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lipotoxicity-induced hepatocellular death
through the SIRT1-requlated autophagy
pathway and independently of AMPK and Akt
in AML-12 hepatocytes
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Abstract

Background: Lipotoxicity-induced cell death plays a detrimental role in the pathogenesis of metabolic diseases.
Ferulic acid, widespread in plant-based food, is a radical scavenger with multiple bioactivities. However, the benefits
of ferulic acid against hepatic lipotoxicity are largely unclear. Here, we investigated the protective effect of ferulic acid
against palmitate-induced lipotoxicity and clarified its potential mechanisms in AML-12 hepatocytes.

Methods: AML-12 mouse hepatocytes were exposed to palmitate to mimic lipotoxicity. Different doses (25, 50, and
100 uM) of ferulic acid were added 2 h before palmitate treatment. Cell viability was detected by measuring lactate
dehydrogenase release, nuclear staining, and the expression of cleaved-caspase-3. Intracellular reactive oxygen spe-
cies content and mitochondrial membrane potential were analysed by fluorescent probes. The potential mechanisms
were explored by molecular biological methods, including Western blotting and quantitative real-time PCR, and were
further verified by siRNA interference.

Results: Our data showed that ferulic acid significantly inhibited palmitate-induced cell death, rescued mitochon-
drial membrane potential, reduced reactive oxygen species accumulation, and decreased inflammatory factor activa-
tion, including IL-6 and IL-1beta. Ferulic acid significantly stimulated autophagy in hepatocytes, whereas autophagy
suppression blocked the protective effect of ferulic acid against lipotoxicity. Ferulic acid-activated autophagy, which
was triggered by SIRT1 upregulation, was mechanistically involved in its anti-lipotoxicity effects. SIRT1 silencing
blocked most beneficial changes induced by ferulic acid.

Conclusions: We demonstrated that the phytochemical ferulic acid, which is found in plant-based food, protected
against hepatic lipotoxicity, through the SIRT1/autophagy pathway. Increased intake of ferulic acid-enriched food is a
potential strategy to prevent and/or improve metabolic diseases with lipotoxicity as a typical pathological feature.
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hyperlipidaemia as a hallmark. Under normal physiologi-
cal conditions, adipose tissues have a high ability to store
excessive fat, and maintain lipid homeostasis; however,
in the pathological state of insulin resistance, enhanced
lipolysis of adipose tissue leads to elevated heterotopic
deposition of free fatty acid (FFA) in non-adipose tissues,
such as the liver, skeletal muscle, and pancreas, resulting
in cell dysfunction and even cell death, which are termed
lipotoxicity and lipoapoptosis, respectively [1]. Because
the liver is the central organ of metabolism, hepatic cell
death induced by lipotoxicity accelerates the occurrence
and development of metabolic diseases. We previously
reported that alleviating hepatic lipotoxicity effectively
improved high-fat-diet-induced NAFLD in mice [2].
FFAs are chemically divided into saturated fatty acids
(SFAs) and unsaturated fatty acids (USFAs). Lipotoxicity-
induced cell death is commonly induced by SFAs stimu-
lating oxidative stress and endoplasmic reticulum stress
[3, 4], whereas USFAs tend to improve SFA-induced lipo-
toxicity [5]. Palmitic acid (PA, C16:0) is the most abun-
dant natural SFA in food and the human body and is
widely used to induce lipotoxicity for scientific investiga-
tions [6, 7].

Autophagy is a highly conserved physiological process
by which intracellular components can be degraded and
removed for quality control and nutritional purposes.
People with lipid metabolism disorders of the liver,
such as NAFLD patients, usually suffer from impaired
autophagy [2]. Recent studies, including ours, have con-
firmed that activating autophagy is an effective way to
improve lipotoxicity-induced hepatocellular injury in
both cultured cells and animal models [2, 8]. Although
the mechanisms behind autophagy-regulated lipotoxic-
ity are not fully illustrated, autophagy activation helps to
eliminate damaged organelles, such as mitochondria and
the endoplasmic reticulum, which are eliminated in pro-
cesses termed mitophagy and reticulophagy, respectively;
moreover, autophagy is involved in protecting against
lipotoxicity by improving oxidative stress and endoplas-
mic reticulum stress [9, 10]. Additionally, autophagy
degrades intracellularly accumulated triglycerides in a
process termed lipophagy [11] and, in turn, alleviates
obesity-associated metabolic disorders in the liver [12].

