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METABOLIC AND STEATOHEPATITIS

Depending on the stage of hepatosteatosis, p53 causes apoptosis
primarily through either DRAM-induced autophagy or BAX
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Non-alcoholic fatty liver disease (NAFLD) is a burgeon-
ing health problem in developed countries; it affects
one-third of adults and an increasing number of children
(1). Many individuals with NAFLD have a benign prog-
nosis of simple hepatosteatosis; however, in some cases,
this can progress to non-alcoholic steatohepatitis
(NASH), which can induce liver fibrosis, cirrhosis and
even hepatocellular carcinoma (2). NAFLD deterioration
is closely associated with lipid metabolism dysfunction
and lipid accumulation, which induces lipotoxicity and
promotes the progression of hepatosteatosis (3, 4). Pre-
vious data have shown that apoptosis plays a critical role
in the progression of this disease (5). Apoptosis induces
hepatocytic impairment and promotes inflammation
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Abstract

Background & Aims: Apoptosis mediated by p53 plays a pathological role in
the progression of hepatosteatosis. It is noteworthy that p53 can promote the
expression of damage-regulated autophagy modulator (DRAM), an inducer
of autophagy-mediated apoptosis. However, the relationship between p53-
mediated apoptosis and autophagy in hepatosteatosis remains elusive. This
study aimed to examine how p53 orchestrates autophagy and apoptosis to
affect hepatosteatosis. Methods: HepG2 cells were treated with oleic acid
(OA) for 24 h to induce hepatosteatosis. Mice were fed a high-fat diet for 20
or 40 weeks to induce hepatosteatosis. Results: OA induced a dose-depen-
dent increase in steatosis severity and apoptosis. OA also induced autophagy,
which was a critical inducer of apoptosis in mild steatosis induced by
400 M OA, but not in the more severe steatosis induced by 800 and
1200 puM OA. p53 inhibition by siRNA mostly blocked OA-induced apopto-
sis and autophagy. Moreover, OA-induced autophagy was DRAM-dependent
and primarily occurred in the mitochondria (mitophagy), where DRAM was
localized. In severe steatosis induced by 1200 M OA, apoptosis was mainly
dependent on p53-induced expression of BAX, which was also localized to
the mitochondria. Our in vivo study showed that p53 expression increased in
both mild and severe hepatosteatosis. Increased DRAM expression and auto-
phagy were identified in mild hepatosteatosis, whereas greater BAX expres-
sion was observed in severe hepatosteatosis. Conclusions: p53 may induce
apoptosis via different mechanisms. DRAM-mediated mitophagy is a pri-
mary apoptotic inducer in mild hepatosteatosis, whereas p53-induced BAX
expression mainly induces apoptosis in severe hepatosteatosis.

