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KEY WORDS Abstract Nonalcoholic fatty liver disease (NAFLD) is characterized by hepatic steatosis and insulin
resistance and there are currently no approved drugs for its treatment. Hyperactivation of mTOR complex

?;tt()plliljg; 1 (mTORC1) and subsequent impairment of the transcription factor EB (TFEB)-mediated autophagy
LO[L}IIS leaf" —lysosomal pathway (ALP) are implicated in the development of NAFLD. Accordingly, agents that
Lysosome: augment hepatic TFEB transcriptional activity may have therapeutic potential against NAFLD. The
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objective of this study was to investigate the effects of nuciferine, a major active component from lotus
leaf, on NAFLD and its underlying mechanism of action. Here we show that nuciferine activated ALP and
alleviated steatosis, insulin resistance in the livers of NAFLD mice and palmitic acid-challenged hepato-
cytes in a TFEB-dependent manner. Mechanistic investigation revealed that nuciferine interacts with the

Ragulator subunit hepatitis B X-interacting protein and impairs the interaction of the Ragulator complex
with Rag GTPases, thereby suppressing lysosomal localization and activity of mTORCI, which activates
TFEB-mediated ALP and further ameliorates hepatic steatosis and insulin resistance. Our present results
indicate that nuciferine may be a potential agent for treating NAFLD and that regulation of the mTORC1
—TFEB—ALP axis could represent a novel pharmacological strategy to combat NAFLD.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), ranging from simple
steatosis to non-alcoholic steatohepatitis, is the leading cause of
chronic liver disease. Characterized as hepatic steatosis with in-
sulin resistance, NAFLD can progress to end-stage liver diseases,
such as cirrhosis and hepatocellular carcinoma. In addition, he-
patic oxidative stress and inflammatory response are central
drivers of lipid accumulation and insulin signaling impairment.
The prevalence of NAFLD in the general population ranges from
20% to 30% and up to 75%—100% in obese individuals'”.
Currently, there are no approved effective pharmacological ther-
apies for NAFLD, and efforts to control the complications arising
from the condition are far from satisfactory. Hence, studies aimed
at exploring therapeutic targets and experimental drugs to treat
NAFLD are urgently needed.

Autophagy is a lysosomal degradative pathway that functions
to promote cell survival by supplying energy in times of stress or
by removing damaged organelles and proteins after injury’.
Importantly, the autophagy—Ilysosomal pathway (ALP) also me-
diates breakdown of intracellular lipids in hepatocytes®. It has
been reported that autophagic flux is blocked in experimental and
human conditions of NAFLD, and impaired autophagy is elicited
by defective lysosome acidification®. Moreover, restoration of
hepatic ALP by both pharmacologic and genetic approaches en-
hances lipid droplet clearance and improves insulin sensitivity in
liver"”®, which highlights a therapeutic potential of ALP in
NAFLD prevention and treatment.

Transcription factor EB (TFEB) is a master regulator of ALP due
to its ability to drive expression of autophagy and lysosomal
genes”"'’. Under nutrient-rich conditions, TFEB is predominantly
phosphorylated by mTOR complex 1 (mTORC1) on the lysosomal
surface to promote its binding with 14-3-3 proteins, which retain
TFEB in the cytoplasm and suppress its transcriptional
activity''"'°. mTORC] senses diverse signals primarily via two
kinds of Ras-related small G proteins, the Rag and Ras homolog
enriched in brain (RHEB) GTPses, both of which act directly up-
stream of mTORC1'*""7. The Rag GTPases (Rags), composed of
RagA or RagB (which are functionally equivalent to each other) in
complex with RagC or RagD (also functionally equivalent), are
tethered to the surface of lysosomes via Ragulator, a pentameric
protein complex consisting of P18, P14, MP1, C70rf59 and hepatitis
B X-interacting protein (HBXIP)'® %!, to activate mTORC1'® %,

Overactivation of mTORC1 and subsequent deficiency of
TFEB-mediated ALP are associated with the progression of
NAFLD, this link has been demonstrated in both human and
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experimental models . Besides, liver-specific genetic deletion
of TFEB results in the accumulation of hepatic lipid droplets and
defective lipid degradation during starvation’>*°. Conversely,
forced expression of TFEB promotes vast therapeutic effects in
ethanol-induced or high-fat diet (HFD)-induced hepatic steatosis
by rescuing lipid overload-impaired lysosome function and
enhancing lipolysis®**®?’. Importantly, there are several com-
pounds, including rapamycin® and caffeine®, which bring about
therapeutic effects on NAFLD by inhibiting mTORCI1 activity
whereas treatment with ezetimibe augmented TFEB-mediated
ALP”’. Thus, manipulation of the mTORCI—TFEB—ALP axis
may offer therapeutic options for NAFLD.

Nuciferine (the chemical structure is shown in Fig. 1A), an
aromatic ring containing alkaloid, is a major active ingredient
extracted from the lotus leaf and has been shown to have extensive
pharmacological activities on the metabolic syndrome, including
antioxidant®®, anti-obesity’™' and anti-inflammation effects®”.
Although nuciferine has shown favorable results against hepatic
steatosis in NAFLD”, the molecular mechanisms of its anti-
NAFLD activity is still obscure. Herein, we report data suggest-
ing that nuciferine disrupts the Rag—Ragulator interaction thus
inhibiting mTORCI1 activity, which, in turn, results in the acti-
vation of TFEB-mediated ALP and subsequent attenuation of
hepatic steatosis and insulin resistance. Thus, nuciferine repre-
sents a therapeutic candidate for the treatment of NAFLD.

2. Materials and methods

2.1. Antibodies and reagents

Antibodies specific for phospho (p)-insulin receptor (IR)-
Tyr1150/1151 (3024; 1:1000 WB), protein kinase B (AKT; 9272;
1:1000 WB), p-AKT-Ser473 (4060; 1:1000 WB), p-TFEB-
Ser211 (37681; 1:1000 WB), TFEB (4240; 1:1000 WB; 1:100
IF), mechanistic target of rapamycin kinase (mTOR; 2983;
1:1000 WB; 1:200 IF), p70 S6 kinase (S6K; 9202; 1:1000 WB),
p-S6K-Thr389 (9206; 1:1000 WB), EIF4E-binding protein 1 (4E-
BP1; 9644; 1:1000 WB), p-4E-BP1-Ser65 (9456; 1:1000 WB),
unc-51-like kinase 1 (ULKI1; 6439; 1:1000 WB), p-ULKI1-
Ser757 (6888; 1:1000 WB), ribosomal protein S6 (S6; 2317;
1:1000 WB), p-S6-Ser240/244 (5364; 1:1000 WB), RagA (4357;
1:1000 WB), RagC (3360; 1:1000 WB; 1:400 IF), IxBa (4814;
1:1000 WB) and nuclear factor kappa B (NF-«B; 4764s; 1:1000
WB) were purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibody specific for C7orf59 (NBP1-98263; 1:1000
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Figure 1  Nuciferine alleviates lipid accumulation, insulin resistance, oxidative stress and inflammatory response in the liver of high-fat diet

(HFD) mice. Mice were fed either a normal diet (ND) or an HFD for 16 weeks. Nuciferine-treated mice were fed an HFD for 12 weeks and then
fed an HFD containing low dose nuciferine (HFLN) or high dose nuciferine (HFHN) for another 4 weeks. (A) Chemical structure of nuciferine.
(B—D) Body weight, liver weight and ratio of liver weight to body weight (LW/BW). (E) Gross anatomical views of representative mouse liver.
Scale bar, 2 cm. (F) Representative images of H&E and Oil-red O staining of liver sections (original magnification 20 x). (G, H) Hepatic and
serum triglyceride contents. (I, J) Fasting blood glucose and insulin levels. (K) Homeostasis model assessment of insulin resistance index. (L, M)
Glucose-tolerance test (GTT) and insulin-tolerance test (ITT). (N) Representative immunoblotting of insulin receptor (IR), phospho (p)-IR,
protein kinase B (AKT) and p-AKT in the livers from different groups and quantification of p-IR/IR, p-AKT/AKT and expressed as fold change
relative to ND group. (O, P) Hepatic malondialdehyde (MDA) and hydrogen peroxide (H,O,) contents. (Q, R) Hepatic superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) activities. (S) Representative immunoblotting of nuclear factor kappa B (NF-«B), p-NF-xB and IkB«
in the livers from different groups and quantification of p-NF-kB/NF-«kB and IkBa/B-actin and expressed as fold change relative to ND group. All
experiments were repeated at least 3 times. n = 9 mice per group for B—D, G—M and O—R; n = 6 mice per group for N and S. Data were
expressed as the mean £ SEM; *P < 0.05, **P < 0.01.
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Figure 2