Several mechanisms have been implicated in the regu-
lation of autophagy. Among these, adenosine monophos-
phate-activated protein kinase (AMPK) activation acts as
a positive regulator of autophagy by inhibiting mamma-
lian target of rapamycin (mTOR) in the state of intracellu-
lar energy deficiency [13]. Sirtuin 1 (SIRT1), a homologue
of mammalian silencing information regulator 2, is an
NAD™"-dependent deacetylase that regulates protein
activity by modifying the acetylation of molecules, tran-
scription factors and enzymes. SIRT1 participates in the
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regulation of autophagy by affecting autophagy-related
gene 3 (Atg3), Atg7 and microtubule-associated protein 1
(MAP1) light chain 3 (LC3) deacetylation. LC3, an initia-
tor of autophagosomes, can be deacetylated by SIRT1 in
the nucleus, which selectively activates LC3 and allows it
to engage in autophagy [14, 15]. We previously reported
that SIRT1 activation protected lipotoxicity-induced
hepatic cell death by stimulating autophagy [16]. Akt
(also known as protein kinase B, PKB), a key regulator of
cellular survival, has also been confirmed to participate
in the regulation of autophagy and lipotoxicity-induced
hepatic cell death [17, 18].

There are no safe and effective clinical drugs to treat
metabolic diseases so far. Accumulating evidence sug-
gests that patients with abnormal liver metabolism can
enhance their physical health indicators by adjusting
their dietary structure, such as increasing the intake
of fruits, vegetables, and whole grains [19]. Ferulic acid
(FA), chemically known as 4-hydroxy-3-methoxy-cin-
namic acid, is mainly cross-linked with cytoderm poly-
saccharides and lignin to form part of the cytoderm in
plants. FA is widely found in the seeds of whole grains
(bran, rice, wheat, etc.), vegetables (tomato, celery, spin-
ach, etc.), and fruits (pineapple, grape, blackberry, etc.),
with whole grains containing the highest FA content (up
to 1000 mg/kg in rye) [20-22]. Accurate nutritional sur-
veys about FA intake are lacking. Consumption of food
source FAs can be estimated at a daily intake of approxi-
mately 150-200 mg [23]. Several biological functions
of FA have been reported, such as antidiabetes, antioxi-
dation, anti-inflammation and anticancer functions as
well as blood lipid-lowering functions. FA is more eas-
ily absorbed by the body than other phenolic acids and
stays in the blood for a longer amount of time [24]. FA
acts as an antioxidant due to its scavenging of radicals,
rather than the formation of phenoxyl radicals, as well
as its inhibition of reactive oxygen species (ROS) gen-
eration through donation of a hydrogen atom. Previous
studies showed that FA improved thioacetamide- and
CCl4-induced hepatic fibrosis [25, 26] and diosbulbin
B-, cadmium-, and streptozotocin-induced liver dam-
age [27-29]. FA supplementation significantly improved
hepatic lipid metabolism disorder and decreased liver
injury in high-fat-diet-induced obese mice [30, 31]. How-
ever, few studies have been conducted to analyse the
effect of FA on lipotoxicity-induced hepatic cell death,
and the mechanisms are largely unclear.

The present study was designed to focus on the influ-
ence of FA on lipotoxicity-induced hepatocyte dysfunc-
tion, including apoptosis, mitochondrial dysfunction, and
oxidative stress, and its potential molecular mechanisms.
PA was chosen to establish a hepatic lipotoxicity model
in vitro. We observed that incubation with FA markedly
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ameliorated PA-induced apoptosis, LDH leakage, mito-
chondrial membrane potential (MMP) reduction, ROS
generation, and inflammatory activation. FA triggered
SIRT1 upregulation, which in turn activated autophagy,
which was mechanistically involved in the beneficial
role of FA against lipotoxicity. Hence, our study reveals
that FA is a potential effective phytochemical compound
resistant to hepatic lipotoxicity.

Material and methods

Chemicals

All chemicals, including PA, bovine serum albumin
(BSA), dimethylsulfoxide (DMSO), and chloroquine
(CQ), were purchased from Sigma-Aldrich (St. Louis,
MO). FA was provided by Chengdu Herbpurify Co., Ltd.
(Sichuan, China). PA-BSA conjugates were prepared as
described previously [16]. All experiments contained
a control/vehicle group that was exposed to the same
amount of solvent (e.g., BSA or DMSO).

Cell culture

AML-12, a nontransformed mouse hepatocyte cell line,
was obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA). Cells were cultured in a 1:1
mixture of Dulbecco’s Modified Eagle Medium/Ham’s
Nutrient Mixture F-12 (DMEM/F-12, HyClone, Logan,
Utah) containing 10% (v/v) foetal bovine serum, 10 pg/
mL insulin, 5.5 pg/mL transferrin, 5 ng/mL sodium sele-
nite, 40 ng/mL dexamethasone, 100 U/mL penicillin, and
100 pg/mL streptomycin, at 37 °C in a humidified O,/
CO, (19:1) atmosphere.

Cell death assays

Cells were seeded into plates and allowed to grow to
approximately 80% confluency and then incubated with
the indicated treatments. Cell viability was detected by
MTT assay, lactate dehydrogenase (LDH) release assay,
and Hoechst staining. For the MTT assay, MTT (Solar-
bio, Beijing, China) was added to each well to a final
concentration of 5 mg/mL and maintained at room tem-
perature for 4 h. Then, DMSO was added and incubated
on a plate shaker for 10 min. The absorption was detected
at 470 nm using a microplate reader (Dynatech, El Paso,
Texas, MR-4100). For the LDH assay, the medium was
collected for LDH analysis using an LDH kit (Pierce,
Rockford, IL) according to the manufacturer’s instruc-
tions. The absorption values were measured at 340 nm
using a microplate reader (Dynatech, MR-4100). Cell
viability was also assessed by Hoechst 33,342 (Sigma-
Aldrich) staining. The plate was washed twice with
chilled phosphate-buffered saline (PBS) after staining
for 30 min. The nuclear morphological changes were
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examined by fluorescence microscopy (Nikon, Tokyo,
Japan, TE2000-U).