(5). Responses to inflammation include the production
of inflammatory factors that can further impair cells and
induce more apoptosis (6). NAFLD is characterized by
the accumulation of triglycerides in hepatocytes, which
impairs the oxidative capacity of their mitochondria.
Poor mitochondrial function increases the reduced state
of electron transport chain complexes and stimulates the
peroxisomal and microsomal pathways of fat oxidation
(7). Impaired mitochondria are also sources of reactive
oxygen species (ROS), which trigger apoptosis and the
production of inflammatory cytokines, causing inflam-
mation and furthering the development of NASH (7).
Autophagy also plays a critical role in NAFLD. Free
fatty acids can induce autophagy in vitro (8), and auto-
phagy impairment can aggravate insulin resistance and
Endoplasmic reticulum (ER) stress in NAFLD (9).
A recent finding also showed that autophagy can
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mediate lipid metabolism in hepatocytes (called lipo-
phagy), further highlighting the role of autophagy in
hepatosteatosis. In general, the autophagy-dependent
degradation of impaired organelles—including the
selective degradation of the endoplasmic reticulum (ret-
iculophagy), mitochondria (mitophagy), and lipid
droplets (lipophagy)—is a crucial cellular pathway for
maintaining cell homeostasis (10, 11). However, auto-
phagy is also regarded as a pro-apoptotic factor and is
the cause of ‘type II’ programmed cell death (12—-14).
p53 functions primarily as a transcription factor and
induces the expression of its target genes, including
PUMA and BAX. PUMA, a protein in the proapoptotic
BH3-only Bcl-2 family, activates BAX and induces mito-
chondria-dependent apoptosis (15). The relationship
between the p53 signalling pathway and autophagy
development was established by the discovery of DRAM
and Sestrin2, which are p53-induced modulators of
autophagy and are critical for apoptosis (16, 17). Studies
have also reported that the activation of the p53 signal-
ling pathway is critical for hepatocytic apoptosis (18).
This study was designed to elucidate whether p53
induces apoptosis by promoting autophagy and to clar-
ify the relationship between autophagy-induced apopto-
sis and other types of induced apoptosis in NAFLD. Our
results suggest that p53 could induce apoptosis through
different methods in different stages of NAFLD. In mild
steatosis, p53 promoted DRAM expression; the DRAM
was subcellularly localized to the mitochondria and
induced autophagy development, which was the main
inducer of apoptosis. In severe hepatosteatosis, p53 pri-
marily promoted BAX expression, and the BAX then
travelled to the mitochondria to induce apoptosis.

Materials and methods
Cell culture and treatment

The human hepatoblastoma cell line HepG2 was grown
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% foetal bovine serum. HepG2 cells
were treated with 400 pM OA for 24 h. HepG2 cells
were transfected with Fugene HD transfection reagent
(Promega, Madison, WI, USA) for the transfection of
plasmids encoding GFP-LC3 or with Lipofectamine
2000 transfection reagent (Invitrogen, Carlsbad, CA,
USA) for the transfection of DRAM siRNA and VPS34
siRNA. LY294002 (50 uM) and Bafilomycin Al (BafA
1) (50 nM) were used to inhibit autophagy. Cells grown
on glass cover slips were used for immunofluorescence
detection.

Detection of autophagy and apoptosis

The level of autophagy was detected by the transfection
of GFP-LC3 plasmids or western blotting. Apoptosis
was detected by immunofluorescence (based on calcein
AM/PI and M30 immunoreactivity) or a western blot
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assay of cleaved PARP (p85 fragment). The detailed
immunofluorescence protocol is provided in the Sup-
plementary Materials and Methods.

Subcellular fractionation, protein isolation and western
blotting

Mitochondria- and endoplasmic reticulum-enriched
fractions of HepG2 cells were isolated to execute the
western blotting assay. The standard western blotting
method is provided in the Supplementary Materials and
Methods.

Real-time PCR

SYBR Green was used to detect the mRNA level during
real-time PCR. The mRNA content was normalized to
the housekeeping gene P-actin. The detailed protocol
for real-time PCR is provided in the Supplementary
Materials and Methods.

Lipotoxicity detection

The levels of lactate dehydrogenase (LDH) and intracel-
lular triglycerides were determined using commercial
kits. Oil Red O was used to determine the level of lipid
droplets (for a detailed protocol, see the Supplementary
Materials and Methods).

Animal experiment

All protocols for animal care and experimentation were
approved by the Ethical Committee of YouAn Hospital,
Capital Medical University, Beijing. Male C57BL mice
were fed a high-fat diet (HFD) to induce NAFLD devel-
opment. Detailed protocols for the animal experiments
are provided in the Supplementary Materials and
Methods.

Statistical analysis

All data represent at least three independent experi-
ments and are expressed as the mean £ SEM. Differ-
ences between the groups were compared using
Student’s -test. Differences were considered significant
if the P-value was less than 0.05. Additional notations
are included for differences associated with P-values that
are less than 0.01 or 0.001.

Please refer to the Supplementary Materials and
Methods section for more detailed descriptions.

