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Abstract
Activation of inflammation is an important mechanism in the development of nonalcoholic steatohepatitis (NASH). This
study aims to delineate how mitophagy affects NLRP3 inflammasome activation in hepatic lipotoxicity. Mice were fed a
high fat/calorie diet (HFCD) for 24 weeks. Primary rat hepatocytes were treated with palmitic acid (PA) for various periods
of time. Mitophagy was measured by protein levels of LC3II and P62. NLRP3, caspase-1, interleukin (IL)-18, and IL-1β at
mRNA and protein levels were used as indicators of inflammasome activation. Along with steatotic progression in HFCD-
fed mice, ratio of LC3II/β-actin was decreased concurrently with increased levels of liver P62, NLRP3, caspase-1, IL-1β, IL-
18, and serum IL-1β levels in late-stage NASH. PA treatment resulted in mitochondrial oxidative stress and initiated
mitophagy in primary hepatocytes. The addition of cyclosporine A did not change LC3II/Τοmm20 ratios; but P62 levels
were increased after an extended duration of PA exposure, indicating a defect in autophagic activity. Along with impaired
mitophagy, mRNA and protein levels of NLRP3, caspase-1, IL-18 and IL-1β were upregulated by PA treatment.
Pretreatment with MCC950, N-acetyl cysteine or acetyl-L-carnitine reversed inflammasome activation and a pyroptotic
cascade. Additionally, mitophagic flux was partially recovered as indicated by increases in LC3II/Tomm20 ratio, parkin, and
PINK1 expression, and decreased P62 expression. The findings suggest that impaired mitophagy triggers hepatic NLRP3
inflammasome activation in a murine NASH model and primary hepatocytes. The new insights into inflammasome
activation through mitophagy advance our understanding of how fatty acids elicit lipotoxicity through oxidant stress and
autophagy in mitochondria.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a pathophy-
siologic syndrome with progression from nonalcoholic fatty

liver (NAFL), to nonalcoholic steatohepatitis (NASH) to
NASH-associated fibrosis and cirrhosis or cancer [1]. Its
pathogenesis is complex and unclear. More importantly,
there are no Food and Drug Administration-approved
medications available for NASH treatment [2]. Therefore,
exploration of the mechanism underlying the progression
from NAFL to NASH may contribute to changes in current
NASH treatments [2].

The pathologic characteristics of NASH are increased
fatty acid content in hepatocytes and lipotoxicity through
oxidant stress, endoplasmic reticulum stress, insulin resis-
tance and hepatocellular death [3, 4]. Mitochondrial
damage contributes to the progression from NAFL to
NASH [5, 6]. As a critical site for fatty acid β-oxidation
and tricarboxylic acid cycle for energy-coupling formation,
mitochondria play a pivotal role in fatty acid consumption.
Mitochondrial function and homeostasis, which are fun-
damental for the maintenance of normal energy, oxidant
and metabolic status, are often impaired during overload of
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free fatty acids (FFA) [7]. Increased FFA content enhanced
lipotoxicity through increased generation of reactive oxy-
gen species (ROS) within steatotic hepatocytes [8]. One of
ROS sources is from NADPH oxidase-2 (NOX-2) [9].
Mitochondria are one of the major sources of ROS
(mtROS) that is generated by respiratory chain complex
enzymes during energy formation [5, 6]. ROS, as the first
hit, directly causes mitochondrial swelling and suppresses
activity of the respiratory chain complex enzymes. As a
result, ATP synthesis declines in hepatocellular mito-
chondria, and in turn, leads to apoptosis through a mito-
chondrial pathway [6]. Under physiological conditions,
damaged mitochondria are removed through an autophagic
mechanism, a process called mitochondrial autophagy or
mitophagy [10]. Impaired autophagic machinery leads to
accumulation of excessive ROS production and triggers
cell death through apoptosis and necrosis [11]. However,
the molecular interplay underlining this pathway in the
progression from NAFL to NASH has not yet been
elucidated.

Nod-like receptors (NLRs) are a group of innate immu-
nity molecules that sense extracellular and intracellular
environmental changes and elicit inflammatory responses.
As one of major inflammasome molecules [12], NLRP3 is
closely associated with many inflammatory diseases [13]. In
a recent study we found that NLRP1/3 inflammasome levels
are increased in both parenchymal and nonparenchymal cell
types in a mouse model of NASH caused by HFCD plus
high fructose and glucose in drinking water, and to regulate
the mature and secretion of inflammatory IL-1β and IL-18
cytokines [14]. Reducing NLRP3 inflammasome activity
significantly improved obesity-associated metabolic
abnormalities [15–17]. Recent studies have demonstrated
that normal mitophagic activity minimized NLRP3 inflam-
masome activation by decreasing mtROS generation in
other systems [18, 19]. When mitophagy is impaired,
damaged mitochondria will not be eliminated through
action of PAMPs (pathogen-associated molecular patterns)
or DAMPs (damage-associated molecular patterns) [20].
Deficiency of effective mitochondrial autophagy leads to
excessive NLRP3 inflammasome activation, in turn, caus-
ing inflammation, tissue damage, organ dysfunction and
eventually several diseases, such as type 2 diabetes and
obesity [21]. However, the relationship between the mito-
phagic activity in hepatocytes and the activation of NLRP3
in NASH has not been characterized. Therefore, we hypo-
thesize that mitochondrial autophagy plays an important
role in the progression from NAFL to NASH, and assume
that the compromised mitophagy may be a key step to
increase oxidative stress in hepatocytes, which leads to the
persistent activation of the inflammasome.