ROS detection

ROS content was determined by a 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA, Sigma-Aldrich) probe.
DCFH-DA (10 pM final concentration) was added to
each well and allow to stain the cells at room temperature
for 30 min. Chilled PBS was used to wash the cells three
times. The fluorescence intensity was measured with an
inverted fluorescence microscope (Nikon, TE2000-U).
Image] 1.51 software was used to quantify the mean fluo-
rescence intensity (MFI) from five random fields.

MMP assay

MMP was assessed by staining with the fluorescent dye
rhodamine 123 (Rh123, Solarbio). Cells were stained
with Rh123 (100 pg/mL final concentration) for 45 min
at room temperature. Then, the cells were washed with
chilled PBS to remove excess dye. The fluorescence inten-
sity was measured with an inverted fluorescence micro-
scope (Nikon, TE2000-U). Image] 1.51 software was used
to analyse MFI from five random fields.

RNA interference

Small interfering RNA (siRNA) targeting mouse SIRT1
was purchased from GenePharma Co., Ltd. (Shang-
hai, China). SiIRNA-Mate (GenePharma) was utilized to
deliver siRNA to the targeted cells according to the man-
ufacturer’s protocol. Scrambled siRNA (GenePharma)
was applied in the negative control group. Silencing effi-
ciency was verified by quantitative real-time PCR and
Western blot analysis.

RNA extraction and quantitative real-time PCR
Intracellular total RNA was harvested by TRIzol (Invitro-
gen, Carlsbad, CA). qRT-PCR was performed with a Ste-
pOnePlus Real-Time PCR System (Applied Biosystems,
Foster City, CA). The data were analysed by the 2~ (AACY
method. Rn18s was used as housekeeping gene for cali-
bration. The primer sequences are listed in Table 1.

Table 1 List of primers

Gene Forward primer (5’-3/) Reverse primer (5’-3’)
SIRT1 GGAGCAGATTAGTAAGCGGCTTG  GTTACTGCCACAGGAACT
-6 CCGGAGAGGAGACTTCACAGC AGAGG
AGAATTGCCATTGCACAAC
IL-Tbeta TCCAGGATGAGGACATGAGCAC  GAACGTCACACACCAGCA
GGTTA
Rn18s GAATGGGGTTCAACGGGTTAA GGTCTGTGATGCCCTTAGA
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Western blot analysis

Western blotting was performed as previously described
[16]. The primary antibodies used were as follows: anti-
cleaved-caspase-3, anti-Bcl-2, anti-Bax, anti-phospho-
rylated-AMPK, anti-AMPK, anti-phosphorylated-Akt,
anti-Akt, anti-LC3B, anti-p62, anti-Beclinl, anti-ATGS5,
anti-ATG7, anti-Acetylation, anti-Lamin B and anti-
SIRT1 antibody from Cell Signaling Technology, Inc.
(Danvers, MA). The anti-p-tubulinl antibody was from
Boster Biological Technology (Wuhan, China). The sec-
ondary antibodies were provided by Boster Biological
Technology.

Analysis of autophagic flux

The autophagic flux was measured as previously
described [32]. In brief, chloroquine (CQ) was added
prior to FA treatment to inhibit lysosome acidification.
Autophagic flux was determined by detecting GFP-
LC3 puncta with a laser scanning confocal microscope
(Zeiss, Jena, German, LSM880), and LC3 II expression
was determined by Western blotting. For GFP-LC3 fluo-
rescence detection, cells were transiently infected with
recombinant GFP-LC3 lentivirus (GeneChem, Shanghai,
China).

Statistical analysis

All experimental data are from at least three independent
experiments and are shown as the mean 4 SD. Statistical
significance was determined by Student’s t-test or one-
way ANOVA followed by Tukey’s multiple comparisons
test. All tests were performed with SPSS 19.0. A value of
p<0.05 was considered significant.

Results

FA protects against hepatocyte cell death induced by PA
The cytotoxicity of FA was initially determined in AML-
12 hepatocytes. No significant cytotoxicity was observed
at doses up to 800 uM (Fig. 1a). Based on these results
combined with those of previous studies [8, 33], incre-
mental doses of FA (0, 25, 50, and 100 uM) were selected
to evaluate the protective effect of FA against palmitate-
induced lipotoxicity. The results indicated that FA sig-
nificantly suppressed PA-induced hepatocyte cell death
in a dose-dependent manner (Fig. 1b, c). FA exposure
also prevented PA-induced caspase-3 cleavage, a typical
indicator of apoptosis, with an optimal dose of 100 uM
(Fig. 1d). In addition, PA-induced DNA condensation and
nuclear fragmentation were also inhibited by FA pretreat-
ment (Fig. 1e). To test the generality of our findings, we
conducted similar experiments in a human hepatocyte
cell line (HepG2). Our results showed that FA incubation
markedly reversed PA-induced cell death in HepG2 cells
(Additional file 1: Fig. S1). All these results suggested that
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FA exhibited a strong protective role against hepatic lipo-
toxicity induced by PA.