|- ND ™ HFD ®® HFLN  m HFHN

Nuciferine activates hepatic autophagy—lysosomal pathway (ALP) in NAFLD mice. (A) The scatterplot showing fold change of all

genes in the RNA-seq dataset, with differentially expressed genes shown with corresponding font color. The pie charts indicate the number of
differentially expressed genes regulated by nuciferine and HFD feeding. (B) Gene set enrichment analysis showing the cellular pathways, which
were upregulated by HFD but downregulated by nuciferine treatment. (C) Heatmap showing the expression profile of genes related to autophagy,
lysosome and lipid metabolism in different groups. (D) Relative mRNA levels of the indicated genes were normalized to $-actin and Gapdh and
expressed as fold change relative to ND group. (E) Representative immunoblotting of nuclear and cytosolic TFEB in the livers from different
groups and quantification of TFEB nuclear/cytosolic ratio and expressed as fold change relative to ND group. (F) Representative immunoblotting
of transcription factor EB (TFEB) and p-TFEB-Ser211 in the livers from different groups and quantification of p-TFEB-Ser211/TFEB, TFEB/(-
actin and expressed as fold change relative to ND group. (G) Representative immunoblotting of sequestosome 1 (P62) and microtubule associated
protein 1 light chain 3 (LC3) in the livers from different groups and quantification of P62/8-actin, LC3-1I/8-actin and expressed as fold change
relative to ND group. Mice were treated as described in Fig. 1 and sacrificed 8 h after intraperitoneal injection of leupeptin (40 mg/kg).
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WB) was purchased from Novus Biologicals (Littleton, CO,
USA). Aantibodies specific for IR (ab69508; 1:1000 WB),
sequestosome 1 (P62; abl101266; 1:1000 WB), microtubule
associated protein 1 light chain 3 (LC3; ab48394; 1:1000 WB),
Histone H3 (ab1220; 1:1000 WB), lysosomal associated mem-
brane protein 1 (LAMP1; ab24170; 1:1000 WB), p-NF-«B
(ab86299; 1:2000 WB), @-actin (ab8226; 1:2000 WB), HRP-
conjugated secondary antibodies to mouse (ab205719; 1:5000
dilution) and rabbit (ab205718; 1:5000 dilution) IgGs were
purchased from Abcam (Cambridge, England). Antibodies spe-
cific for Flag (AE005; 1:2000 WB) and P18 (A11619; 1:1000
WB) were purchased from ABclonal (Wuhan, Hubei, China).
Antibodies specific for @-tubulin (10068-1-AP; 1:5000 WB),
cathepsin D (CTSD; 21327-1-AP; 1:2000 WB) and HA (66006-
2-Ig; 1:10,000 WB) were purchased from Proteintech (Wuhan,
Hubei, China). Antibodies specific for 14-3-3 (sc-133232; 1:200
WB), MP1 (sc-376783; 1:200 WB) and HBXIP (sc-373980,
1:200 WB) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). FITC-conjugated goat anti-rabbit IgG
(111-095-003; 1:200 dilution) and Cyanine Cy™3-conjugated
goat anti-rabbit IgG (111-165-003; 1:500 dilution) were pur-
chased from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA).

Nuciferine (B20500; greater than 98%, HPLC) was purchased
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China), dissolved in 1 mol/L hydrochloric acid and then the pH
was adjusted to 7.5 by sodium hydroxide. Palmitic acid (PA;
P0500; Sigma—Aldrich) was dissolved in 0.1 mol/L NaOH at
70 °C and then complexed with 10% bovine serum albumin (BSA)
at 55 °C for 10 min to achieve the final palmitate concentration
(100 mmol/L). Chloroquine (CQ, PHR1258) was purchased from
Sigma—Aldrich. Torinl (S2817) and leupeptin (S7380) were
purchased from Selleck (Houston, TX, USA). LysoTracker Red
DND-99 (50 nmol/L, 30 min) was used to stain the lysosome
compartments (L7528, Thermo Fisher Scientific, Waltham, MA,
USA). The siRNA targeting human Tfeb (5'-CAGGCUGU-
CAUGCAUUACATT-3") was chemically synthesized by Gene-
Pharma (Shanghai, China). The non-targeting siRNA were
purchased from GenePharma (A06001).

2.2.  Cell culture and treatment

Primary hepatocytes were isolated from 6 to 8 weeks male TFEB-
knockout mice by the collagenase perfusion method. Only hepa-
tocytes with viability > 90%, as judged by Trypan blue exclusion,
were used. The isolated mouse primary hepatocytes were cultured
in Dulbecco’s modified Eagle medium (DMEM) medium
(HyClone, Thermo Scientific, USA) containing 10% fetal bovine
serum (FBS, 10099141, Gibco, Grand Island, NY, USA),
100 nmol/L insulin, 100 nmol/L. dexamethasone and pencillin/
streptomycin for 5 h and then cultured in DMEM medium con-
taining 10% FBS.

AML-12 cells, an immortalized normal mouse hepatocyte cell
line, were purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA, CRL-2254). The cells were cultured in
DMEM/F12 supplemented with 10% FBS (10099141, Gibco), 1%

insulin-transferrin-selenium (I3164, Sigma—Aldrich) and 1%
penicillin—streptomycin at 37 °C under 5% CO,. HEK293T cells
were purchased from Cell Bank of the Chinese Academy of Sciences
(Shanghai, China, SCSP-502). The cells were cultured in DMEM
medium containing 10% FBS (10099141, Gibco), 1% non-essential
amino acids (N1250, Solarbio, Beijing, China), and 1%
penicillin—streptomycin at 37 °C under 5% CO,. HepG2 human
hepatocarcinoma cells (ATCC, HB-8065) were maintained in DMEM
(SH30021.01, Thermo Fisher Scientific) supplemented with 10%
FBS (10099141, Gibco) and 1% penicillin—streptomycin at 37 °C
under 5% CO,. Mycoplasma contamination was negative for all cells.

To mimic in vivo hepatic steatosis, hepatocytes were maintained
in medium containing 2% BSA and treated with 400 pmol/L PA for
12 h. To activate the insulin signaling pathway, hepatocytes
were treated with 100 nmol/L insulin for 30 min. To study the
function of nuciferine, the cells were treated with different con-
centrations of nuciferine (0, 10, 25, 50, 100 or 200 umol/L) for
12 h, 100 pmol/L nuciferine for different time points (0, 3, 6, 12 or
18 h) or 100 pumol/L nuciferine for 12 h. To inhibit mTOR activity,
the cells were treated with 250 nmol/L Torinl for 1 h. For exper-
iments which required amino acid deprivation, cells were rinsed
twice with PBS and incubated for 1 h in amino acid-free DMEM
(MBS6120661, MyBioSource, San Diego, CA, USA). To knock-
down or overexpress a target gene, sSiRNA or an overexpression
plasmid was transfected into cells using Lipofectamine 2000
(11668019, Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The cell treatments and detailed group
information are shown in the figure legend.

2.3.  Plasmids

The plasmid encoding full-length TFEB-GFP has previously been
described®* and was used as template to amplify TFEB cDNA, which
was subcloned into pc-DNA3.1-HA (128034, Addgene) to generate
the pcDNA3.1-HA-TFEB. pLIMI1-Flag-Raptor (26633), pLIM1-
Flag-Raptor-RHEB15 (26634), pPK5-HA GST RagC-S75L
(19305) and pRKS5-HA GST RagC-WT (19304) were kind gifts
from D. Sabatini (Addgene plasmids). pLIM1-Flag-P14 was a kind
gift from Roberto Zoncu. Full-length cDNAs encoding human P18,
MP1, C7orf59 and HBXIP were amplified by PCR and subcloned
into the pcDNA3.1 vector (with Flag and 6 x His-tag) to generate the
pcDNA3.1-Flag-6 x His-P18, pcDNA3.1-Flag-6 x His-MP1,
pcDNA3.1-Flag-6 x His-C70rf59 and pcDNA3.1-Flag-6 x His-
HBXIP. All constructs were checked by DNA sequencing.

