCS) is a sugar additive made from fructose and sucrose,
accounting for the majority of fructose in daily intake. However, a
series of metabolic diseases such as obesity, diabetes, and non-
alcoholic fatty liver disease (NAFLD) caused by excessive
consumption of HFCS has raised concern worldwide [1–3]. Unlike
glucose, fructose does not stimulate insulin and leptin production.
Moreover, due to the higher sweetness and palatability of HFCS,
excessive consumption occurs more easily, leading to increased
obesity. Fructose is absorbed in the small intestine by glucose
transporter type 5 and diffuses into intestinal capillaries and is
transported to the liver via the portal vein [4]. Unlike glucose,
fructose can bypass the rate-limiting glycolytic step mediated by
phosphofructokinase. In the absence of hormonal regulation,
fructose catabolism occurs without restriction in the liver via
ketohexose kinase (KHK) [5]. Carbohydrate-responsive element
binding protein (ChREBP) is hyperactivated by a high fructose load
compared to glucose to promote hepatic de novo lipogenesis
(DNL) more potently and induce metabolic diseases [6]. Therefore,
fructose has higher hepatotoxicity than glucose, and this effect is

largely based on insulin resistance, oxidative stress, and inflam-
matory responses due to fructose-induced DNL [7].
Reticulon 4 (Nogo) is a member of the reticulon family and is

composed of three primary isoforms, Nogo-A, B, and C. The Nogo-
B protein is expressed in various tissues including the liver, blood
vessels, heart, kidney, and nervous system [8, 9]. As a protein
resident of the endoplasmic reticulum (ER), Nogo-B is pivotal for
the regulation of the structure and function of the ER. Additionally,
the results of various studies indicate that Nogo-B may be the only
member of the Nogo family found in both hepatic parenchymal
cells and circulation [10]. Nogo-B is involved in various pathophy-
siological processes in the liver, including hepatic fibrosis, and
cirrhosis [10], hepatocyte proliferation and regeneration [11],
alcoholic fatty liver [12], NAFLD-induced hepatocellular carcinoma
[13], and cholestasis [14]. Our study has recently revealed that
Nogo-B is involved in hepatic glucolipid metabolic processes
through the regulation of the ChREBP and insulin pathways.
Reducing Nogo-B expression can reduce inflammation, apoptosis,
and endoplasmic reticulum stress induced by a high fructose diet
(HFrD), thereby effectively inhibiting metabolic disorder develop-
ment [15]. Accordingly, we hypothesize that Nogo-B has the
potential to intervene in the treatment of metabolic syndrome
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induced by HFrD and can be a novel target for the design and
screening of related drugs.
While no drugs are approved for the treatment of NAFLD,

several potential drugs may be used to treat fructose-induced
NAFLD [16]. KHK inhibitors have been shown to improve fructose-
induced metabolic disorders in rats. In addition, some natural
products and plant extracts (e.g., curcumin, resveratrol, and
(-)-epicatechin) have received increasing interest. These products
can improve excessive DNL, mitochondrial dysfunction, inflamma-
tion, and insulin resistance in animal models which were
administered an HFrD [17]. Flavonoids are present in plants, and
several studies have reported the medicinal value of different
flavonoids for cardiovascular disease, liver injury, cancer, and other
diseases [18].
Considering Nogo-B as a potential target for the treatment of

high fructose-induced metabolic disorders, as well as the general
biological activity and therapeutic properties of flavonoids, in this
study, we constructed a plasmid including the promoter for Nogo-
B to screen 14 flavonoids in hepatocytes and found potential
flavonoids that may significantly inhibit hepatic Nogo-B expres-
sion. We investigated the therapeutic effect and molecular
mechanisms of the flavonoid on HFrD-induced liver injury in mice.

MATERIALS AND METHODS
Reagents
Rabbit anti-NgBR (Cat# ab168351) polyclonal antibody was
purchased from Abcam Biotechnology Inc (Cambridge, UK). Rabbit
anti-Nogo-B (Cat# NB100-56681) polyclonal antibody was pur-
chased from Novus (USA). Rabbit anti-Lamin A/C (Cat# A0249),
FASN (Cat# A0461), SOD1 (Cat# A0274), SOD2 (Cat# A1340), IL-1β
(Cat# A16288), TNFα (Cat# A0277), β-actin (Cat# AC026), β-Tubulin
(Cat# AC008) polyclonal antibodies were purchased from ABclonal
Technology (Woburn, MA, USA). Rabbit anti-CPT1α (Cat#
TD12004), Beclin1 (Cat# T55092), LC3B (Cat# T55992), P62 (Cat#
T55546), pmTOR (Cat# T56571), mTOR (Cat# T55306), pAMPKα
(Cat# T55608), AMPKα (Cat# T55326), CREB (Cat# T55426)
polyclonal antibodies were purchased from Abmart (Shanghai,
China). Rabbit anti-pNFκB (Cat# AF2006), NF-κB (Cat# AF5006)
polyclonal antibodies were purchased from Affinity Biosciences
(Cincinnati, USA). Rabbit anti-ACC (Cat# 4190S), pIRS1 (Cat# 2385),
IRS1 (Cat# 2382) polyclonal antibodies were purchased from Cell
Signaling Technology (USA). Rabbit anti-HSP90 (Cat# 13171-1-AP),
ChREBP (Cat# 13256-1-AP), pAKT (Cat# 10176-2-AP), AKT (Cat#
66444-1-lg) polyclonal antibodies were purchased from Protein-
tech (Philly, USA).
The AdPlus-mCherry-GFP-LC3B (Cat# C3012) and dihydroethi-

dium (DHE) (Cat# S0063) were purchased from Beyotime
Biotechnology (Shanghai, China). The dorsomorphin (Compound
C) (Cat# HY-13418A) and DC-CPin7 (Cat# HY-147869) were
purchased from MedChemExpress (Jiangsu, China). The Sodium
Carboxy-methylcellulose (CMC-Na) (Cat# 419281), Oil red O (Cat#
O9755), Palmitic acid (Cat# P0500), and Oleic acid (Cat# O1008)
were purchased from Sigma-Aldrich (St Louis, USA). The thiazolyl
blue tetrazolium bromide (MTT) (Cat# M8180), glucose (Cat#
G8150), insulin (Cat# I8830), D-Fructose (Cat# F8100), and Nile Red
(Cat# N8440) were purchased from Solarbio (Beijin, China). The
mouse Nogo-B (Cat# RX203233M), IL-1β (RXSWSXB203063M), TNF-
α (RXSWSXB202412M) ELISA kit and human TNF-α
(RXSWSXB8100010H) ELISA kit were purchased from Ruixin
Biological Technology (Quanzhou, China).