FA improves lipotoxicity-induced mitochondrial
dysfunction in hepatocytes

In view of the strong antioxidant effect of FA, we sub-
sequently tested the protective ability of FA on mito-
chondria, the main source of intracellular ROS. Our
results showed that PA exposure significantly potenti-
ated intracellular ROS levels, while FA pretreatment
effectively prevented PA-triggered excessive ROS gen-
eration (Fig. 2a). Meanwhile, FA pretreatment also dra-
matically recovered the MMP suppressed by PA (Fig. 2b).
Moreover, the alteration of apoptosis-related mitochon-
drial proteins, including Bcl-2 and Bax, was significantly
reversed by FA pretreatment (Fig. 2c).

Autophagy activation contributes to FA-mediated
inhibition of lipotoxicity

We previously reported that the activation of autophagy
protects hepatocytes from PA-induced lipotoxicity [8]. In
this study, we found that FA exposure significantly stimu-
lated hepatic autophagy in AML-12 cells, as evidenced by
the observation of increased Beclinl expression and LC3
II conversion, both of which are well-established markers
of autophagy induction, and reduced expression of p62,
a protein specifically degraded by autophagy, induced
by FA in a dose-dependent and time-dependent manner
(Fig. 3a, b). Although we did not observe an upregula-
tory effect of FA on the expression of other autophagy-
related genes, including ATG5 and ATG7 (Fig. 3a), FA
incubation markedly stimulated autophagic flux, which
was confirmed by increased LC3 II conversion and LC-3
puncta formation in the presence of chloroquine (Fig. 3c,
d). Importantly, the protective effect of FA against lipo-
toxicity was robustly blocked by autophagy inhibition
(Fig. 3e—g), indicating that autophagy activation partici-
pated in the beneficial effect of FA against lipotoxicity.

SIRT1 upregulation participates in FA-induced autophagy

Subsequently, we investigated the upstream regula-
tors by which FA stimulated autophagy. Previous
studies have reported that FA treatment promotes
the phosphorylation of both AMPK and Akt [34, 35],
whose induction is mechanistically involved in the
activation of autophagy [13, 18]. Therefore, we asked
whether the activation of these two kinases contrib-
utes to FA-regulated autophagy in hepatocytes. Unex-
pectedly, our data showed that FA treatment did not
increase the expression of phosphorylated AMPK or
Akt (Fig. 4a). However, we observed that SIRT1, which
is another upstream regulator of autophagy [36], was
upregulated by FA treatment in a dose-dependent and
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time-dependent manner (Fig. 4a, b). We also tested the
activity of SIRT1 in response to FA treatment by detect-
ing the nuclear protein acetylation status. Our data
showed that FA exposure significantly stimulated the
activity of SIRT1 based on the observation of less acet-
ylated protein in the hepatocyte nuclei (Fig. 4c). PA-
mediated suppression of SIRT1 protein expression was
obviously reversed by FA incubation (Fig. 4d). Impor-
tantly, FA treatment failed to stimulate autophagy in
SIRT1-silenced hepatocytes (Fig. 4e—g), indicating that

SIRT1 participated in FA-stimulated autophagy. We
also observed a higher level of LC3 II in SIRT1-knock-
down cells (Fig. 4g), probably because SIRT1 deficiency
impeded autophagic flux and hence blocked LC3 II deg-
radation. To confirm this possibility, we measured the
expression of p62, which can be specifically degraded
by autophagy. In support of our hypothesis, and in line
with the results of a previous study [14], p62 obviously
accumulated in SIRT1-silenced cells (Additional file 1:
Fig. S2).
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SIRT1-regulated autophagy is mechanistically involved

in the FA-mediated alleviation of lipotoxicity

We then analysed the participation of SIRT1-mediated
autophagy in the protective effect of FA against lipotox-
icity in AML-12 hepatocytes. The results showed that
genetically knocking down SIRT1 significantly blocked
the protective effect of FA against lipotoxicity induced
by PA treatment, as evidenced by the detection of LDH
release, cleaved-caspase-3 expression, and nuclear stain-
ing (Fig. 5a—c).

FA improves PA-induced proinflammatory cytokine
activation in hepatocytes

The anti-inflammatory role of FA was investigated in
this study. Our results showed that PA exposure sig-
nificantly transcriptionally stimulated proinflammatory
factors, including IL-1beta and IL-6, while FA pretreat-
ment markedly reversed PA-induced inflammatory reac-
tions (Fig. 6a—d). We further asked that whether SIRT1/

autophagy pathway was mechanistically involved in
FA-inhibited inflammation. Our data showed that nei-
ther inhibiting autophagy by CQ nor silencing SIRT1 by
special siRNA blocked FA-protected IL-1beta and IL-6
expressions (Fig. 6a—d), which indicated that a SIRT1/
autophagy independent pathway might contribute to the
anti-inflammatory effect of FA in hepatocytes.