2.4.  Lentivirus production and transduction

Lentiviral production was performed as previously described®.
Briefly, HEK293T cells were co-transfected with pLJM1-Flag-
Raptor or pLJMI1-Flag-Raptor-RHEB15, pCMV-VSV-G and
pCMV-deltaR8.2 lentiviral packaging plasmids using Lipofect-
amine 2000 (11668019, Invitrogen). After 72 h of transfection,
supernatants containing lentiviruses were collected and filtered
through a 0.45 pm sterile filter to remove cell debris and used for
infection in presence of 5 pg/mL polybrene (H8761, Solarbio).

(H) Representative immunoblotting of lysosomal associated membrane protein 1 (LAMP1) and cathepsin D (CTSD) in the livers from different
groups and quantification of LAMP1/8-actin, CTSD/(-actin and expressed as fold change relative to ND group. (I) Relative lysosomal NAG
activity in the livers from different groups. All experiments were repeated at least 3 times. n = 5 mice per group for A—D; n = 6 mice per group
for E—H; n = 9 mice per group for I. Data were expressed as the mean = SEM; *P < 0.05, **P < 0.01.
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Twenty-four hours later, cells were treated and selected with pu-
romycin (2 pg/mL, P8230, Solarbio).

2.5.  Protein extraction, nucleus and cytoplasm separation, and
Western blotting

Liver tissue and hepatocyte total proteins were extracted using a
protein extraction kit (C510003; Sangon Biotech Co., Ltd.,
Shanghai, China). Nucleus and cytoplasm separation were con-
ducted using a Nuclear-Cytosol Extraction Kit (P1200, Applygen
Technologies). The protein concentration was estimated by the
BCA method (P1511; Applygen Technologies). The samples were
separated by SDS-PAGE and electrophoretically transferred to a
polyvinylidene difluoride membrane. The membranes were
blocked in 3% BSA/Tris-buffered saline/Tween buffer for 4 h. The
blocked membrane was incubated overnight at 4 °C with the
primary antibody. The membranes were then incubated with HRP-
conjugated anti-rabbit or anti-mouse IgG at room temperature for
45 min. Immunoreactive bands were visualized by enhanced
chemiluminescence solution (WBKLS0500, Millipore, Bedford,
MA, USA). All bands were analyzed using Image-Pro Plus 6.0
(Media Cybernetics, Rockville, MD, USA). The Western blots
shown are representative of 3 independent experiments with
consistent results.

2.6.  Co-immunoprecipitation

The cells were lysed with NP-40 buffer (POO13F, Beyotime,
Beijing, China) supplemented with protease and phosphatase in-
hibitors. The supernatants were incubated with anti-Flag M2 af-
finity gel (A2220, Sigma—Aldrich) or anti-HA affinity gel (E6779,
Sigma—Aldrich) overnight at 4 °C. After 5 washes, immunopre-
cipitation proteins were fractionated by SDS-PAGE and analyzed
by Western blotting with the indicated primary antibodies.

2.7.  Quantitative reverse transcription PCR assay (qRT-PCR)

The total RNA from hepatocytes and liver tissues was extracted using
RNAiso Plus (D9108A, TaKaRa Biotechnology Co., Ltd., Dalian,
China) according to the manufacturer’s instructions. The RNA con-
centration and quality were measured using a K5500 MicroSpec-
trophotometer (Beijing Kaiao Technology Development Co., Ltd.,
Beijing, China) and electrophoresis (1% agarose gels). Then, 1 pg of
total RNA in each sample was reverse-transcribed to cDNA in a
20 pL reaction using a reverse transcription kit (RR047A, TaKaRa
Biotechnology) according to the supplier’s protocol. We evaluated
mRNA expression using qRT-PCR technology with FastStart Uni-
versal SYBR Green Master Mix (04913850001; Roche Diagnostics,
Mannheim, Germany) and a 7500 Real-Time PCR System (Applied
Biosystems Inc., Foster City, CA, USA). The relative expression of
each target gene was normalized to two reference genes, $-actin and
glyceraldehyde-3-phosphate dehydrogenase and calculated using the
27A2CT method*®?”. The primers used in this study are shown in
Supporting Information Table S1. The cycles-to-threshold values of
B-actin and Gapdh were not affected by the experimental treatment,
which validated the usefulness of these genes as control genes.

2.8.  RNA-sequencing
Total RNA was isolated from the fresh liver tissues using the

RNAeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s protocol. The concentration and purity of RNA

was determined using a NanoDrop microspectrophotometer
(Thermo Fisher Scientific). The sequencing libraries were gener-
ated using the TruSeq RNA Sample Preparation Kit (Illumina, San
Diego, CA, USA), which consists of an mRNA purification pro-
cess that uses poly-T beads, mRNA fragmentation, reverse tran-
scription, end repair, the addition of a single ‘A’ base, ligation of
the adapter, and purification and enrichment with PCR. The li-
brary fragments were purified using the AMPure XP system
(Beckman Coulter, Bevely, CA, USA) and quantified using the
Agilent High Sensitivity DNA assay on a Bioanalyzer 2100 sys-
tem (Agilent, Santa Clara, CA, USA). Sequencing was carried out
using an Illumina Hiseq Xten platform (Illumina).

2.9.  Cell viability, triglyceride content assessment and (3-N-
acetylglucosaminidase assay (NAG)

The cell viability was assessed by CCK-8 kit (CK04, Dojindo Co.,
Kumamoto, Japan) according to the manufacturer’s instructions.
Cells were seeded at 5 x 10° cells/well in 96-well plates incubated
at 37 °C in 5% CO,. After treatment, 20 uL. of CCK-8 was added
to plates. Then the cells were incubated for an extra 4 h. The
optical density was measured at 450 nm on a spectrophotometer
(Thermo Fisher Scientific).

Liver tissues or hepatocytes were homogenized in 5% Triton-
X100 and then heated in a water bath (85 °C) for 3 min. After
cooling at room temperature, the sample was vortexed and
centrifuged at 2000 x g for 5 min at 4 °C. The supernatant was
collected and stored at —80 °C before the triglyceride assay. The
triglyceride content was measured using an enzymatic kit (E1013;
Applygen Technologies, Beijing, China) following the manufac-
turer’s instructions. The total protein concentration was estimated
by the BCA method (P1511; Applygen Technologies). The tri-
glyceride content of the serum was measured using a triglyceride
measurement kit (E1003, Applygen Technologies).

NAG performed using a kit from Sigma—Aldrich (CS0780).
The assay is based on the hydrolysis of the NAG substrate,
4-nitrophenyl N-acetyl-3-p-glucosaminide, by the enzyme. This
enzymatic hydrolysis of the substrate releases p-nitrophenol,
which upon ionization in basic pH, can be measured colorimet-
rically at 405 nm. Firstly, cells were lysed in RIPA buffer. Then,
ten micrograms from each sample were normalized to equal vol-
umes and measured for NAG activity following the protocol
provided by the supplier.

2.10.  Oxidation and antioxidant marker analysis

Liver tissue and cultured cells were homogenized and lysed on ice
in PBS and centrifuged (12,000 x g) for 15 min at 4 °C. The
supernatant was used to analyze oxidation and antioxidant
markers. The content of malondialdehyde (MDA) and hydrogen
peroxide (H,O,) and the activities of superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) were measured using
biochemical kits (H,O,, A064-1; MDA, A003; Nanjing Jian
Cheng Institute of Bioengineering, Nanjing, China; SOD, S0101;
GSH-Px, S0058; Beyotime Institute of Biotechnology), according
to the manufacturer’s instructions.