Results

OA treatment induces a dose-dependent increase in
lipotoxicity and apoptosis

We used three concentrations of OA (400, 800 and
1200 uM) to stimulate HepG2 cells. The greatest

1567



DRAM induces apoptosis via mitophagy

concentration of OA induced the highest levels of lipid
droplets, intracellular triglycerides and LDH release, fol-
lowed by the 800 uM and then 400 pM treatments
(Fig. 1A and Fig. S1 A and B). This result suggests that
OA treatment induced a dose-dependent increase in
lipotoxicity. Lipotoxicity-induced apoptosis plays a crit-
ical role in exacerbating the progression of NAFLD. The
Calcein AM/PI assay is a method used to detect whether
late apoptosis is induced. Calcein AM stains viable cells
(green), whereas PI stains late apoptotic cells (red). M30
stains keratin 18, a protein that is cleaved by caspase 3,
and hence identifies early apoptotic cells (19). We found
that 1200 pM OA induced the highest levels of both late
and early apoptosis, followed by the 800 and 400 uM
treatments (Figs. 1A—C). During apoptosis, PARP is
cleaved by caspase-3 and caspase-7 to yield p85, which
is a marker of apoptosis (20). Immunoblot assays iden-
tified that the 1200 pM treatment induced the highest
levels of p85, followed by the 800 and 400 UM treat-
ments, confirming the results of the Calcein AM/PI
and M30 assays (Fig. 1E). Thus, OA induced a dose-
dependent increase in apoptosis. Because a higher
M30 level indicates the deterioration of hepatosteatosis
(21-24), the results of the M30 assay suggested that
larger concentrations of OA would increase the severity
of NAFLD.

OA

uM) 0 400 800 1200

Lipid droplets

Calcein AM/PI

DAPI/M30

Autophagy
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OA at a concentration of 400 pM induces the highest level
of autophagy, followed by the 800 and 1200 pM
treatments

Studies have demonstrated that autophagy is critical for
NAFLD deterioration (25). By transfecting HepG2 cells
with plasmids encoding for GFP-LC3, we determined
that 400 pM OA induced the highest rate of cells with
GFP-LC3 puncta, followed by the 800 and 1200 pM
treatments (Fig. 1A and D). Immunoblot analysis was
used to determine LC3 II formation, and the results
showed that 400 pM OA induced the highest level of
LC3 11, followed by the 800 and 1200 UM treatments
(Fig. 1E). Bafilomycin Al (BafA 1), a vacuolar H"-AT-
Pase inhibitor, is commonly used to prevent the fusion
of autophagosomes with lysosomes. We observed that
BafA 1 blocked OA-induced autophagic flux because
BafA 1 induced a higher number of GFP-LC3 puncta
(Fig. 1F) and induced additional LC3 II formation
(Fig. 1G) compared with cells that were not treated with
BafA 1. BafA 1 did not alter the effect of OA on the
appearance of GFP-LC3 puncta: 400 pM OA still
induced the highest level of GFP-LC3 puncta, followed
by the 800 and 1200 pM treatments (Fig. 1F and G).
Thus, it appears that lower concentrations of OA induce
higher levels of autophagy. Because autophagy can be
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Fig. 1. Different concentrations of oleic acid (OA) have different effects on the induction of lipid accumulation, apoptosis and autophagy.
HepG2 cells were treated with 400, 800 or 1200 uM OA for 24 h with and without BafA 1 pretreatment. (A) Oil Red O staining, apoptosis
detection using Calcein AM/Pl and anti-M30, and autophagy detection using plasmids encoding GFP-LC3. Original magnification, 400 x.
(B-D) Percentages of late apoptotic cells (B), early apoptotic cells (C) and cells with autophagosomes (D). Data (mean + SEM) represent three
independent experiments. (E) Western blotting analysis of LC3 I/l and p85 protein levels. (F) Percentages of cells with autophagosomes. The
data (mean + SEM) represent three independent experiments. (G) Western blotting analysis of the effect of BafA 1 on LC3 I/Il formation.
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either an anti-apoptotic factor or a pro-apoptotic factor
(of type I, or autophagic, cell death) (11), the relation-
ship between autophagy and apoptosis in response to an
OA stimulus is unknown. Next, we attempted to deter-
mine the role of autophagy in HepG2 cells in response
to various concentrations of OA.