Cell culture
HepG2 and Huh7 cells (both human hepatocellular carcinoma cell
lines) were all cultured in complete high glucose DMEM medium.
The medium contained 10% (vol/vol) fetal bovine serum, 50 μg/mL
penicillin/streptomycin. Cells were switched to serum-free medium
and received treatment when the confluence was 70%–80%.

According to the mechanism of fructose-induced liver injury
[19, 20], cells were co-treated with fatty acids (FA, palmitic acid/
oleic acid= 2/1) and fructose to construct the cellular model of
liver injury in vitro. The optimal modeling concentration (500 μM
FA, 100mM fructose) was determined by treating cells with a
concentration gradient of FA-fructose mixture for 24 h. Subse-
quently, the effects of 6-methyl flavone (6-MF) as well as the
underlying mechanisms were investigated in vitro by the
optimized cellular model.

Screening flavonoids by dual luciferase reporter system
All flavonoids were purchased from Titan (Shanghai, China).
According to the basic flavonoid structure containing two
benzene rings with phenolic hydroxyl groups, we selected the
simplest flavones and isoflavones, including those with the same
substituent (methyl, methoxy, hydroxyl) at different positions of 5,
6, and 7, and different substituents at the same position. For
isoflavones, the primary different substituents were arranged on
the C ring. The structures of the specific 14 flavonoids are
presented in Table 1. All flavonoids were dissolved in dimethyl
sulfoxide. Cells were treated with flavonoids at 10 μM for 24 h,
based on the concentration of flavonoids employed in the
literature [21, 22].
The pGL4.10 vector (encoding the luciferase reporter gene)

containing the human Nogo-B promoter (from −410 to −127) was
constructed in a previous study [23] and named H-pNogo-B.
HepG2 cells were seeded in 48-well plates at ~90% confluence,
followed by transfection of the pGL4.10 vector or H-pNogo-B and
Renilla luciferase (for internal normalization, pGL4.70), respectively.
After treatment with flavonoids, the activity of promoters was
determined using a microplate reader (Synergy H1, BioTek,
Winooski, USA).

Analysis of cell viability by MTT assay
The MTT assay was used to detect the effect of flavonoids on cell
viability. Briefly, HepG2 cells were seeded in 96-well plates with
~104 cells per well and treated with flavonoids. After treatment,
the medium was replaced with 100 μL medium dissolved with
MTT (0.5 mg/mL) and incubated for 4 h at 37 °C. After incubation,
the culture solution was replaced with 150 μL of dimethyl
sulfoxide and shaken at low speed for 10min on a shaker to
dissolve the crystals. The absorbance of each well was measured
at OD 490 nm. Cell viability was expressed as fold changes in
absorbance compared to the control group.

In vivo studies
All animal experiments were conducted in compliance with the
ARRIVE guidelines, and performed following the “Guide for the
Care and Use of Laboratory Animals (the Guide)” from the National
Institute of Health (NIH Publications No. 8023, revised 1978). These
experiments were approved by the Ethics Committee of the Hefei
University of Technology (HFUT20210601001). C57BL/6J male
mice (~8 weeks old at a weight of ~22 g) were purchased from
Gempharmatech (Nanjing, China) and housed at 23 ± 1 °C with a
relative humidity of 60%–70% under a 12-h/12-h light/dark cycle.
All mice had access to water and food ad libitum.
Mice were randomly divided into four groups (6 mice per

group): group 1 (NC-C), mice were fed normal chow and treated
with 200 μL of 0.5% sodium carboxymethylcellulose (CMC-Na) (i.g)
per day; group 2 (NC-F), mice were fed normal chow and treated
with 6-MF (50 mg·kg−1·d−1, the dose selected was based on
relevant literature [24, 25]) dissolved in 200 μL of 0.5% CMC-Na
(i.g); group 3 (HFrD-C), mice were fed a 70% high fructose diet
(HFrD), and treated with 200 μL of 0.5% CMC-Na (i.g) per day;
group 4 (HFrD-F), mice were fed HFrD and treated with 6-MF
(50mg·kg−1·d−1) in 200 μL of 0.5% CMC-Na (i.g). Throughout the
experiment, the body weight, food intake, and appearance of the
mice were recorded. We performed glucose (GTT) and insulin (ITT)
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tolerance tests, as well as metabolic cage (PhenoMasterNG, Bad
Homburg, Germany), assays as scheduled in Fig. 2a. After 3 weeks,
all mice were euthanized after 12 h of fasting, followed by the
collection of blood and tissue samples.
Frozen or paraffin-embedded sections (5-μm) of the liver were

prepared as previously described and were stained with Oil red O
to determine lipid accumulation, or Hematoxylin-Eosin (H&E) to
determine hepatic structure [26], respectively. Hepatic free fatty
acids (FFA) and triglycerides (TG) levels were determined using an
FFA assay kit (Cat#: BC0595, Solarbio, Beijing, China) and
LabAssay™ triglyceride kit (Cat# 290–63701, WAKO, Japan),
respectively. The activities of alkaline phosphatase (ALP), alanine
aminotransferase (ALT), and aspartate aminotransferase (AST), as
well as the levels of TG, FFA, cholesterol, high-density lipoprotein
cholesterol, and low-density lipoprotein cholesterol in the serum,
were analyzed using an automated biochemical analyzer (3100,
Hitachi High-Technologies Corporation, Tokyo, Japan).

Immunohistochemistry staining and immunofluorescence staining
After preparation of hepatic paraffin and frozen sections,
immunohistochemistry staining and immunofluorescence staining
were performed according to the previous protocol [27],

respectively. Meanwhile, negative-control (NC) was applied to
each experiment, in which the corresponding normal IgG was
used instead of primary antibodies, and no other steps were
changed. After the images were acquired by ZEISS Scope A1
fluorescence microscope (Oberkochen, Germany), statistical ana-
lysis was performed using Image J software. To determine mean
density or mean fluorescence intensity (MFI) of the positive
staining area, the integrated optical density of a region and the
area of the region were detected for each section (n= 5), followed
by calculating the ratio of the two values to reflect the expression
of the target protein per unit area. The final result was expressed
as fold changes compared to the control group [28].