2.11.  Lysosomes isolation
Lysosomes of liver tissues were isolated with lysosome isolation

kit (LYSISOI1, Sigma—Aldrich). Briefly, fresh liver tissues were
homogenized in 4 volumes of 1 X extraction buffer containing
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Figure 3  Nuciferine activates ALP via TFEB. (A) Representative immunoblotting of nuclear and cytosolic TFEB in HepG2 cells and
quantification of TFEB nuclear/cytosolic ratio and expressed as fold change relative to control group. HepG2 cells were treated with different
concentrations of nuciferine (0, 10, 25, 50, 100 or 200 pmol/L) for 12 h. (B—E) HepG2 cells were treated with 100 pmol/L nuciferine for 12 h or
250 nmol/L Torinl for 1 h. (B) HepG2 cells were analyzed by immunofluorescence and quantified to calculate the percentage of cells showing
TFEB unclear localization. Scale bar, 20 pm. (C) Representative immunoblotting of LAMP1 and CTSD in HepG2 cells and quantification of
LAMP1/B-actin, CTSD/B-actin and expressed as fold change relative to control group. (D) Relative lysosomal NAG activity. (E) Representative
images of LysoTracker staining in HepG?2 cells and quantification of fluorescence intensity and expressed as fold change relative to control group.
Scale bar, 20 pm. (F) Representative immunoblotting of P62 and LC3 in HepG2 cells and quantification of P62/3-actin, LC3-1I/8-actin and
expressed as fold change relative to control (no treatment) group. HepG2 cells were pre-treated with 50 pmol/L chloroquine for 4 h and then
treated with or without 100 pmol/L nuciferine for 12 h. (G) Representative immunoblotting of P62, LC3, CTSD and LAMP1 in HepG?2 cells and
quantification of P62/3-actin, LC3-1I/(-actin, LAMP1/8-actin, CTSD/B-actin and expressed as fold change relative to control (transfection with
siControl alone) group. HepG2 cells were transfected with siTFEB or siControl, then treated with or without 100 pmol/L nuciferine for 12 h. (H)
Representative immunoblotting of P62, LC3, CTSD and LAMPI in the livers from different groups and quantification of P62/(-actin, LC3-11/6-
actin, LAMP1/B-actin, CTSD/@-actin and expressed as fold change relative to control (HFD-fed TFEB™F mice) group. Mice were fed an HFD for
16 weeks. Nuciferine-treated mice were fed an HFD for 12 weeks and then fed an HFD containing 0.03% nuciferine for another 4 weeks. n = 6
mice per group were used to analyze the results. All experiments were repeated at least 3 times. Data were expressed as the mean + SEM;

*P < 0.05, #*P < 0.01.



2876

Xiliang Du et al.

- TFEBF+HFD

TFEB"C+HFD

TFEBF+HFD

FIF o ]*
= TFEB™" +Nuciferine+HFD

o >

vy

07 -+ TFEBYC4+HFD * _
Gl - TFEB™C+Nuciferine+HFD | % C
= 501 *k £
el Aok )
2 40- <
> g1
=
$ 307 3
20 T T T T T T 0
0 2 4 6 8 101214 16
E Time (week) F G H I
0.37 ** 204
2z s 3 =5 . *k
g8 5 33 3945 2 o
L9 o o€ 8> 54 e o x
38 53 SE s 3
E=g=] =S o= 27104 o =
o E € E £ 9 ££ o
£3 EE 23 &3 e =
gE @ w3 i
T = 2 E)
oA
%%
J 25 GTT 807 oy ** K 149 %% ImT 407 **
3 B 5 o 124 44 z
g~20 % 5% s E 60 S~ R € 301
2= *k 5 S < 104 * | - TFEBFF+HFD
S 2 15{1y 3 40 52 g 3 201 - TFEBFF+Nuciferine+HFD
BE 15 3 E E - TFEBKO+HFD
ﬂ_C; ~ 10 g/ 20 % = 67 é 104 - TFEB“K°+Nuciferine+HFD
o J )
2 4 =)
< o Y e e S o < o-
0 15 30 60 120 0 15 30 60 120
Time after glucose injection (min) Time after insulin injection (min)
TFEB™F+HFD TFEB"KO+HFD = =
Nuciferine - + + 25 5
8 g S5
S ~ 2
PR | e - - e G WS - e s e @ e |95 kDa E‘; Q2
o T2
zg g
S ® £
R[W - S W (S - W0 W yawn 0502 5 LA
PAKT (e ee s QP P QP @0 @ " e " == 50D O E
> 1507 S 1504 Ex __¥%
5 g _ o°
g ® £
AT/ U S 0 B SR R R R W BB co: S5 & § 1004
2 s z s
j= j=2}
i . QE 1 O E 504
B-Actin - S e o2 kDa =S 50 835
————— H $5
257 sh wx T o T o
2.0
%
<15 ¢ TFEB7F+HFD  TFEBKO+HFD
g i © TFEB™F+HFD+Nuciferine  * TFEB"X+HFD+Nuciferine
< 1.
a
0.5 m TFEB7F+HFD m TFEB-“O+HFD
0.0 m TFEBTF+HFD+Nuciferine  #8 TFEB-“O+HFD+Nuciferine
Q TFEB™F+HFD TFEBO+HFD
Nuciferine Z : Z :
PNF-AD | WS S —— G . S S e (5 D 15 . EE
S *
210
NF—KB------------GSKDa °¥°
'-Z'- 0.5
| D D PPN P W — - - - |37 04 QOO
fractin (D S - - - - - D - - - 20

Figure 4

TFEB mediates the beneficial effects of nuciferine. Mice were fed an HFD for 16 weeks. Nuciferine-treated mice were fed an HFD

for 12 weeks and then fed an HFD containing 0.03% nuciferine for another 4 weeks. (A—C) Body weight, liver weight and LW/BW ratio. (D)
Representative images of H&E and Oil-red O staining of liver sections (original magnification 20 x). (E, F) Hepatic and serum triglyceride
contents. (G, H) Fasting blood glucose and insulin levels. (I) Homeostasis model assessment of insulin resistance index. (J, K) GTT and ITT.
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protease inhibitors and centrifuged for 1000 x g for 10 min to
yield post-nuclear supernatant. The supernatant was then centri-
fuged at 20,000 x g for 20 min at 4 °C to acquired crude lyso-
somal fractions. The crude lysosomal fractions were resuspended
in 1x extraction buffer and adjusted to 19% Optiprep and layered
over 22.5% Optiprep in a multistep Optiprep gradient consisting
of 27%, 22.5%, 19%, 16%, 12% and 8% Optiprep according to the
manufacturer’s protocol and centrifuged for 4 h at 150,000 x g in
a swing out rotor. The various layers formed at the junction of
each gradient were collected after centrifugation. The enrichment
of lysosomes was confirmed by measuring NAG activity and
protein abundance of LAMP1.

2.12.  Immunofluorescence assay

Immunofluorescence assays were performed as described previ-
ously®®. The cells were fixed with 4% paraformaldehyde. Antigen
retrieval was performed using EDTA-Na, at 95 °C. The cells were
permeabilized using 0.1% Triton X-100. For immunostaining, the
cells were incubated with antibody diluted in PBS containing 5%
goat serum overnight at 4 °C. The cells were then incubated with
secondary antibodies conjugated to FITC or Cy3 (Jackson
ImmunoResearch Laboratories). Subsequently, nuclei were
stained with DAPI (Sigma—Aldrich). The cells were observed by
laser confocal microscopy (Fluoview FV1200, OLYMPUS). In
this experiment, at least three biological replicates of all the
immunofluorescence assay were performed and three technical
replicates were performed in each biological replicate. In addition,
five independent fields and at least 20 random cells were observed
from each technical replicate. Image-Pro Plus 6.0 software (Media
Cybernetics) was used to quantify the signals.

2.13.  Cellular thermal shift assay (CETSA)

The stabilization of targets in cells by nuciferine interaction was
evaluated by CETSA as described previously™. For the temperature-
dependent CETSA, cells were treated with or without 100 pmol/L
nuciferine for 12 h. Cells were harvested and resuspended in PBS.
The cells suspension was then aliquoted into 13 PCR tubes, heated
for 3 min to 40, 44, 46, 48, 50, 52, 54, 56, 58, 62, 66, 70 or 74 °C
followed by 3 cycles of freeze-thawing with liquid nitrogen and
centrifugation at 20,000 x g for 20 min. The soluble fractions were
collected, and equal amount of proteins were analyzed by SDS-
PAGE followed by Western blotting analysis.

For the dose-dependent CETSA, cells were treated with
various concentrations of nuciferine (0, 5, 10, 25, 50, and
100 pmol/L) for 12 h. Cells were harvested and resuspended in
PBS. The cells suspension was heated for 3 min to 56 °C followed
by 3 cycles of freeze—thawing with liquid nitrogen and centrifu-
gation at 20,000 x g for 20 min. The soluble fractions were
collected, and equal amount of proteins were analyzed by SDS-
PAGE followed by Western blotting analysis.

