
Acta Pharmaceutica Sinica B 2024;14(1):190e206
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.el sev ie r.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
High-throughput screening of novel TFEB
agonists in protecting against acetaminophen-
induced liver injury in mice
Xiaojuan Chaoa,*,y, Mengwei Niua, Shaogui Wanga, Xiaowen Maa,
Xiao Yanga,b, Hua Suna,c, Xujia Hua, Hua Wanga,c, Li Zhangd,
Ruili Huangd, Menghang Xiad, Andrea Ballabioe,f,g,
Hartmut Jaeschkea, Hong-Min Nia, Wen-Xing Dinga,h,*
aDepartment of Pharmacology, Toxicology and Therapeutics, University of Kansas Medical Center, Kansas City,
KS 66160, USA
bNMPA Key Laboratory for Research and Evaluation of Drug Metabolism & Guangdong Provincial Key
Laboratory of New Drug Screening, School of Pharmaceutical Sciences, Southern Medical University, Guangzhou
510515, China
cDepartment of Oncology, the First Affiliated Hospital of Anhui Medical University, Anhui Medical University,
Hefei 230032, China
dNational Center for Advancing Translational Sciences, National Institutes of Health, Bethesda, MD 20892, USA
eTelethon Institute of Genetics and Medicine, TIGEM, Pozzuoli, Naples 80131, Italy
fMedical Genetics, Department of Translational Medicine, Federico II University, Naples 80131, Italy
gDepartment of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX 77030, USA
hDepartment of Internal Medicine, Division of Gastroenterology, Hepatology & Motility, University of Kansas
Medical Center, Kansas City, KS 66160, USA
Received 25 August 2023; received in revised form 12 September 2023; accepted 15 September 2023
KEY WORDS

Autophagy;

DILI;

Drug screening;

Hepatotoxicity;
*Corresponding authors.

E-mail addresses: wxding@kumc.edu
yCurrent affiliation: Institute of Precisio

Peer review under the responsibility of C

https://doi.org/10.1016/j.apsb.2023.10.017

2211-3835 ª 2024 The Authors. Publishe

Academy of Medical Sciences. This is an
Abstract Macroautophagy (referred to as autophagy hereafter) is a major intracellular lysosomal degra-

dation pathway that is responsible for the degradation of misfolded/damaged proteins and organelles. Pre-

vious studies showed that autophagy protects against acetaminophen (APAP)-induced injury (AILI) via

selective removal of damaged mitochondria and APAP protein adducts. The lysosome is a critical organelle

sitting at the end stage of autophagy for autophagic degradation via fusion with autophagosomes. In the
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present study, we showed that transcription factor EB (TFEB), a master transcription factor for lysosomal

biogenesis, was impaired by APAP resulting in decreased lysosomal biogenesis in mouse livers. Genetic

loss-of and gain-of function of hepatic TFEB exacerbated or protected against AILI, respectively. Mecha-

nistically, overexpression of TFEB increased clearance of APAP protein adducts and mitochondria biogen-

esis as well as SQSTM1/p62-dependent non-canonical nuclear factor erythroid 2-related factor 2 (NRF2)

activation to protect against AILI. We also performed an unbiased cell-based imaging high-throughput

chemical screening on TFEB and identified a group of TFEB agonists. Among these agonists, salinomycin,

an anticoccidial and antibacterial agent, activated TFEB and protected against AILI in mice. In conclusion,

genetic and pharmacological activating TFEB may be a promising approach for protecting against AILI.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Acetaminophen (APAP) is a safe and effective drug at therapeutic
doses, but an overdose can cause severe liver injury resulting in
acute liver failure in animals and man1. APAP overdose is the
most frequent cause of acute liver failure of any etiology in the US
and many western countries1e3. The mouse model is clinically
highly relevant to APAP-induced liver injury (AILI)4, therefore
the understanding of the pathophysiology of AILI in the mouse
can have direct clinical impact on identifying novel therapeutic
targets and intervention strategies4. Decades of studies into the
mechanisms of APAP-induced liver injury have led to the enriched
understanding of the formation of N-acetyl-p-benzoquinone imine
(NAPQI) and subsequent APAP protein adducts in particular
mitochondrial adducts, which triggers mitochondrial dysfunction
and subsequent hepatocyte necrosis. Despite major progress in
understanding mechanisms for APAP-induced liver injury, the
only current FDA-approved treatment is to use N-acetylcysteine
(NAC) that scavenges the reactive metabolites. However, the
clinical use of NAC is often unsuccessful because NAC has very
narrow therapeutic window and most patients in the clinic are
already in the late phase of liver injury.

While convincing evidence supports the role of mitochondrial
damage in APAP-induced necrosis, cells can respond to cellular
stress and dysfunctional mitochondria by activating selective
autophagy to remove damaged mitochondria5e8. Meanwhile, cells
can also activate mitochondria biogenesis to replace the damaged
mitochondria and maintain the homeostasis of mitochondria that
provide sufficient ATP production, a process that is crucial for the
liver repair and recovery of mice and humans from APAP intox-
ication9. We previously demonstrated that autophagy removes
APAP adducts and damaged mitochondria to protect against
APAP-induced liver injury after an overdose6,10,11 and after mul-
tiple therapeutic doses12. We further showed that SQSTM1/p62,
an autophagy receptor protein, is critical for selective removal of
APAP-Adducts11,13, supporting the notion that pharmacological
activation of autophagy may be beneficial for treating AILI.

Autophagic degradation relies on the lysosome, which is the
terminal component of autophagy that contains more than 50 acid
hydrolases. During the induction of autophagy, increased lysosomal
biogenesis is necessary to meet the need for the fusion with auto-
phagosomes and subsequent autophagic degradation. The tran-
scription regulation of lysosome biogenesis genes is mediated by
the transcription factor EB (TFEB), which is a basic helix
eloopehelix leucine zipper transcription factor belonging to the
coordinated lysosomal expression and regulation (CLEAR) gene
network14. Interestingly recent studies from others and ours indicate
that TFEB also regulates mitochondrial biogenesis by directly
regulating the expression of PGC-1a, a key transcription co-
activator for mitochondrial biogenesis15,16. TFEB is mainly regu-
lated at its posttranslational level. TFEB is phosphorylated at
Ser142 by extracellular signal-regulated kinase 2 (ERK2) and at
both Ser142 and Ser211 by mechanistic target of rapamycin com-
plex 1 (mTORC1), which promotes TFEB binding with the cyto-
solic chaperone 14-3-3 and sequesters TFEB in the cytosol,
resulting in its inactivation14,17,18. Conversely, the phosphatase
calcineurin dephosphorylates TFEB at Ser142 and Ser211 and
promotes TFEB nuclear translocation in response to lysosomal
Ca2þ release18. Overexpression of TFEB using an adenovirus-
TFEB increased expression of autophagy and lysosomal genes as
well as PGC1a-mediated mitochondrial bioenergetics and protects
against alcoholic and non-alcoholic liver disease and pancrea-
titis16,19,20. We previously demonstrated that pharmacological
activation of autophagy by mTORC1 inhibitors, significantly re-
duces AILI in mice in co-treatment and post-treatment of APAP
mouse model10,11. These published findings support the concept
that autophagy plays an important role in defending against APAP-
induced hepatotoxicity and offer protection against AILI even after
APAP-induced hepatotoxicity is already initiated. However, in
addition to regulating TFEB and autophagy, mTORC1 also regulate
synthesis of proteins and lipids that are critical for cell proliferation.
Indeed, mice with genetic deletion of mTOR show no protection
against AILI due to impaired hepatocytes proliferation and liver
regeneration21. Therefore, it is urgently needed to search for auto-
phagy and TFEB activators independent of mTOR.