Autophagy contributes to the greatest number of
apoptotic deaths in HepG2 cells treated with 400 pM OA,
followed by those treated with 800 and 1200 pM OA

Autophagy is associated with cellular apoptosis and is
regarded as type II programmed cell death (12-14). To
elucidate the role of OA in autophagy, we employed an
autophagy inhibitor, LY294002 (50 uM). Autophagy
inhibition failed to affect the observed OA-induced
increase in lipid accumulation (Fig. S2A); however, this
inhibition reduced LDH release in cells treated with
400 uM OA (Fig. S2B). Moreover, autophagy inhibition
reduced the amount of apoptosis observed in cells trea-
ted with 400 pM OA, but had no effect on apoptosis in
the 800 and 1200 pM treatments (Fig. 2A—C). Using an
immunoblot assay, we determined that when autophagy
was inhibited by LY294002, the p85 level was signifi-
cantly decreased in the 400 pM treatment compared

DRAM induces apoptosis via mitophagy

results suggest that autophagy is a critical, but not sole,
pro-apoptotic factor in OA-induced apoptosis in less
severe cases of hepatosteatosis; however, in more severe
cases, other pro-apoptotic factors are more important.

OA-induced apoptosis is dependent on the p53 signalling
pathway

Apoptosis mediated by p53 affects NAFLD deterioration
by promoting BAX expression (14), and p53 can also
promote autophagy-mediated apoptosis by increasing
DRAM expression (16, 17). Thus, we attempted to
examine the role of p53 in our in vitro model by detect-
ing the expression levels of p53 and its target genes.
First, we determined that all three tested concentrations
of OA induced greater expression of p53 and its target
genes, PUMA, BAX and DRAM, when compared with
time zero (Fig. 3A,B). Next, we found that 1200 pM
OA induced the highest expression levels of PUMA and
BAX, followed by the 800 and 400 uM treatments
(Fig. 3A,B); however, the expression of DRAM was
greatest in the presence of 400 uM OA, followed by 800
and 1200 uM OA (Fig. 3A,B). Moreover, transfecting
HepG2 cells with p53 siRNA to block p53 function did
not affect OA-induced lipid accumulation (data not

with the 800 or 1200 pM treatments (Fig. 2D). These shown), but notably inhibited the OA-induced
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Fig. 2. Autophagy contributes to the most apoptotic deaths in HepG2 cells in response to a 400 uM OA stimulus. HepG2 cells were
pretreated with LY294002 (LY) for 5 h and were subsequently cultured with 400, 800 or 1200 uM OA for 24 h. (A) Apoptosis detection
by Calcein AM/PI and anti-M30. Original magnification, 400x. (B, C) Percentages of late apoptotic cells (B) and early apoptotic cells (C).
The data (mean + SEM) represent three independent experiments. (D) Western blotting analysis of LC3 I/l and p85 protein levels.
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Fig. 3. Oelic acid (OA)-induced apoptosis is dependent on p53. HepG2 cells were cultured with 400, 800 or 1200 pM OA for 24 h with or
without p53 siRNA pretreatment. (A) Detection of PUMA and DRAM mRNA levels by real-time PCR. (B, C) Western blotting analysis of p53,
damage-regulated autophagy modulator (DRAM) and BAX protein levels. (D-F) Percentages of cells with autophagosomes (D), late apopto-
tic cells (E) and early apoptotic cells (F). (G) The levels of LDH release were analyzed. The data (mean + SEM) represent three independent

experiments.

overexpression of BAX and DRAM (Fig. 3C). Inhibiting
the function of p53 also largely blocked LDH release
and autophagy development
(Fig. 3D,F). Treatment with control siRNA did not alter
the OA-induced expression of p53, DRAM or BAX
(Fig. 3C), and OA-induced apoptosis and autophagy
development were also unchanged (data not shown).
These results suggest that the activation of the p53 sig-
nalling pathway is critical for OA-induced apoptosis,

(Fig. 3G), apoptosis

cell impairment and autophagy.