The overall aim of the present study is to investigate
whether dysregulated lipid metabolism leads to impairment

of mitophagy in steatotic hepatocytes, and in turn induces
the activation of NLRP3 inflammasome and subsequent
events contributing to a necroptotic cascade in the pro-
gression from NAFL to NASH. Our data provide direct
evidence to support the theory that overwhelming FFA
accumulation leads to mitochondrial damage with com-
promised mitophagy, which subsequently triggers inflam-
masome activation and results in necroptosis through a
mitochondrial pathway. Elucidating the critical role of
impaired mitophagy in a paradigm of lipotoxicity will
deepen our understanding of molecular mechanisms in
NASH initiation and progression, and aid in development of
molecular targets for pharmacotherapeutic intervention.

Materials and methods

Animals and diets

Male 8-week-old C57BL/6 mice purchased from Shanghai
Model Organisms Center (Shanghai, China) were main-
tained in light/dark (12 h light/12 h dark) cycle, temperature
(22 °C) and humidity-controlled rooms with free access to
drinking water. Mice were fed high fat/calorie diet (HFCD)
(D12492i-rodent diet with 60 kcal% fat from Research
Diets, New Brunswick, NJ, USA) or regular pellet chew
diet (RD) for 24 weeks. All animal experimental procedures
were approved by the Animal Ethic Committee of Fudan
University School of Basic Medical Sciences and performed
following the NIH Guidelines of Experimental Animal
Handling and Use.

Serological and liver biochemical analysis

Mouse blood was collected from eye orbit bleeding, and
serum was separated by centrifugation (2000 × g for 10 min
at 4 °C). Serum levels of triglyceride (TG), total cholesterol
(TC), alanine transaminase (ALT) and aspartate transami-
nase (AST) were determined by an automated biochemical
analyzer (Beckman Coulter Company, Fullerton, CA,
USA). Triglyceride levels in mouse liver were measured
with commercially available detection kits (Applygen
Technologies, Beijing, China) after being homogenized by
a homogenizer (Shanghai Biheng Biotechnology Company,
Shanghai, China). Serum IL-1β level was quantified with a
mouse IL-1β ELISA kit from R&D Systems (Minneapolis,
MN, USA), according to the manufacturer’s instruction.

Liver histopathologic examination

Fresh mouse liver tissue was fixed in 10% neutral formalin,
embedded in paraffin, and sectioned in 4 μm thickness.
Liver sections were stained in hematoxylin and eosin
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(H&E). The extent of liver fibrosis was visualized after
Masson’s Trichrome staining (Sigma-Aldrich, St. Louis,
MO, USA). Hepatocellular apoptosis in the liver was
determined after TdT-mediated dUTP nick-end labeling
(TUNEL) staining (Roche, Indianapolis, IN, USA). Mito-
phagy was indicated by double immunofluorescent staining
of COX IV (cytochrome C oxidase IV as a mitochondrial
marker) and LC3B in 5-μm-thick liver sections and
observed under a confocal microscope (TCS SP8, Leica,
Germany).

Immunofluorescent staining and confocal
microscopic examination

Frozen liver sections were fixed in 4% neutral paraf-
ormaldehyde, permeabilized with 0.1% Triton X, blocked
with 3% albumin, and were incubated overnight with
primary antibodies, including anti-COX IV and anti-
LC3B (information of all antibodies used is provided in
Supplemental Table 1). Primary hepatocytes were seeded
at 1.5 × 105 cells per well in six-well plates, treated with
palmitic acid (PA, 200 μM) for 0, 1, 2, 6, 10 and 24 h.
After the treatment, hepatocytes were washed three times
with sterile phosphate buffered saline (PBS) and fixed
with 4% neutral paraformaldehyde (PFA), permeabilized
with 0.1% Triton X-100 and blocked in 3% bovine serum
albumin (BSA). They were then incubated overnight with
primary antibodies, including anti-LC3B. Hepatocytes
were further stained with MitoTracker (Invitrogen,
Carlsbad, CA, USA) prior to PFA fixation. Secondary
Alexa-488 or -594-conjugated antibodies (Life Technol-
ogies, Grand Island, NY, USA) were added for 1 h and
DAPI was used for nuclear counterstaining. Stained cells
were visualized under a confocal microscope within 24 h
after mounting.

Hepatocyte culture and palmitic acid treatment

Isolation of rat hepatocytes was based on the two-step
collagenase procedure as described by us previously [22].
Primary hepatocytes were cultured in William’s E medium
supplemented with 10% FFA-free BSA at 37 °C with 5%
CO2 [22]. PA (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in methyl alcohol at a stock concentration of 50
mM and added to William’s E medium containing 10%
FFA-free BSA to make a final concentration of 200 μM in
experiments. Primary hepatocytes were treated with PA for
0, 1, 2, 6, 10 and 24 h respectively. MCC950, a selective
NLRP3 inhibitor from Selleck Chemicals (Houston, TX,
USA) was dissolved in water as stock solution and added to
culture medium to reach a final concentration of 50 μM.
Cyclosporine A (CsA) (1 μM) were used as autophagy and
mitophagy inhibitors. N-Acetyl cysteine (NAC, 20 mM)

[23] and acetyl-L-carnitine (ALCAR, 1 mM) [24] were used
as antioxidants.

MitoTracker and LysoTracker staining of
mitochondria and lysosomes

To detect the mitophagic status and mitochondrial morphol-
ogy in PA-treated primary hepatocytes, MitoTracker (Invi-
trogen, Carlsbad, CA, USA) was applied to stain the
mitochondria in green and LysoTracker (Invitrogen, Carlsbad,
CA, USA) was applied to visualize acidic lysosomes in red.
Primary hepatocytes were plated at 1.0−1.5 × 105 cells/well
in six-well plates. After being treated with PA at 200 μM for a
different duration, hepatocytes were stained with MitoTracker
in combination with LC3B antibody (Novus, Littleton, CO,
USA) or with a LysoTracker probe, and thereafter were
visualized under a confocal microscope.

