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Ezetimibe ameliorates steatohepatitis via AMP activated protein kinase-TFEB-
mediated activation of autophagy and NLRP3 inflammasome inhibition
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ABSTRACT
Impairment in macroautophagy/autophagy flux and inflammasome activation are common characteristics
of nonalcoholic steatohepatitis (NASH). Considering the lack of approved agents for treating NASH, drugs
that can enhance autophagy and modulate inflammasome pathways may be beneficial. Here, we
investigated the novel mechanism of ezetimibe, a widely prescribed drug for hypercholesterolemia, as a
therapeutic option for ameliorating NASH. Human liver samples with steatosis and NASH were analyzed.
For in vitro studies of autophagy and inflammasomes, primary mouse hepatocytes, human hepatoma
cells, mouse embryonic fibroblasts with Ampk or Tsc2 knockout, and human or primary mouse
macrophages were treated with ezetimibe and palmitate. Steatohepatitis and fibrosis were induced by
feeding Atg7 wild-type, haploinsufficient, and knockout mice a methionine- and choline-deficient diet with
ezetimibe (10 mg/kg) for 4 wk. Human livers with steatosis or NASH presented impaired autophagy with
decreased nuclear TFEB and increased SQSTM1, MAP1LC3-II, and NLRP3 expression. Ezetimibe increased
autophagy flux and concomitantly ameliorated lipid accumulation and apoptosis in palmitate-exposed
hepatocytes. Ezetimibe induced AMPK phosphorylation and subsequent TFEB nuclear translocation,
related to MAPK/ERK. In macrophages, ezetimibe blocked the NLRP3 inflammasome-IL1B pathway in an
autophagy-dependent manner and modulated hepatocyte-macrophage interaction via extracellular
vesicles. Ezetimibe attenuated lipid accumulation, inflammation, and fibrosis in liver-specific Atg7 wild-type
and haploinsufficient mice, but not in knockout mice. Ezetimibe ameliorates steatohepatitis by autophagy
induction through AMPK activation and TFEB nuclear translocation, related to an independent MTOR
ameliorative effect and the MAPK/ERK pathway. Ezetimibe dampens NLRP3 inflammasome activation in
macrophages by modulating autophagy and a hepatocyte-driven exosome pathway.
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Introduction

With the rapid increase in obesity rates, nonalcoholic fatty
liver disease (NAFLD) has become one of the most com-
mon metabolic liver diseases, affecting up to 30% of the
adult population and 70¡80% of subjects with obesity and
diabetes.1,2 Concomitantly, the increasing prevalence of
nonalcoholic steatohepatitis (NASH), which can progress to
liver cirrhosis and hepatocellular carcinoma, has caused
serious health problems worldwide. NASH is significantly
associated with higher mortality not only from complica-
tions of liver disorders but also cardiovascular disease.2

However, there is no U.S. Food and Drug Administration
(FDA)-approved pharmacological treatment of hepatic
NASH in humans.

One hypothesis for the pathogenesis of NASH is the “2-hit
theory,” which consists of a first hit of hepatic triglyceride accu-
mulation due to obesity and insulin resistance, and a subse-
quent second hit of hepatocyte inflammation, necrosis, and
fibrosis due to reactive oxidative stress and lipid peroxidation.3

This theory has been modified to a ‘multiple parallel hits’
hypothesis for the pathogenesis of NASH, indicating liver
injury by diverse pathogenic events occurring in parallel.4 In
the progression of NASH, activated macrophages play a central
role in the release of pro-inflammatory M1 mediators (IL1B
[interleukin 1 b], IL18 [interleukin 18], and CCL2-CCL5) and
liver matrix remodeling, which results in hepatic fibrosis.5

Recent studies reported that autophagy also plays a crucial role
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in the development of NAFLD and NASH.6 While suppression
of autophagy leads to aggravated hepatic steatosis and NASH,7

an increase in autophagy ameliorates fibrosis in a mouse exper-
imental model.8 Furthermore, decline in autophagy is linked to
activation of inflammasomes, key signaling platforms for dan-
ger signal recognition, leading to inflammatory processes.9,10

Because human NAFLD and NASH are associated with lipo-
toxicity-induced autophagy defects11 and significantly increase
inflammasome expression,12 autophagy induction or inflam-
masome inhibition have been proposed as a therapeutic option
for metabolic pathologies. In this context, autophagy inducers
and NLRP3 (NLR family, pyrin domain containing 3) inflam-
masome inhibitors are currently targets for NASH drug
development.1

Ezetimibe is a FDA-approved lipid-lowering agent that
blocks NPC1L1 (NPC1 like intracellular cholesterol transporter
1)-dependent cholesterol transport at the border of the intes-
tine and inhibits absorption of dietary and biliary cholester-
ols.13,14 While NPC1L1 is primarily expressed in the intestine
of rodents, in humans NPC1L1 is abundantly expressed in
the liver as well as the small intestine.13 In a human clinical
trial, 24-mo ezetimibe treatment significantly improved hepatic

steatosis and ballooning score.15 Ezetimibe administration to
NASH patients also led to improvement in histological features
of fibrotic change.16 The proposed explanation for these
improvements is the inhibition of cholesterol absorption from
the intestine and liver, but this issue remains unclear. Recently,
ezetimibe treatment was reported to activate autophagy in
human hepatocytes, and increased autophagy flux may be
related to ezetimibe-mediated improvement in hepatic steato-
sis.17 Therefore, in the present study, we investigated whether
ezetimibe ameliorates steatohepatitis and fibrosis via induction
of autophagic pathways.

Results

Human NASH presents reduced autophagy
with increased NLRP3 inflammasome activity

Human livers were histologically evaluated to assess the fatty
liver status of patients with normal livers, steatosis, and NASH
(Fig. 1A). Masson’s trichrome staining revealed marked pericel-
lular fibrosis in the livers of NASH patients. Electron micros-
copy detected significantly fewer autophagic vacuoles in the

Figure 1. Human NASH demonstrating reduced autophagy with increased NLRP3 inflammasome activity. (A) Representative histological images of H&E- and Masson’s tri-
chrome-stained human liver section. Scale bars: 50 mm. (B) Representative transmission electron microscopy images from each type of human liver section. High magnifi-
cation of boxed areas is presented on the right. Scale bars: 2.5 mm (left), 1 mm (right). Arrowhead, autophagic vacuoles; arrow, lipofuscin granules. (C) qPCR analysis of
human liver tissues. Normal (n D 12), simple steatosis (n D 11), and NASH (n D 9). �P < 0.05, ��P < 0.01, and ���P < 0.001. (D) Representative immunoblot analyses in
normal, steatotic, and NASH liver tissues. Densitometry analysis of nuclear TFEB expression. �P < 0.05 and ���P < 0.001.
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livers of patients with steatosis and NASH compared with nor-
mal samples (Fig. 1B). In addition, liver specimens from
patients with steatosis or NASH had an increased number of
lipofuscin granules, a marker of lysosomal damage, composed
of the oxidation products of unsaturated fatty acids. Consis-
tently, TFEB (transcription factor EB), a master gene for auto-
phagic and lysosomal biogenesis,18 significantly decreased in
steatotic and NASH liver samples compared with normal sam-
ples. mRNA expression of IL1B and NLRP3 was markedly
increased in steatotic and NASH liver samples, and mRNA
expression of fibrosis-related genes (COL1A1 [collagen type I a
1 chain] and ACTA2 [actin, a 2, smooth muscle, aorta]) was
significantly increased in steatosis and NASH (Fig. 1C). Parallel
decreased protein levels of nuclear TFEB and increased
MAP1LC3B/LC3B (microtubule associated protein 1 light
chain 3 b)-II and SQSTM1 (sequestosome 1) levels were
observed in steatosis and NASH samples (Fig. 1D). NLRP3 lev-
els were also increased in the livers of steatosis and NASH
patients compared with normal livers.