Dihydroethidium (DHE) staining
DHE staining was performed using frozen sections to determine
hepatic superoxide levels. Briefly, after washing with PBS, frozen
sections were incubated with DHE (10 μM) for 30 min at 37 °C,
followed by washing again and then photographed with ZEISS
Scope A1 fluorescence microscope (Oberkochen, Germany). The
MFI of the positive staining area was calculated as described in the
Immunohistochemistry staining and immunofluorescence staining
section.

Table 1. Structure of the different flavonoids (FL).

Compd. 5 6 7 4′

FL_1 OH - - -

FL_2 - OH - -

FL_3 - - OH -

FL_4 OCH3 - - -

FL_5 - OCH3 - -

FL_6 - - OCH3 -

FL_7 - CH3 - -

FL_8 - - CH3 -

Compd. 5 6 7 4′

FL_9 - - OCH(CH3)2 -

FL_10 - - OH OCH3

FL_11 - OCH3 OCH3 OCH3

FL_12 - - OH OH

FL_13 - - OH OCH3

FL_14 OH - OH OCH3
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Western blot
For cell or tissue samples, proteins were extracted with the protein
lysis buffer containing protease inhibitor (PMSF and cocktail).
Protein expression of Nogo-B, NgBR, ACC, FASN, ChREBP, SOD1,
SOD2, NRF2, NLRP3, pNF-κB, NF-κB, IL-1β, pIRS1, IRS1, pAKT, AKT,
αSMA, TGFβ, P62, Beclin1, LC3B, pmTOR, mTOR, pAMPKα, AMPKα
were detected by Western blot as described [29]. The blots were
normalized using β-actin or HSP90 as the loading control. For
quantitative analysis of the band density, all results of Western blot
were scanned by Photoshop software and normalization by the
density of loading control molecule in the corresponding samples.

Preparation of Nogo-B expression vector and transfection
Human Nogo-B cDNA (NM_138459.5) was cloned into the pEGFP-
C2 vector (Clontech, Mountain View, CA, USA) by total gene
synthesis in Tsingke Biotechnology (Beijing, China) and named as
EGFP-Nogo-B. When HepG2 cells reached 70%–80% cell density in
6-well plates, the medium was replaced with fresh complete
medium without antibiotics, followed by transfection of EGFP-
Nogo-B or corresponding control (2 μg/well) using liposome
transfection reagent (6 μg/well). After 12 h of transfection, cells
were switched to serum-free medium containing FA-fructose
mixture (as described in the Cell culture section) with/without 6-MF
and incubated for 24 h. Cells were subsequently collected to
extract total protein.

Oil red O and ROS staining of cells
In 24-well plates, HepG2 cells with/without overexpression of
Nogo-B (~105 cells/well) were seeded on cover slips, followed by
dividing each type of cell into three groups (5 wells/group). After
attachment, as described in the Cell culture section, cells were
induced by FA-fructose mixture to construct the cellular model of
liver injury and treated with/without 6-MF for 24 h in both types of
cells, respectively. Then cells were stained with Oil Red O solution
at the end of treatment [26] as described.
As for ROS staining, cells were washed with PBS after treatment,

and endogenous ROS was detected using the DCFH-DA (MB4682,
Meilunbio, Dalian, China), a cell-permeable probe for ROS. The
cells were incubated with a PBS solution containing 5 μM DCFH-
DA at 37 °C in dark for 30 min, and then photographed by the
fluorescence microscope.

Determination of oxygen consumption rate (OCR) in HepG2 cells
Determination of the OCR in HepG2 cells was conducted using an
XFp extracellular flow analyzer (Agilent, USA) with the correspond-
ing kits (103010–100, Agilent, USA). Briefly, HepG2 cells were
seeded onto dedicated 8-well plates at a density of ~104 cells/well
(two wells used as controls without cell inoculation). Outside of
the control, cells were all treated with an FA-fructose mixture with
or without 6-MF simultaneously and incubated at 37 °C for 24 h.
Thereafter, cells were washed using an assay medium containing
1mM pyruvate, 2 mM glutamine, and 10mM glucose three times,
followed by incubation in assay medium for 1 h at 37 °C in a non-
CO2 incubator. The OCR was determined by the sequential
addition of 1.5 μM oligomycin (ATP synthase inhibitor), 1 μM
carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP,
oxidative phosphorylation uncoupler), and 0.5 μM rotenone/
antimycin A (Rot/AA) to the cells. Throughout each conditional
cycle, real-time OCR values were obtained and averaged in
triplicate. The values of OCR were normalized to the number
of cells.

TUNEL staining
The TUNEL BrightRed Apoptosis Detection Kit (Cat# A113–03,
Vazyme, Nanjing, China) was used to detect cell death in paraffin
sections of liver as described [30]. NC and positive control were set
up to exclude interference from non-test factors, separately.
Images were observed by ZEISS Scope A1 fluorescence

microscope (Oberkochen, Germany) and liver apoptosis was
determined by comparing the number of positive cells.

Analysis of autophagic flux
HepG2 cells were transfected with AdPlus-mCherry-GFP-LC3B
adenoviral vector (C3012, Beyotime, Shanghai, China), and the
autophagic flux was reflected by detecting the red and green
fluorescence in the cells. Mechanistically, the green fluorescence of
GFP is quenched in the acidic environment during the fusion of
autophagosome with lysosomes, while the red fluorescence of
mCherry is retained owing to its superior stability. Thus, after
autophagy occurs, mCherry-GFP-LC3B under fluorescence micro-
scopy appears as red spots due to partial quenching of GFP
fluorescence. And when autophagy is suppressed, mCherry-GFP-
LC3B under fluorescence microscopy appears as yellow spots. To
determine the effect of FA-fructose mixture and 6-MF treatment on
the autophagic flux of HepG2, HepG2 cells were seeded in confocal
dishes (105 cells/well), incubated in 1mL of medium containing
adenovirus (20 MOI) for 6 h, followed by transfection with fresh
complete medium for 48 h. Afterwards, the cells were induced
injury as described in Cell culture and detected by Leica laser
confocal microscopy (Wetzlar, Hesse-Darmstadt, German). The MFI
of yellow spots was calculated as described in the Immunohis-
tochemistry staining and immunofluorescence staining section.