Detection of cytosolic ROS

Intracellular ROS levels were measured using 2,7-dichlor-
odi-hydrofluorescein diacetate (DCFH-DA) as described
previously [25, 26]. Primary hepatocytes were treated with
PA at 200 μM for 0, 1, 2, 4, 6, 10, and 24 h and incubated
with serum-free medium containing 10 μM of DCFH-DA
for 30 min at 28 °C in dark. After incubation, hepatocytes
were stained with cell-permeable nuclear dye Hoechst
33342 (Invitrogen, Carlsbad, CA, USA) and images were
acquired using the Operetta High Content Imaging System
(PE Operetta, PerkinElmer, Inc., Waltham, MA, USA) with
a ×20 high NA objective lens in a wide-field fluorescent
mode. Primary hepatocytes were rinsed twice with Wil-
liam’s E medium and fluorescent DCF intensity was
detected by a multimode plate reader at an excitation
wavelength of 488 nm and emission wavelength of 525 nm.

Measurement of mitochondrial inner membrane
potential

Primary hepatocytes were seeded at 1.5 × 105 cells per well
in six-well plates. Mitochondrial inner membrane potential
(MMP, ΔΨm) was measured using tetraethyl benzimida-
zolyl carbocyanine iodide (JC-1) as a fluorescent probe
(Beyotime Biotechnology, Nantong, China) according to
the manufacturer’s instructions [27]. Briefly, primary
hepatocytes were pretreated with or without NAC or
ALCAR followed by PA (200 μM) exposure. Treated
hepatocytes were incubated with JC-1 staining solution (5×)
for 20 min at 37 °C. Hepatocytes were then washed twice
and resuspended in staining buffer (1×) containing JC-1.
Fluorescent intensity of both mitochondrial JC-1 monomers
(ex 490 nm/em 530 nm) and aggregates (ex 525 nm/em
590 nm) from hepatocytes was measured in a multimode
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plate reader. Data were normalized to carbonyl cyanide m-
chlorophenyl hydrazone (CCCP)-treated positive control.

Detection of mitochondrial ROS

Mitochondrial ROS (mtROS) was measured using Mito-
SOX (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Primary hepatocytes were treated with PA in dif-
ferent concentration for various durations up to 24 h, or
treated with PA at 200 μM plus/minus NAC and ALCAR.
After incubation, hepatocytes were washed with William’s
E medium, loaded with MitoSOX at 5 μM for 20 min at
37 °C, and washed three times with serum-free William’s E
medium. Afterwards, hepatocytes were stained with nuclear
dye Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) and
images were acquired using the Operetta high content
Imaging System. Fluorescent intensity was determined
using a multimode plate reader at excitation of 510 nm and
emission of 580 nm wavelength [27].

Mitochondrial and cytosolic fractionation

A cell mitochondrial isolation kit (Beyotime Biotechnology,
Nantong, China) was used for the isolation of mitochondrial
and cytosolic fractions following a modified protocol
described previously [28]. Briefly, primary hepatocytes
were cultured, trypsinized, and resuspended in extraction
buffer from the kit. The lysates were centrifuged at 1000 × g
for 10 min at 4 °C. The supernatant was additionally cen-
trifuged at 3500 × g for 10 min to enrich the mitochondrial
fraction. The supernatant from the last centrifugation
(cytosolic protein) and the final pellet (mitochondrial pro-
tein) were subjected separately to Western blot analysis of
specific protein.

Measurement of cytosolic mtDNA

Primary hepatocytes were treated with PA at 200 μM for a
different duration. Cellular fractionation was then per-
formed using a mitochondrial isolation kit (Beyotime Bio-
technology, Nantong, China) according to the
manufacturer’s instructions. Isolation of cytosolic mtDNA
was performed by using a mitochondrial isolation kit as
previously described [29]. Relative mtDNA copy number
was measured using quantitative real-time PCR with the
SYBR Green kit (Roche Molecular, Pleasanton, CA, USA).
mtDNA quantity was normalized by simultaneous mea-
surement of the nuclear gene β-globin and mitochondrial
NADH dehydrogenase subunit 1 (ND1) (primer sequences
were listed in Supplemental Table 2). ND1 was measured
by quantitative real-time PCR with same volume of the
DNA solution. Nuclear DNA encoding β-globin was used
for normalization. mtDNA copy number was calculated

using the following equation: relative copy number= 2ΔCt

(ΔCt= Ctβ-globin− CtND1) [30].

Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) release in culture super-
natants was measured by an LDH Cytotoxicity Detection
Kit (Beyotime Biotechnology, Nantong, China) according
to the procedures reported previously [31]. Briefly, primary
hepatocytes were seeded at 1.0 × 104 cells per well in 96-
well plates. After treatment with PA (50, 100, 200 and
500 μM) for 1, 2, 4, 6, 10, and 24 h, cells in culture plates
were centrifuged at 400 × g for 5 min. Then 120 μL of cell-
free supernatant (William’s E with 1% fetal bovine serum
(FBS) as cell culture medium) was incubated with 20 μL of
LDH substrate solution in a clear 96-well plate for 30 min.
The absorbance in optical density (OD) at 490 nm was read
in a microplate reader (FlexStation 3, Molecular Devices,
San Jose, CA, USA). The percentage of LDH release was
calculated as follows: sample concentration (U/mL)= [(the
OD value of sample− the OD value of control)/(the OD
value of standard enzyme− the OD value of blank)] ×
(concentration of standard enzyme). Fold change in LDH
release was expressed as a relative value compared to the
negative control.