Ezetimibe-induced autophagy ameliorates lipid
accumulation and cell apoptosis in hepatocytes

To focus on the impaired autophagy flux and concomitant
increase in inflammasome activity in NAFLD and NASH, we
investigated the therapeutic effect of ezetimibe and its mecha-
nism in the liver. Ezetimibe significantly increased LC3B-II

accumulation, representing LC3 net flux, in hepatocytes when
co-treated with chloroquine compared with controls (Fig. 2A).
Next, we examined the vesicle formation step of autophagy
using the autophagy marker, monomeric red fluorescent pro-
tein (mRFP)-green fluorescent protein (GFP)-LC3 in primary
hepatocytes in response to glucose starvation, ezetimibe, or
ezetimibe C bafilomycin A1 treatment by using fluorescence
microscopy. The number of autolysosomes labeled with a red
signal was markedly increased in response to glucose starva-
tion or ezetimibe treatment, and decreased by bafilomycin A1

(Fig. 2B). Electron microscopy also demonstrated that ezeti-
mibe significantly increased the number of autophagic
vacuoles in primary hepatocytes (Fig. 2C). We assessed the lev-
els of autophagy-related genes including Tfeb, Atg7, Lc3b,
Atg3, Atg5, Atg12, Lc3a, Ulk1, Becn1, Sqstm1, and Lamp1
with quantitative polymerase chain reaction (qPCR) analysis
and observed significantly increased expression of most of
these genes in ezetimibe-treated primary hepatocytes
(Fig. 2D). To evaluate the lipophagic effect of ezetimibe on
hepatocytes, oleate-treated primary hepatocytes were sub-
jected to Oil red O (ORO) staining and triglyceride content
analyses. Ezetimibe significantly attenuated oleate-induced
lipid accumulation in hepatocytes (Fig. 2E). Furthermore, to
assess whether the effect of ezetimibe against lipotoxicity-
mediated apoptosis is related to autophagy, CASP3 (caspase 3)
assay was conducted to evaluate the viability or apoptosis of
primary hepatocytes. Ezetimibe treatment alone was not

Figure 2. Ezetimibe-induced autophagy ameliorates lipid accumulation and cell apoptosis in hepatocytes. (A) Primary hepatocytes after 50 mM ezetimibe or control sol-
vent (dimethyl sulfoxide, DMSO) treatment of 16 h in the absence or presence of 20 mM chloroquine (CQ) for the last 2 h were subjected to immunoblotting. Top panel,
short exposure (SE). Middle panel, long exposure (L.E.). LC3 net flux was assessed by subtracting the amount of LC3B-II in the absence of CQ from the amount of LC3B-II
in the presence of CQ for each of the conditions, as autophagy flux and graphically displayed. ��P < 0.01. n D 3–5. (B) Fluorescence microscopy images of primary hepa-
tocytes using the autophagy marker mRFP-GFP-LC3 in response to glucose starvation, 50 mM ezetimibe, or 50 nM bafilomycin A1 (Bafilo) for 2 h. Scale bars: 5 mm. The
number of autolysosomes (red puncta) per cell (n D 30) was counted. ���P < 0.001. (C) Representative transmission electron microscopy images of 16 h of 50 mM ezeti-
mibe-treated primary hepatocytes. High magnification of boxed areas is presented on the right. Scale bars: 2.5 mm (left), 1 mm (right). Arrowhead, autophagic vacuole.
The number of autophagic vacuoles (AVs) per cell (n D 20) was counted. (D) qPCR analysis of ezetimibe- or vehicle-treated primary hepatocytes for autophagy-related
genes and lysosomal genes. n D 5–7. �P < 0.05, ��P < 0.01, and ���P < 0.001. (E) Primary hepatocytes were stained with Oil red O and triglyceride content was quantita-
tively analyzed. Primary hepatocytes were treated with 2 mM oleate (OA) for 16 h and pre-treatment with 50 mM ezetimibe for 2 h before 2 mM OA exposure in the
absence or presence of 20 mM chloroquine (CQ) for 2 h. Scale bars: 50 mm. n D 5–7 per group. �P < 0.05, ��P < 0.01, and ���P < 0.001. (F) CASP3 assay for relative cell
survival of primary hepatocytes exposed to 0.25 mM palmitate (PA) for 24 h or pre-treatment with 50 mM ezetimibe for 2 h before 0.25 mM PA exposure in the absence
or presence of 20 mM chloroquine (CQ) for 2 h. n D 5–7 per group. �P < 0.05, ��P < 0.01, and ���P < 0.001.
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cytotoxic to primary hepatocytes and significantly increased
viability compared with palmitate treatment alone (Fig. 2F).
However, when co-treated with chloroquine (CQ), the cyto-
protective effect of ezetimibe was attenuated.

Ezetimibe induces autophagy via the AMPK-TFEB pathway

Since the AMP-activated protein kinase (AMPK) plays an
essential role in the transcriptional regulation of auto-
phagy,19 PRKA phosphorylation status was evaluated in eze-
timibe-treated hepatocytes. Ezetimibe markedly increased
phosphorylated (p)-AMPK expression dose-dependently,
regardless of nutrient (oleate) overloading condition
(Fig. 3A). As TFEB is a key positive regulator of autophagy
and lysosome biogenesis,18 we also evaluated whether ezeti-
mibe affects TFEB nuclear translocation. To investigate a
time course for the regulation of autophagy by ezetimibe,

expression of LC3B-II, p-AMPK, and nuclear TFEB was
examined in primary hepatocytes at 0, 2, 8, and 16 h of
treatment, and it was increased during 2 to 16 h of treat-
ment (Fig. 3B). Moreover, we evaluated the mechanism of
ezetimibe-induced AMPK activation and found that a
decrease in cellular ATP contents was observed after treat-
ment with ezetimibe in primary hepatocytes (Fig. 3C) and
after HepG2 cells were treated with palmitate (Fig. S1A).
To verify that AMPK is required for ezetimibe-induced
autophagy we performed an LC3 turnover assay, which
indicated that ezetimibe could not induce autophagy after
siRNA (small interfering RNA)-mediated knockdown of
PRKAA1 (protein kinase AMP-activated catalytic subunit a
1) and PRKAA2 (Fig. S1B and Fig. 3D), whereas p-AMPK
was induced by ezetimibe in the AMPK-sufficient condition
(Fig. S1C). The formation of autolysosomes labeled with a
red signal and expression of Lc3b, Tfeb, and Atg3 were also
increased by ezetimibe in the AMPK-sufficient condition,

Figure 3. Ezetimibe induces autophagy via the AMPK-TFEB pathway. (A) Representative immunoblot analysis of primary hepatocytes treated with 20 or 50 mM ezetimibe
for 16 h, pre-treated with ezetimibe for 2 h followed by 2 mM oleate (OA), or treated with 2 mM metformin (Met) for 16 h. n D 3–5. (B) Representative immunoblots of
primary hepatocytes treated with 50 mM ezetimibe at 0, 2, 8, and 16 hours. n D 3–5. (C) Cellular ATP levels in primary hepatocytes in the presence or absence of 50 mM
ezetimibe for 2 h. PA, 0.2 mM palmitate, n D 3. ���P < 0.001. (D) Representative immunoblots of primary hepatocytes transfected with siRNAs against PRKAA1/2 (siPR-
KAA1/2) and scramble control incubated with 50 mM ezetimibe or DMSO (control) for 16 h in the absence or presence of 20 mM chloroquine (CQ) for 2 h. n D 3–5.
�P < 0.05. (E) Representative staining of scramble control and siPRKAA1/2 primary hepatocytes with Oil red O and triglyceride analysis after treatment with 2 mM oleate
(OA) for 16 h or 50 mM ezetimibe pre-treatment of 2 h followed by 2 mM OA in the absence or presence of 20 mM chloroquine (CQ) for 2 h. Scale bars: 50 mm. n D 3–5
per group. �P < 0.05 and ��P < 0.01. (F) CASP3 assay for relative survival of scramble control and siPRKAA1/2 primary hepatocytes exposed to 0.2 mM palmitate (PA) for
24 h or pre-treatment with 20 or 50 mM ezetimibe for 2 h before 0.2 mM PA exposure in the absence or presence of 20 mM chloroquine (CQ) for 2 h. n D 3–5 per group.
�P < 0.05, ��P < 0.01, and ���P < 0.001. (G) Fluorescence microscopy images of Flag-TFEB-transfected primary hepatocytes treated with ezetimibe or DMSO (control)
and subjected to nuclear stain (DAPI) and Flag immunostaining (Flag-TFEB). The percentage of cells with nuclear TFEB is presented. Scale bars: 20 mm. n D 3–5.
��P < 0.01. (H) Luciferase assay of primary hepatocytes transfected with TFEB-luciferase reporter or TFEB-empty and treated with DMSO (vehicle), 20 mM ezetimibe,
20 mM ezetimibe and 10 mM compound C (CC) for 24 h. n D 5–7 per group. NS, not significant. ���P < 0.001.
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but not in the AMPK-deficient condition (Fig. S1D and
S1E).