DRAM-mediated autophagy is a primary effector of
apoptosis induced by 400 pM OA, whereas BAX

expression is the primary effector in apoptosis induced by

1200 pM OA

DRAM, a p53-induced modulator of autophagy, can
cause apoptosis (16). We found that specific DRAM
siRNA largely inhibited autophagy induced by 400 and
1200 uM OA, suggested that the mechanism for this
process was DRAM-dependent (Fig. 4A,C). In the
400 pM treatment, the application of DRAM siRNA
decreased BAX expression; however, this was not
observed in the 1200 pM treatment (Fig. 4A). Immuno-
blot analysis of p85 formation as well as PI and M30

factors, such as BAX, may be critical for the induction
of apoptosis.

DRAM-mediated autophagy primarily occurs at the
mitochondria

By isolating mitochondria and the endoplasmic reticu-
lum and performing immunoblot assays, we investi-
gated the subcellular localization of LC3 II, DRAM and
BAX. Our results showed that OA-induced autophagy
primarily took place at the mitochondria (autophagy at
this location is termed mitophagy), and DRAM local-
ized to mitochondria (Fig. 5). Moreover, 400 pM OA
induced the highest levels of mitophagy, followed by the
800 and 1200 uM treatments (Fig. 5). The 800 and
1200 pM treatments induced additional BAX expres-
sion, and BAX was also primarily localized to mitochon-
dria (Fig. 5). Taken together with our previous results,
this subcellular localization analysis suggests that the
activation of p53 promotes greater DRAM expression
in mild hepatosteatosis. DRAM then localizes to
mitochondria, inducing mitophagy and promoting
apoptosis. In contrast, in severe hepatosteatosis, p53
promotes greater expression of BAX, which also local-
izes to mitochondria and induces apoptosis.

staining also showed that DRAM siRNA largely inhib-

ited apoptosis (Fig. 4A,D and E). The application of
control siRNA did not affect apoptosis, autophagy
development (data not shown) or the expression of
DRAM, LC3 II, p85 or BAX in cells treated with OA
(Fig. 4B). These results suggest that DRAM-mediated
autophagy is a primary effector of apoptosis in cases of
mild NAFLD; in severe cases, other pro-apoptotic
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Autophagy-induced apoptosis triggered by DRAM
primarily occurs in mild hepatosteatosis, whereas BAX-
induced apoptosis primarily occurs in severe
hepatosteatosis

To determine the effects of DRAM-mediated autophagy
and BAX expression on the induction of apoptosis
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Fig. 5. Damage-regulated autophagy modulator (DRAM)-mediated
autophagy primarily occurs at the mitochondria. HepG2 cells cul-
tured with 400, 800 or 1200 pM oleic acid (OA) for 24 h were sep-
arated into fractions mainly containing mitochondria (‘mito’) and
endoplasmic reticulum (‘ER’). Total: total lysate of the HepG2 cells.
Western blotting analysis was used to detect the level of autophagy
and DRAM expression in the total lysate as well as in the mito- and
ER-enriched fractions. HSP60 and calnexin were used as controls
for the fractions mainly containing mitochondria and endoplasmic
reticulum respectively.