Protein extracts and immunoblotting analysis

Liver samples or primary hepatocytes were treated with
RIPA Lysis Buffer (Beyotime Biotechnology, Nantong,
China) containing protease inhibitor cocktail (Pierce,
Rockford, IL, USA) to extract protein. After protein content
was determined with BCA reagent (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA), 50 μg of total protein
was boiled in loading buffer and loaded into 8–15% SDS-
PAGE gel. Proteins were transferred to PVDF membranes
after electrophoresis, blocked with 5% non-fat dry milk, and
incubated overnight separately with primary antibodies
against LC3, P62, Parkin, PINK1, NLRP3, caspase-1, IL-18
and IL-1β (Supplemental Table 1), followed by appropriate
secondary horseradish peroxidase (HRP)-conjugated anti-
bodies. Immunoreactive bands were visualized using the
ECL Western blotting protocol (Millipore, Billerica, MA,
USA). Densitometric analysis of the bands was performed
using the ImageJ software (NIH, Bethesda, MD, USA). β-
Actin or Tomm20 was used as a loading control of cytosolic
or mitochondrial protein [32].

Total RNA isolation and quantification

Total RNA was isolated from mouse liver tissue or cells using
TRIZOL reagent (Invitrogen Corporation, Carlsbad, CA,
USA) following a standard protocol as described previously
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[33] and the reverse transcription reaction was performed
using a Prime-Script RT reagent Kit (Takara Bio, Dalian,
China). Real-time PCR quantification was performed using
SYBR green as a fluorescent indicator in a CFX96 Thermal
Cycler from Bio-Rad. Briefly, 10 μL of reaction mix con-
taining cDNA, KAPA SYBR FAST qPCR master mix, and
primers at a final concentration of 200 nmol was used in the
reaction system. The sequences of the primers used for
quantitative PCR are given in Supplemental Table 2. Relative
target gene expression was calculated using 2−ΔΔCt method
and normalized by house-keeping gene β-actin control [33].

Caspase-1 activity assay

Caspase-1 activity was determined by an assay kit (Beyo-
time Biotechnology, Nantong, China) according to the pro-
cedures described previously [26]. Briefly, the protein was
extracted from primary hepatocytes treated with or without
PA plus/minus MCC950, and quantitated by the Bradford
Protein Assay Kit (Beyotime Biotechnology, Nantong,
China). A total of 30 μg of protein from each sample was
incubated with 10 μL of Ac-YVAD-pNA (2mM) substrate
in a total volume of 100 μL assay buffer for 1, 2, 4, 6, 10 and
24 h at 37 °C. Absorbance was read at 405 nm wavelength in
a microplate reader. Caspase-1 activity was normalized by
protein content of each supernatant, and expressed as a
relative value compared to the negative control.

Statistical analysis

Data are presented as means and standard errors. Normal
distribution test was performed prior to ANOVA test. Sta-
tistical significance was determined with the nonparametric
Kruskal−Wallis test and the Mann−Whitney U test when
appropriate for multicomparison between given two groups.
Statistical analysis was undertaken with SPSS 19.0 (SPSS
Inc., Chicago, IL, USA) and GraphPad Prism 6.0 (Graph-
Pad Software, La Jolla, USA). A p value ≤ 0.05 is con-
sidered statistically significant.

Results

Nonalcoholic steatohepatitis induced by high fat/
calorie diet (HFCD) in mice

Compared to mice fed regular diet (RD), body weight and
liver weight (Supplemental Fig. 1A&B) increased sig-
nificantly in mice fed HFCD over 24 weeks. Levels of
serum ALT, AST, fasting blood glucose and liver TG were
significantly higher than those in the control group (RD)
from 6 to 24 weeks (Supplemental Fig. 1C–F). Liver fat
accumulation is presented as microsteatosis to

macrosteatosis and mixed size of lipid droplets. A few cells
seem to enter into piece or focal death with loss of nucleus,
breakage into pieces or inflammatory infiltration at the site
of cell loss. Inflammatory infiltration and mild fibrosis are
visible especially in the portal triads of liver sections with
H&E and Masson’s Trichrome staining from mice fed
HFCD (Supplemental Fig. 2). Apoptotic cells were visua-
lized on sections from mice fed HFCD for 12 weeks, but
barely positive in RD-fed mice. The apoptotic cell counts
were positively correlated with the degree of liver steatosis
and inflammation (Supplemental Fig. 1G and Supplemental
Fig. 2). In summary, feeding HFCD for 24 weeks resulted
in remarkable fat accumulation, hepatic cell death with
elevation of serum aminotransferases and apoptotic cell
count. Inflammatory infiltration and mild fibrosis were
visible majorly in the portal triads. All these findings con-
firm that NASH was induced by feeding mice HFCD for
24 weeks.

Impaired mitophagy at late-stage steatohepatitis in
HFCD-fed mice

In order to determine the presence of mitophagy in HFCD-
fed mice, LC3B was stained to indicate autophagic activity;
and a mitochondrial enzyme, cytochrome oxidase IV (COX
IV), was costained with LC3B to indicate mitochondrial
involvement. It appeared that LC3B-positive cells were seen,
and colocalized with COX IV; and that the colocalization
was enhanced in mice fed HFCD for 6 weeks (Fig. 1).
However, during a longer timeframe, less LC3B-positive
cells were confirmed to be colocalized with mitochondrial
protein marker COX IV by confocal microscopic observa-
tion, which suggests that the mitochondrial autophagy level
was initially increased at 6 weeks, but started to decline at
12 weeks and almost disappeared at 24 weeks of HFCD
feeding (Fig. 1). Consistent with colocalization of LC3B
with COX IV in immunohistochemical staining, levels of
LC3II and mitochondrial proteins such as parkin and PINK1
were initially elevated at 6 weeks, and decreased at
12–24 weeks in HFCD-fed mice (Fig. 2A). P62 is a
ubiquitin-binding protein involved in autophagy. Lysosomal
degradation of autophagosome leads to a decrease in P62
levels during autophagy. Therefore, altered P62 levels in an
opposite direction found in Western blot analysis indicated
lysosomal incorporation into autophagosome during a later
stage of autophagy (Fig. 2A). To evaluate the mitophagic
activity, we determined mRNA or mitochondrial protein
levels of PARK2/parkin and PINK1 by Western blot ana-
lysis using β-actin as a loading control. As shown in Fig. 2A,
protein levels of parkin and PINK1 were elevated in mice
during the first 6 weeks of HFCD feeding, confirming that
mitochondrial autophagy activity was enhanced at an early
stage of steatosis. By 12 weeks of HFCD feeding, both
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parkin and PINK1 at protein levels, as well as PARK2 and
PINK1 at mRNA levels started to decline significantly
(Supplemental Fig. 1J&K) in comparison with those fed RD.
By 24 weeks, P62 protein levels were significantly
increased; whereas PARK2 and PINK1 mRNA levels were
significantly suppressed, indicating that autophagic activity
was declined along with increased steatotic extent and
inflammation in HFCD-fed mice (Supplemental Fig. 1J&K).