In the present study, we found that APAP treatment decreased
hepatic levels of TFEB in mouse livers. Liver-specific deletion or
overexpression of TFEB exacerbated or protected against AILI,
respectively. We also established a cell-based imaging high
throughput screening for TFEB agonists and identified a group of
TFEB agonists. Among them, we showed that salinomycin, an
anti-bacteria agent, activated TFEB and protected against AILI.
2. Materials and methods

2.1. Animal experiments

Tfeb Flox/Flox (Tfebflox/flox) mice were generated as described
previously16 and were crossed with Albumin Cre (Alb-Cre,
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C57BL/6J, Jackson Laboratory) for at least nine generations to
generate liver-specific Tfeb KO (Tfebflox/flox, Albumin-Creþ,
L-Tfeb KO) mice. Alb-Cre- (Tfebflox/flox, Albumin-Cre-, WT)
matched littermates were used in this study. All animals received
humane care. Mice were specific pathogen free (SPF) and main-
tained in a barrier rodent facility under standard experimental
conditions. All procedures were approved by the Institutional
Animal Care and Use Committee of the University of Kansas
Medical Center (Kansas City, KS, USA). Two to three-month-old
male mice were used for all experiments. Briefly, mice were
intraperitoneally injected with 500 mg/kg acetaminophen (APAP,
SigmaeAldrich, A5000) dissolved in warm saline or saline alone.
Liver and serum samples were collected from mice after APAP
overdose for 0.5, 2, 6 and 24 h. For overexpression of TFEB,
wildtype mice were given one single dose of adenovirus of (Ad)-
Null (5 � 108 PFU/mouse, intravenously [i.v.]) or Ad-TFEB
(5 � 108 PFU/mouse, i.v.) for 10 days, before acetaminophen
injection. Liver injury was determined by serum alanine amino-
transferase (ALT) activity (Pointe Scientific, T7526-450). Male
2e3 month-old WT C57BL/6J mice were injected with acet-
aminophen (APAP, 500 mg/kg, i.p.) or saline for 6 and 24 h. Some
mice were injected with salinomycin (5 mg/kg dissolved in 0.5%
CMC-Na, i.p.) or equal volume of 0.5% CMC-Na (vehicle con-
trol) at the same time.

2.2. Cell culture and treatment

Primary mouse hepatocytes were isolated through two-step
perfusion methods and cultured as previously described11. p62
knockout (KO) mice were described previously22,23. Control
adenovirus (Ad-Null, 5 MOI) or adenovirus to overexpress
TFEB (Ad-TFEB, 5 MOI) were added to William’s medium E
with 10% FCS, 1% L-glutamine and penicillim/streptomycin in
WT and p62 KO hepatocyte. The cells were allowed for
attachment for 2 h and changed to FBS free William’s medium
E. Total RNA was collected 24 h after adenovirus infection. In
some experiments, hepatocytes were treated with APAP
(10 mmol/L) in the presence or absence of chloroquine (CQ,
20 mmol/L) for 6 h. Some cells were further stained with tet-
ramethylrhodamine methyl ester [TMRM, 50 nmol/L, Invitrogen
(Carlsbad, CA)] and Hoechst 33342 [1 mg/mL, Invitrogen
(Carlsbad, CA)] followed by fluorescence microscopy analysis
for mitochondrial membrane potential changes. AML12 (ATCC,
CRL-2554TM) cells were maintained in DMEM/F-12 medium
(HyClone, SH30271) supplemented with 10% FBS (Gibco), 1%
L-glutamine and penicillin/streptomycin, 1 � ITS-X (insulin/
transferrin/selenium, Gibco), and 40 ng/mL dexamethasone
(SigmaeAldrich, D2915) at 37 �C under 5% CO2. When cells
were incubated with salinomycin or torin 1, DMEM/F-12 me-
dium supplemented with 10% FBS and 1% L-glutamine and
penicillin/streptomycin was used. Stable expressing pEGFP-
TFEB AML12 cell line was established and cultured as previ-
ously described24. Fluorescence images were acquired using a
fluorescence microscope (Nikon Eclipse 200) with MetaMorph
software.

2.3. Luciferase assay

TFEB promoter-driven luciferase reporter plasmid pGL3-TFEB-
Luc was described previously25. AML12 cells were seeded in
48-well plate and transfected with pGL3-TFEB-Luc using Lip-
ofectamine 2000 (Invitrogen, 11668019) according to manufact
urer’s instructions. After transfection for 24 h, cells were treated
with salinomycin and Torin1 at indicated concentration for 24 h.
TFEB-luciferase activity was determined using Luciferase Reporter
Assay System (Promega, E1500) according to manufacturer’s in-
structions. Relative firefly luciferase activity was normalized to
protein concentration. Data are expressed as fold of control.

2.4. Histology and immunohistochemistry

Paraffin-embedded liver sections were stained with H&E and
observed under a Nikon microscope. Terminal deoxynucleotidyl
transferase dUTP nick and labeling (TUNEL) staining was per-
formed in paraffin-embedded liver sections using the In Situ Cell
Death Detection TUNEL Kit (Roche, 11684809910) according to
manufacturer’s instructions. Necrosis areas were estimated by
scanning the entire tissue sections/slides from 3 mice in each
group and presented as the percentage of the total liver section
areas.

2.5. Immunofluorescence staining and confocal microscopy

Fresh mouse liver tissues were fixed in 4% paraformaldehyde
overnight and then switched to 20% sucrose and stored at 4 �C for
approximately 24 h. Liver tissues then were embedded in O.C.T.
and stored at �20 �C. Five-mm sections were used for immuno-
staining with indicated primary antibodies followed by Alexa 488
or Rhodamine 123-conjugated secondary antibody. The LAMP1
antibody was from Developmental Studies Hybridoma Bank
(1D4B). Secondary antibodies were from Jackson ImmunoRe
search. Confocal images were obtained using a Leica TCS SPE
confocal microscope (DM550 Q).

2.6. Electron microscopy

Liver tissues were cut into small pieces and fixed in 2% glutar-
aldehyde in 0.1 mol/L phosphate buffer (pH 7.4), followed by 1%
OsO4. After dehydration, thin sections were cut and stained with
uranyl acetate and lead citrate. Digital images were captured using
a JEM 1016CX electron microscope. Random images were
selected from around 20 different cells, and the number of typical
autophagosomes that enveloped with mitochondria from each cell
section was counted.