in vivo, mice were fed a HFD for 20 or 40 weeks. Immu-
nohistochemical analysis demonstrated that the mice fed
a HFD for 40 weeks exhibited additional lipid accumula-
tion (presenting with severe hepatosteatosis) than mice
fed a HFD for only 20 weeks (presenting with mild hep-
atosteatosis) (Fig. 6A). An immunoblot assay was per-
formed to determine the amount of autophagy and the
expression levels of p53, p85, DRAM and BAX in liver
tissues. We found that mice with both mild (fed a HFD
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for 20 weeks) and severe (fed a HFD for 40 weeks) hepa-
tosteatosis exhibited greater p53 expression than control
mice, which were fed a normal diet (Fig. 6B). A HFD
could induce autophagy development, increasing the
expression levels of DRAM and BAX (Fig. 6B). More-
over, mice with mild hepatosteatosis had higher levels of
both autophagy and DRAM expression when compared
with mice with severe hepatosteatosis (Fig. 6B). However,
mice with severe hepatosteatosis had higher BAX expres-
sion levels (Fig. 6B). These in vivo results combined with
our in vitro results suggest that DRAM-mediated auto-
phagy may be critical for the induction of apoptosis
in mild hepatosteatosis; however, other pro-apoptotic
factors, such as BAX, were more important causes of
apoptosis in severe hepatosteatosis (Fig. 6C).

Discussion

Apoptosis is correlated with progressive inflammation
and fibrosis in NAFLD; thus, its induction by excessive
FFAs is a critical histological feature of the disease (5,
6). However, the mechanisms of apoptosis induction
remain elusive. In this study, 1200 pM OA induced the
most severe lipotoxicity, followed by 800 and 400 pM
OA treatments. M30 stains for keratin 18 that has been
cleaved by caspase 3, hence identifying apoptotic cells
(19). Recent studies have demonstrated that M30 can
predict steatosis and hepatocytic injury (21-24). Our
results suggest that a higher concentration of OA will
increase the severity of NAFLD. Taken together with the
findings of other groups, our results demonstrate that
the induction of a more severe NAFLD pathology leads
to higher levels of apoptosis.
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Fig. 6. Detection of p53, damage-regulated autophagy modulator (DRAM), LC3I/Il and BAX expression in vivo. Test mice were fed a high-
fat diet (HFD) for 20 or 40 weeks, and control mice were given a normal diet. (A) The severity of hepatosteatosis was analyzed by immuno-
histochemistry. (B) Western blotting analysis of p53, LC3I/Il, DRAM and BAX protein levels in liver tissues. (C) Model. At different stages of
hepatosteatosis, p53 uses different strategies to induce apoptosis: In mild cases, p53-induced apoptosis is primarily dependent on DRAM-
mediated autophagy; in severe cases, other p53-dependent apoptotic signals, such as PUMA and BAX, are the primary inducers of

apoptosis.

Autophagy is a biological process that maintains
cellular homeostasis, recycling impaired organelles or
longevity proteins in response to stress; examples of this
include mitochondrial impairment and amino acid star-
vation (26, 27). Some in vivo studies have demonstrated
that impairing the autophagy function exacerbates NA-
FLD by causing ER stress and increasing insulin resis-
tance (11). However, other studies have demonstrated
that FFAs can induce autophagy in vitro. For example,
OA induces autophagy in HepG2 cells, including in the
progress of NAFLD (8). However, the underlying
mechanisms associated with autophagy and the patho-
logical progression of NAFLD are not clear. In this
study, our results show that OA-induced autophagy is a
pro-apoptotic factor. This result is consistent with other
data indicating that apoptosis can be induced by auto-
phagy, which is regarded as a type of programmed cell
death (type II) (12-14).

A previous study demonstrated that Bax/Bak double
knockout mice are resistant to apoptosis although their
cells still undergo autophagy-mediated cell death (12).
When apoptosis dysfunction is caused by a Bax/Bak
knockout, JNK activation is crucial for autophagic death
(28). Thus, it appears that cells have the ability to
choose between apoptotic and autophagic processes to

1572

execute cell death. The pathways of apoptosis and auto-
phagy are closely associated. Beclin-1, an important
inducer of autophagy, can control the level of p53 (29).
The Bcl-2 family of proteins can also control the non-
apoptotic programmed cell death that depends on aut-
ogenes (12). Thus, it is reasonable that a cell would
respond to stress using two strategies that cause cell
death (i.e., the apoptotic and autophagic processes). In
this study, our data demonstrate that the level of OA-
induced lipotoxicity determines the primary strategy
that HepGz2 cells use to induce apoptosis.