Consistent with changes of PARK2 and PINK1, mRNA
levels of Atg5 and Atg7, markers of autophagy, were
decreased after feeding HFCD for 12 weeks, confirming
impaired autophagy at this stage (Supplemental Fig. 1H&I).
In summary, it appeared that increased mitophagy did hap-
pen at an early stage of fat accumulation, and mitophagic
activity was declined with increased severity of steatosis,
necroptotic activity and inflammatory response in the liver

Fig. 1 Colocalization of LC3B
and COX IV in mouse liver.
C57BL/6J mice were fed a
control diet (regular diet, RD) or
high fat-calorie diet (HFCD) for
6, 12, and 24 weeks. Mice fed
for 2 weeks were used as
baseline controls. Representative
micrographs of fluorescent
immunohistochemical
costaining of LC3B (green) and
COX IV (red) in frozen sections
after feeding for 6, 12, and
24 weeks are shown. DAPI was
used for nucleus staining (blue).
Orange color (as indicated by
yellow bars) in the merged panel
represents the overlapping of
LC3B staining (green) with
COX IV (red). Images were
recorded at original
magnification (×400). Scale
bars= 10 μm
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over time, and may represent as deterioration in clearance of
damaged mitochondria.

NLRP3 activation during late-stage NASH
development

Activation of nod-like receptors, such as NLRP3, is an
innate response to changes in extracellular and intracellular
microenvironment. NLRP3 activation elicits a pyroptotic
cascade that leads to cleavage of procaspase-1 into a
matured caspase-1; in turn, the latter further catalyzes the
cleavage of prointerleukin-1β (IL-1β) and prointerleukin-18
(IL-18). It is well-known that mature IL-1β and IL-18 are
potent intermediates triggering inflammatory and fibrotic
responses in the liver. As shown in Fig. 2B and Supple-
mental Fig. 3A–E, NLRP3 and ASC protein levels in mice
fed HFCD deceased at 6 weeks. Accordingly, liver protein

levels of cleaved caspase-1, IL-1β and IL-18 deceased in
mice fed HFCD compared to those fed RD during the first
6 weeks (Fig. 2B, C). Both NLRP3 and its downstream
proteins, i.e. cleaved caspase-1, IL-1β and IL-18, as well
serum IL-1β levels (Supplemental Fig. 3F), were upregu-
lated after 12 weeks of HFCD feeding, and were sustained
at higher levels than those in mice fed RD (Fig. 2B, C).
Mice on the RD diet do not show mitophagic activity
(Figs. 1, 2A) or lipotoxicity, as demonstrated by steatohe-
patitis and liver necroptosis in both biochemical tests and
histopathology (Supplemental Figs. 1&2).

PA treatment resulted in mitochondrial oxidative
stress and impaired mitophagy

In order to further determine mitophagic status during
lipotoxicity, primary hepatocytes were used as an in vitro

Fig. 2 Expression levels of
autophagy-associated proteins
and genes in mouse liver. A
Parkin, PINK1, LC3, and P62
protein levels in mouse (RD and
HFCD group) liver at 6, 12, and
24 weeks were analyzed by the
Western blot analysis. B
Western blot analysis of
NLRP3, caspase-1, IL-18, and
IL-1β protein levels in livers of
mice fed a control diet (regular
diet, RD) or high fat-calorie diet
(HFCD). C Densitometric
analysis of Western blot images.
The densitometric ratio of
Parkin, PINK1, LC3II, and P62
at 6, 12, and 24 weeks in total
protein level (n= 3) using β-
actin as a loading control. The
densitometric ratio of NLRP3,
caspase-1, IL-18, and IL-1β at 6,
12, and 24 weeks in total protein
level (n= 3) using β-actin as a
loading control. **p ≤ 0.01
compared to the controls (RD).
NLRP3: NOD-like receptor-3
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model to assess lipotoxicity with overload of saturated fatty
acids (palmitic acid, PA). After treatment with PA at 200
μM, JC-1 fluorescent intensity was significantly reduced
during the first 10 h of PA exposure (Supplemental Fig. 6B),
indicating there was a decrease in mitochondrial inner
membrane potential (MMP). A decrease in ATP (Supple-
mental Fig. 6E) and MMP, together with a reduced mtDNA
levels (Supplemental Fig. 6F) was a characteristic of mito-
chondrial dysfunction. Both cytosolic and mitochondrial
levels of superoxide anions were increased as indicated by
DCF and Mitosox fluorescent intensity 2 h after exposure to
PA (Supplemental Figs. 4, 5, 6C&D). The increase in

cytosolic and mitochondrial oxidant stress and MMP loss
resulted in deterioration of hepatocellular viability as seen in
elevated LDH release (Supplemental Fig. 6A).