Discussion
In this study, we identified that FA, a nontoxic phenolic
acid, exerted a strong antiapoptotic role in PA-induced
hepatic lipotoxicity. FA intervention significantly allevi-
ated lipotoxicity-induced mitochondrial dysfunction and
inflammation in AML-12 hepatocytes. Our data sug-
gested that the SIRT1-mediated autophagy signalling
pathway contributed to the beneficial effects of FA men-
tioned above.

Lipotoxicity plays an essential pathological role in
the development of several metabolic diseases [37]. In
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the liver, excessive FFAs may initiate hepatocyte injury,
inflammation, and even apoptosis, which in turn leads
to liver dysfunction and promotes the occurrence of
various metabolic diseases [38, 39]. It is commonly rec-
ognized that the major detrimental role of lipotoxicity is

not caused by neutral triglyceride deposition but rather
originates from excessive free SFAs, among which PA is
the commonly used lipotoxicity-inducing compound [5,
7, 40]. Accumulated evidence has proven that strategies
for alleviating hepatic lipotoxicity effectively improve
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Fig.4 SIRT1 upregulation participated in ferulic acid-induced autophagy. a AML-12 cells were treated with different concentrations (0, 25, 50, and
100 puM) of ferulic acid (FA) for 12 h. Total cell lysates were probed by immunoblotting for SIRT1, phosphorylated AMPK, and phosphorylated Akt.
b Cells were treated with 100 uM FA for 0,4, and 8 h. SIRT1 protein abundance was detected. ¢ Nuclear protein acetylation was detected after FA
(100 pM) treatment for 12 h. d FA (100 uM) was added 2 h before 0.5 mM palmitic acid (PA) exposure. After 12 h of incubation, SIRT1 was detected
by immunoblotting. e, f AML-12 cells were transfected with si-SIRT1 or scramble siRNA. The silencing efficiency was verified by SIRTT mRNA and
protein expression. g Autophagy-related proteins, including ATG5, ATG7, Beclin1 and LC3, were detected by immunoblotting. All values are shown
as the means =& SD from three or more independent batches of cells. Bars with different superscripts are significantly different at p ©0.05

metabolic diseases, such as NAFLD [41]. To date, no
safe and efficient clinical drug to prevent lipotoxicity has
been officially approved. Many epidemiological studies
have reported that improving dietary habits, especially
increasing the intake of plant-based foods, such as whole-
grain food, was beneficial for the prevention of hepatic
metabolic disorders in NAFLD patients [42]. Therefore,
phytochemicals extracted from plant foods or medi-
cal herbs provide a feasible alternative for the treatment

of lipotoxicity-related metabolic diseases. FA, which is
widely present in whole grains and is found at a concen-
tration of 1000 mg/kg in rye [22], was recently reported
to improve high-fat-diet-induced hepatic metabolic dis-
order in experimental animals [30, 31, 43]. Several stud-
ies have demonstrated that FA is a strong scavenger of
excessive ROS, and ROS induction is mechanistically
involved in lipotoxicity-induced apoptosis [44, 45]. How-
ever, limited studies have been conducted to investigate
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the protective role of FA against lipotoxicity-induced cell
death in hepatocytes. In this study, we reported for the
first time that FA intervention significantly alleviated PA-
induced apoptosis in hepatocytes, which was confirmed
by the detection of LDH release, caspase-3 cleavage, and
nuclear morphology.

We subsequently analysed the potential mechanisms
behind the protective effects of FA. Autophagy is a con-
served and complex quality control pathway that plays a
crucial role in eliminating damaged proteins and orga-
nelles [46]. Upon autophagy induction, LC3, a mam-
malian homologue of Atg8, controls the formation of
autophagosomes and lysosomes as well as the degrada-
tion of substrates. LC3 I is regulated by phosphatidyleth-
anolamine at its glycine residue to become LC3 II, which
is bound to both the outer and inner membranes of the
autophagosome [47]. Beclinl (also termed BECN1), a
homologue of yeast Atg6, not only participates in the for-
mation of autophagosomes but also regulates autophagic
activity [48]. SQSTM1 (sequestosome 1, also known as
p62) is a selective autophagy receptor that transports
ubiquitinated targets to autophagosomes [49]. It has
been well documented that autophagic flux is impaired in

the livers of individuals with metabolic diseases, such as
NAFLD [50-52]. The activation of autophagy improved
hepatic metabolic disorders by removing excess lipid
droplets from hepatocytes and alleviated liver injury [53].
We previously reported that autophagy activation pro-
tected hepatocytes from SFA-induced hepatic apoptosis
[8]. Therefore, we hypothesized that autophagy activation
contributed to the beneficial role of FA. In support of our
hypothesis, FA treatment markedly stimulated autophagy
in hepatocytes based on the observations of increased
autophagic flux, enhanced Beclinl expression and LC3
II conversion, and reduced p62 expression. In line with
our observations, FA has also been reported to stimulate
autophagy in other types of cells, including renal cells,
brain microvascular endothelial cells, and myocardial
cells [54—56]. Importantly, inhibition of autophagy sig-
nificantly blocked the protective role of FA against PA-
induced apoptosis, indicating that autophagy induction
was mechanistically involved in the FA-mediated allevia-
tion of lipotoxicity in hepatocytes.