Then we examined whether the AMPK-dependent pathway
is involved in the protective effect of ezetimibe on lipid accu-
mulation and lipotoxicity-mediated apoptosis via autophagy.
Ezetimibe did not inhibit oleate-induced intracellular lipid
accumulation in primary hepatocytes transfected with
PRKAA1/2 siRNA, and triglyceride accumulation was not
affected by ezetimibe in the presence of CQ in both AMPK-suf-
ficient and -deficient conditions (Fig. 3E). Ezetimibe amelio-
rated lipotoxicity-related cell death dose-dependently in the
scramble controls, but the effects were not maintained upon
CQ treatment or PRKAA1/2 knockdown (Fig. 3F). After trans-
fection of a plasmid encoding Flag-tagged TFEB into primary
hepatocytes, TFEB nuclear translocation was observed in ezeti-
mibe-treated cells compared with controls (Fig. 3G). By con-
trast, ezetimibe did not promote nuclear TFEB translocation in
the PRKAA1/2-knockout condition (Fig. S1F). To determine
whether ezetimibe influences TFEB transcriptional activity via
AMPK-dependent pathways, TFEB promoter activity in pri-
mary hepatocytes was measured by luciferase assay. TFEB

transcriptional activity was significantly upregulated by ezeti-
mibe, and it was attenuated by co-treatment with compound C,
an AMPK inhibitor (Fig. 3H).

Ezetimibe induces autophagy via MAPK/ERK-related
pathway

A previous study demonstrated that ezetimibe induced
autophagy via inhibition of MTOR (mechanistic target of
rapamycin),17 a crucial mediator of autophagy pathway reg-
ulation including TFEB nuclear translocation. To verify
whether ezetimibe-induced autophagy is dependent on
MTOR pathway inhibition, we used mouse embryonic fibro-
blasts (MEFs) lacking Tsc2 (tuberous sclerosis 2), which
encodes an important negative regulator of MTOR, which
can lead to constitutive MTOR activation. Autophagy flux
determined by LC3 turnover assay demonstrated that ezeti-
mibe could still induce autophagy under this MTOR-acti-
vated condition (Fig. 4A). Furthermore, ezetimibe treatment
resulted in increased p-AMPK expression in tsc2¡/¡ MEFs,

Figure 4. Ezetimibe induces autophagy related to the MAPK/ERK pathway. (A) Tsc2C/C and tsc2¡/¡ MEFs after 20 mM ezetimibe or control solvent (dimethyl sulfoxide,
DMSO) treatment of 16 h in the absence or presence of 20 mM chloroquine (CQ) for the last 2 h were subjected to immunoblotting. LC3 net flux was assessed by subtract-
ing the amount of LC3B-II in the absence of CQ from the amount of LC3B-II in the presence of CQ for each of the conditions, and graphically displayed. n D 6–8.
�P < 0.05 and ��P < 0.01. (B) Representative immunoblot analysis in Tsc2C/C and tsc2¡/¡ MEFs treated with or without 20 mM ezetimibe for 16 h. Expression of phos-
phorylation of RPS6 was graphically displayed from the optical density-based data of immunoblots. n D 6–8. ���P < 0.001. (C) Fluorescence microscopy images of
tsc2¡/¡ MEFs transfected with Flag-TFEB and treated with 20 mM ezetimibe or DMSO (control) for 2 h. Scale bars: 20 mm. n D 3–5. (D) Immunoblot analysis for p-
MAPK1/ERK2-MAPK3/ERK1, ACTB, nuclear TFEB, and LMNA in primary hepatocytes treated with or without 50 mM ezetimibe for 2 h. Top panel, short exposure (SE). Mid-
dle panel, long exposure (L.E.). n D 3–5.
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with a slight, but not significant, decrease in levels of p-
RPS6 (ribosomal protein S6), a substrate downstream of
MTOR (Fig. 4B). In Tsc2C/C MEFs, ezetimibe inhibited
RPS6 phosphorylation, consistent with a previous report.17

Immunofluorescence microscopy showed that ezetimibe
induced nuclear TFEB translocation in tsc2¡/¡ MEFs
(Fig. 4C).

Next, we investigated the downstream mechanism of
ezetimibe on nuclear TFEB translocation under MTOR-acti-
vated conditions. Other kinases such as MAPK1 (mitogen-acti-
vated protein kinase)/ERK2 and PRKC (protein kinase C)
regulate TFEB phosphorylation and determine its subcellular
localization.20,21 We found that ezetimibe treatment decreased
phosphorylation of MAPK1/ERK2-MAPK3/ERK1 at threonine
202/tyrosine 204 and increased nuclear TFEB in primary hepa-
tocytes, suggesting that ezetimibe induces nuclear TFEB trans-
location by inhibiting MAPK1/ERK2-MAPK3/ERK1 (Fig. 4D).
However, ezetimibe-induced nuclear TFEB translocation was
not blocked by a PRKC inhibitor (Fig. S2). Collectively, these

data indicate that ezetimibe induces autophagy under MTOR-
activated condition via a MAPK/ERK-related pathway, but not
a PRKC pathway.

Ezetimibe ameliorates inflammation via an autophagy-
mediated NLRP3 inflammasome-IL1B pathway in macro-
phages and modulates cell-cell interaction via extracellular
vesicles

Next, we sought to determine the role of ezetimibe in
macrophages, which play an essential role in the inflamma-
tory processes that occur in NASH. The mRNA expression
of NPC1L1, the target of ezetimibe, were confirmed in mac-
rophages including human leukemia cells (THP-1), a
human monocytic cell line (Fig. S3). Ezetimibe increased
autophagy in both THP-1 and primary peritoneal macro-
phages (Fig. 5A and Fig. S4). mRNA expression of NFKB
(nuclear factor kappa B)-dependent cytokines Il1b and Tnf
(tumor necrosis factor) was suppressed by ezetimibe,
whereas this effect was blocked by co-treatment with bafilo-
mycin A1 (Fig. 5B). Bafilomycin A1 co-treatment also