2.14.  Computational biology methods

The structure of HBXIP came from the Protein Data Bank (PDB
code: 5YK3)4” and was used to the initial structure for molecular
docking calculation by AutoDock Vina software®'. The structure
of nuciferine was optimized at the B3LYP/6-31G* level by using
Gaussian 09 program, and molecular mechanical parameters of
nuciferine was determinate based on the antechamber programs
and RESP partial atomic charges from the AmberTools20 soft-
ware. Subsequently, the standard docking procedures for HBXIP
and nuciferine were performed using AutoDock vina software. To
obtain the stable structure of HBXIP with nuciferine, the structure
obtained from molecular docking was used as the initial structure,
and the 30-ns standard molecular dynamics simulation was per-
formed for the 3D structure of HBXIP with nuciferine using
NAMD 2.1 software package™. The detailed docking process was
referenced from previous studies™.

2.15. Animals and treatment

The Institutional Animal Care and Use Committee of Jilin Uni-
versity approved the study protocol (SY202004002, Changchun,
China). All mice received humane care. All mice were kept in a
standard environment with a 12-h dark/light cycle (lights on at 06:30
am). The temperature and humidity were maintained at 23 + 3 °C
and 35 4 5%, respectively. Male 8- to 10-week-old C57BL/6N mice
were purchased from the Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). TFEB flox mice were
generated as described previously~® and were crossed with Albumin
Cre (The Jackson Laboratory) to generated hepatocyte-specific
TFEB knockout mice. Age matched litter mates from TFEB flox
and Albumin Cre negative mice were used as control wild type mice
for the knockout mice. Mice were fed a normal diet (ND, D12450B,
10% kcal from fat, Research Diet, New Brunswick, NJ, USA), a
high-fat diet (HFD, D12492, 60% kcal from fat, Research Diet), or
an HFD containing 0.01 or 0.03% nuciferine (w/w). To block
autophagic flux in mouse livers, we treated mice with 40 mg/kg (i.p.)
leupeptin for 8 h. The detailed groups and the number of mice
included are shown in the figure legend.

2.16.  Mouse glucose metabolic assay

After mice had been fasted, fasting blood glucose and insulin
levels were determined using a glucometer (Abbott Diabetes Care
Inc., Alameda, CA, USA) and enzyme-linked immunosorbent
assay (Millipore, Billerica, MA, USA), respectively. The homeo-
stasis model assessment of insulin resistance (HOMA-IR) index
using the following mathematical formulation Eq. (1):

HOMA-IR index = Insulin (mIU/L) x Glucose (mmol/L)/22.5
(1)

(L) Representative immunoblotting of IR, p-IR, AKT and p-AKT in the livers from different groups and quantification of p-IR/IR, p-AKT/AKT
and expressed as fold change relative to control (HFD-fed TFEB™F mice) group. (M, N) Hepatic MDA and H,O, contents. (O, P) Hepatic SOD
and GSH-Px activities. (Q) Representative immunoblotting of NF-kB, p-NF-«B and IxB« in the livers from different groups and quantification of
p-NF-«B/NF-«B and IkBa/gB-actin and expressed as fold change relative to control (HFD-fed TEEB™F mice) group. All experiments were repeated
at least 3 times. n = 9 mice per group for A—C, E—K and M—P; n = 6 mice per group for L and Q. Data were expressed as the mean + SEM;

*P < 0.05, **P < 0.01.
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Figure 5  Nuciferine inhibits mTORCI activity and decreases TFEB phosphorylation. (A) Representative co-immunoprecipitation (Co-IP)
analysis to assay interactions between HA-TFEB and RagA, RagC, mTOR and 14-3-3 in HepG2 cells. HepG2 cells were transfected with HA-
TFEB and treated with 100 umol/L nuciferine for 12 h or starved of amino acids (AA) for 1 h. (B) Representative immunoblotting of p-TFEB-
Ser211, GFP-TFEB, p70 S6 kinase (S6K), p-S6K-Thr389, ribosomal protein S6 (S6), p-S6-Ser240/244, EIF4E-binding protein 1 (4E-BP1) and
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Glucose-tolerance test (GTT) was carried out on mice that had
been fasted overnight for 16 h. After determination of fasted blood
glucose levels, each mouse received an intraperitoneal injection of
2 g/kg body weight of glucose. Blood glucose level was detected
from tail vein after 15, 30, 60, and 120 min. Insulin-tolerance tests
(ITT) were carried out in random-fed mice. After measuring basal
blood glucose levels, each mouse was treated with 0.75 U/kg body
weight of insulin. Blood glucose level was recorded after 15, 30,
60, and 120 min.

2.17. H&E and Oil red O staining

Liver tissue was fixed in 10% formaldehyde neutral buffer so-
lution, embedded in paraffin, cut into 8 pm sections and stained
with H&E. For Oil red O staining, liver tissue was frozen in
OCT compound (Sakura Finetek Co., Torrance, CA, USA),
sectioned at an 8 pum thickness at —18 °C and fixed with 75%
alcohol at room temperature for 15 min. Then, the slides were
stained with Oil red O (00625; Sigma—Aldrich) and counter-
stained with hematoxylin. For in vitro lipid staining, the Oil red
O working solution was prepared by diluting Oil red O stock
solution (5 pg Oil red O in 100 mL of isopropanol at 65 °C for
48 h) 3:2 with ddH,0. Treated cells were fixed in 4% para-
formaldehyde for 15 min and then incubated for 5 min in 60%
isopropanol. Subsequently, the cells were incubated for 30 min
with Oil red O working solution and washed for 30 s in 60%
isopropanol. The cells were washed four times with ddH,O and
counterstained with hematoxylin, and images were acquired
(Olympus, Japan).

2.18.  Statistical analysis

Data were expressed as the mean = standard error of mean (SEM).
All analyses were performed using GraphPad Prism 8.0 (Graph
Pad Software, San Diego, CA, USA) or Statistical Package for the
Social Sciences (SPSS) 19.0 software (IBM, Chicago, IL, USA).
Statistical significance was calculated using two-tailed Student’s
t-tests for comparisons between two groups and one-way ANOVA
followed by post hoc test adjusted using Bonferroni correction for
comparisons among more than two groups. P < 0.05 was
considered statistically significant, and P < 0.01 was considered
highly significant. All mice were randomized for treatment. Data
analyses were blinded.

3. Results

3.1.  Nuciferine attenuates HF D-induced hepatic steatosis,
insulin resistance, oxidative stress and inflammatory response in
mice

Mice were fed either a ND or an HFD for 16 weeks. Nuciferine-
treated mice were fed an HFD for 12 weeks and then fed an HFD
containing either low dose nuciferine (HFLN, 0.01% nuciferine)
or high dose nuciferine (HFHN, 0.03% nuciferine) for a further 4
weeks (Supporting Information Fig. S1A). Food intake was not
altered by nuciferine (Fig. S1B). Nuciferine administration
markedly reduced increases in body weight (Fig. 1B), liver weight
(Fig. 1C), and ratio of liver weight to body weight (LW/BW, Fig.
1D) in HFD-fed mice. Gross anatomy (Fig. 1E), H&E and Oil red
O staining (Fig. 1F) and triglyceride analysis (Fig. 1G) reveal that
nuciferine administration markedly mitigated hepatic steatosis in
HFD mice. Furthermore, nuciferine-treated HFD mice displayed
lower fasting blood concentrations of triglyceride (Fig. 1H),
glucose (Fig. 11) and insulin (Fig. 1J) as well as HOMA-IR (Fig.
1K) than HFD mice. Tolerance tests for glucose and insulin further
verified improved glucose tolerance (Fig. 1L) and insulin sensi-
tivity (Fig. 1M) in nuciferine-treated HFD mice. In accordance,
the phosphorylation of key factors in insulin signaling, IR and
AKT, was much higher in the livers of nuciferine-treated HFD
mice than those of HFD mice (Fig. 1N). Moreover, nuciferine
administration alleviated HFD-induced hepatic oxidative stress
and inflammatory response, as evidenced by decreased MDA and
H,0, contents (Fig. 10 and P) and protein abundance of p-NF-xB
(Fig. 1S), and increased activities of SOD and GSH-Px (Fig. 1Q
and R) as well as protein abundance of IkBa (Fig. 1S). Although
both low and high dose nuciferine conditions decreased lipid
accumulation and improved insulin resistance, oxidative stress and
inflammatory response of HFD mice, high dose nuciferine was
more effective than low dose (Fig. 1B—S). In vitro results reveal
that nuciferine mitigated PA-induced lipid accumulation in a dose
and time-dependent manner (Fig. S1G and H). Furthermore, 100
umol/L nuciferine, which showed no cytotoxic activity (Fig.
S1C—SI1F), significantly alleviated PA-induced lipid accumula-
tion (Fig. S1I), insulin signaling impairment (Fig. S1J), oxidative
stress (Fig. SIK—S1N) and inflammatory response (Fig. S10) in
AML-12 cells. These data indicate that nuciferine alleviates lipid
accumulation, insulin resistance, oxidative stress and inflamma-
tion in the livers of HFD mice and PA-treated hepatocytes.