2.7. Cellular fractionation and Western blot analysis

Total liver lysates were prepared using radioimmunoprecipitation
assay (RIPA) buffer (1% NP40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl (lauryl) sulfate). Nuclear and cytoplasmic fractions
of liver tissue were prepared by using a commercial kit (Thermo
scientific, 78835). Protein (30 mg) was separated by a 12% SDS-
PAGE gel before transfer to a PVDF membrane. Membranes were
probed using appropriate primary and secondary antibodies and
developed with SuperSignal West Pico chemiluminescent substrate
(Life Technologies, 34080). The following antibodies were used for
Western blot analysis: TFEB (Bethyl Laboratories, A303-673A),
CYP2E1 (Abcam, Ab789013), Lamp1 (Developmental Studies
Hybridoma Bank, 1D4B), phosphor-JNK (Cell Signaling Tech-
nology, 9255), total-JNK (Cell Signaling Technology, 9252), LC3B
(Cell Signaling Technology, 3868), OXPHOS cocktail (Abcam,
ab110413), p62/SQSTM1 (Abnova, H00008878-M01), TFAM
(Abcam, ab252432), b-actin (SigmaeAldrich, a5541), GAPDH
(Cell Signaling Technology, 2118), Lamin A/C (Cell Signaling
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Technology, 2032). VATP6V1A and VATP6V1B2 antibodies were
gifts from Dr. Dennis Brown from Harvard Medical School.
Glutamate-Cysteine Ligase Catalytic Subunit (GCLC) and
Glutamate-Cysteine Ligase Modifier Subunit (GCLM) antibodies
were gifts from Dr. Terry Kavanagh from the University of Wash-
ington. The APAP-adduct antibody was a gift from Dr. Lance Pohl
from NIH as we described previously11. Secondary antibodies
conjugated to horseradish peroxidase were from Jackson
ImmunoResearch. The results were analyzed by ImageJ.

2.8. RNA extraction and real-time q-PCR

Total RNAs from mouse livers, isolated mouse primary hepato-
cytes and cultured cells were isolated by using TRIzol reagent
(Thermo Fisher Scientific, 15596-026) and GeneJET RNA Puri-
fication Kit (Thermo Fisher Scientific, K0732), respectively, and
were reverse-transcribed into cDNA using RevertAid Reverse
Transcriptase (Thermo Fisher Scientific, EP0442). Quantitative
polymerase chain reaction (qPCR) was performed using SYBR
Green chemistry (Bio-Rad, 1725124). Primer sequences (50e30)
used in qPCR are listed in Table 1. Real-time qPCR results were
normalized to 18s. Data are expressed as fold of control.

2.9. Glutathione (GSH) assay

Hepatic GSH levels in mouse livers were determined using
Glutathione Colorimetric Assay Kit (BioVision, K261) according
to manufacturer’s instructions. Briefly, approximately 50 mg liver
tissues were homogenized in sulfosalicylic acid (1%) and centri-
fuged at 8000 � g for 10 min. Supernatant was collected and
subjected to a cycling reaction using GSH reductase and GSH
substrate dithionitrobenzoic acid (DTNB), and GSH levels were
determined by spectrophotometry at 412 nm.
Table 1 List of mouse primers used for qPCR.

Gene Forward primer (50e30)

18s TAGAGGGACAAGTGGCGTTC

Atg5 GACCACAAGCAGCTCTGGAT

Atg8 CCGAGAAGACCTTCAAGCAG

Cyp2E1 TGGTGGAGGAGCTCAAAAAG

Gclc AACACAGACCCAACCCAGAG

Gclm TGTGTGATGCCACCAGATTT

Gsr TCCAAGTGGTGACTTCCGTG

Keap1 AAGGAACATGATATGCCCTGAC

Lamp1 AGCATACCGGTGTGTCAGTG

Lamp2 TGCAGTGCAGATGAAGACAAC

Mfn2 AGGGCTCGGAGAAGGTATGT

MnSOD GGCCAAGGGAGATGTTACAA

Nqo1 CAGATCCTGGAAGGATGGAA

Nrf2 CGAGATATACGCAGGAGAGGTA

Sqstm1/p62 AGAATGTGGGGGAGAGTGTG

Pgc1a ATGTGTCGCCTTCTTGCTCT

Ppar-a ATGCCAGTACTGCCGTTTTC

Ppar-g TTTTCAAGGGTGCCAGTTTC

TFAM AAGGGAATGGGAAAGGTAGA

Tfeb CCAGAAGCGAGAGCTCACAGA

Tfe3 CCTGAAGGCATCTGTGGATT

Tom20 TGCCCATTTTAGGACCCACC

Vatp6v1d GAGCACAGACTGGTCGAAA

Vatp6v1h ATGAGTACCGGTTTGCCTGG

Vatp6v0e1 ATACCACGGCCTTACTGTGC
2.10. Cathepsin B activity

Cathepsin B activity was determined using mouse liver lysates.
The liver tissues were lysed in ice-cold lysis buffer (50 mmol/L
Tris (pH 7.4), 130 mmol/L NaCl, 10% glycerol, 0.5% NP-40,
0.5 mmol/L EDTA, and 0.5 mmol/L EGTA). After centrifuga-
tion, total protein concentration was calculated and then 15 mg
protein from each sample was added to assay buffer (10 mmol/L
HEPES-NaOH (pH 7.4), 220 mmol/L mannitol, 68 mmol/L su-
crose, 2 mmol/L NaCl, 2.5 mmol/L KH2PO4, 0.5 mmol/L
EGTA, 2 mmol/L MgCl2, 5 mmol/L pyruvate, and 1 mmol/L
dithiothreitol). The enzyme activity was determined by adding
cathepsin B substrate Z-Arg-Arg-AMC (Calbiochem, 219392)
and measured at 355 nm/460 nm. Data are expressed as fold of
control.

2.11. GFP-TFEB nuclear translocation assay in a quantitative
high throughput screening (qHTS) format

AML-12-pEGFP-N1-TFEB (GFP-TFEB) cells suspended in assay
medium (1:1 mixture of Dulbecco’s modified Eagle’s medium and
Ham’s F12 medium with 10% FBS and 1% P/S) were dispensed at
1000 cells/5 mL/well in PDL coated low-base clear bottom/black
wall 1536-well plates using a Flying Reagent Dispenser (FRD,
Aurora Discovery, San Diego, CA, USA). After the assay plates
were incubated at 37 �C/5% CO2 for 18 h, 23 nL of a test com-
pound dissolved in dimethylsulfoxide (DMSO), positive control
(Torin 1, Tocris Bioscience), or vehicle control (DMSO), was
transferred to the assay plates using a Wako Pintool station (Wako
Automation, San Diego, CA, USA). The final compound con-
centration in the assay well ranged from 0.8 nmol/L to 46 mmol/L
over 11 concentrations. The assay plates were incubated at 37 �C/
5% CO2 for 2 h, and then 5 mL of premixed fix and stain solution
Reverse primer (50e30)