Lipotoxicity-induced  mitochondrial  dysfunction,
excessive ROS production, and even programmed apop-
tosis play critical roles in the pathological process in
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Fig. 6 Ferulic acid improves PA-induced proinflammatory cytokines activation in hepatocytes. AML-12 cells were pretreated with or without ferulic
acid (FA, 100 uM) for 2 h before 12 h of palmitic acid (PA, 0.5 mM) exposure. Chloroquine (CQ, 20 uM) was added 1 h before FA exposure. For SIRT1
silencing, treatments were carried out after transfecting cells with si-SIRT1 or scramble siRNA. Gene expression of proinflammatory factors was
analysed by quantitative real-time PCR. a, b /[-6 mMRNA. ¢, d /l-18 mRNA. All values are shown as the means =+ SD from three or more independent

batches of cells. Bars with different superscripts are significantly different at p “ 0.05

hepatic metabolic diseases [4]. Selective degradation
of damaged mitochondria by autophagy, also termed
mitophagy, helps to maintain the integrity of cell func-
tion. Recent evidence has shown that the induction of
mitophagy prevents high-fat-diet-induced liver injury
[57, 58]. In addition, PA decreased mitophagy, leading
to mitochondrial dysfunction characterized by extensive
mito-ROS production and MMP loss [59]. Data from
our study clearly revealed that FA treatment significantly
abrogated PA-induced mitochondrial dysfunction by
improving MMP and intracellular ROS levels. However,
more direct evidence on mitophagy in FA-treated hepat-
ocytes is still needed in future studies.

Several mechanisms have been identified in the regu-
lation of autophagy. SIRT1, an NAD*-dependent dea-
cetylase, regulates autophagy initiation by mediating LC3
deacetylation [36]. SIRT1 activation exerted a positive
effect on the regulation of liver lipid metabolism, oxida-
tion and inflammation [60], whereas SIRT1 depletion
accelerated hepatic injury in the pathogenesis of NAFLD
[60, 61]. We recently reported that SIRT1 induction has
a protective effect against PA-induced hepatocellular
death [16]. This evidence prompted us to hypothesize
that SIRT1-regulated autophagy contributes to FA-medi-
ated protection against lipotoxicity. This notion was sup-
ported by the following evidence: First, FA treatment
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obviously stimulated SIRT1 expression in a dose-depend-
ent and time-dependent manner. Similar effects were
also observed in FA-treated skeletal muscle cells, bone,
and testis [62-64]. Second, genetically knocking down
SIRT1 robustly abolished FA-stimulated autophagy
induction. Last but most importantly, FA-mediated
protection against lipotoxicity was robustly blocked in
SIRT1-silenced hepatocytes. We also detected the poten-
tial targets through which SIRT1 regulated autophagy.
Previous studies have reported that SIRT1 activation
stimulated Beclinl, Atg5, and Atg7 upregulation in virous
types of cells [65—67]. In this study, our data clearly indi-
cated that Beclinl induction but not Atg5 and Atg7 con-
tributed to SIRT1-stimulated autophagy in the presence
of FA, evidenced by the observations that FA treatment
only enhanced the expression of Beclinl without affect-
ing Atg5 and Atg7, and this enhancement was blocked
by SIRT1 silencing, which was supported by a previous
study that autophagy could be stimulated independently
of Atg5 and Atg7 [68-70]. It has also been reported that
FA stimulated autophagy via Beclinl involved pathway
in the penumbral cortex of rats [71]. The above evidence
implied that Beclinl was a potential target of SIRT1 in
FA-stimulated autophagy in hepatocytes. An interesting
question will be whether and how SIRT1 regulates the
acetylation level of autophagy-related genes in the pres-
ence of FA, which should be investigated in the future
study. Additionally, AMPK, a central sensor of intracel-
lular energy, is a key regulator of autophagy by inhibit-
ing the downstream target mTOR complex 1, which is
a negative regulator of autophagy. Several studies have
reported the reciprocal regulatory relationship between
SIRT1 and AMPK [72]. The activation of AMPK sig-
nificantly eliminated lipotoxicity-induced hepatocyte
death [73]. FA was shown to activate AMPK in skeletal
muscle cells and cardiac myocytes [34, 60]. We there-
fore analysed the involvement of phosphorylated AMPK
in FA-treated hepatocytes. Unexpectedly, FA incuba-
tion did not activate AMPK phosphorylation in AML-
12 hepatocytes, which excluded the participation of
AMPK in FA-mediated protection against lipotoxicity.
The phosphatidylinositol 3-kinase (PI3K)/Akt pathway,
whose activation promotes cell survival under lipotoxic
conditions [17], is mechanistically involved in autophagy
induction [18]. Reports on the regulation of PI3K/Akt
by FA have been inconsistent. PI3K/Akt was inhibited
by FA in tumour cells [74] but stimulated during cellu-
lar dysfunction induced by detrimental stimuli [75]. In
this study, we observed that Akt phosphorylation was
not significantly regulated by FA treatment in AML-12
hepatocytes, implying that the PI3K/Akt pathway did not
participate in FA-induced autophagy or in other benefi-
cial effects of FA against lipotoxicity.
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Proinflammatory factor-triggered cytotoxicity plays a
detrimental role in the development of hepatic metabolic
disorders. Accumulating studies, including ours, have
indicated that PA exposure transcriptionally stimulates
the expression of proinflammatory factors, including IL-
1beta and IL-6 [76-78]. In the present study, we observed
that FA intervention markedly reversed PA-induced acti-
vation of proinflammatory factors in hepatocytes, which
was in line with the fact that FA inhibited proinflamma-
tory reactions in other types of cells [79, 80]. However,
our data showed that SIRT1-regulated autophagy path-
way was not involved in FA-inhibited inflammation.
More mechanistical studies are still needed to clarify on
how does FA regulate lipoxicity-induced inflammation
in hepatocytes. In view of the crosstalk between oxida-
tive stress and inflammation, we cannot say whether FA
inhibited lipotoxicity by acting on the inflammatory sign-
aling pathway or by improving oxidative stress; this ques-
tion will need further investigation.