p-4E-BP1-Ser65 in HEK293T cells and quantification of p-TFEB-Ser211/TFEB, p-S6K-Thr389/S6K, p-S6-Ser240/244/S6, p-4E-BP1-Ser65/4E-
BP1 and expressed as fold change relative to control (no treatment) group. HEK293T cells were transfected with GFP-TFEB, and then treated
with different concentrations of nuciferine (0, 10, 25, 50, 100 or 200 pmol/L) for 12 h. (C) Representative immunoblotting of HA-RagC, TFEB,
unc-51-like kinase 1 (ULK1), p-ULK1-Ser757, S6K, p-S6K-Thr389, S6, p-S6-Ser240/244, 4E-BP1 and p-4E-BP1-Ser65 in HepG2 cells and
quantification of p-ULKI1-Ser757/ULKI1, p-S6K-Thr389/S6K, p-S6-Ser240/244/S6, p-4E-BP1-Ser65/4E-BP1 and expressed as fold change
relative to control (no treatment) group. HepG2 cells were transfected with or without active RagC (S75L), and then treated with 100 umol/L
nuciferine for 12 h or 250 nmol/L Torinl for 1 h. (D) HEK293T cells were analyzed by GFP-TFEB fluorescence and quantified to calculate the
percentage of cells showing TFEB unclear localization. Scale bar, 20 pm. HEK293T cells were transfected with GFP-TFEB, and then treated with
100 pmol/L nuciferine for 12 h or 250 nmol/L Torin1 for 1 h. (E) HepG2 cells were analyzed by immunofluorescence and quantified to calculate
the percentage of cells showing TFEB unclear localization. Scale bar, 20 pm. Cells were transfected with RagC or active RagC (S75L), and then
treated with 100 pmol/L nuciferine for 12 h or 250 nmol/L Torinl for 1 h. (F) Representative images of mTOR immunofluorescence staining and
LysoTracker in HepG2 cells and quantification of colocalization coefficient. HepG2 cells were starved of AA for 1 h in the presence or absence of
100 pmol/L nuciferine. Scale bar, 10 um. (G) Representative immunoblotting of S6K, p-S6K-Thr389, S6, p-S6-Ser240/244, 4E-BP1 and p-4E-
BPI1-Ser65 in the livers from different groups and quantification of p-S6K-Thr389/S6K, p-S6-Ser240/244/S6, p-4E-BP1-Ser65/4E-BP1 and
expressed as fold change relative to ND group. Mice were treated as described in Fig. 1. n = 6 mice per group were used to analyze the results.
All experiments were repeated at least 3 times. Data were expressed as the mean + SEM; *P < 0.05, **P < 0.01.
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Figure 6  Nuciferine disrupts Rag GTPases—Ragulator interaction and inhibits mTORCI activity. (A) Representative immunoblotting of
Raptor, TFEB, p-TFEB-Ser211, ULKI, p-ULK1-Ser757, S6K, p-S6K-Thr389, S6, p-S6-Ser240/244, 4E-BP1 and p-4E-BP1-Ser65 in HEK293T
cells and quantification of p-TFEB-Ser211/TFEB, p-ULK1-Ser757/ULK1, p-S6K-Thr389/S6K, p-S6-Ser240/244/S6, p-4E-BP1-Ser65/4E-BP1
and expressed as fold change relative to control (transfection with lentiviruses expressing Flag-Raptor in the presence of AA) group. HEK293T
cells were transfected with lentiviruses expressing Flag-Raptor or Flag-Raptor-RHEB 15, then transfected with GFP-TFEB and starved of AA for
1 h in the presence or absence of 100 umol/L nuciferine. (B—D) HepG2 cells were transfected with lentiviruses expressing Flag-Raptor or Flag-
Raptor-RHEB15 and maintained in medium containing 2% bovine serum albumin and treated with 400 pmol/L palmitic acid (PA) for 12 h, then
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3.2.  ALP is involved in the beneficial effects of nuciferine on
NAFLD

To determine the specific impact of nuciferine on NAFLD at the
molecular level, we performed transcriptomic analysis in liver
tissues obtained from ND, HFD and HFHN mice. Principal
component analysis revealed that the replicates of ND, HFD and
HFHN showed good clustering within their groups (Supporting
Information Fig. S2A). Compared with ND group, an HFD
upregulated 573 genes and downregulated 248 genes, whereas
nuciferine treatment reversed 361 of the 573 upregulated genes
and 125 of the 248 downregulated genes induced by an HFD
(Fig. 2A; Supporting Information Table S2). Gene set enrichment
analysis revealed that the genes affected by nuciferine treatment
were enriched for autophagy, lysosome, and lipid metabolism
(Fig. 2B, C and Fig. S2B). qRT-PCR analysis further verifies the
augment in autophagy regulated genes, lysosomal function and
biogenesis genes, lipid oxidation genes and the reduction in lipid
synthesis genes induced by nuciferine (Fig. 2D). Given the posi-
tive effects of ALP on reducing hepatic steatosis™’**, these data
suggest that ALP induction is involved in the beneficial role of
nuciferine treatment on NAFLD.

3.3. Nuciferine activates TFEB and ALP in vivo and in vitro

TFEB controls autophagosome and lysosome biogenesis by
upregulating a family of genes belonging to the coordinated
lysosomal expression and regulation network'’. Nuciferine
enhanced the ratio of nuclear to cytosolic TFEB (Fig. 2E),
increased protein abundance and electrophoretic mobility of
TFEB (Fig. 2F) and decreased phosphorylation of TFEB at Ser211
(Fig. 2F) in HFD mice. Furthermore, by using the lysosomal
protease inhibitor leupeptin, we found that nuciferine adminis-
tration increased the degradation of P62 and formation of LC3-II
in HFD mice (Fig. 2G), indicating that nuciferine elevated hepatic
autophagic flux. Besides autophagy, nuciferine treatment
enhanced lysosomal function, as indicated by elevated abundance
of both LAMP1 (Fig. 2H), a lysosomal membrane marker™, and
CTSD (Fig. 2H), one of the most abundant lysosomal proteases**,
as well as increased lysosomal protease activities, as measured by
NAG assay (Fig. 2I). These data demonstrate that nuciferine ac-
tivates TFEB and ALP in the liver of HFD mice.

To further corroborate the role of nuciferine on TFEB and ALP
activation, we treated HepG2 cells with nuciferine and found that
nuciferine increased nuclear localization of TFEB in a dose- and
time-dependent manner with a peak response at 100 umol/L and
12 h (Fig. 3A, B and Supporting Information Fig. S3A). In
addition, nuciferine administration induced TFEB nuclear

translocation in the liver of ND mice (Fig. S3B). Similar to
treatment with the mTOR inhibitor Torinl, nuciferine dramati-
cally enhanced lysosomal function, as indicated by the elevated
CTSD and LAMP1 protein abundance (Fig. 3C), NAG activity
(Fig. 3D) and LysoTracker staining (Fig. 3E). Moreover, we
observed an augment in P62 and LC3-II protein abundance in cells
treated with nuciferine and autophagic flux inhibitor CQ versus
nuciferine alone (Fig. 3F), indicating that nuciferine induced
autophagosome formation and lysosomal degradation in HepG2
cells. Moreover, enhanced lysosomal function and autophagy were
also observed in the liver of ND mice-treated with nuciferine (Fig.
S3C and S3D). These in vitro and in vivo results further under-
score the activation role of nuciferine on TFEB and ALP.