Figure 5. Ezetimibe ameliorates inflammation via the autophagy-mediated NLRP3 inflammasome-IL1B pathway in macrophages and modulation of cell-cell interaction
via extracellular vesicles. (A) Expression of genes related to LC3B net flux in THP-1 cells treated with 25 mM ezetimibe or vehicle for 16 h in the absence or presence of
20 mM chloroquine (CQ) for 2 h. Top panel, short exposure (SE). Middle panel, long exposure (L.E). Quantified LC3 net flux was graphically displayed. �P < 0.05. n D 3–5.
(B) Gene expression of Il1b and Tnf by THP-1 cells in response to 0.1 mg/mL lipopolysaccharide (LPS) and 0.2 mM palmitate (PA) in the presence or absence of 25 mM eze-
timibe or 50 nM bafilomycin A1 (Bafilo) for 16 h. n D 5–7 per group. �P < 0.05, ��P < 0.01, and ���P < 0.001. (C) THP-1 cells were incubated with 0.1 mg/mL lipopolysac-
charide (LPS) and 0.2 mM palmitate (PA) for 16 h with or without 25 mM ezetimibe or 50 nM bafilomycin A1 (Bafilo) for 2 h and subjected to immunoblot analysis for
expression of inflammasome-related proteins. nD 3–5. (D) ELISA assays for IL1B levels of THP-1 cells cultured with 0.1 mg/mL lipopolysaccharide (LPS) and 0.2 mM palmi-
tate (PA) for 16 h with or without pre-treatment with 25 mM ezetimibe or 50 nM bafilomycin A1 (Bafilo) for 2 h. nD 5–7 per group. �P< 0.05 and ���P< 0.001. (E) Repre-
sentative transmission electron microscopy images of isolated extracellular vesicles from HepG2 cells treated with DMSO (control), 0.2 mM palmitate (PA), or 0.2 mM PAC
50 mM ezetimibe for 24 h. Scale bars: 100 nm. n D 3–5 per group. (F) Immunoblot assay for exosome-enriched CD63 protein and ACTB in primary hepatocytes. n D 3–5
per group. (G and H) RT-PCR and ELISA analysis of IL1B from THP-1 cells cultured with extracellular vesicles released from HepG2 cells under treatment with DMSO
(control), 0.2 mM palmitate (PA), or 0.2 mM PAC 25 mM ezetimibe for 16 h. n D 5–7 per group. �P < 0.05 and ��P < 0.01.
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attenuated the protective effect of ezetimibe on inflamma-
tion mediated by the NLRP3 inflammasone-IL1B pathway
in macrophages (Fig. 5C). In addition, decreased IL1B
release from macrophages with ezetimibe treatment signifi-
cantly increased with bafilomycin A1 co-treatment (Fig. 5D
and Fig. S5).

Inflammatory extracellular vesicles (EVs) were recently
identified as intercellular mediators between hepatocytes and
macrophages in NASH.22 To confirm whether ezetimibe is
involved in the inflammasome pathway via hepatocyte-derived
EVs, EVs isolated from HepG2 cells were visualized by elec-
tron microscopy (Fig. 5E), with confirmation of CD63 protein
expression, an exosomal marker, by immunoblots (Fig. 5F).
EV-exposure experiments were conducted (Fig. S6), and mac-
rophage expression of both Il1b mRNA and IL1B protein was
suppressed by ezetimibe-treated EVs (Fig. 5G and H). Thus,
ezetimibe treatment improved inflammation by a hepatocyte-
driven exosome pathway.

Ezetimibe ameliorates hepatic steatosis and fibrosis
via autophagy induction

After administration of ezetimibe, the number of GFP-LC3
puncta indicating autophagosomes significantly increased in
the liver tissue of chow-fed and methionine- and choline-

deficient (MCD) diet-fed GFP-LC3 transgenic mice compared
with controls, indicating in vivo autophagy induction by ezeti-
mibe (Fig. 6A and Fig. S7, respectively). On the MCD diet,
body weight was comparably reduced in ezetimibe- and vehi-
cle-treated liver-specific Atg7 wild-type mice (Fig. 6B); how-
ever, liver size and weights were markedly decreased in
ezetimibe-treated mice compared with vehicle-treated mice
(Fig. 6C). The administration of ezetimibe markedly decreased
multiple lipid droplets and ameliorated fibrotic change in liver
sections stained with H&E and Masson’s trichrome, respec-
tively (Fig. 6D). Hepatic triglyceride and cholesterol levels and
serum GPT/ALT (glutamic puruvic transaminase, soluble) and
GOT/AST (glutamic-oxaloacetic transaminase) levels were sig-
nificantly attenuated by ezetimibe (Fig. 6E). Hepatic hydroxy-
proline content, representing hepatic fibrosis, was markedly
decreased in ezetimibe-treated mice compared with vehicle-
treated mice (Fig. 6F).

Consistent with our in vitro findings, ezetimibe markedly
increased the expression of p-AMPK and nuclear TFEB and
decreased cleaved CASP3 (Fig. 7A). The levels of autophagy-
related genes including Tfeb, Atg7, Lc3b, Atg3, Atg5, Atg12,
Ulk1, Sqstm1, and Lamp1 were significantly increased in the
liver from ezetimibe-treated mice (Fig. 7B). Hepatic gene
expression of fibrosis markers Col1a1, Acta2, and Mmp3 and
inflammatory markers Tnf, Nlrp3, and Il1b was significantly
decreased in ezetimibe-treated mice (Fig. 7C and D). p-NFKB,

Figure 6. Ezetimibe ameliorates hepatic steatosis and fibrosis via autophagy induction. (A) Representative sections of the liver from MCD diet-fed GFP-LC3 transgenic
mice treated with vehicle or ezetimibe (10 mg/kg) daily for 4 wk. Scale bars: 10 mm. nD 3 per group. (B) Changes in body weight of liver-specific Atg7 wild-type mice on
the MCD diet during 4-wk treatment with vehicle or ezetimibe (10 mg/kg/d). n D 10 per group. (C) Gross images of liver tissue and liver weights from liver-specific Atg7
wild-type mice. �P < 0.05. (D) H&E and Masson’s trichrome staining of liver sections from liver-specific Atg7 wild-type mice. Scale bars: 50 mm. (E) Hepatic triglycerides
(TG) and cholesterol, and serum GPT and GOT levels. (F) Hepatic hydroxyproline. ��P < 0.01, and ���P < 0.001.
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NLRP3, and mature IL1B expression was dramatically attenu-
ated by ezetimibe, and, consistently, ezetimibe resulted in
decreased serum IL1B levels (Fig. 7E and F). These results sug-
gest that ezetimibe ameliorates hepatic inflammation and
fibrosis.

Ezetimibe ameliorates steatohepatitis in liver-specific Atg7
haploinsufficient mice but not in atg7 knockout mice

We next investigated whether ezetimibe exerts its protective effects
against steatohepatitis in autophagy-insufficient or -absent mouse
models. After 4-wk ezetimibe or vehicle administration with MCD

Figure 8. Ezetimibe could not ameliorate lipid accumulation and fibrosis in liver-specific atg7¡/¡ mice. (A) Representative gross images of liver tissues and liver weights
from liver-specific atg7¡/¡ mice treated with vehicle or ezetimibe (10 mg/kg/d) for 4 wk. n D 10 per group. (B) H&E and Masson’s trichrome staining of liver sections
from liver-specific atg7¡/¡ mice. Scale bars: 50 mm. (C) Hepatic triglycerides (TG) and hydroxyproline. (D) Western blot analysis of liver-specific atg7¡/¡ mouse liver tissue.
(E) Inflammasome-related protein expression in liver-specific atg7¡/¡ mouse liver tissue was determined by immunoblot. (F) A schematic illustration showing a plausible
mechanism by which ezetimibe ameliorates steatohepatitis and fibrosis.