Detection of cellular ability to degrade lipids by autophagy
The ability of cells to degrade lipids is reflected by autophago-
somes and lipid colocalization. HepG2 cells were seeded into
confocal dishes (~105 cells/well) and treated with 6-MF or FA-
fructose mixture individually or together as described in the Cell
culture section. After treatment, HepG2 cells were fixed using 4%
paraformaldehyde for 30 min and washed three times with PBS.
Thereafter, HepG2 cells were permeabilized in 0.1% Triton-X-100
for 10 min, washed three times, and blocked with 3% bull serum
albumin at room temperature for 1 h. HepG2 cells were then
incubated with LC3B antibody overnight at 4 °C. Cells were
washed the next day with PBS and incubated alongside the FITC-
conjugated secondary antibody at room temperature for 2 h,
followed by PBS washing and staining with Nile Red (2 μg/mL) at
room temperature for 30 min. After DAPI staining, images were
acquired using a Leica laser confocal microscope (Wetzlar, Hesse-
Darmstadt, German). The MFI of the corresponding fluorescence
was calculated as described in the Immunohistochemistry staining
and immunofluorescence staining section.

Statistical analysis
All data analysis was performed by a technician who is blind to the
experimental design and was expressed as the mean ± SEM of
each group or normalized to the mean of the experimental control
group. All data were analyzed by normality and equal variance to
determine whether Prism software performed parametric or
nonparametric analysis. Two-tailed Student’s t tests were con-
ducted among two groups, and one-way ANOVAs with post-hoc
tests were conducted among more than two groups. The two-way
ANOVA with post-hoc test was used to analyze the data that
included two variables. In the analysis, a significant difference is
considered when P < 0.05.

RESULTS
Screening and validation of flavonoids inhibiting the expression of
Nogo-B
Based on the critical pathophysiological role of Nogo-B and its
potential to become a therapeutic target as well as the general
biological activity and therapeutic properties of flavonoids, we
selected 14 flavones/isoflavones with relatively simple structures
(Table 1) to screen for compounds capable of inhibiting Nogo-B
expression within hepatocytes. As shown in Figure S1a, all
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flavonoids did not have obvious cytotoxicity at a concentration of
10 μM (the majority of flavonoid concentrations commonly used
was 10 μM in vitro [21, 22]) in HepG2 cells. We evaluated the
ability of 14 flavonoids at 10 μM to inhibit the Nogo-B promoter
activity through a dual luciferase reporter system, and FL_7 (6-
methyl flavone, CAS: 29976-75-8) exhibited the strongest inhibi-
tory effect (Fig. 1a, b). MTT assays indicated that 6-methyl flavone
(6-MF) was significantly cytotoxic above a concentration of 50 μM
(Fig. 1c). Therefore, we determined the effects of 6-MF using a
concentration gradient (0.25, 0.5, 1, 2, 5, 10, 15, 20 μM) on the
Nogo-B promoter activity and found the 50% inhibitory concen-
tration (IC50) of 6-MF to be 15.85 μM (Fig. 1d). To further clarify the
inhibitory effect of the compounds, we examined the effect of
6-MF on Nogo-B protein levels in HepG2 and Huh7 cells,
respectively. The results demonstrated that in both HepG2 and
Huh7 cells, 6-MF was able to inhibit Nogo-B expression in a

concentration-dependent and time-dependent manner without
impacting NgBR levels (Fig. 1e, f), suggesting that 6-MF inhibits
Nogo-B independently of NgBR. Overall, 6-MF may be a potentially
effective compound for inhibiting Nogo-B expression in vitro.

6-MF improves HFrD-induced metabolic disorders and liver injury
in C57BL/6J mice
Previous studies have demonstrated that Nogo-B is a core
molecule affecting hepatic glycolipid metabolism which is
upstream of ChREBP, suggesting that it may be a novel target
for the treatment of metabolic syndrome [15]. Because 6-MF can
inhibit Nogo-B in vitro, we speculated that it could inhibit hepatic
Nogo-B in vivo to improve HFrD-induced metabolic disorders and
liver injury. Therefore, as shown in Fig. 2a, we separated C57BL/6J
into four groups and conducted the experiments as planned. Mice
in the NC-C or NC-F groups were fed normal food and treated with

Fig. 1 6-Methyl flavone (6-MF) inhibits the expression of Nogo-B. a HepG2 cells were treated with 10 μM of flavonoids for 24 h followed by
detecting the relative luciferase activity of Nogo-B promoter (n= 3). b Chemical structure of 6-MF. (c) HepG2 cells were treated with 6-MF for
24 h followed by determining cell viability by MTT assay (n= 6). (d) Dose–response curve reflects the inhibitory effect of 6-MF in HepG2 cells
after treatment for 24 h (n= 6). The IC50 was calculated by fitting percentage inhibition values and log of compound concentrations to
nonlinear regression (dose response–variable slope) with Graphpad 9.0. e–h The expressions of Nogo-B and NgBR were analyzed by Western
blot in HepG2 cells (e, f) or Huh7 cells (g, h) treated with 6-MF at the gradient concentrations for 24 h (e, g) or with 15 μM 6-MF for the gradient
time (f, h) (n= 3). All data are presented as the mean ± SEM, *P < 0.05, **P < 0.01.
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CMC-Na (0.5%, i.g, NC-C) or 6-MF (50 mg/kg, i.g, HC-F). Mice in the
HFrD-C or HFrD-F groups were fed HFrD and treated with CMC-Na
(0.5%, i.g, HFrD-C) or 6-MF (50mg/kg, i.g, HFrD-F).
Throughout the treatment, mice fed an HFrD consumed less

food, while 6-MF did not impact body weights (Fig. 2b) and food
intake (Fig. 2c). To confirm whether insulin sensitivity was altered,
we performed GTT, and ITT, and detected the insulin and glucose

levels. Compared to the NC-C group, the area under the curve
(AUC) for both GTT and ITT was significantly higher in the HFrD-C
group, suggesting that HFrD resulted in insulin resistance (Fig. 2d, e,
NC-C vs. HFrD-C). In contrast, 6-MF recovered the insulin sensitivity
(Fig. 2d, e, HFrD-C vs. HFrD-F). Additionally, 6-MF restored the
elevated insulin and glucose levels caused by HFrD (Fig. S1b, c). At
the molecular level, 6-MF improved the phosphorylation of IRS1