CGATGAGCCAGTCAGTGT

GGTTTCCAGCATTGGCTCTA

ACACTTCGGAGATGGGAGTG

GTGTTCCTTGGCTTTTCCAA

CCGCATCTTCTGGAAATGTT

GATGATTCCCCTGCTCTTCA

CATCCGTCTGAATGCCCACT

A ACACAGGCCGGCTCCAT

GTTGGGGAAGGTCCATCCTG

GCTATGGGCACAAGGAAGTTG

CTCAGTGGCAAGAAGGGAGG

AGACACGGCTGTCAGCTTCT

TCTGGTTGTCAGCTGGAATG

AGA GCTCGACAATGTTCTCCAGCTT

TCGTCTCCTCCTGAGCAGTT

ATCTACTGCCTGGGGACCTT

GGCCTTGACCTTGTTCATGT

AATCCTTGGCCCTCTGAGAT

AACAGGACATGGAAAGCAGAT

T TGTGATTGTCTTTCTTCTGCCG

CTCGTGGTTAGGGAGAGCAG

CCAGCCTTGACGTCTTCCTT

AGCTGTCAGTTCCTTCGTGG

GACTGAATGCCAGGAGCCAT

CAGAGGATTGAGCTGTGCCA
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containing 8% PFA with 0.1% Hoechst (final concentration, 4%
PFA with 0.05% Hoechst) was added on top of each well of the
assay plates by FRD. After the assay plates were left at RT for
30 min, the medium with fix solution was removed by gentle-spin
of Blue-Washer (Blue Cat Bio, Concord, MA, USA), followed by
adding HBSS (9 mL/well) by FRD. Image from each assay well
was acquired using 20 � water, confocal objective lenses in
PerkinElmer Operetta CLS with EGFP channel (Excitation
460e490 nm, Emission 500e550 nm) and DAPI (Excitation
355e385 nm, Emission 430e500 nm) filter sets. Images from
each well were acquired for one center field (around 25% of a
single well area in a 1536-well plate) and analyzed with software
of Operetta Harmony 4.6. Data analysis was performed as previ-
ously described26. Briefly, raw plate reads for each titration point
were first normalized to the Torin 1 control (1.15 mmol/L, 100%)
and DMSO-only wells (basal, 0%) and then corrected by applying
a pattern correction algorithm. Concentrationeresponse titration
points for each compound were fitted to the Hill equation, yielding
concentrations of half-maximal induction (EC50) and maximal
response (efficacy) values.
Figure 1 APAP overdose reduces TFEB activity in mouse livers. Mal

(APAP, 500 mg/kg, i.p.) or saline for 6 or 24 h. (A) Serum ALT levels we

ANOVA analysis. (B) Total liver lysates were subjected to Western blot

subjected to Western blot analysis. (D) A scatter plot and linear regressio

protein levels in WT mice injected with APAP (500 mg/kg) for 6 h. (E) Hep

to 18s and expressed as fold change compared to Saline group. Data are
2.12. Statistical analysis

All experimental data are expressed as mean � standard error
(SE). One-way ANOVAwith Bonferroni post hoc test or Student’s
t-test was performed where appropriate. A P < 0.05 was
considered significant.

3. Results

3.1. APAP overdose impairs TFEB in mouse livers

To determine whether APAP overdose would affect hepatic levels
and transcription activity of TFEB, mice were treated with
500 mg/kg APAP for 6 and 24 h. Compared with mice injected
with saline, the levels of serum alanine aminotransferase (ALT)
significantly increased after APAP treatment for 6 or 24 h
(Fig. 1A). Immunoblot analysis showed that APAP treatment
significantly decreased the protein levels of TFEB in total liver
lysates, cytosolic and nuclear fractions (Fig. 1B and C). Moreover,
the protein levels of VATP6V1A and VATP6V1B2, two subunits
e C57BL/6J wildtype (WT) mice were injected with acetaminophen

re quantified. Data are mean � SE (n Z 9e10); *P < 0.05; One-way

analysis. (C) Cytosolic and nuclear fractions from mouse livers were

n analysis of expression levels of serum ALT levels vs. hepatic TFEB

atic mRNAwas extracted followed by qPCR. Results were normalized

mean � SE (n Z 4e8); *P < 0.05; One-way ANOVA analysis.
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of lysosomal v-ATPase, also decreased at 6 h after APAP treat-
ment (Fig. 1B). Interestingly, the protein levels of TFEB were
negatively correlated with the serum ALT levels in APAP-treated
mice (Fig. 1D). The mRNA levels of TFEB targeted genes,
including Tfeb, Tfe3, Ppargc1a, Ppara, Lamp1, Lamp2, Vatp6v1d
and Vatp6v0e1, were significantly lower in mice treated with
APAP for 6 h than the saline-treated mice, although the mRNA
levels of most genes were recovered after APAP treatment for 24 h
(Fig. 1E). Taken together, these data indicate that APAP overdose
impairs TFEB function in mouse livers.

3.2. Loss of hepatic TFEB exacerbates APAP-induced liver
injury (AILI) in mice

To determine whether the decreased hepatic TFEB would
contribute to AILI in mice, liver-specific Tfeb knockout (L-Tfeb
KO) and matched wildtype (WT) mice were subjected to APAP
overdose. The levels of serum ALT activities were increased
1.5-fold in L-Tfeb KO mice compared with the matched WT mice
after APAP treatment for 6 h. However, the levels of serum ALT
activities were almost identical between L-Tfeb KO and WT mice
after APAP treatment for 24 h (Fig. 2A). The necrotic areas in
L-Tfeb KO mouse livers were much higher than WT mice after
APAP treatment for both 6 and 24 h, indicating loss of hepatic
Tfeb exacerbates APAP-induced hepatotoxicity (Fig. 2BeD). To
determine if deletion of Tfeb would affect the metabolism of
APAP in mouse livers, levels of hepatic CYP2E1, glutathione
(GSH) and APAP-adducts were examined in WT and L-Tfeb KO
mice following APAP treatment. Levels of hepatic CYP2E1 were
increased almost 2-fold in APAP-treated WT mouse livers
compared with saline-treated control WT mice. Interestingly, the
basal levels of hepatic CYP2E1 in L-Tfeb KO mice were higher
(2.3-fold) than the matched WT mice but APAP treatment did not
further alter the levels of CYP2E1 in L-Tfeb KO mice (Fig. 2E).
APAP markedly increased levels of phosphorylated JNK in APAP-
treated WT mouse livers. In the APAP-treated L-Tfeb KO mice,
there were varying levels of phosphorylated JNK. Two of the mice
had lower levels, but two had similar levels of phosphorylated
TFEB compared to the APAP-treated WT mice. The levels of
hepatic APAP-adducts were slightly lower (decreased 30%) in
APAP-treated L-Tfeb KO than WT mice (Fig. 2E). Furthermore,
the levels of hepatic GSH were significantly decreased after APAP
treatment at 0.5, 2 and 6 h but recovered at 24 h to the similar level
in both WT and L-Tfeb KO mice (Fig. 2F), suggesting that dele-
tion of Tfeb may not affect the metabolism of APAP. Taken
together, loss of hepatic TFEB does not alter APAP bioactivation
but exacerbates AILI.