In order to further confirm mitochondrial autophagic
activity during lipotoxicity, LC3B and MitoTracker were
used to determine autophagy over time during exposure
to PA. As shown in Fig. 3, during PA exposure for the
first 2 h, hepatocellular mitochondria maintained their
abundance as reflected by MitoTracker, and there was
increased green fluorescent staining of LC3B, which was
colocalized with MitoTracker staining (Supplemental
Fig. 5). However, mitochondrial MitoTracker staining

Fig. 3 PA treatment resulted in
impaired mitophagy in primary
hepatocytes. Representative
confocal micrographs of
MitoTracker (red) and LC3B
(green) coimmunofluorescent
staining in primary hepatocytes
treated with PA for different
durations (indicated on the left).
DAPI was used for nuclear
staining (blue). Orange color
represents the overlapping of
MitoTracker with LC3B
(merged panel). Images were
taken at original magnification
(×400). Scale bars= 7.5 μm
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became very faint although LC3B staining was detected,
indicating that there was a notable loss of mitochondria at
this time point. At the same time, protein levels of both
LC3II and LC3I were decreased after an initial increase,
and the ratio of LC3II/Tomm20 was decreased

consistently after 2 h, indicating that mitophagic activity
was gradually decreased [11], which was further con-
firmed by increased mitochondrial P62 protein levels [11]
(Fig. 4A–C). Atg5 and Atg7 mRNA levels were decreased
shortly followed with an initial increase, indicating a

Fig. 4 NLRP3 inflammasome activation in PA-treated primary hepa-
tocytes. A Western blot analysis of mitochondrial protein LC3B and
P62 in primary hepatocytes treated with PA. Protein levels of NLRP3,
caspase-1, IL-18, and IL-1β in primary hepatocytes treated with PA for
different duration were assayed by Western blot analysis. The densi-
tometric ratio of LC3II over Tomm20 (B) and P62 over Tomm20 in
the mitochondrial fraction (C) (n= 3). **p ≤ 0.01 compared to the
BSA controls or as indicated. The densitometric ratio of NLRP3 (D),
caspase-1 (E), IL-1β (F), and IL-18 (G) over β-actin loading control at
different time points (n= 3). *,**p ≤ 0.05 and 0.01 compared to the
BSA controls or as indicated. H Activity of caspase-1 in cytosolic
protein of PA-treated primary hepatocytes. **p ≤ 0.01 compared to the

BSA controls or as indicated. I−K MCC950 is a selective NLRP3
inhibitor, which abrogated PA-induced inflammasome activation in
primary hepatocytes. I Western blot analysis of protein levels of
NLRP3, caspase-1, IL-18, and IL-1β in primary hepatocytes treated
with PA plus or minus MCC950 for 6 h. J The densitometric ratio of
NLRP3, caspase-1, IL-18, and IL-1β over β-actin (n= 3). *p ≤ 0.05
compared to the BSA controls. #,##p ≤ 0.05 and 0.01 compared to PA.
K Activity of caspase-1 in cytosolic protein of PA and PA+
MCC950-treated primary hepatocytes. *p ≤ 0.05 compared to the BSA
controls, #p ≤ 0.05 compared to PA. PA: palmitic acid, Tomm20:
translocase of outer mitochondrial membrane 20, NLRP3: NOD-like
receptor-3, BSA: bovine serum albumin
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conversion from an increased autophagy level to a com-
promised status (Supplemental Fig. 7B). To further verify
whether the mitophagy was impaired, mRNA levels of
PARK2 and PINK1 were confirmed to follow the same
trend as Atg5 and Atg7 during late-stages of PA exposure
(Supplemental Fig. 7B).

High-resolution confocal microscopy was used to
observe the colocalization of MitoTracker and LysoTracker
in live primary hepatocytes after exposure to PA for 1 h.
Green fluorescence of MitoTracker was compared with that
from the control group (BSA), and overlapped red fluor-
escence from LysoTracker suggested an increase in the
number of mitochondria for lysosomal degradation. With
the extension of PA exposure time up to 10 h, green
fluorescence gradually decreased, and the orange-yellow
fluorescence, which reflected overlapping of green with the
red fluorescence dimmed significantly, indicating that
lysosomal degradation capability was accordingly compro-
mised over time (Supplemental Fig. 7A). Therefore, these
findings provided additional evidence for incapability of
defective mitochondrial clearance. These results show that
there was enhanced ROS production, mitochondrial
damage, impaired mitophagy and reduced lysosomal
degradation during lipotoxicity, and the final consequence
was that damaged mitochondria were not cleared effectively
from primary hepatocytes after PA exposure.

NLRP3 inflammasome activation in parallel with
impaired mitophagy during lipotoxicity

Inflammasomes are sensing molecules that respond to
microenvironmental changes in both intracellular and
extracellular spaces. Overload of saturated PA is one of
intracellular disturbances that lead to activation of inflam-
masomes, such as NLRP3 in microphages [34]. As shown
in Fig. 4A & D, cytosolic NLRP3 protein levels were
increased over time in exposure to PA. In turn, cytosolic
protein levels of matured caspase-1, IL-1β and IL-18 were
increased accordingly in primary hepatocytes exposed to
PA (Fig. 4E–G), indicating that there was profound acti-
vation of inflammasome and a pyroptotic cascade con-
current with enhanced oxidant stress and impaired
mitophagic activity. In addition, cytosolic caspase-1 activity
was increased 2 h after PA exposure and further increased
later on (Fig. 4H), consistent with an increase in cleaved
caspase-1 protein levels 2−6 h after PA exposure, which
confirmed enhanced NLRP3 inflammasome activation and
pyroptotic activity along with PA exposure. Moreover,
addition of MCC950, a selective NLRP3 inhibitor, abro-
gated PA-triggered NLRP3 activation, and subsequent
cleavage of procaspase-1, pro-IL-1β and pro-IL-18, as well
as increased caspase-1 activity in primary hepatocytes as
demonstrated in Fig. 4I−K, and the findings further

confirmed NLRP3 activation and the importance of sub-
sequent pyroptosis in steatotic hepatocytes.