Fig. 2 6-MF ameliorates HFrD-induced metabolic disorders. a Mice were assigned to the four groups and received the indicated treatment.
After 3-week treatment, mice were conducted the following assays. b The body weight of mice was measured every three days (n= 6). c Daily
food intake of mice (n= 6). The glucose tolerance test (GTT) (d) or insulin tolerance test (ITT) (e) was performed before the end of the
experiment. Blood glucose levels were determined at the indicated time points after glucose or insulin administration with quantitation of
area under curve (AUC) (n= 6). (f) The curves of CO2 production and O2 consumption during a 24-h light–dark cycle (n= 3). The CO2
production and the O2 consumption in light (g, h) and dark (i, j) by mice (n= 3). The energy expenditure (EE) and respiratory exchange rate
(RER) in light (k, l) and dark (m, n) by mice (n= 3). All data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, ns: not significant.
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and Akt compared to the HFrD-C group (Fig. S2a). Overall, while
fructose may be used as an energy source, excess fructose can
cause liver damage, and 6-MF may improve hepatic insulin
resistance and hyperinsulinemia caused by an HFrD.
In addition to impairing glucose tolerance, HFrD also impacts

energy metabolism. To assess the effect of 6-MF on whole-body
energy metabolism, the respiration rate (RER) and energy
expenditure (EE) of the four groups were obtained using
metabolic cages. An HFrD slightly reduced carbon dioxide
production (VCO2 ), and significantly reduced oxygen consumption
(VO2 ) in the dark, which may be due to the predominantly
nocturnal activity of mice. 6-MF increased both VCO2 and VO2

(Fig. 2f–j, HFrD-C vs. HFrD-F) and the energy expenditure (EE)
(Fig. 2k, m, HFrD-C vs. HFrD-F), suggesting that 6-MF enhanced
basal metabolism in mice. However, no change in the respiratory
exchange rate (RER) was observed (Fig. 2l, n), indicating that the
material sources of energy are the same. These results related to
VCO2 , VO2 , and EE indicated that 6-MF can improve HFrD-induced
abnormalities in energy metabolism.
Excess fructose can be a raw material for fatty acid synthesis,

potentially increasing the risk of NAFLD [31]. Correspondingly,
fructose-induced fatty acid production triggers an inflammatory
response and oxidative stress in hepatocytes, which can contribute

to liver damage [32, 33]. As observed in Fig. 3a, the liver color of
HFrD-fed mice was whiter. 6-MF restored this color change (Fig. 3a),
and decreased the ratio of liver weight to body weight compared to
HFrD-C group (Fig. 3b). The results of H&E and Oil red O staining
demonstrated severe vacuolar droplets, infiltration of inflammatory
cells, and lipid accumulation in the liver of the HFrD-C group mice
(Fig. 3c, NC-C vs. HFrD-C). All of these metrics were substantially
reduced in mice in the HFrD-F group (Fig. 3c, HFrD-C vs. HFrD-F). In
addition, we evaluated the levels of TG and FFA in the liver and
serum. 6-MF significantly ameliorated the increase of lipid content
caused by HFrD (Fig. 3d–g). Liver injury was assessed by
measurement of ALP, ALT, and AST levels in the serum. Compared
to the HFrD-C group, 6-MF restored the elevated ALP, ALT, and AST
levels (Fig. 3h–j). In contrast, the levels of various cholesterol, total
protein, and albumin (ALB) were not improved by 6-MF (Fig. S1d–h).
Figures 2, 3 demonstrated that 6-MF protects mice from HFrD-
induced insulin resistance and improves both hepatic lipid
accumulation and hypertriglyceridemia.

6-MF inhibits lipid synthesis, oxidative stress, and inflammatory
responses in the liver along with decreased Nogo-B expression
Studies have demonstrated that Nogo-B is not expressed or
expressed at low levels in normal hepatic parenchymal cells, but it

Fig. 3 6-MF ameliorates HFrD-induced liver injury and hyperlipidemia. a Photos of mice liver. b The ratio of liver weight to bodyweight
(n= 6). c H&E staining of liver paraffin sections and with an arrow indicates inflammatory cells in the liver, Oil red O staining of liver frozen
sections and statistical analysis of TG area. Quantitative analysis of liver TG (d) and FFA (e) with total liver lipid extract (n= 6). The levels of TG
(f), FFA (g), ALP (h), ALT (i), AST (j) in serum (n= 6). All data are presented as the mean ± SEM, **P < 0.01, ns: not significant.
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is significantly increased when cells are stimulated or damaged.
Nogo-B can be secreted into the blood and may impact multiple
tissues via the circulatory system [10]. To confirm that 6-MF has a
Nogo-B-reducing effect in vivo, we determined the Nogo-B level in
both the serum and liver. This was possibly caused by low Nogo-B
expression, and 6-MF did not alter circulating and hepatic Nogo-B
levels under normal dietary conditions. However, 6-MF signifi-
cantly reduced Nogo-B levels in the serum and liver of the HFrD-
fed mice (Fig. 4a–c). We determined the expression of Nogo-B
across other tissues and Nogo-B expression was unchanged in the
brain, kidney, muscle, gut, pancreas, and adipose tissue
(Fig. S2b–g).
Fructose is critical for the activation of ChREBP to upregulate

the expression of genes related to lipid synthesis, and excess
synthesis and accumulation of fatty acids in the liver may cause
lipotoxicity [34]. Compared to the NC-C group, HFrD increased the
expression of fatty acid synthase (FASN), Acetyl-CoA Carboxylase
(ACC), and ChREBP, but 6-MF rescued this change (Fig. 4d, e).
Similarly, the immunofluorescence results indicated that 6-MF
improved the HFrD-induced high expression and nuclear translo-
cation of ChREBP (Fig. 4f). Furthermore, the excess FFA and high
metabolic activity of fructose induce large amounts of reactive
oxygen species (ROS), causing intense oxidative stress and
inflammatory responses [35]. We determined the level of hepatic
superoxide through DHE staining and found that 6-MF could
reduce the high level of superoxide which was induced by HFrD
(Fig. 4g). 6-MF significantly up-regulated the levels of superoxidase
dismutase 1 (SOD1) and SOD2 in the HFrD-fed mouse liver,
indicating that 6-MF possesses anti-oxidative stress effects
(Fig. 4h). Compared to the HFrD-C group, 6-MF reduced the
serum levels of inflammatory factors (Fig. 4i) and decreased the
inflammatory response in the liver through inhibition of the NF-κB
signaling pathway (Fig. 4j, k). Associated with the inhibition of ROS
and proinflammatory factors, 6-MF inhibited apoptosis of liver
cells (Figure S3a). Ultimately, 6-MF significantly reduced the
hepatic Nogo-B upregulation induced by HFrD and inhibited lipid
synthesis, oxidative stress, and inflammatory responses in the liver.