3.3. Overexpression of TFEB protects against AILI in mice

To further determine the role of TFEB in AILI, we next overex-
pressed TFEB in mouse livers by i.v. injection of an adenovirus-
Tfeb (Ad-Tfeb) in WT mice. Ad-TFEB administration dramati-
cally increased the protein and mRNA levels of TFEB in mouse
livers, indicating successful overexpression of TFEB in mouse
livers (Fig. 3A and B). Overexpression of TFEB almost
completely abolished AILI as demonstrated by the markedly
decreased levels of serum ALT and AST as well as necrotic areas
of H&E staining and TUNEL positive staining (Fig. 3CeE).
Overexpression of TFEB slightly increased hepatic levels of
CYP2E1 to 37% compared to mice receiving the adenovirus
vector only in saline-treated mice. However, overexpression of
TFEB did not cause a further increase of hepatic levels CYP2E1 in
APAP-treated mice (Fig. 3F). Moreover, overexpression of TFEB
markedly decreased the levels of both liver and serum APAP-
adducts in APAP-treated mice (Fig. 3F and G). Notably, the
expression level of TFEB was relatively lower in one mouse after
receiving Ad-Tfeb (dot-line boxed) likely due to insufficient i.v.
injection, which was correlated with relatively higher levels of
liver and serum APAP-adducts after APAP treatment (Fig. 3F and
G). These data indicate that overexpression of TFEB protects
against AILI likely via increased clearance of APAP-adducts in
mice.
3.4. Overexpression of TFEB increases lysosomal and
autophagy-related gene expression in mouse livers

Overexpression TFEB significantly increased protein levels of
LAMP1, p62, VATP6V1A, and LC3-II (Fig. 4A). Moreover,
overexpression of TFEB also significantly increased the activity of
cathepsin B without or without APAP treatment, suggesting
possible increased lysosome contents and autophagic degradation
(Fig. 4B). Overexpression of TFEB also showed a trend of
increased expression of several autophagy-related genes and
lysosomal genes including Sqstm1, Atg5, Atg8, Lamp1, Vatp6v1d,
Vatp6v0e1 and Vatp6v1h with or without APAP treatment
(Fig. 4C). The number of lysosomes, as demonstrated by the
positive LAMP1 puncta, decreased in hepatocytes of APAP-
treated mice but were markedly recovered by TFEB over-
expression (Fig. 4D and E). Collectively, these data indicate that
overexpression of TFEB increases hepatic lysosomal numbers and
autophagy activity, which may promote the removal of APAP-
adducts.
3.5. Overexpression of TFEB activates NRF2 pathway in mouse
livers and primary hepatocytes

Overexpression of TFEB markedly increased the protein levels of
GCLC and GCLM, two NRF2 targeted genes and subunits of GSH
synthesis in mouse livers with or without APAP treatment
(Fig. 5A). Overexpression of TFEB also increased the mRNA
levels of Keap1, Nfe2l2, and NRF2 targeted genes Gclc, Gclm,
Nqo1 and Gsr in saline treated mice but at a lesser extent in
APAP-treated mice (Fig. 5B). Intriguingly, results from the
cellular fractionation analysis revealed that overexpression of
TFEB did not increase nuclear NRF2 levels (Fig. 5C). Since p62
can activate NRF2 via the non-canonic pathway by binding with
KEAP1, we next asked whether p62 is involved in increased
NRF2 activation in mouse livers with TFEB overexpression. We
found that overexpression of TFEB significantly increased the
mRNA levels of Sqstm1 and NRF2 targeted genes Gclc and Gclm
in hepatocytes isolated from WT mice (Fig. 5D). Interestingly,
while the mRNA levels of Tfeb was almost identical in WT and
p62 KO hepatocytes infected with Ad-Tfeb, increased mRNA
levels of Gclc and Gclm in WT hepatocytes infected with Ad-Tfeb
were abolished in p62 KO hepatocytes (Fig. 5D). These data
indicate that overexpression of TFEB may activate
KEAP1eNRF2 pathway in hepatocytes indirectly via p62-
mediated non-canonical NRF2 activation. Consistent with induc-
tion of Gclc and Gclm in TFEB overexpressed mouse livers, there
was a faster recovery of hepatic GSH levels (Fig. 5E), which could



Figure 2 Hepatic loss of TFEB exacerbates APAP overdose-induce liver injury in mice. Male liver-specific Tfeb KO (Tfebflox/flox, Albumin-

Creþ, L-Tfeb KO) mice and their matched WT mice (Tfebflox/flox, Albumin-Cre-, WT) were injected with APAP (500 mg/kg, i.p.) for 6 and

24 h. (A) Serum ALT levels were quantified. Data are mean � SE (n Z 3e7). (B) Representative images of H&E staining are shown

(magnification 100 �). (C) Representative images of TUNEL staining are shown (magnification 100 �). (D) Quantification of TUNEL positive

areas from TUNEL staining of (C). Data are mean � SE (n Z 3). *P < 0.05; One-way ANOVA analysis. (E) Total liver lysates were subjected to

Western blot analysis. (F) Total hepatic glutathione (GSH) contents were determined. Data are mean � SE (n Z 3e7).
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be a contributing factor to the protection against APAP overdose
in these animals.

3.6. Overexpression of TFEB increases mitochondria biogenesis
and mitophagy in mouse livers

We previously demonstrated that TFEB overexpression
increased mitochondrial bioenergetics and mitochondria respi-
ration in mouse livers19. Ppargc1a, a TFEB target gene, played
an important role in mitochondrial biogenesis, and overex
pression of TFEB in muscular cells increased mitochondrial
biogenesis27. We found that TFEB overexpression increased
both protein and mRNA levels of TFAM and PGC1a, the
mitochondrial transcription factor or co-activator, as well as two
mitochondrial inner membrane proteins of mitochondria oxida-
tive phosphorylation complexes [complexes I & V (CI & CV)] in
mouse livers (Fig. 6A and B). More importantly, the expression
levels of several genes that encoded mitochondrial proteins
(Mfn1, Mfn2, Tom20, Mnsod ) and lipid metabolism genes
(Ppara, Pparg) were also significantly increased in Ad-Tfeb



Figure 3 Overexpression of TFEB protects against APAP overdose-induced liver injury in mice. Male WT C57BL/6J mice were injected with

Ad-Null and Ad-TFEB (5 � 108 PFU/mouse, i.v.) for 10 days followed by APAP injection (500 mg/kg, i.p.) for 6 h. (A) Total liver lysates were

subjected to Western blot analysis. (B) Hepatic mRNA was extracted followed by qPCR. Results were normalized to 18s and expressed as fold

change compared to Ad-Null þ Saline group. Data are mean � SE (n Z 3e4). *P < 0.05; One-way ANOVA analysis. (C) Serum ALT and

(D) AST levels were quantified. Data are mean � SE (n Z 3e4). *P < 0.05; One-way ANOVA analysis. (E) Representative images of H&E and

TUNEL staining are shown (magnification 100 �). (F) Total liver lysates were subjected to Western blot analysis. (G) Serums were subjected to

Western blot analysis. (H) Total liver lysates were subjected to Western blot analysis for JNK activation.
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Figure 4 Overexpression of TFEB increased lysosomal and autophagic gene expression in mouse livers. Male WT C57BL/6J mice were

injected with Ad-Null and Ad-TFEB (5 � 108 PFU/mouse, i.v.) for 10 days followed by APAP injection (500 mg/kg, i.p.) for 2 and 6 h. Tfeb

knockin (KI) mice were injected with AAV-Null and AAV-Tbg-Cre (5 � 109 GC/mouse, i.v.) for 2 weeks followed by APAP injection (500 mg/kg,

i.p.) for 6 h. (A) Total liver lysates were subjected to Western blot analysis. (B) Cathepsin B activities were determined. Data are mean � SE

(n Z 3e4). *P < 0.05; One-way ANOVA analysis. (C) Hepatic mRNA was extracted followed by qPCR. Results were normalized to 18s and

expressed as fold change compared to Ad-Null þ Saline group. Data are mean � SE (n Z 3e4). *P < 0.05; One-way ANOVA analysis.