Figure 7. Effects of ezetimibe on inflammation and fibrosis-related genes. (A) Liver tissues from liver-specific Atg7 wild-type mice treated with MCD diet or MCD C ezeti-
mibe (10 mg/kg/d) were subjected to immunoblot analysis. n D 10 per group. (B) qPCR analysis of Atg7 wild-type mouse liver tissue treated with ezetimibe or vehicle for
autophagy-related genes and lysosomal genes. �P < 0.05, ��P < 0.01, and ���P < 0.001. (C) Hepatic gene expression of fibrosis and (D) inflammatory markers in Atg7
wild-type mouse liver tissue. �P < 0.05 and ��P< 0.01. (E) The expression of inflammasome-related proteins in Atg7 wild-type mouse liver was determined by immuno-
blot. n D 10 per group. (F) ELISA assays of serum IL1B in Atg7 wild-type mice. n D 10 per group. ��P < 0.01.
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diet, liver weights were lower in ezetimibe-treated liver-specific
Atg7 haploinsufficient mice (Fig. S8A). Liver tissue sections stained
with H&E and Masson’s trichrome from liver-specific Atg7 hap-
loinsufficient mice exhibited decreased hepatic lipid droplets and
fibrosis by ezetimibe, respectively (Fig. S8B). Hepatic triglyceride
and hydroxyproline contents and serum levels of GPT and GOT
were significantly decreased in ezetimibe-treated mice relative to
vehicle-treated mice (Fig. S8C). Similar to Atg7 wild-type mice,
phosphorylation of AMPK and nuclear TFEBwere slightly upregu-
lated by ezetimibe in liver-specific Atg7 haploinsufficient mice
(Fig. S8D). Ezetimibe also significantly lowered Il1bmRNA expres-
sion in the Atg7 haploinsufficient liver (Fig. S8E). p-NFKB and
NLRP3 inflammasome-IL1B pathways were consistently downre-
gulated by ezetimibe (Fig. S8F). Consequently, circulating levels of
IL1B were markedly decreased in ezetimibe-treated liver-specific
Atg7 haploinsufficient mice (Fig. S8G).

To confirm the effect of ezetimibe on liver steatosis and
fibrosis via autophagy induction, we investigated metabolic
changes in liver-specific atg7 knockout (atg7¡/¡) mice treated
with vehicle or ezetimibe. The gross morphology of liver tissues
and liver weights were similar between vehicle and ezetimibe-
treated mice under autophagy-absent conditions (liver-specific
atg7¡/¡ mice) (Fig. 8A). Lipid accumulation and fibrosis were
not ameliorated by ezetimibe in liver-specific atg7¡/¡ mice
(Fig. 8B). Consistently, hepatic triglyceride and hydroxyproline
contents did not differ between the 2 groups of liver-specific
atg7¡/¡ mice (Fig. 8C). Although the protective effect of ezeti-
mibe was not observed in the blocked-autophagy condition,
nuclear TFEB and AMPK phosphorylation were still upregu-
lated by ezetimibe (Fig. 8D). Mature IL1B expression was
similar in the presence or absence of ezetimibe, whereas p-
NFKB was decreased by ezetimibe in the atg7¡/¡ livers
(Fig. 8E). These findings indicate that the effect of ezetimibe on
attenuating liver steatosis, inflammation, and fibrosis is auto-
phagy pathway-dependent.

Discussion

In this study, we report the beneficial effects of ezetimibe for
ameliorating hepatic steatosis, inflammation, and fibrosis by
inducing AMPK-mediated autophagic activation. We first
demonstrated that ezetimibe regulates the inflammasome
pathway by modulating autophagy and EV-mediated hepato-
cyte-macrophage communication. Ezetimibe ameliorated lipid
accumulation and lipotoxicity in conjunction with induced
autophagy. In the same context, human NAFLD or NASH liver
presented decreased autophagic vacuole formation and auto-
phagy pathway impairment with decreased expression of
nuclear TFEB. Ezetimibe upregulated AMPK activation, which
leads to TFEB nuclear translocation and autophagy induction,
independent of the MTOR pathway. Ezetimibe-induced auto-
phagy significantly blocked NLRP3 inflammasome activation
and subsequent IL1B release in macrophages. In line with this,
human liver with NASH demonstrated increased NLRP3 and
IL1B expression. Decrease in IL1B in macrophages cultured
with EVs released from palmitate-treated hepatocytes
indicated that ezetimibe regulated inflammation via a hepato-
cyte-driven EV pathway. In vivo experiments using liver-spe-
cific Atg7 wild-type, haploinsufficient, and atg7-/¡ mice

verified that ezetimibe can exert immunometabolic effects via
autophagy induction.

Consistent with our findings in human livers, a previous
study reported impaired autophagy flux with increased endo-
plasmic reticulum stress in human liver samples with steatosis
and NASH by showing an increase in LC3-II and SQSTM1
expression with the progression of steatosis.11 Since the actual
autophagy flux measured by the accumulation of LC3-II in the
presence or absence of lysosomal inhibitors is not applicable to
human livers, SQSTM1, an autophagy substrate, was used as an
indirect marker to assess autophagy, which accumulates under
the condition of autophagy inhibition. In addition, we detected
a reduced number of autophagic vacuoles with concomitant
increase in lipofuscin number, reflecting impaired autophagy
with accumulation of undegradable damaged cellular compo-
nents23,24 in human NAFLD or NASH livers compared with
normal livers. Furthermore, we observed for the first time that
nuclear expression of TFEB, a master regulator of autophagy,
was reduced in human livers with NAFLD or NASH, indicating
the inhibition of upstream autophagy regulatory pathways in
these tissues. Consistent with our data, previous studies
reported that NASH patients had higher hepatic mRNA
expression of Il1b and Nlrp3 relative to normal controls.12,25

AMPK has essential roles in autophagy regulation.19 Our
data indicated that AMPK was indispensable for the therapeu-
tic effect of ezetimibe on steatosis and lipotoxicity via auto-
phagy induction. Previously, as the canonical mechanisms of
activation of AMPK involved increases in AMP and ADP,26

low contents of ATP induced by ezetimibe suggested that ezeti-
mibe may activate AMPK phosphorylation via a depletion of
intracellular ATP contents. Moreover, ezetimibe significantly
increased the nuclear translocation and transcription of TFEB
via an AMPK-dependent mechanism. In previous studies,
TFEB nuclear translocation increased the transcription of genes
encoding autophagic and lysosomal proteins and consequently
promotes autophagosome formation and lysosomal biogenesis
to increase autophagy.18 Furthermore, overexpression of TFEB
protects against diet-induced steatosis in mouse livers mainly
by enhancing lipid degradation and negatively regulating lipid
biosynthesis.27 One regulatory mechanism commonly involved
in TFEB nuclear translocation is MTOR inhibition.28 Inhibition
of MTOR activity is also a well-established mechanism to
induce autophagy.29 Previously, ezetimibe was showed to
reduce translocation of MTOR to late endosomes/lysosome,
wherein free cholesterol accumulated, resulting in the downre-
gulation of MTOR.17 Consistently, we also observed that ezeti-
mibe decreased p-RPS6 levels, indicating the suppression of
MTOR activity (Fig. 4B). To determine whether ezetimibe
exerts MTOR-independent ameliorative effects on autophagy
induction, we used tsc2¡/¡ MEFs and found that ezetimibe
continued to induce autophagy, with activation of AMPK and
increased translocation of nuclear TFEB. Collectively, these
data suggest that the AMPK-TFEB pathway is involved in ezeti-
mibe-induced autophagy, even in MTOR-hyperactivated
conditions.

As possible MTOR-independent AMPK-related mecha-
nisms, the MAPK1/ERK2 and PRKC pathways have been
reported to phosphorylate TFEB. While MAPK1/ERK2 phos-
phorylates serine 142 of TFEB and leads to its subcellular
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localization in the cytosol,20 PRKCB phosphorylates 3 serine
residues at the C terminus of TFEB, resulting in its stabilization
and increased activity.21 In this regard, we observed that ezeti-
mibe decreased phosphorylated MAPK1/ERK2-MAPK3/ERK1
expression with increased constitutive TFEB nuclear transloca-
tion. Because AMPK negatively regulates p-MAPK1/3 by
inducing dual-specificity protein phosphatase activity,20 ezeti-
mibe downregulates MAPK1/3 via AMPK activation and con-
sequently leads to nuclear translocation and activation of
TFEB. Furthermore, as TFEB has a positive autoregulatory
component, binding to its own promoter and modulating its
transcription after the initial activation,27 our luciferase assay
data also confirmed the autoregulation of TFEB by ezetimibe.