6-MF inhibits lipid synthesis, oxidative stress, and inflammatory
responses induced by an FA-fructose mixture in HepG2 cells
To verify the effects and mechanism of 6-MF in improving
fructose-induced liver injury, we created an in vitro model of liver
injury using a mixture of fructose and fatty acids (FA, palmitic acid/
oleic acid = 2/1) in HepG2 cells treated for 24 h to mimic the
conditions of HFrD-induced liver injury in mice. The results
indicated that Nogo-B expression in HepG2 cells was enhanced by
the FA-fructose mixture in a concentration-dependent manner
(Fig. 5a, top panel). Additionally, the expression of lipogenesis
genes (FASN, ACC, ChREBP) was increased and the expression of
antioxidant-related genes (SOD1, SOD2) was reduced (Fig. 5a,
middle and lower panel). Cellular ROS (Fig. 5b, c) and medium
TNF-α (Fig. 5d) levels were also enhanced through stimulation
with an FA-fructose mixture. However, 6-MF reduced the
expression of Nogo-B and lipogenesis genes while restoring the
levels of SOD1 and SOD2 (Fig. 5e). Compared to the modeling
group, 6-MF also reduced ROS (Fig. 5f, g) and cell-secreted TNF-α
(Fig. 5h) levels.
To further investigate if the therapeutic effect of 6-MF operates

through the inhibition of Nogo-B, we overexpressed Nogo-B in
HepG2 cells. 6-MF was able to inhibit the expression of
endogenous Nogo-B (Fig. 5i, top panel), but had limited effect
on the lipogenesis and antioxidant gene expression (Fig. 5i,
middle and lower panel). 6-MF was also unable to inhibit
intracellular ROS (Fig. 5j, k) and medium TNF-α (Fig. 5l) levels in
the presence of Nogo-B overexpression. Additionally, the FA-
fructose mixture or Nogo-B overexpression stimulated cells to
deposit more lipid droplets, while 6-MF reduced lipid accumula-
tion in control cells, but not in Nogo-B overexpressing cells

(Fig. S3b). Therefore, these data indicate that 6-MF may improve
high fructose-induced liver injury through Nogo-B inhibition.

6-MF restores HFrD-inhibited cellular autophagy to improve liver
injury
Previous studies have demonstrated that Nogo-B knockout
inhibited the activation of ChREBP through high fructose and
subsequent lipid synthesis [15]. We speculate that 6-MF also inhibits
lipid synthesis via the Nogo-B-ChREBP pathway, ameliorating HFrD-
induced liver injury. To verify this, we overexpressed ChREBP in
HepG2 cells and treated them with an FA-fructose mixture and
6-MF. Although ChREBP overexpression abolished the effect of
6-MF on lipid synthesis, it still activated antioxidant-related genes
(Fig. 6a). Correspondingly, intracellular ROS (Fig. 6b, c) and cell-
secreted TNF-α (Fig. 6d) levels were reduced by 6-MF under ChREBP
overexpression. These imply that the therapeutic effect of 6-MF
may not be achieved exclusively through inhibiting lipid synthesis
and reducing cellular lipid levels.
Cellular respiration, reflecting the function of mitochondrial

oxidative phosphorylation, is the process by which organic
compounds are oxidized and energy is released within the cell.
Fatty acids, glucose, and amino acids are the main substrates for
oxidative phosphorylation. Through the detection of the oxygen
consumption rate (OCR) of HepG2 cells (Fig. 6e), we found that 6-MF
increased basal respiration, maximal respiration, proton leakage, and
ATP production (Fig. 6f) compared to the FA-fructose mixture alone.
We hypothesize that 6-MF promoted fatty acid β-oxidation. In
addition, 6-MF increased the level of carnitine palmitoyl transferase
1α (CPT1α), the key rate-limiting enzyme for fatty acid oxidation, in
both mouse livers and HepG2 cells (Fig. 6g, h). These data indicate
that 6-MF activated lipid β-oxidation, also contributing to improved
lipid accumulation in the injured liver.
Catabolism of lipid droplets via autophagy followed by the

promotion of β-oxidation of FFA is considered a central regulator
of hepatic lipid metabolism [36]. Mice on a high-fat or high-
carbohydrate diet frequently exhibit impaired hepatic autophagy
and dysregulation of autophagy is strongly associated with NAFLD
[37, 38]. To connect the relationship between 6-MF and
autophagy, we detected the expression of autophagy-related
genes (Beclin1, P62, LC3B) both in vivo and in vitro. We observed
that 6-MF reduced the expression of P62, a specific substrate of
autophagy [39], increased by HFrD (Fig. 6g, i). Beclin1 is a crucial
regulator of autophagy, and the ratio of LC3BII/LC3BI may reflect
the level of autophagy [39]. HFrD decreased Beclin1 expression
and the LC3BI/LC3BII ratio, while 6-MF reversed the change
(Fig. 6g, i). In HepG2 cells, we confirmed that the FA-fructose
mixture inhibited autophagy (Fig. S4a), and 6-MF rescued the
damaged autophagy (Fig. 6h). Therefore, these results indicate
that in addition to inhibiting lipid synthesis, 6-MF ameliorates high
fructose-induced lipid accumulation through the restoration of
impaired autophagy.

6-MF activates HFrD-damaged autophagy via the AMPKα-mTOR
pathway
To further confirm the impact of 6-MF on autophagic flux in
hepatocytes, we transfected HepG2 cells with mCherry-GFP-LC3B
adenovirus. This adenoviral vector results in both green and red
colors (yellow after merging) in the autophagosome, while in the
autolysosome it only emits red due to the acidic hydrolysis of GFP.
After 24 h of treatment with the FA-fructose mixture, the number of
cells exhibiting red fluorescence in the merged graph was reduced,
while the number of cells exhibiting yellow fluorescence was
enhanced compared to the control group, suggesting that
autophagic flux was inhibited (Fig. 7a, b, FF vs. Ctrl). 6-MF restored
the autophagy of the cells to normal levels (Fig. 7a, FF+ 6-MF vs. FF).
Moreover, we observed that the lipid content of the cells was
significantly enhanced by the FA-fructose mixture, while the number
of autophagosomes was decreased overall (Fig. 7c, d, FF vs. Ctrl).
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Fig. 4 6-MF decreased Nogo-B expression along with inhibiting lipid synthesis, oxidative stress, and inflammatory responses in the liver.
a Serum Nogo-B levels were determined by Elisa kit (n= 6). Hepatic Nogo-B expression was determined by Western blot (n= 3) (b) and
immunohistochemistry staining (c) (n= 5). Protein expression of ACC, FASN (d) and ChREBPα/β (e) in liver was determined by Western blot
(n= 3). f Immunofluorescent staining of liver sections for determination of ChREBP (n= 5). g Superoxide in liver was determined by DHE
staining. (n= 5). h Protein expression levels of SOD1 and SOD2 in liver were determined by Western blot (n= 3). i Serum levels of IL-1β
and TNFα in groups were determined by Elisa kits (n= 6). j Protein expression of pNF-κB, NF-κB, and IL-1β in liver was determined by
Western blot (n= 3). k Immunohistochemistry staining of liver sections for determination of TNF-α (n= 5). All data are presented as the
mean ± SEM, *P < 0.05, **P < 0.01, ns: not significant. For the quantitation of the band density, *P < 0.05, **P < 0.01 vs. NC-C, #P < 0.05,
##P < 0.01 vs. HFrD-C.
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6-MF increased the amount of co-localization of autophagosomes
and lipids [Fig. 7c (Merge), FF+ 6-MF vs. FF], suggesting increased
lipid autophagy and reduced cellular lipid content.
Next, we examined the classical signaling pathways involved in