3.4. TFEB is required for the activation effects of nuciferine on
ALP

We next determined to what extent TFEB is required for the in-
duction effects of nuciferine on ALP and found that knockdown of
TFEB (Fig. S3E) abolished nuciferine-induced enhancement in
P62 degradation, LC3-II formation, protein abundance of CTSD
and LAMP1 in HepG2 cells (Fig. 3G), indicating that TFEB is
required in the process of nuciferine-activated ALP. Importantly,
in hepatocyte-specific TFEB-knockout mice fed with HFD
(Supporting Information Fig. S4), nuciferine did not appreciably
affect the hepatic autophagic activity, as measured by protein
abundance of P62 and LC3-II (Fig. 3H), nor the lysosomal
function, as indicated by protein abundance of CTSD and LAMPI
(Fig. 3H). Taken together, these results indicate that the activation
effects of nuciferine on ALP are mediated by TFEB.

3.5.  Knockout of hepatic TFEB blocks the beneficial effects of
nuciferine on NAFLD

We further evaluated the role of the TFEB-mediated ALP in the
beneficial effects of Nuciferine on NAFLD. In vitro, knockdown of
TFEB impeded the improvement effects of Nuciferine on lipid
accumulation (Supporting Information Fig. S5A), insulin resistance
(Fig. S5B), oxidative stress (Fig. S5C—S5F) and inflammatory
response (Fig. S5G) in HepG2 cells challenged by PA. More
importantly, in hepatocyte-specific TFEB-knockout mice, nucifer-
ine failed to preclude HFD-increased body weight (Fig. 4A), liver
weight (Fig. 4B), ratio of LW/BW (Fig. 4C) and hepatic steatosis
(Fig. 4D and E). Furthermore, nuciferine had no effects on fasting
blood concentrations of triglyceride (Fig. 4F), glucose (Fig. 4G) and
insulin (Fig. 4H), HOMA-IR (Fig. 41), glucose tolerance (Fig. 4J) as
well as insulin sensitivity (Fig. 4K and L). Consistently, the pro-
tective effects of nuciferine against oxidative stress (Fig. 4M—P)

treated with or without 100 pmol/L nuciferine for 12 h. (B) The triglyceride content in HepG2 cells. (C) Representative images of Oil red O
(original magnification 40 x) staining in HepG2 cells. (D) Representative immunoblotting of IR, p-IR, AKT and p-AKT in HepG2 cells and
quantification of p-IR/IR, p-AKT/AKT and expressed as fold change relative to control (transfection with lentiviruses expressing Flag-Raptor and
treatment with PA and insulin) group. Cells were treated with 100 nmol/L insulin for 30 min before they were harvested. (E) Representative Co-IP
analysis to assay interactions between HA-RagC and TFEB, mTOR and P18 in HepG2 cells. HepG2 cells were transfected with HA-RagC and
treated with 100 pmol/L nuciferine for 12 h or starved of AA for 1 h. (F) Representative images of RagC immunofluorescence staining and
LysoTracker in HepG2 cells and quantification of colocalization coefficient. HepG2 cells were starved of AA for 1 h in the presence or absence of
100 pmol/L nuciferine. Scale bar, 10 pm. (G) Representative immunoblotting of TFEB, RagA, RagC, mTOR, P18 and LAMP1 in lysosomes from
liver tissues and quantification of TFEB/LAMP1, RagA/LAMP1, RagC/LAMP1, mTOR/LAMPI1, P18/LAMPI and expressed as fold change
relative to ND group. Mice were treated as described in Fig. 1. n = 6 mice per group were used to analyze the results. All experiments were
repeated at least 3 times. Data were expressed as the mean + SEM; *P < 0.05, **P < 0.01.
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and inflammatory response (Fig. 4Q) were diminished by knockout
of TFEB in the liver of HFD mice. Importantly, enforced expression
of TFEB in TFEB-knockout hepatocytes restored the positive ef-
fects of nuciferine on lipid accumulation (Fig. S5H), insulin resis-
tance (Fig. S51), oxidative stress (Fig. S5]—S5M) and inflammatory
response (Fig. S5N). These data indicate that TFEB-dependent in-
duction of ALP is mainly responsible for the beneficial effects
mediated by nuciferine on NAFLD.

3.6.  Nuciferine triggers TFEB nuclear translocation in a
mTORC1-dependent manner

mTORC1 phosphorylates TFEB at Ser211 on the surface of
lysosome and induces a binding event between TFEB and 14-3-3
proteins, resulting in the cytoplasmic retention of TFEB''~'?. This
phosphorylation event is mediated by the Rags, which, once
activated by nutrients, promote mTOR lysosomal recruitment
while physically interact with TFEB to mediate its phosphoryla-
tion by mTORC1°>*. We found that nuciferine administration
decreased the interaction of TFEB with both RagA and RagC, as
well as its interaction with mTOR and 14-3-3 (Fig. 5A), sug-
gesting that nuciferine promotes TFEB nuclear localization by
impairing its interaction with Rags and hence inhibiting its
phosphorylation by mTORCI1. Accordingly, nuciferine treatment
suppressed TFEB phosphorylation at Ser211 (Fig. 5B, Supporting
Information Fig. S6A and S6B), increased -electrophoretic
mobility of TFEB protein (Fig. 5B, C, Fig. S6A and S6B) and
trigged TFEB nuclear localization (Figs. 2E, 3A, B, 5D, E, Fig.
S3A and S3B) in vivo and in vitro. In addition, nuciferine treat-
ment reduced the lysosomal localization of mTOR (Fig. 5F) and
diminished the phosphorylation of mTORCI1 substrates in
HEK?293T and HepG?2 cells, and in the liver of HFD and ND mice
(Fig. 5B, C, G, Fig. S5A and S5B), suggesting that nuciferine-
induced TFEB nuclear translocation is mediated by inhibition of
mTORCI activity.

Since activation of the Rag heterodimers is necessary for their
binding to both mTORC1 complex and TFEB, we hypothesized
that nuciferine hampered Rags activation in presence of nutrients.
However, exogenous expression of a constitutive active RagC
(S75L) was not able to restore cytosolic localization of TFEB
(Fig. 5E) nor its phosphorylation or the ones of the other
mTORCI1 substrates (e.g., ULK1, S6K, S6 and 4E-BP1; Fig. 5C).
Furthermore, overexpression of active RagC (S75L) did not affect
the efficacy of nuciferine on lipid accumulation (Fig. S6C and
S6D) and insulin sensitivity (Fig. S6E) in PA-challenged
HepG2 cells. These data suggest that nuciferine inhibits Rags
binding to TFEB, as well as their ability to recruit mTOR at the
lysosome, but these effects are not dependent on Rags activation
state.

3.7.  Nuciferine disrupts Rag—Ragulator interaction and inhibits
mTORCI activity by interacting with HBXIP

It has been reported that mTORC1-dependent phosphorylation of
TFEB is highly sensitive to Rags but insensitive to RHEB™. We
found that enforced expression of Raptor—RHEB15, which induces
constitutive lysosomal recruitment and Rag-independent activation
of mTORC1'®, did not hamper nuciferine-mediated TFEB activa-
tion, but fully rescued the phosphorylation of the other mMTORC1
substrates in HEK293T (Fig. 6A) and HepG2 cells (Fig. S6F),
supporting the hypothesis that nuciferine inhibits Rags-mediated
lysosomal recruitment of mTORC1 complex. Consistently,

overexpression of Raptor—RHEB15 did not hamper the beneficial
effect of nuciferine treatment on lipid accumulation and insulin
resistance in hepatocytes treated with PA (Fig. 6B—D). Similar to
amino acid deprivation, which inhibits the interaction of Rags with
mTORC1 "', nuciferine administration lessened the interaction of
RagC with mTOR and TFEB (Fig. 6E) and decreased interaction of
TFEB with RagA and RagC (Fig. 5A). Notably, nuciferine treat-
ment decreased lysosomal localization of RagC in HepG2 cells
both in the presence or absence of amino acid (Fig. 6F) and reduced
lysosomal localization of RagA, RagC, mTOR and TFEB in the
liver of NAFLD mice (Fig. 6G). Thus, nuciferine inhibits mMTORC1
activity by reducing the lysosomal localization of Rags.

Lysosomal anchoring of the Rags through the Ragulator
complex is necessary to mediate mTORC1 lysosomal recruitment
and hence activation'®*®, Our results indicate that nuciferine
weakened the interaction between Rags and Ragulator, as evi-
denced by reduced interactions between RagC and P18 (Fig. 6E)
and between P14 and RagA and RagC (Fig. 7A). Moreover,
nuciferine also reduced the interaction of P14 with P18, MPI,
C70rf59 and HBXIP (Fig. 7A), indicating that the interactions
between components of Ragulator complex are also disrupted by
nuciferine.