Previous studies demonstrated that autophagy negatively
regulates NLRP3 inflammasome activity.30 The inflammasome
is a large molecular danger signal-sensing protein complex,
primarily induced by NFKB-activating signaling.10 Upon
inflammasome activation, matured CASP1 (caspase 1) medi-
ates pre-IL1B cleavage into mature IL1B and secretion of IL1B,
a major proinflammatory cytokine involved in the progression
of NASH.10 Decline in autophagic activity stimulates the
NLRP3 inflammasome, which promotes inflammatory condi-
tions and metabolic disorders.31 Our data clearly demonstrated
that ezetimibe not only downregulated NFKB activation but
also dampened NLRP3 inflammasome-IL1B signaling via an
autophagy-dependent pathway in macrophages and diet-
induced NASH models. This anti-inflammatory action of ezeti-
mibe is partially consistent with a previous report showing that
ezetimibe inhibited expression of CRP (C-reactive protein),
TNF, and NFKB in THP-1 macrophages.32

Recently, cell-cell interaction through exosomes was eluci-
dated as a crucial factor in the development of NAFLD and
NASH.33 Exosomes, which contain proteins, mRNAs, and miR-
NAs, are released by several cell types into biological fluids and
taken up by endocytosis into different cell types. This exosome-
mediated cell-cell communication can regulate physiological
events and modify the microenvironment in target cells, involv-
ing mechanisms of hepatocyte regeneration and migration.34,35

It was noted that an increased number of EVs was secreted
from macrophages in liver tissues from patients with NAFLD
or NASH,36 and secreted EVs from hepatocytes in response to
toxic lipids triggered an inflammatory response in macrophages
via a TNFSF10/TRAIL (TNF superfamily member 10)-
TNFRSF10B/DR5 (TNF receptor superfamily member 10b)
ligand signaling pathway in a RIPK1 (receptor interacting ser-
ine/threonine kinase 1)-dependent manner, leading to NASH
progression.22 Besides the direct inhibitory effect of ezetimibe
on NLRP3 inflammasomes in macrophages by autophagy, eze-
timibe could also modulate hepatocyte-macrophage interaction
via a hepatocyte-driven exosome pathway, as evidenced by the
finding of decreased IL1B mRNA and protein in macrophages
when cultured with EVs released from ezetimibe/palmitate co-
treated hepatocytes. Further investigation of specific structural
changes and the detailed mechanism of EV alteration by ezeti-
mibe is needed.

Ezetimibe has been shown to improve NAFLD in several
human clinical trials.15,37 Reduction in body weight and visceral
fat, decrease in serum triglycerides, and improvement in insulin
resistance may indirectly account for this improvement. In

addition, ezetimibe has been proven to ameliorate hepatic stea-
tosis in animal models with respect to decrease in hepatic free
cholesterol, oxidative stress, and hepatocyte apoptosis.38,39

Despite these multiple effects of ezetimibe, its detailed mecha-
nism needs to be described. Here we newly identify additional
mechanisms of ezetimibe for the treatment of NAFLD and
NASH, involving roles in autophagic induction, inflammasome
inhibition, and exosome-mediated pathway modulation. Ezeti-
mibe was initially discovered from a chemical library in the
process of searching novel ACAT (acetyl-CoA acetyltransfer-
ase) inhibitors, which mediate cholesterol trafficking.40,41 After
confirmation of ezetimibe’s cholesterol-lowering effects in the
human clinical trials, its putative mechanism related to choles-
terol-lowering was elucidated by several papers,13,42 and found
to inhibit intestinal cholesterol absorption via the NPC1L1
transporter protein. Therefore, its multiple involvement in
pathways protecting against steatohepatitis and fibrosis that we
show here, may imply pleiotropic aspects of ezetimibe, outside
of a cholesterol absorption inhibitor. These findings open new
perspectives of ezetimibe to investigate other possible drug tar-
gets, independent of NPC1L1 and suggest drug repositioning
of ezetimibe for the treatment of NASH. Because of the lack of
FDA-approved treatment modalities for NASH, activation of
the AMPK-TFEB pathway should be considered as potential
targets for the investigation of therapeutic approaches and dis-
covering new drug candidates for NASH.

In conclusion, the present study demonstrated that ezeti-
mibe ameliorated hepatic steatosis, inflammation, and fibrosis
via induction of autophagy through PRKA activation and sub-
sequent TFEB nuclear translocation, related to an MTOR-inde-
pendent ameliorative effect and the MAPK/ERK pathway
(Fig. 8F). Furthermore, autophagy activation by ezetimibe
downregulates NLRP3 inflammasome-IL1B-mediated inflam-
mation in macrophages. Moreover, ezetimibe modulates hepa-
tocyte-macrophage communication by EVs released from
hepatocytes, consequently suppressing inflammation. Alto-
gether, based on these additional novel implications, ezetimibe
is an attractive potential therapy for the treatment of steatohe-
patitis and fibrosis.

Materials and methods

Antibodies and reagents

The following commercially available antibodies were used:
anti-p-PRKAA1/2 (Thr172; Cell Signaling Technology, 2535),
anti-PRKAA1/2 (Cell Signaling Technology, 2795), anti-
LMNA (Cell Signaling Technology, 2032), anti-phosphorylated
MAPK1/ERK2-MAPK3/ERK1 (Thr202/Tyr204; Cell Signaling
Technology, 9101), anti-MAPK1/ERK2-MAPK3/ERK1 (Cell
Signaling Technology, 9102), anti-CASP3 (Cell Signaling
Technology, 9661), anti-p-NFKB (Ser536; Cell Signaling
Technology, 3033), anti-NFKB (Cell Signaling Technology,
8242), anti-p-RPS6 (Ser235/236; Cell Signaling Technology,
2211), anti-RPS6 (Cell Signaling Technology, 2217), anti-
SQSTM1 (Santa Cruz Biotechnology, sc-28359), anti-NLRP3
(Santa Cruz Biotechnology, sc-66846), anti-IL1B (Santa Cruz
Biotechnology, sc-7884), anti-MTOR (Santa Cruz Biotechnol-
ogy, sc-8319), anti-LC3B (Sigma-Aldrich, L7543), anti-ACTB
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(Sigma-Aldrich, A5441), anti-Flag (Sigma-Aldrich, F7425), and
anti-TFEB (Bethyl Laboratories, Inc., A303–673A). Antibody
against CD63 was kindly provided by Myeong Heon Shin
(Department of Environmental Medical Biology and Institute
of Tropical Medicine, Yonsei University College of Medicine,
Seoul, Korea).

The following chemicals were used: palmitate(Sigma-Aldrich,
P9767), oleate (OA; Sigma-Aldrich, O1008), bovine serum albu-
min (BSA; Sigma-Aldrich, A2058), lipopolysaccharide (LPS;
Sigma-Aldrich, L6529), phorbol 12 myristate 13-acetate (PMA;
Sigma-Aldrich, P1585), bafilomycin A1 (Sigma-Aldrich, B1793),
chloroquine (CQ; Sigma-Aldrich, C6628), Oil red O (ORO; Sigma-
Aldrich, O1391), compoundC (Sigma-Aldrich, P5499), metformin
(Sigma-Aldrich, D15095–9), and PRKC (protein kinase C) inhibi-
tor (Sigma-Aldrich, G1918) and ezetimibe (Cayman Chemical,
16331).