the regulation of autophagy levels. The AMP-activated protein
kinase α (AMPKα) signaling pathway, acting as the center of
regulation of energy metabolism, can activate cellular autophagy
by inhibiting the phosphorylation of the mammalian target of

rapamycin (pmTOR) [40]. It was found that hepatic phosphoryla-
tion of AMPKα (pAMPKα) was significantly inhibited in the HFrD-C
group alongside concomitant activation of mTOR (Fig. 7e, NC vs.
HFrD-C), whereas 6-MF rescued the inhibition of AMPKα and
suppressed the level of pmTOR (Fig. 7e, HFrD-C vs. HFrD-F). In
HepG2 cells, the FA-fructose mixture inhibited AMPKα phosphor-
ylation and activated mTOR (Fig. S4b), while 6-MF rescued this
change (Fig. 7f).

Fig. 5 6-MF inhibits lipid synthesis, oxidative stress and inflammatory responses in HepG2 cells. a–d HepG2 cells were incubated with a
gradient concentration of the FA-fructose mixture for 24 h. e–h HepG2 cells treated by 15 μM 6-MF with/without FA-fructosemixture (FA: 100mM,
fructose: 500 μM) stimulation for 24 h. i–l In the condition of normal (lane 1–3) and Nogo-B overexpression (lane 4–6), HepG2 cells were stimulated
by FA-fructose mixture (FA: 100mM, fructose: 500 μM) and treated with 15 μM 6-MF for 24 h. After the different treatments described above, cells
and medium were used to complete the following experiments: (a, e, i) Protein expression levels of Nogo-B, ACC, FASN, ChREBPα/β, SOD1 and
SOD2were determined byWestern blot (n= 3). (b, c; f, g; j, k) Cellular ROS staining (b) and themean fluorescence intensity (MFI) of ROS (c) (n= 5).
(d, h, l) Medium TNF-α level was determined by Elisa kit (n= 5). All data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, ns: not significant.
The quantitation results of the band density in a, e and i were displayed in supplemental information (Table S1).
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We treated cells with AMPK inhibitor Compound C (10 μM) to
further determine whether 6-MF enhances autophagic flux via the
AMPKα-mTOR pathway. The results demonstrated that Compound C
did not alter Nogo-B expression (Fig. S4c), and 6-MF failed to activate
AMPKα and inhibit pmTOR expression after inhibitor treatment

(Fig. 7g). Cellular β-oxidation was hindered and autophagy levels
were lowered after inhibitor treatment alone compared to normal
treatment (Fig. 7h, lane 1 vs. lane 4). The inhibition of autophagy and
β-oxidation was exacerbated by the FA-fructose mixture, and 6-MF
was unable to rescue the impairment of autophagy under Compound

Fig. 6 6-MF restores HFrD-inhibited β-oxidation and cellular autophagy. a–d In the condition of normal (lane 1–3) and ChREBP
overexpression (lane 4–6), HepG2 cells were stimulated by FA-fructose mixture (FA: 100mM, fructose: 500 μM) and treated with 15 μM 6-MF for
24 h. After the treatment, cells and medium were used to complete the following experiments: a Protein expression levels of ACC, FASN,
ChREBPα/β, SOD1 and SOD2 were determined by Western blot (n= 3). The quantitation results of the band density in a were displayed in
supplemental information (Table S1). Cellular ROS staining (b) and the mean fluorescence intensity (MFI) of ROS (c) (n= 5). dMedium TNF-α level
was determined by Elisa kit (n= 5). e, f The OCR was monitored over the sequential injection of oligomycin (1 μM), FCCP (1.5 μM) and Rot/AA
(0.5 μM) (n= 3). g, h Protein expression of CPT1α, Beclin1, P62 and LC3B in liver (g) and HepG2 cells (h) were determined by Western blot (n= 3).
i Immunofluorescent staining of liver sections for determination of LC3B and P62 (n= 5). All data are presented as the mean ± SEM, *P < 0.05,
**P < 0.01, ns: not significant. For the quantitation of the band density, *P < 0.05, **P < 0.01 vs. NC-C/lane 1, #P < 0.05, ##P < 0.01 vs. HFrD-C/lane 3.
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C treatment (Fig. 7h, lane 5 vs. lane 6). We further investigated
whether the regulation of the AMPKα-mTOR pathway by 6-MF is
dependent on Nogo-B. We found that when Nogo-B was over-
expressed, 6-MF failed to activate the AMPKα-mTOR pathway which

was inhibited by the FA-fructose mixture. Ultimately, 6-MF can restore
autophagic flux in damaged hepatocytes to promote lipolytic
metabolism. This effect was achieved through the activation of the
AMPKα-mTOR signaling pathway.