Conclusions

In summary, our study reported that by activating
the SIRT1/autophagy pathway, FA treatment pro-
tects hepatocytes against lipotoxicity-induced apopto-
sis. Our findings provide a new mechanism that may
advance our understanding of the biological value of FA
in hepatic metabolic diseases. This study highlights the
potential value of FA as a dietary supplement in pre-
venting and/or treating liver diseases with lipotoxicity
as a typical pathological feature.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512986-021-00540-9.

[ Additional file 1. Supplementary data file. }

Abbreviations

FA: Ferulic acid; NAFLD: Non-alcoholic fatty liver disease; FFAs: Free fatty acids;
SFAs: Saturated fatty acids; USFAs: Unsaturated fatty acids; PA: Palmitate acid;
AMPK: Adenosine monophosphate-activated protein kinase; mTOR: Mam-
malian target of rapamycin; SIRT1: Sirtuin 1; Atg: Autophagy-related genes;
LC3: Microtubule-associated protein 1 light chain 3; PKB: Protein kinase B;
SQSTM1 (also known as p62): Sequestrome1; MMP: Mitochondrial membrane
potential; ROS: Reactive oxygen species; CQ: Choloroquine; LDH: Lactate
dehydrogenase; DCFH-DA: 2,7-Dichlorodi-hydrofluorescein diacetate; Rh123:
Rhodamine 123.

Acknowledgements
Not applicable.

Authors’ contributions

SL and XD designed the study; TX, LZ, WY, and XW performed the experi-
ments; SL and QS wrote the manuscript; QQ and HC made contributions to
the interpretation of data; QH and HP revised the manuscript. All authors read
and approved the final manuscript.


https://doi.org/10.1186/s12986-021-00540-9
https://doi.org/10.1186/s12986-021-00540-9

Xu et al. Nutr Metab (Lond) (2021) 18:13

Funding

This work was supported by the Natural Science Foundation of China [Grant
Numbers 81973041 and 81773981], Zhejiang Natural Science Founda-

tion for Distinguished Young Scholars (Grant Number LR20H260001), and
the Research Fund of Zhejiang Chinese Medical University (Grant Number
771200F027).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

! College of Basic Medicine and Public Health, Zhejiang Chinese Medical Uni-
versity, Hangzhou 310053, China. 2 College of Life Science, Zhejiang Chinese
Medical University, Hangzhou 310053, China. > Molecular Medicine Institute,
Zhejiang Chinese Medical University, Hangzhou 310053, China. * The First
Affiliated Hospital of Zhejiang Chinese Medical University, Zhejiang Chinese
Medical University, Hangzhou 310053, China. ® Collaborative Research Center,

Shanghai University of Medicine and Health Sciences, Shanghai 201399, China.

Received: 22 October 2020 Accepted: 2 January 2021
Published online: 19 January 2021

References

1. van Herpen NA, Schrauwen-Hinderling VB. Lipid accumulation in non-
adipose tissue and lipotoxicity. Physiol Behav. 2008,94:231-41.

2. LiS,Dou X, Ning H, Song Q, Wei W, Zhang X, Shen C, Li J, Sun C, Song Z.
Sirtuin 3 acts as a negative regulator of autophagy dictating hepatocyte
susceptibility to lipotoxicity. Hepatology. 2017;66:936-52.