Human subjects

We collected liver tissue samples from a total of 18 subjects
who underwent hepatectomy or cholecystectomy at the univer-
sity-affiliated Severance Hospital, Yonsei University College of
Medicine, Republic of Korea, from September 2014 to May
2016. Liver specimens were histologically reviewed by an expe-
rienced pathologist and histologically diagnosed as normal
(nD 12), simple steatosis (nD 11), or NASH (nD 9). Inclusion
criteria for steatosis were based on steatosis with/without nec-
roinflammation and/or fibrosis.43 Exclusion criteria for our
protocol were (1) history of alcohol consumption >210 g/wk
for men and 140 g/wk for women and (2) any positive serologi-
cal markers for hepatitis B or hepatitis C virus. All individuals
gave informed consent, and the study protocol was approved
by the Institutional Review Board at Severance Hospital (IRB
No 4–2014–0674).

Isolation of primary hepatocytes and peritoneal
macrophages and cell cultures

Hepatocytes were isolated from collagenase-perfused livers of
male C57BL/6J wild-type mice (8 wk old, Jackson Laboratory,
Bar Harbor, ME, USA) as described previously.44 Hepatocytes
(4 £ 105 cells/ml) were plated on COL1/collagen type-1-coated
wells in 6-well plates and maintained in William’s E medium
(Gibco, 12551–032) supplemented with 5% fetal bovine serum
(Gibco, 16000–044), 1% penicillin, 1% streptomycin (Gibco,
15140–122), 100 nM dexamethasone (Sigma-Aldrich, D1756),
and 100 nM insulin (Roche, 11–375–497–001) for 4 h. After 4-
h culture, the medium was replaced with serum-containing or
serum-free medium (HepatoZYME-SFM; Gibco, 17705–021)
for additional time to culture. Peritoneal macrophages were
harvested by peritoneal lavage with phosphate-buffered saline
(PBS; Gibco, 10010–023), centrifuged, and plated at 106 macro-
phages per well in 6-well plates containing a defined, RPMI
1640 medium (Gibco, 22400–089). The HepG2 cells and MEF
cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, 11995–065), whereas THP-1 cells were grown in RPMI
1640 medium (Gibco). Media were supplemented with 10%
fetal bovine serum, 1% penicillin, and 1% streptomycin in a 5%
CO2 incubator at 37�C.

MEFs with a double KO against Prkaa1/2 subunits (a1¡/¡

and a2¡/¡) and wild-type controls were generously provided
by Benoit Viollet (INSERM U567, CNRS UMR8104, Depart-
ment of Endocrinology, Metabolism and Cancer, Institut
Cochin, Paris, France). Tsc2C/C and tsc2¡/¡ MEFs were kindly
provided by David J. Kwiatkowski (Brigham and Women’s
Hospital/Harvard Medical School, Boston, MA, USA).

Small interfering RNA (siRNA) transfection

Primary hepatocytes and HepG2 cells were transfected with siR-
NAs targeting PRKAA1/2 (Santa Cruz Biotechnology, sc-45312)
or control siRNA using Lipofectamine 2000 following the manu-
facturer’s instructions (Life Technologies, 11668–019).

Oil Red O staining

Lipid droplets were visualized and quantified by ORO staining.
Primary mouse hepatocytes were exposed to 2 mM OA for
16 h, after the treatment with or without 50 mM ezetimibe for
2 h or 20 mM CQ for 2 h, followed by fixation with 10% forma-
lin for 30 min. MEFs were exposed to 0.5 mM OA for 16 h or
20 mM ezetimibe pre-treatment of 2 h followed by 0.5 mM OA
in the absence or presence of 20 mM CQ for 2 h, and fixed with
10% formalin. Fixed cells were then stained in ORO solution
for 1 h, and stained lipid droplets were observed with a light
microscope.

Triglyceride assay

Triglyceride content in hepatocytes was quantified using a
Triglyceride Quantification kit (BioAssay Systems, ETGA-200)
according to the manufacturer’s manual.

ATP assay

Total cellular ATP levels in primary hepatocytes or HepG2
were determined using the ATP Determination Kit (BioVision
Inc., K354–100) according to the manufacturer’s instructions.
The ATP concentration was normalized with the cell protein.
The luminescence was measured at 570 nm.

CASP3 assay

Cell viability was assessed by a CASP3 (caspase 3) colorimetric
assay kit (BioVision Inc., K106–100) measuring the activity of
CASP3-like proteases in the lysate according to the manufac-
turer’s protocol. Primary hepatocytes were incubated in the
presence or absence of the indicated concentration of
ezetimibe or 20 mM CQ for 2 h and then treated with palmitate
(0.25 mM) for 24 h. siRNA-mediated PRKAA1/2 wild-type or
silencing primary hepatocytes were incubated with or without
various concentrations (20 or 50 mM) of ezetimibe or 20 mM
CQ for 2 h and treated with 0.2 mM palmitate for 24 h. Cells
were then used to prepare cell lysates in 50 ml and exposed to
5 ml of the CASP3 substrate in assay buffer (total volume
150 ml) for 90 min at 37�C. Optical density was detected using
a microplate reader (Molecular Devices, Sunnyvale, CA, USA)
at 405 nm.
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Luciferase assay

Primary hepatocytes were transiently transfected with luciferase
reporter plasmids encoding the TFEB promoter or empty con-
struct using Lipofectamine 2000 (Invitrogen, 11668–019). Cells
were treated with DMSO (Sigma-Aldrich, D8414) (vehicle) or
ezetimibe, or compound C. Subsequently, luciferase activity was
measured using the Dual-Luciferase Reporter Assay System
(Promega, E1910) on a GloMax Multi detection system (Prom-
ega, E7041) according to the manufacturer’s instructions. Renilla
luciferase signals were normalized to the internal firefly luciferase
transfection control. Transfections were performed in at least
triplicate for each independent experiment.

Isolation of extracellular vesicles

EVs were isolated from HepG2 cells using the Total Exosome
Purification Kit (Invitrogen, 4478359) following the manufac-
turer’s instructions as described previously.22 To remove cellu-
lar debris, the culture medium was centrifuged at 2,000 £ g for
20 min. The supernatant was transferred to a new microfuge
tube, and 0.5 volume of the Invitrogen reagent was added to
the sample and vortexed to mix. Samples were incubated over-
night at 4�C and subsequently centrifuged at 10,000 £ g for 1 h
at 4�C. Supernatants were discarded, and pellets were resus-
pended in 100 mL PBS.

Transmission electron microscopy

Autophagic vacuoles and EVs were detected with an electron
microscope (JEM-1011, JEOL/MegaView III, Olympus, Tokyo,
Japan). Liver, cell, or pellet specimens were fixedwith 2% glutaral-
dehyde, 2% paraformaldehyde buffered with 0.1 M phosphate
buffer, pH 7.2 overnight at 4�C, followed by post-fixation with
1% osmium tetroxide in a 0.1M sodium cacodylate buffer, pH 7.4
for 1 h at room temperature and graded ethanol dehydration as
described previously.45 Samples were embedded in Epon 812
(Electron Microscopy Sciences, 100503–876) and sectioned using
an ultramicrotome (Leica, EMUC7,Wetzlar, Germany).

Animal study

Ten-wk-old male C57BL/6J-background liver-specific Atg7 wild-
type, haploinsufficient, or homozygous KOmice were fed a MCD
as described previously.46 The animals were given free access to
diet and water and maintained at a temperature of 23 § 2�C and
humidity of 60§ 10% on a 12-h light/dark cycle. Food intake and
body weight were measured weekly. Randomly assigned mice
were orally administered vehicle (distilled water) or ezetimibe
(10 mg/kg; Cayman Chemical, 16331) daily for 4 wk. After mice
were killed following a 6-h fast, blood was collected via heart
puncture, and tissues were harvested. For in vivo autophagy
experiments, MCD diet-fed GFP-LC3 transgenic mice were
treated with ezetimibe (10 mg/kg) daily for 4 wk, and GFP puncta
were identified by fluorescence microscopy. All animal studies
were approved by the Animal Care and Use Committee of the
Yonsei University College ofMedicine.