Fig. 7 6-MF activates HFrD-damaged autophagy via the AMPKα-mTOR pathway. Analysis of double-fluorescent mCherry-GFP-LC3B fusion
protein expression to detect autophagic flux (yellow puncta represent autophagosomes and red puncta represent autolysosomes) in HepG2
cells under 15 μM 6-MF treatment with/without FA-fructose mixture (a). Fifty cells were used for the statistical analysis of the number of
autophagosomes and autolysosomes per transfected cell (b) (n= 5). c, d Immunofluorescent staining for determination of autophagosomes
(LC3B) and lipids (Nile red) in HepG2 cells under 15 μM 6-MF treatment with/without FA-fructose mixture (n= 5). e, f Protein expression
levels of mTOR, pmTOR, AMPKα and pAMPKα in liver and HepG2 cells were determined by Western blot (n= 3). g, h In the condition of normal
(lane 1–3) and compound C (10 μM, an AMPK inhibitor) treatment (lane 4–6), protein expression levels of mTOR, pmTOR, AMPKα, pAMPKα,
CPT1α, Beclin1, P62 and LC3B in HepG2 cells were determined by Western blot (n= 3). All data are presented as the mean ± SEM, *P < 0.05,
**P < 0.01, ns: not significant. For the quantitation of the band density, e, f: *P < 0.05, **P < 0.01 vs. NC-C/lane 1, #P < 0.05, ##P < 0.01 vs. HFrD-C/
lane 3; g, h: *P < 0.05, **P < 0.01 vs. lane 1, #P < 0.05, ##P < 0.01 vs. lane 2, ^P < 0.05, ^^P < 0.01 vs. lane 4.
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DISCUSSION
Unlike other isoforms of the Nogo family, Nogo-B is widely
expressed across various tissues, including the liver, fat, muscle,
and brain [15]. Nogo-B is not often expressed in hepatocytes. In
contrast, it is barely expressed in normal hepatocytes, and its levels
are increased in hepatocellular carcinoma cells or injured hepato-
cytes [11, 13]. Nogo-B plays an essential role in various liver diseases.
Particularly, inhibition of Nogo-B expression is effective in prevent-
ing the development of metabolic diseases, indicating Nogo-B may
be a possible therapeutic target for improving these metabolic
diseases. At present, there are no effective inhibitors other than
siRNA active on Nogo-B [12, 14, 15, 41]. Flavonoids are diverse, and
many have pharmacological importance [42]. In this study, we
selected 14 structurally simple and similar flavonoids for screening
hepatocytes using a dual luciferase reporter system based on the
Nogo-B transcriptional response system and identified the optimal
inhibitor, 6-MF. 6-MF was able to significantly inhibit Nogo-B
expression in vitro and in vivo while ameliorating high fructose-
induced metabolic disorders and liver injury. Our study not only
established an effective method for screening Nogo-B inhibitors but
also assisted in the discovery of 6-MF, providing a new option and
strategy for inhibiting Nogo-B expression.
Carbohydrates activate ChREBP to promote FFA synthesis.

Excess FFA resulting from unlimited carbohydrate intake has
lipotoxicity promoting the progression of NAFLD [43, 44]. Excess
FFA accelerates liver damage by altering endoplasmic reticulum
function, redox, autophagy, inflammatory response, and other
mechanisms [38]. In this study, we determined that overexpres-
sion of Nogo-B antagonized lipid synthesis, oxidative stress, and
inflammatory response which was inhibited by 6-MF (Fig. 5i-l). This
suggests that the amelioration of liver injury by 6-MF is likely to be
achieved through the inhibition of Nogo-B. As Nogo-B is involved
in fructose-activated FFA synthesis via ChREBP [15], we hypothe-
sized that 6-MF reduces ChREBP-mediated lipid synthesis through
inhibition of Nogo-B, leading to a reduction in FFA level and
reversal of liver injury. However, under ChREBP overexpression,
6-MF was still able to inhibit oxidative stress and inflammation
(Fig. 6a–d), suggesting other mechanisms for 6-MF to ameliorate
high-fructose-induced liver injury outside of the inhibition of FFA
synthesis via the Nogo-B-ChREBP pathway.
Prolonged exposure of hepatocytes to FFA results in inhibition

of autophagic flux and cell death [38]. An increasing number of
studies indicate that the impairment of autophagic flux is
associated with the development of NAFLD [45–47]. Autophagy
is a catabolic process used to degrade cytoplasmic macromole-
cules (glycogen, proteins, lipids, and nucleic acids) during
starvation or cellular stress. For example, lipid autophagy can
catabolize TG into FFA and promote subsequent β-oxidation to
maintain homeostasis of cellular metabolism [37]. Simultaneously,
autophagy can selectively remove damaged mitochondria and
excess lipid droplets, reducing steatosis and liver damage [37].
Based on the crucial role of lipid autophagy in liver injury, we
examined mitochondrial oxidative phosphorylation, β-oxidation,
and autophagic flux in hepatocytes and determined that these
processes which were inhibited by high fructose were rescued by
6-MF treatment (Figs. 6e–h, 7a, b). Thus, our results suggested
that, outside of inhibiting lipid synthesis, 6-MF reduced FFA
accumulation through the restoration of autophagic flux and
promoting β-oxidation of FFA.
In addition, mTOR, a central cell growth regulator responsible

for regulating growth factors and trophic signals, is targeted to
inhibit autophagy [48]. In contrast, the activation of AMPKα, a key
energy sensor can inhibit mTOR activation and promote
autophagy [49]. Several studies have indicated an important role
for the AMPKα-mTOR pathway in autophagy [50, 51]. Our study
demonstrated that 6-MF restored the autophagic flux damaged by
high fructose via the AMPKα-mTOR pathway (Fig. 7c–f). However,
AMPKα activation inhibits ChREBP-mediated fatty acid synthesis

[52, 53]. SREBP1c, a transcription factor for the fatty acid synthesis
genes FASN and ACC, whose nuclear translocation is inhibited by
the activation of AMPKα [54, 55]. Thus, activation of AMPK
enhances lipid autophagy while simultaneously inhibiting fatty
acid synthesis. Inhibition of Nogo-B reduces ChREBP-mediated
fatty acid synthesis independently of AMPKα [15], suggesting that
6-MF may inhibit fatty acid synthesis through inhibition of ChREBP
and activation of AMPKα.
Surprisingly, Tian et al. [13] found that in normal hepatocellular

carcinoma (HCC) cells, Nogo-B promotes the degradation of lipid
droplets to provide energy for cancer cells, promoting cancer cell
proliferation. While we used HCC cells for our in vitro experiments,
we focused on the role of Nogo-B when hepatocytes undergo
steatosis and damage. However, Nogo-B may function distinctly in
pathological HCC cells compared to normal HCC cells. The role of
Nogo-B in glucolipid metabolism is functionally opposite in
normal and high glucose-stimulated HepG2 cells, as reported by
Zhang et al. [15] In normal HepG2, the knockdown of Nogo-B
activates ChREBP, while the knockdown of Nogo-B inhibits
ChREBP under high glucose stimulation conditions.
Ultimately, our study identifies and demonstrates for the first

time that 6-MF can effectively inhibit Nogo-B expression in the
liver, providing a new approach and option for the development
of Nogo-B inhibitors. Simultaneously, 6-MF improves FFA accu-
mulation through the restoration of autophagic flux and also
suggests a new potential mechanism by which Nogo-B deficiency
inhibits hepatic metabolic diseases, requiring further focus
and study.
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