A previous study demonstrated that an autophagic
process could be involved in the mitochondrial dysfunc-
tion-induced apoptotic death of striatal neurons (30).
In our study, both DRAM-mediated mitophagy and the
subcellular localization of BAX to the mitochondria
may induce mitochondrial apoptosis. Mitophagy, a cel-
lular ‘quality control system,” can reduce the overpro-
duction of ROS and RNS by degrading impaired
mitochondria, maintaining cellular homeostasis (31).
However, a recent study has indicated that tumour pro-
gression is abrogated by mitophagy but not by apoptosis
(32). In hepatosteatosis, the relationship between mito-
phagy and apoptosis is still unknown. Our results dem-
onstrate that mitophagy, a pro-apoptotic factor for

Liver International (2013)
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inducing hepatocytic apoptosis, plays a role in exacer-
bating NAFLD.

Our results also show that the activation of the p53
signalling pathway is critical for OA-induced auto-
phagy, apoptosis and cell impairment but not for OA-
induced lipotoxicity. p53 acts as a master regulator,
with pleiotropic effects on metabolism, antioxidant
defence, genomic stability, proliferation, senescence and
cell death (33). Previous data have shown that p53
pathway activation is involved in cell apoptosis in NA-
FLD (18, 34), regulating the balance of Bcl-2 and BAX
function (35). In the present study, the p53 signalling
pathway is activated, as shown by the upregulation of
PUMA, BAX and DRAM expression. In response to
DNA impairment, p53 promotes the expression of
PUMA, which interacts with Bcl-2 family members and
frees BAX to signal cells to undergo apoptosis (36, 37).
This p53-PUMA-Bax system is a classic signal for the
induction of cell death via apoptosis (38). DRAM is a
p53-induced modulator of autophagy (16), which can
co-localize with Beclin-1, a critical mediator of auto-
phagy development (39). DRAM-mediated autophagy
is considered critical for p53-induced apoptosis (40).
Recent studies have shown that in rat striatum, p53
mediates autophagy activation and neurodegeneration
via DRAM expression (40). However, our results dem-
onstrate that p53 can induce hepatocytic apoptosis via
different mechanisms in different stages of hepatostea-
tosis: DRAM-mediated autophagy is primarily mito-
phagy, and mitophagy is a critical pro-apoptotic factor
in mild cases. However, the PUMA/BAX signalling
pathway appears to play an important role in more
severe cases.

There are no established therapeutic strategies for
hepatosteatosis, and effective treatments are urgently
needed. Our findings that DRAM-mediated autophagy
and BAX-induced apoptotic processes can induce
hepatocytic death via p53 provide a promising new ave-
nue for studying hepatosteatosis.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Different concentrations of OA induce lipid
accumulation and LDH release differently. HepG2 cells
were cultured in 24-well plates for 24 h with 400, 800 or
1200 uM OA. The levels of intracellular triglycerides
and released LDH in the HepG2 cells in response to the
OA stimulus were analyzed. Data (mean = SEM) repre-
sent three independent experiments. Significance levels
were P < 0.05and P < 0.01 at 24 h.

Fig. S2. The effects of autophagy inhibition by
LY294002 pretreatment on OA-induced lipid accumula-
tion and LDH release. HepG2 cells were pretreated with
LY294002 for 5 h to inhibit autophagy and then treated
with 400, 800 or 1200 uM OA for 24 h. The levels of
intracellular triglycerides and released LDH were ana-
lyzed. Data (mean cells + SEM) represent three inde-
pendent experiments. The significance level was
P < 0.05at 24 h.
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