(D) Representative images of immunostaining of Lamp1 are shown. Scale: 10 mm. (E) The quantified number of Lamp1 positive vesicles is

shown. Data are mean � SE (n Z 3e4). 30 to 110 cells were counted in each mouse.
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administrated mouse livers (Fig. 6B), suggesting TFEB over-
expression may increase mitochondrial biogenesis in mouse
livers. EM analysis revealed no apparent alterations in the
quantity and dimensions of mitochondria in hepatocytes that had
undergone TFEB overexpression, in comparison to mice that
received Ad-null. However, treatment with APAP seemed to lead
to an augment in mitophagy structures (which are mitochondria
enclosed within double-membrane autophagosomes, as indicated
by the arrows in Fig. 6C), with a notable rise in the number of
those structures found in hepatocytes that had undergone TFEB
overexpression (Fig. 6C and D). Together, these data indicate
that overexpression of TFEB increases mitochondrial biogenesis
and mitophagy in APAP-treated mouse livers.

3.7. Overexpression of TFEB increases autophagic flux and may
protect against the loss of mitochondrial membrane potential in
APAP-treated mouse hepatocytes

We next determined whether overexpression of TFEB would in-
crease autophagic flux in APAP-treated hepatocytes by examining
the changes in endogenous LC3-II in the presence of lysosomal
inhibitor chloroquine (CQ)28. APAP treatment alone decreased the



Figure 5 Overexpression of TFEB activates NRF2 pathway in mouse livers. Male WT C57BL/6J mice were injected with Ad-Null and Ad-

TFEB (5 � 108 PFU/mouse, i.v.) for 10 days followed by APAP injection (500 mg/kg, i.p.) for 6 h. (A) Total liver lysates were subjected to

Western blot analysis. (B) Hepatic mRNA was extracted followed by qPCR. Results were normalized to 18s and expressed as fold change

compared to Ad-Null þ Saline group. Data are mean � SE (nZ 3e4). *P < 0.05; One-way ANOVA analysis. (C) Cytosolic and nuclear fractions

from the mouse livers of indicated treatments were subjected to Western blot analysis. (D) Primary mouse hepatocytes were isolated from

wildtype and p62 KO mice and infected with Ad-Null and Ad-TFEB (5 moi) for 24 h. Total mRNAs were extracted followed by qPCR. Results

were normalized to 18s and expressed as fold change compared to Ad-Null group. Data are mean � SE (nZ 3e4). *P < 0.05; One-way ANOVA

analysis. (E) Male WT C57BL/6J mice were injected with Ad-Null and Ad-TFEB (5 � 108 PFU/mouse, i.v.) for 10 days followed by APAP

injection (500 mg/kg, i.p.) for 6 h. Hepatic GSH contents were quantified. Data are mean � SE (n Z 4e6), *P < 0.05; One-way ANOVA

analysis.
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Figure 6 Overexpression of TFEB increases mitochondrial biogenesis in mouse livers. Male WT C57BL/6J mice were injected with Ad-Null

and Ad-TFEB (5 � 108 PFU/mouse, i.v.) for 10 days followed by APAP injection (500 mg/kg, i.p.) for 6 h. (A) Total liver lysates were subjected

to Western blot analysis. (B) Hepatic mRNA was extracted followed by qPCR. Results were normalized to 18 s and expressed as fold change

compared to Ad-Null þ Saline group. Data are mean � SE (n Z 3e4). *P < 0.05; One-way ANOVA analysis. (C) Liver tissues were fixed for

EM analysis and representative EM images are shown. Arrows denote mitophagy structures (enveloped mitochondria in autophagosomes). Scale:

500 nm. (D) The number of mitophagy structures was quantified from each cell section of around 20 different cells. Data are mean � SE

(n Z 16e19). *P < 0.05; One-way ANOVA analysis.
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levels of LC3-II and p62, which may be due to increased auto-
phagic degradation. However, this effect was partially rescued by
CQ treatment regardless of TFEB expression level (Fig. 7A). In
addition, when TFEB was overexpressed, the levels of LC3-II
increased after CQ treatment as compared to hepatocytes that
received Ad-null (Fig. 7A). This suggests that overexpression of
TFEB may lead to an increase in autophagic flux in hepatocytes.
Furthermore, APAP treatment resulted in an increase in the
number of hepatocytes with depolarized mitochondria. However,
this effect was partially reversed when TFEB was overexpressed
as seen in Fig. 7BeD. This indicates that overexpression of TFEB
may increase hepatic autophagy and help maintain proper mito-
chondrial functions in hepatocytes.

3.8. Identification of small molecules that activate TFEB and
increases autophagic flux in AML12 cells using a qHTS platform

Since we found that overexpression TFEB protects against AILI in
mice, we next established a mouse hepatocyte cell line stably
expressing GFP-TFEB and performed a cell-based image assay



Figure 7 Overexpression of TFEB Increases autophagic flux and protects against the loss of mitochondrial membrane potential in APAP-

treated mouse hepatocytes. Primary mouse hepatocytes were isolated from wild-type mice and infected with Ad-Null and Ad-TFEB (1 moi)

for 24 h. Hepatocytes were then treated with APAP (10 mmol/L) in the presence or absence of chloroquine (CQ, 20 mmol/L) for 6 h. Total lysates

were subjected to Western blot analysis (A). Some hepatocytes were cultured in 12-well plates and were further stained with TMRM (50 nmol/L)

and Hoechst 33342 (1 mg/mL) followed by fluorescence microscopy and representative images are shown in (B, arrows denote cells with loss of

mitochondrial membrane potential). (C) The number of cells with loss of TMRM staining (partial or complete loss of TMRM staining) was

quantified, and the percentage of cells with loss of TMRM staining was calculated based on the total cell numbers in each field (based on Hoechst

33342 nuclei or phase-contrast images). Data are mean � SE (n Z 4) followed by One-way ANOVA analysis.

TFEB and APAP-induced liver injury 201
for screening TFEB agonists in a qHTS format. To identify the
compounds that increase nuclear translocation of GFP-TFEB,
GFP-TFEB stable AML12 cells were used to screen a group of
384 known anticancer compounds at 11 concentrations ranging
from 0.8 nmol/L to 46 mmol/L. GFP-TFEB nuclear localization
was quantified from GFP-TFEB AML12 cells that were treated
with different concentrations of compound. A flowchart of the
qHTS is shown in Fig. 8A. Torin 1 is known to increase TFEB
nuclear translocation by inhibiting mTORC1, which was used as a
positive control in the qHTS. Representative images of the qHTS
and GFP-TFEB imaging analysis of control cells (DMSO) and
Torin 1-treated cells were shown in Fig. 8B. The primary
screening resulted in the identification of 137 compounds that had
efficacy >40% and led to significant increase in GFP-TFEB nu-
clear translocation. Potential TFEB agonists that with EC50 less
than 10 mmol/L were listed in Table 2.