Antioxidant and mitochondria-protecting agent
improved mitophagy

N-Acetyl cysteine (NAC) is widely used as an antioxidant
in vivo and in vitro. Acetyl-L-carnitine (ALCAR) is reported to
be a mitochondria-protective agent improving mitochondrial
function, biosynthesis, and energy metabolism. In Fig. 5D−F,
parkin and PINK1 protein levels were increased after pre-
treatment with NAC and ALCAR following PA exposure. The
mitochondrial LC3II/Tomm20 ratio also increased along with
mitochondrial P62 protein levels, indicating that mitophagic
activity was partially restored (Fig. 5A−C). Cytosolic protein
and mRNA levels of NLRP3 were decreased by NAC and
ALCAR pretreatment, and the elevation of protein and mRNA
levels of caspase-1, IL-1β, IL-18 and caspase-1 activity caused
by PA exposure were reversed after pretreatment with NAC
and ALCAR (Fig. 5G−L).

Although the LC3II/Tomm20 ratio of hepatocytes 6 h
after PA exposure was increased compared to the control,
the mitochondrial protein P62 levels were increased in
parallel (Fig. 5A−C). Similarly, in Fig. 4A−C, after PA
treated for 6 h the LC3II/Tomm20 ratio and protein P62
levels of hepatocytes intended to be increased as well. To
explore whether the increase of LC3II was caused by an
increase in autophagy or decline in autophagosomal
degradation (an increase in P62 level suggests decreased
autophagosome degradation), primary hepatocytes were
incubated with a mitophagy inhibitor, cyclosporine A
(CsA), together with PA for 2−6 h (Fig. 6). Our results
demonstrated that LC3II/Tomm20 ratios 2 h post PA treat-
ment were reduced in primary hepatocytes after addition of
CsA. P62 level was increased in parallel to LC3II/Tomm20
ratios 2 h after PA treatment (Fig. 6A, B). With the
prolonging of PA exposure, the addition of CsA did not
significantly change LC3II/Tomm20 ratios in PA-treated
primary hepatocytes whereas P62 in the mitochondrial
fraction was sustained (Fig. 6C−F). These findings indicate
that increased mitophagic flux was not caused by an
increase in its initiation but rather by a decrease in autop-
hagosomal clearance, as reflected by accumulation of the
autophagic substrate P62. Two hours after PA treatment we
observed impaired mitophagy and elevated protein and
mRNA levels of NLRP3. Concurrently, activity of caspase-
1 (Fig. 4H, K), protein levels of caspase-1 and IL-1β were
upregulated by PA treatment as well (Fig. 6E, F). Taken
together, these data indicate that PA treatment resulted in
impaired mitophagy, and in turn, compromised mitophagy
contributed to NLRP3 inflammasome activation through
mtROS in primary hepatocytes, although the details in
molecular interplay remain to be investigated.
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Discussion

NASH is a dynamic stage of NAFLD and it may further
progress to fibrosis and cirrhosis, and even hepatocellular
carcinoma [1]. Therefore, factors affecting the progression
from NAFL to NASH are the keys to reveal its pathogenesis

in laboratory and clinical investigations. Autophagy is a
self-saving process in clearance of cellular components. As
a conserved self-protective mechanism, autophagy is
maintained at a low level under a physiological condition
[35]. Lipids are energy sources for hepatocytes through
autophagy. Studies have shown that a defect of autophagy

Fig. 5 Antioxidant and mitochondrion-protecting agent improved
mitophagy in primary hepatocytes. NLRP3 inflammasome activation
was decreased in PA-exposed primary hepatocytes pretreated with
antioxidant and mitochondria-protecting agent. A Mitochondrial pro-
tein LC3 and P62, D cytosolic protein Parkin and PINK1 in primary
hepatocytes treated with PA, PA+NAC or PA+ALCAR were
assayed by Western blot analysis. B, D, E, F The densitometric ratio of
Parkin, PINK1, LC3II and P62 (e) (n= 3). G Western blot analysis of

NLRP3, caspase-1, IL-18, and IL-1β protein levels in primary hepa-
tocytes. H−K The densitometric ratio of NLRP3 (H), caspase-1 (I),
IL-1β (J), and IL-18 (K) (n= 3). L Caspase-1 activity in PA-treated
primary hepatocytes. **p ≤ 0.01 compared to the controls. ◊◊p < 0.01
compared to PA at 200 μM. #,##p < 0.05, 0.01 compared to PA+NAC.
PA: palmitic acid, NAC: N-acetyl cysteine, ALCAR: Acetyl-L-carni-
tine, BSA: bovine serum albumin
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leads to lipid accumulation and insulin resistance in hepa-
tocytes, which is one of the key factors in the progression
from NAFL to NASH [36–38]. Mitochondrial autophagy is
a part of autophagy, and impaired mitophagy has been
demonstrated in the course of NAFLD in few studies [10,
39]. However, no studies have provided convincing evi-
dence to demonstrate that impaired autophagy may be
linked to profound inflammasome activation and sub-
sequent hepatocellular death.

In the present study, the detection of mitophagy during
NASH development confirmed that mitophagic activity was
increased at an early stage (6 weeks) of HFCD feeding;
whereas it was subsequently decreased later on (12
−24 weeks). Concurrent determination of NLRP3 demon-
strated that its expression was not changed significantly at
the early stage (6 weeks), nor were IL-1β and IL-18 levels.
At a later timeframe, NLRP3 expression was significantly
increased in mouse livers, and was accompanied with the