ELISA for IL1B and biochemical analyses

Serum levels of GPT and GOT were quantified using a colori-
metric determination of activity assay kit (BioAssay Systems,
EALT-100, EASTR-100). IL1B was measured in THP-1 and
primary peritoneal macrophage cultured cell supernatants and
serum using enzyme-linked immunosorbent assay (ELISA) kits
(eBioscience, human_88–7261–22, mouse_88–7013–22)
according to the manufacturer’s instructions. Briefly, the super-
natant fractions were coated overnight at 4�C with a capture
antibody on 96-well ELISA plates. The plates were washed
3 times with wash buffer (0.05% Tween 20 [Sigma-Aldrich,
P1379] in PBS, pH 7.4). The supernatant fraction (sample) and
standard were added to the well and incubated at room temper-
ature for 2 h, and the human/mouse IL1B detection antibody
solution was added. After 2-h incubation at room temperature,
the plates were washed 5 times with wash buffer, and streptavi-
din HRP was added to each well. After a 30-min incubation at
room temperature, the plates were visualized in the dark using
a substrate solution for reaction with HRP and a microtiter
plate reader MAX190 (Molecular Devices, Sunnyvale, CA,
USA) calibrated to 450 nm.

Immunoblot analyses

Total cell lysates were prepared by lysis of human livers, primary
hepatocytes, and HepG2 cells with RIPA buffer (20 mM Tris-
HCl, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
2.5 mM sodium pyrophosphate; Cell Signaling Technology,
9806) and the protein contents weremeasured using the Bradford
assay (Bio-Rad, 500–0006). Equivalent amounts of each protein
extract were heat denatured in 5 £ sample buffer (2% sodium
dodecyl sulfate (Tech&Innovation, BSS-9005), 62.5 mM Tris, pH
6.8, 0.01% bromophenol blue, 1.43 mM mercaptoethanol, and
0.1% glycerol), separated on 10% polyacrylamide gels, and elec-
trophoretically transferred onto a polyvinylidene fluoride mem-
brane (Bio-Rad, 1620175). After blocking, membranes were
treated with the appropriate antibodies. Immunostaining was
performed using chemiluminescent reagents (SuperSignal West
Pico Luminol/Enhancer solution; Thermo Scientific, 34080) and
Agfa medical X-ray film (Mortsel, CURIX 60). ACTB protein lev-
els were used as a loading control.

RNA isolation and reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis

Total RNA was isolated from cells with TRIzol reagent (Invitro-
gen, 15596–018) following the manufacturer’s instructions, and
then 2 mg total RNA was reverse transcribed into cDNA
(cDNA) using the High Capacity cDNA Reverse Transcription
kit (Applied Biosystems, 4368814). The cDNA was then ampli-
fied in the ABI 7500 sequence detection system (Applied Bio-
systems, 4350584) using Power SYBR� Green PCR Master Mix
(Applied Biosystems, 4367659) with the following cycling con-
ditions: 40 cycles of 95�C for 5 sec, 58�C for 10 sec, and 72�C
for 20 sec. Target gene expression was normalized to that of
Gapdh (glyceraldehyde-3-phosphate dehydrogenase) or Actb,
and quantitative analyses were conducted using the DDcycle
threshold method and StepOne Software version 2.2.2. The
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primer sets used for RT-PCR are described in Table S1. All
reactions were performed in at least triplicate.

Immunofluorescence

For detection of autophagosomes and autolysosomes, primary
hepatocytes, HepG2 cells, or MEFs were transfected with the
expression vector mRFP-GFP-LC3 (Addgene, plasmid 11546)
using Lipofectamine 2000 (Invitrogen, 11668–019) for 48 h.
The cells were then incubated with either ezetimibe (50 mM)
for 18 h or glucose starvation medium for 18 h or bafilomycin
A1 (50 nM) for 2 h. After washing with PBS and fixation in 4%
paraformaldehyde, cells were observed under a fluorescence
microscope (LSM700; Carl Zeiss Inc., Oberkochen, Germany).
To detect nuclear translocation of TFEB, HepG2 cells or MEFs
were transfected with blank vector or DNA plasmids pCMV-
TFEB-3 £ FLAG, kindly provided by Andrea Ballabio (Tele-
thon Institute of Genetics and Medicine, Pozzuoli, Naples).
TFEB transfection was detected by probing membranes with
anti-FLAG M2 antibody (1:1,000; Sigma, F1804). Nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, H-1200). All experiments were conducted inde-
pendently at least 3 times.

Histological analysis

Liver tissues were fixed with 10% neutral-buffered formalin and
embedded with paraffin. Sections (5 mm) were stained using
hematoxylin and eosin (H&E) and Masson’s trichrome.

Measurement of hepatic triglyceride, cholesterol,
and hydroxyproline

After homogenization, triglyceride and cholesterol contents in
liver tissues were measured using a Triglycerides Quantification
Kit (Bioassay, ETGA-200) and Total Cholesterol and Cholesteryl
Ester Colorimetric/Fluorometric Assay Kit (BioVision, K603–
100), respectively, according to the manufacturer’s instructions.
Hydroxyproline, a determinant of total collagen, was measured
by a modification of previously described methods using a
Hydroxyproline Colorimetric Assay Kit (BioVision, K555–100).47

Statistical analyses

Data were presented as mean § standard error of the mean
(SEM) from at least 3 independent experiments. Data were ana-
lyzed by 2-tailed Student t test for comparisons between 2
groups, or one-way analysis of variance (ANOVA) with post-
hoc Bonferroni multiple comparison test for comparisons
involving > 2 groups. Statistical analyses were performed using
PRISM 5.0 software (GraphPad Software, La Jolla, CA). P val-
ues < 0.05 were considered statistically significant.

Abbreviations

ACTA2 actin, a 2, smooth muscle, aorta
ACTB actin b

AMP activated, a
ANOVA analysis of variance

Bafilo bafilomycin A1

BECN1 Beclin 1, autophagy related
BSA bovine serum albumin
CASP1 caspase 1
CASP3 caspase 3
COL1A1 collagen, type I, a 1
DAPI 4',6-diamidino-2-phenylindole
DMSO dimethyl sulfoxide
ELISA enzyme-linked immunosorbent assay
EV extracellular vesicles
FDA U.S. Food and Drug Administration
GFP green fluorescent protein
GOT/AST glutamic-oxaloacetic transaminase
GPT/ALT glutamic puruvic transaminase, soluble
H&E hematoxylin and eosin
IL1B interleukin 1 b
IL18 interleukin 18
KO knockout
LAMP1 lysosomal-associated membrane protein 1
LMNA lamin A/C
LPS lipopolysaccharide
MAPK/ERK mitogen-activated protein kinase
MAP1LC3B/LC3B microtubule-associated protein 1 light

chain 3 b
MCD methionine- and choline-deficient diet
MEF mouse embryonic fibroblast
MMP3 matrix metallopeptidase 3
MTOR mechanistic target of rapamycin
MTT3 3-(4, 5-dimethyldiazol-2-yl)-2, 5-diphenyl

tetrazolium bromide
NAFLD non-alcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
NFKB nuclear factor kappa B
NLRP3 NLR family pyrin domain containing 3
NPC1L1 NPC1 like intracellular cholesterol trans-

porter 1
ORO Oil red O
PRKC protein kinase C
PMA phorbol 12 myristate 13-acetate
PRKA protein kinase, AMP-activated
PRKAA1/2 protein kinase, AMP-activated, catalytic

subunit a1/2
PRKCB protein kinase C, b
RPS6 ribosomal protein S6
PCR polymerase chain reaction
siRNA small interfering RNA
SQSTM1 sequestosome 1
TFEB transcription factor EB
TNF tumor necrosis factor
Tsc2 tuberous sclerosis 2
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