Among these positive hits of TFEB agonists, sunitinib malate,
an indolinone-based tyrosine kinase inhibitor, as well as dauno-
rubicin and idarubicin hydrochloride, anthracycline antibiotics for
treating acute myeloid leukemia, had as low as less than 2 mmol/L
AC50 for TFEB activation (Table 2). Sunitinib has a dual role in
AILI exhibiting mild hepatoprotective effect at low dose or in-
creases AILI at high dose29, whereas anthracycline antibiotics
have increased cardiac and hepatic toxicity30. Salinomycin, an
anticoccidial and antibacterial agent, also showed relatively high
efficacy with an EC50 at 2.64 mmol/L (Table 2). We thus focused
on salinomycin and first validated the effects of salinomycin on
TFEB activation in cultured AML12 cells. While GFP-TFEB
signals were diffuse in the cytoplasm of control AML12 cells,
salinomycin and Torin1 significantly increased the nuclear trans-
location of TFEB (Fig. 8C). Moreover, using a luciferase reporter
gene assay, salinomycin significantly increased the TFEB pro-
moter driven luciferase activity, indicating that salinomycin may
increase the transcription activity of TFEB in AML12 cells
(Fig. 8D). Salinomycin treatment increased the mRNA levels of
several TFEB target genes including Tfeb, Sqstm1, Ppargc1a,
Lamp1, Vatp6v1d, Vatp6v1h, and Ppara, further confirming acti-
vation of TFEB by salinomycin (Fig. 8E). Taken together, the cell-
based qHTS identifies Salinomycin as a potential TFEB agonist.

3.9. Salinomycin protects against AILI in mice by activating
hepatic TFEB

Treatment with salinomycin markedly decreased levels of serum
ALT and AST in mice after APAP overdose for 6 and 24 h
(Fig. 9A and B). Consistent with the changes on the levels of
serum ALT and AST, salinomycin treatment almost completely
abolished the areas of centrilobular necrosis caused by APAP
overdose, as shown by liver H&E and TUNEL staining (Fig. 9C
and D). Results from the immunoblotting analysis showed that
salinomycin treatment did not change the protein levels of
CYP2E1. While APAP overdose reduced the protein levels of
TFEB, treatment of salinomycin with APAP partially recovered
hepatic TFEB levels. Furthermore, co-treatment of salinomycin
reduced the levels of phosphorylated JNK after APAP overdose
(Fig. 9E), which might contribute to its protection against APAP
overdose. Taken together, salinomycin, which activated TFEB
in vitro, significantly protected against APAP overdose in mice.
Hepatic levels of APAPeprotein adducts were similar in APAP-
treated mice with or without salinomycin but salinomycin treat-
ment markedly decreased serum levels of APAP-adducts (Fig. 9F
and G), suggesting that salinomycin may promote the clearance of
APAP-adducts in mice.

4. Discussion

Previous studies have demonstrated that activating of autophagy
and lysosomal biogenesis is beneficial against AILI7,10,31,32. In the
present study, there are several potential impactful findings and
novelties that are worth highlighting. We used genetic loss-of and



Figure 8 Quantitative high-throughput image screening for TFEB agonists in AML12 cells. (A) Schematic illustration of the cell-based

quantitative high-throughput image screening for TFEB agonists/antagonists. (B) Stably expressing pEGFP-N1-TFEB AML12 cells were

treated with DMSO or Torin1 at indicated concentration for 2 h. Representative microscopic images are shown. (C) Stably expressing pEGFP-N1-

TFEB AML12 cells were treated with salinomycin or Torin1 at indicated concentration for 24 h. Representative confocal microscopic images are

shown. (D) After transfection with pGL3-TFEB-Luc for 24 h, AML12 cells were treated with salinomycin or Torin1 at the indicated concentration

for 24 h. TFEB-luciferase activity was determined. Data are mean � SE (n Z 3). *P < 0.05; Student’s t-test. (E) Total mRNA was extracted

followed by qPCR. Results were normalized to 18s and expressed as fold change compared to Control group. Data are mean � SE (n Z 4).

*P < 0.05; Student’s t-test.
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gain-of function of hepatic TFEB approach and showed loss of
hepatic TFEB exacerbated while overexpression of hepatic TFEB
protected against AILI in mice, respectively. Mechanistically,
increased TFEB may promote the clearance of APAP-adducts and
increase mitochondria biogenesis as well as NRF2 activation with
enhanced hepatic GSH synthesis. We also established an imaging-
based qHTS platform for TFEB screening and identified salino-
mycin, an anti-bacteria agent, as a TFEB agonist in protecting
against AILI in mice.

How does activation of TFEB protect against AILI? Autophagy
may protect against AILI by removing APAP-adducts and damaged
mitochondria after an acute overdose6,11,31 and after multiple ther-
apeutic doses12.Whilewe found that serumALT levels were tended
to be higher in APAP-treated liver-specific TfebKOmice compared
with matched WT mice, these changes did not reach the statistical
significance. This could be due to low sample size and potential
compensatory effects in liver-specificTfebKOmice as there are four
TFEB family transcription factors (MiTF, TFEB, TFE3, TFEC)15.
Narirutin (NR) a main bioactive constituent from a traditional
Chinese medicinal herb, was recently reported to decrease hepatic
APAP-adducts and AILI in mice by activating TFEB via enhanced
calcineurin activity32. We also found that overexpression TFEB
almost eliminated serum APAP-adducts and decreased levels of
hepatic APAP adducts. These data indicate that increased clearance
of APAP-adducts by increased TFEB-mediated lysosomal biogen-
esis may be one of the potential mechanisms in protecting against
AILI.

It is generally thought that the pathogenesis of AILI has three
phases: initiation, injury/progression and recovery/regeneration.
However, the detail time course of the three phases could be varied
in different strain of mice used and whether these mice are fed or
fasted. Hepatic TFEB levels and the expression of TFEB target
genes markedly decreased at 6 h but were gradually recovered at
24 h after APAP treatment, which is correlated with the severity of



Table 2 Potential TFEB agonists identified from the screen.