Considering the above results, we wondered whether nucifer-
ine binds to Ragulator complex, thus altering the correct assembly
and function of the complex. Both temperature- and dose-
dependent CETSA demonstrated that HBXIP was physically
engaged and stabilized against thermal changes in nuciferine-
treated cells and the effect of nuciferine on thermal stability of
HBXIP was stronger than P14, P18, MP1 and C70rf59 (Fig. 7B
and Supporting Information Fig. S7A), supporting that there is a
direct interaction between nuciferine and HBXIP. Furthermore,
molecular docking analysis revealed that nuciferine may bind to
the potential binding pocket of HBXIP, notably residues THR-36,
GLU-40, HIS-41, VAL-44, ILE-45, GLY-72, ILE-74 and HIS-87
made favorable contributions to the ligand-protein binding inter-
action (Fig. 7C). Moreover, these binding sites were highly
conserved, as shown by the sequence alignment of the HBXIP
protein between different species (Fig. S7B). Together, these data
indicate that nuciferine inhibits mTORC1 activity by interacting
with HBXIP subunit and thus hampering the formation of the
RagGTPases—Ragulator lysosomal scaffold.

4. Discussion

In this study, we demonstrate that nuciferine interacts with
HBXIP, thus hampering Ragulator—Rags assembly and sup-
pressing mTORC1 activity. This results in activation of TFEB-
mediated ALP, which alleviates hepatic steatosis and insulin
resistance of mice with NAFLD (Fig. 7D). These data indicate that
nuciferine could be a new candidate drug for NAFLD and tar-
geting of the mTORCI—TFEB—ALP axis may represent a
promising therapeutic strategy for metabolic syndrome.
Nuciferine is one of the main constituents of Lotus leaf, which
has been widely used in both food and drug formulations in Asia,
with anti-fatty liver and anti-obesity properties™*’, features
which have been further confirmed by our study. Insulin resistance
is implicated both in the pathogenesis of NAFLD and in disease
progression from steatosis to steatohepatitis, and modulation of
insulin resistance represents a potential strategy for NALFD
treatment®. Notably, the present study also revealed beneficial
effects of nuciferine on insulin resistance and hyperglycemia in
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Figure 7  Nuciferine binds to HBXIP. (A) Representative Co-IP analysis to assay interactions between Flag-P14 and RagA, RagC, P18, MP1,

C7orf59, hepatitis B X-interacting protein (HBXIP) and mTOR in HepG2 cells. HepG2 cells were transfected with Flag-P14 and treated with
100 pmol/L nuciferine for 12 h or starved of AA for 1 h. (B) Cellular thermal shift assay of P14, P18, MP1, C70rf59 and HBXIP in HEK293T
cells. Cells were treated with or without100 pmol/L nuciferine for 12 h. (C) The complex structure of HBXIP with nuciferine and the binding
pocket with nuciferine. (D) Proposed model for the beneficial effects of nuciferine on NAFLD. Nuciferine interacts with HBXIP, blocks the
function of Ragulator complex and reduces lysosomal localization of Rag GTPases and mTORCI, which activates TFEB-mediated ALP and

further improves hepatic steatosis and insulin resistance in mice with
least 3 times. Data were expressed as the mean + SEM; *P < 0.05,

mice with fatty livers. Considering food intake was not altered by
nuciferine and no nuciferine-associated side effect were observed
in our or in previous studies’”***, we believe that nuciferine may
serve as an ideal candidate drug to treat NAFLD.

By examining how NAFLD was improved by nuciferine, we
noticed that genes implicated in autophagy, but also those which
regulate lysosomal biogenesis and function were transcriptionally
upregulated in livers of nuciferine-treated HFD mice and we
found that this upregulation was dependent on activation of TFEB.

NAFLD (created with BioRender.com.). All experiments were repeated at
**pP < 0.01.

These findings are in line with previous studies reporting that
TFEB activation increased autophagy—lysosomal function in the
liver’®*. TFEB activation beyond a certain threshold may be
beneficial to metabolic homeostasis since our and previous studies
have reported that lysosomal function and autophagic activity
markedly declines in NAFLD livers”®*. Here we show that
nuciferine activated ALP and subsequently improved hepatic
steatosis and insulin resistance in a TFEB-dependent manner,
indicating that TFEB is an attractive therapeutic target for
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NAFLD. Previous studies reported that TFEB-mediated ALP
could directly hydrolyze neutral lipids stored in lipid drop-
lets”®**°, promote removal of damaged mitochondrial®', atten-
uate ROS overproduction and suppress inflammatory factors
secretion”**, which are the driving forces behind NAFLD?.
Moreover, activation of TFEB is reported to mitigate hepatic
steatosis and insulin resistance by reducing oxidative stress and
inflammatory response’> >, which also observed in the present
study. Accordingly, multiple downstream effectors of TFEB-
mediated ALP were involved in the process of nuciferine-
alleviated NAFLD.

Excessive nutrient levels in humans and mice with NAFLD
cause constitutive activation of hepatic mTORCI, resulting in
decreased TFEB transcriptional activity and IR/AKT signaling,
and increased lipid synthesis®* . It has been reported that acti-
vating mTORC1 by enforcing expression of active RagA
decreased TFEB transcriptional activity and exacerbated HFD-
induced hepatic steatosis in mice’’, whereas inhibiting
mTORCI by genetic deletion of Raptor prevents hepatic steatosis
and insulin resistance’’. Given the above reports, several mTOR
inhibitors have been employed against hepatic steatosis and in-
sulin resistance, including rapamycin and caffeine™**?%. A pre-
vious study has demonstrated that nuciferine inhibits mTORC1
activitysg, however the exact mechanism remains unclear. The
Ragulator complex functions as a lysosomal membrane scaffold
for Rags to recruit and activate mTORCI'®*. We found that
nuciferine decreased the lysosomal localization of the Rags in the
liver of mice with NAFLD and in hepatocytes under nutrient-rich
condition by interacting with the Ragulator subunit HBXIP and
thus inhibiting the function of Ragulator complex. This resulted in
the inhibition of mTORCI signaling and increased activation of
TFEB transcriptional activity. Whether nuciferine binding to
HBXIP may destabilize Ragulator complex or inhibits its assem-
bly will be the subject of future studies.

mTORCI1 inhibits ALP at multiple levels, by inhibiting
autophagy initiation complex (mainly through phosphorylation
of ULKI and ATG13), autophagosome-lysosome fusion
(through phosphorylation of UVRAG)** ®' and transcriptional
activity of TFEB, which induces the expression of many auto-
phagy and lysosomal genes required to support ALP'"'*3° In
line with this, early studies clearly indicated that TFEB silencing
significantly inhibited autophagosome formation in vitro’
whereas TFEB depletion in the murine liver strongly impaired
the autophagy of lipid droplets*®. Moreover, our data indicate
that TFEB depletion completely blunted the beneficial effects
mediated by nuciferine treatment in vivo, thus suggesting that
the transcriptional activity of TFEB is required to sustain ALP
induction over the time and hence to mediate the beneficial ef-
fects of nuciferine.

Srebfl is a transcription factor implicated in lipid synthesis®>.
Notably, hyperactivation of mMTORCI1 contributes to hepatic stea-
tosis by phosphorylating S6K to increase expression of Srebf17%%%,
Downregulation of Srebfl and its target genes was observed in
nuciferine-treated NAFLD  mice, suggesting that the
mTORC1—S6K—Srebf] axis may be involved in the beneficial ef-
fects of nuciferine on NAFLD. Nevertheless, when mTORC1 and
S6K were constitutive activated by ectopic expression of Rap-
tor—RHEB15, nuciferine still improved PA-induced lipid accu-
mulation and insulin resistance in hepatocytes. These evidence
altogether clearly indicate that TFEB activation is the main driver of
the beneficial effects mediated by nuciferine treatment on NAFLD.

5. Conclusions

We have demonstrated that nuciferine inhibits the function of
mTORCI and activates TFEB-mediated ALP by hampering the
assembly of the Rags—Ragulator scaffold at the lysosome. This
treatment improves hepatic steatosis and insulin resistance in
mice, hence modulation of the mMTORC1—TFEB—ALP axis is a
potentially effective strategy to prevent and treat the pathological
outcomes of NAFLD.
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