Fig. 6 Change of mitophagy-
associated protein levels and
NLRP3 inflammasome
activation in PA-exposed
primary hepatocytes treated with
a mitophagy inhibitor at
different time points. A, C, E
Cytosolic protein NLRP3,
caspase-1, IL-18, IL-1β and
mitochondrial protein LC3II,
P62 in primary hepatocytes
treated with PA, CsA or PA+
CsA for 2 (A), 6 (C), and 10 (E)
hours were assayed by Western
blot analysis. B, D, F The
densitometric ratio of
mitochondrial LC3II and protein
P62 levels over Tomm20,
cytosolic protein NLRP3,
caspase-1, IL-1β and IL-18 over
β-actin (n= 3). *,**p ≤ 0.05,
0.01 compared to the BSA
controls or as indicated. PA
palmitic acid, NLRP3 NOD-like
receptor-3, CsA cyclosporine A
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activation of IL-1β and IL-18, as well as increased serum
IL-1β levels during 12−24 weeks of HFCD feeding. Hence,
these results suggested that impaired mitophagy was closely
associated with the activation of NLRP3 inflammasome in
the progression from SFL to NASH. Therefore, we hypo-
thesize that impaired mitophagy may trigger activation of
inflammasome molecules and a pyroptotic cascade. To
confirm our hypothesis, we treated primary hepatocytes
with PA to investigate whether impaired mitophagy acti-
vates NLRP3 inflammasome under PA lipotoxicity in
hepatocytes.

In the present study, it was confirmed by LDH release
that PA exposure caused hepatocellular damage in a dose-
dependent and time-dependent manner. The mitochondrial
inner membrane potential of hepatocytes was collapsed
within a short duration (1 h) of PA exposure, indicating that
mitochondrial injury occurred. Concurrently, mRNA and
protein levels of genes involved in mitophagy, such as
perkin, PINK1, were elevated; so was the LC3II/Tomm20
ratio; whereas P62 expression was decreased, collectively
indicating that mitophagic levels under PA exposure were
enhanced during an early phase of PA treatment in com-
parison to the BSA controls. Of note, in mitochondrial
fraction the ratios of LC3II/Tomm20 did not change sig-
nificantly till 10 h; whereas P62 protein levels were
increased 2 h after PA exposure. P62, the substrate of
autophagy, together with LC3II/Tomm20 ratio change is
considered to be a marker of autophagic flux, and increased
P62 protein levels indicated that the degradation of autop-
hagosome was reduced and the autophagic flux was
defective [11]. The addition of cyclosporine A (CsA) did
not significantly change LC3II/Tomm20 ratios in PA-
treated cells; whereas P62 levels in mitochondrial fractions
were increased significantly, confirming that increased
mitophagic flux was not caused by increased mitophagy but
rather by a decrease in autophagosome clearance, as
reflected by accumulation of the autophagic substrate P62.
In summary, PA-induced autophagy initiation and sub-
sequent impairment were largely due to the defective
autophagosomal clearance.

The NLRP3 inflammasome is a multiprotein cytoplasmic
complex that serves as a pattern recognition receptor [40].
The exact mechanisms of NLRP3 inflammasome activation
in hepatocytes during NASH are poorly characterized. As
important sensing molecules that respond to extracellular
and intracellular environmental changes, the nod-like
receptors identify PAMPs/DAMPs [13, 16], and are acti-
vated to elicit a pyroptotic response [41]. In the present
study mitophagy was found to be impaired to a significant
extent, along with NASH progression in HFCD-fed mice.
Protein and mRNA levels of NLRP3, caspase-1 and IL-1β
in the liver, as well as serum IL-1β levels, were upregulated

in these mice. This phenomenon was confirmed in primary
hepatocytes under PA exposure for late-stage NASH.
Therefore, we reason that the insufficient clearance of
damaged mitochondria may trigger inflammasome activity
through an undefined mechanism.

Mitochondrial renewal is part of subcellular organelle
homeostasis, and is tightly regulated by mitophagy to
remove damaged mitochondria and by mitogenesis through
adding protein and lipid [42, 43]. The balance between
mitophagy and mitogenesis contributes to the dynamical
turnover of mitochondria, and normal mitochondrial turn-
over dynamics provides sufficient energy for entire cellular
function and metabolism [43]. On the other hand, mito-
chondria are exposed to high levels of ROS, generating
from oxidative phosphorylation for energy coupling and
from other intracellular sources. Therefore, it is our spec-
ulation that activation of inflammasome molecules may
occur through accelerated ROS generation when mitophagy
is impaired due to fatty acid overload and toxicity. In fact,
enhanced oxidant stress occurred in cytosolic and mito-
chondrial compartments as indicated by DCF and MitoSox
detection (Supplemental Figs. 4&5, Supplemental
Fig. 6C&D). Inflammasomes, such as NLRP3, are activated
in response to intracellular ROS and mtROS, as well as
overload of FFAs [44]. To further confirm the role of oxi-
dant stress in the mediation of inflammasome activation, an
antioxidant, N-acetyl cysteine (NAC), and a mitochondrial
membrane-protective agent, acetyl-L-carnitine, were used to
correct PA-induced mitophagic defects in hepatocytes. It
was found that pretreatment with NAC or ALCAR miti-
gated PA-induced cytosolic ROS and mitochondrial ROS
accumulation in hepatocytes, in turn, minimized mito-
chondrial DNA damage, partially restored mitophagic
activity, and eventually inhibited NLRP3 inflammasome
activation (Figs. 5 and 6). However, the relationship and
molecular interplay between defective mitophagy and
inflammasome activation remain to be better elucidated,
especially under lipotoxicity. For better understanding of
this complex cascade, a schematic illustration that links with
lipotoxicity, oxidant stress, mitophagy, inflammasome
activation, and pyroptotic consequence in hepatocytes is
ditched in Fig. 7.

In conclusion, the findings of the present study support
the hypothesis that mitophagy impairment as the result of
decreased autophagosomal clearance triggers hepatic
NLRP3 inflammasome activation in a murine NASH model
and in primary hepatocytes. These new insights into
inflammasome activation through compromised mitophagy
advance our understanding of how fatty acids elicit lipo-
toxicity through oxidant stress and autophagy in mito-
chondria, and confer the molecular basis for pharmacologic
intervention.
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