Name AC50

(mmol/L)

Description

Sunitinib malate 1.66 An indolinone-based tyrosine kinase inhibitor with potential antineoplastic activity

Daunorubicin 1.66 Used for acute myeloid leukemia (AML), acute lymphocytic leukemia (ALL),

chronic myelogenous leukemia (CML), and Kaposi’s sarcoma

Idarubicin hydrochloride 1.87 Anthracycline antineoplastic antibiotic

Auranofin 2.35 An antirheumatic agent

Salinomycin 2.64 An antibacterial and coccidiostat ionophore therapeutic drug

Lasalocid sodium 6.05 An antibacterial agent and a coccidiostat

Nitazoxanide 6.62 A broad-spectrum antiparasitic and broad-spectrum antiviral drug

Hexadecyltrimethylammonium bromide 6.62 Used as an apoptosis-promoting anticancer agent for head and neck cancer (HNC)

Amsacrine hydrochloride 7.43 Used in acute lymphoblastic leukemia (ALL)

Nordihydroguaiaretic acid (Masoprocol) 7.62 An antioxidant and antineoplastic drug used to treat skin growths caused by sun

exposure and prostate cancer

Pimozide 8.33 An antipsychotic drug, high potency compared to chlorpromazine (ratio 50:1e70:1)

Figure 9 Salinomycin protects against APAP overdose-induced liver injury in mice. Male WT C57BL/6J mice were injected with acet-

aminophen (APAP, 500 mg/kg, i.p.) or saline for 6 and 24 h. Some mice were injected with salinomycin (5 mg/kg, i.p.) at the same time. 0.5%

CMC-Na was used as vehicle control. (A) Serum ALT and (B) AST levels were quantified. Data are mean � SE (n Z 3e7). (C) Representative

images of H&E staining are shown (magnification 100 �). (D) Representative images of TUNEL staining are shown (magnification 200 �).

(E, F) Total liver lysates were subjected to Western blot analysis followed by densitometry analysis. Data are presented as mean � SE (nZ 3e4).

(G) Mouse serum samples were subjected to Western blot analysis for APAP-adducts.
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liver injury. The recovery of hepatic TFEB activity may also
suggest that TFEB reactivation may be beneficial for liver
regeneration/repair.

It is well documented that mitochondria damage is critical for
APAP-induced hepatocyte necrosis. As a result, removal of
damaged mitochondria via PARKINePINK1-mediated mitophagy
or formation of mitochondria spheroids protects against
AILI6,31,33. In addition to mitophagy, mitochondria biogenesis in
liver zone 1 and 2 hepatocytes is also critical for AILI33, which
may be involved in hepatocyte proliferation and liver regeneration
to promote recovery of AILI9. Overexpression of TFEB increased
hepatic mitophagosome numbers, and the expression of PGC1a
and TFAM as well as a group of mitochondrial genes, over-
expression of TFEB increased PGC1a and TFAM as well as the
expression of a group of mitochondrial genes, supporting a
possible increased mitochondrial biogenesis by activation of
TFEB in protecting against AILI.

Increased oxidative stress due to APAP metabolism and
mitochondrial damage is a well-known mechanism of AILI, as the
cytochrome P450-dependent formation of NAPDI is detoxified by
GSH resulting in the depletion of GSH and formation of APAP-
adducts34,35. Therefore, N-acetylcysteine (NAC), a precursor for
GSH synthesis, scavenges NAPQI and attenuates the formation of
APAP-adducts resulting in the protection against AILI36. NRF2 is
a transcription factor that regulates a battery of genes on GSH
synthesis and antioxidant genes against oxidative stress37,38,
which can be activated via canonical and non-canonical path-
ways39,40. Under normal conditions, NRF2 binds with Kelch-like
ECH associated protein 1 (KEAP1), the latter recruits Cullin
3ering box 1 (CUL3eRBX1) E3 ubiquitin ligase complex that
ubiquitylates NRF2 resulting in degradation of NRF2 via the
ubiquitin proteasome system41,42. In response to oxidative and
electrophilic stress, several key cysteine residues in KEAP1 are
modified resulting in the conformational change of
NRF2eKEAP1 complex and prevention of NRF2 degradation43.
Subsequently, NRF2 translocates to the nucleus and binds with
sMAF to form a heterodimer to initiate the transcription44. In the
non-canonical NRF2 pathway, p62, the substrate protein of auto-
phagy, accumulates in autophagy defective cells45,46. p62 directly
binds with KEAP1 via its KEAP1 interacting region (KIR)
resulting in the release of NRF2 from KEAP1 followed by NRF2
stabilization and activation47,48. Indeed, liver-specific ATG5 KO
mice have increased hepatic p62 accumulation and persistent
NRF2 activation resulting in the resistance to AILI45,49. Interest-
ingly, in the present study, we found Sqstm1/p62 is a target gene of
TFEB and overexpression TFEB increased hepatic expression of
Sqstm1/p62 and NRF2 activation, which may offer additional
layer of protective mechanism against AILI by TFEB. NRF2
activation with induction of Gclc and Gclm, increases hepatic
GSH synthesis, which is critical for peroxynitrite scavenging in
the mitochondria during APAP hepatotoxicity50. Accelerated GSH
re-synthesis after an APAP overdose was shown to be responsible
for the reduced injury in female mice compared to male animals51;
although endogenous IL-4 is a critical regulator of g-Gcl52, our
data show that TFEB-mediated NRF2 activation is also a signifi-
cant contributor to accelerated hepatic GSH synthesis and thus the
protection caused by TEFB induction.

TFEB is mainly regulated at the posttranslational level. One of
the well-studied mechanisms is the phosphorylation of TFEB by
mTORC1 resulting in cytosolic retention and inactivation of
TFEB. Therefore, mTORC1 inhibitors such as rapamycin and
Torin 1 are potent TFEB agonists. However, mTORC1 inhibition
can potentially lead to impaired cell proliferation and liver
regeneration, which may counteract its beneficial effects on TFEB
activation and autophagy induction. Indeed, mice with genetic loss
of Raptor or mTOR did not show protection against AILI.
Therefore, it is necessary to identify mTORC1-independent TFEB
agonists to avoid the potential unwanted side effects on halting
liver regeneration. To meet this need, we have identified a group
of new TFEB agonists from the unbiased qHST screening using a
subset library (383 drugs) of the NPC (The National Center for
Advancing Translational Sciences (NCATS) Pharmaceutical
Collection) containing 2816 approved or investigational drugs.
Among them, salinomycin activated TFEB in vitro and in vivo
with even higher mTORC1 activation in mouse livers. The
mechanisms of how salinomycin activated TFEB independent of
mTORC1 remain unclear. As discussed above, narirutin activated
TFEB via increased calcineurin activation, the phosphatase that
dephosphorylates TFEB32. Whether salinomycin would also affect
calcineurin remains to be investigated in the future. Nonetheless,
we also cannot rule out other possible off-target effects of sali-
nomycin that may protect against AILI as the effects of TFEB
activation in the mouse liver by salinomycin were not as profound
as in cultured cells. Thus, the beneficial effects of salinomycin
treatment in protecting against AILI may not necessarily be
directly related to TFEB activation in vivo, which needs to be
further studied in the future by using liver-specific Tfeb KO mice.

5. Conclusions

In summary, we found APAP overdose impaired hepatic TFEB
and TFEB-mediated lysosomal biogenesis in mouse livers. Ge-
netic manipulation of TFEB in mouse livers indicates a protective
role of TFEB against AILI. More importantly, pharmacological
activation of TFEB by salinomycin, a TFEB agonist identified
from the high through-put screening, protected against AILI in
mice. These findings support a potentially beneficial approach by
targeting hepatic TFEB in protecting against AILI.
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