3. HanJ, Kaufman RJ. The role of ER stress in lipid metabolism and lipotoxic-
ity. J Lipid Res. 2016;57:1329-38.

4. Hauck AK, Bernlohr DA. Oxidative stress and lipotoxicity. J Lipid Res.
2016;57:1976-86.

5. Alkhouri N, Dixon LJ, Feldstein AE. Lipotoxicity in nonalcoholic fatty liver
disease: not all lipids are created equal. Expert Rev Gastroenterol Hepatol.
2009;3:445-51.

6. de Almeida IT, Cortez-Pinto H, Fidalgo G, Rodrigues D, Camilo ME. Plasma
total and free fatty acids composition in human non-alcoholic steato-
hepatitis. Clin Nutr. 2002;21:219-23.

7. OgawaY, Imajo K, Honda Y, Kessoku T, Tomeno W, Kato S, Fujita K, Yoneda
M, Saito S, Saigusa Y, et al. Palmitate-induced lipotoxicity is crucial for the
pathogenesis of nonalcoholic fatty liver disease in cooperation with gut-
derived endotoxin. Sci Rep. 2018;8:11365.

8. LiS, LiJ, Shen C Zhang X, Sun S, Cho M, Sun C, Song Z. tert-Butylhydro-
quinone (tBHQ) protects hepatocytes against lipotoxicity via inducing
autophagy independently of Nrf2 activation. Biochim Biophys Acta.
2014;1841:22-33.

9. Zhang NP, Liu XJ, Xie L, Shen XZ, Wu J. Impaired mitophagy trig-
gers NLRP3 inflammasome activation during the progression from
nonalcoholic fatty liver to nonalcoholic steatohepatitis. Lab Invest.
2019;99:749-63.

10. Pang L, LiuK, Liu D, Lv F, ZangYY, Xie F, Yin J, ShiY, Wang Y, Chen D. Differ-
ential effects of reticulophagy and mitophagy on nonalcoholic fatty liver
disease. Cell Death Dis. 2018;9:90.

11. Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M, Tanaka K,
Cuervo AM, Czaja MJ. Autophagy regulates lipid metabolism. Nature.
2009;458:1131-5.

12. Yang L, Li P Fu S, Calay ES, Hotamisligil GS. Defective hepatic autophagy
in obesity promotes ER stress and causes insulin resistance. Cell Metab.
2010;11:467-78.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

Page 12 of 13

. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy

through direct phosphorylation of Ulk1. Nat Cell Biol. 2011;13:132-41.

. Ou X Lee MR, Huang X, Messina-Graham S, Broxmeyer HE. SIRT1 posi-

tively regulates autophagy and mitochondria function in embryonic
stem cells under oxidative stress. Stem Cells. 2014;32:1183-94.

. Morselli E, Marino G, Bennetzen MV, Eisenberg T, Megalou E, Schroeder

S, Cabrera S, Benit P, Rustin P, Criollo A, et al. Spermidine and resveratrol
induce autophagy by distinct pathways converging on the acetylpro-
teome. J Cell Biol. 2011;192:615-29.

. Shen C, Dou X, Ma Y, Ma W, Li S, Song Z. Nicotinamide protects hepato-

cytes against palmitate-induced lipotoxicity via SIRT1-dependent
autophagy induction. Nutr Res. 2017,40:40-7.

. NingH, Sun Z LiuY, LiuL,Hao L, YeY,Feng R, Li J, Li Y, Chu X, et al. Insulin

protects hepatic lipotoxicity by regulating ER stress through the PI3K/
Akt/p53 involved pathway independently of autophagy inhibition. Nutri-
ents. 2016;8:227.

. Zhu Q,Yu X, Zhou ZW, Zhou C, Chen XW, Zhou SF. CInhibition of aurora A

kinase by alisertib induces autophagy and cell cycle arrest and increases
chemosensitivity in human hepatocellular carcinoma HepG2 cells. Curr
Cancer Drug Targets. 2017;17(4):386-401.

. Riazi K, Raman M, Taylor L, Swain MG, Shaheen AA. Dietary patterns and

components in nonalcoholic fatty liver disease (NAFLD): what key mes-
sages can health care providers offer? Nutrients. 2019;11:2878.

Zdunska K, Dana A, Kolodziejczak A, Rotsztejn H. Antioxidant proper-
ties of ferulic acid and its possible application. Skin Pharmacol Physiol.
2018;31:332-6.

Kumar N, Pruthi V. Potential applications of ferulic acid from natural
sources. Biotechnol Rep (Amst). 2014;4:86-93.

Rybka K, Sitarski J, Raczynska-Bojanowska K. Ferulic acid in rye and wheat
grain and grain dietary fiber. Cereal Chem. 1993;70:55-55.

Zhao Z, Moghadasian MH. Chemistry, natural sources, dietary intake
and pharmacokinetic properties of ferulic acid: A review. Food Chem.
2008;109:691-702.

Tee-ngam P, Nunant N, Rattanarat P, Siangproh W, Chailapakul O. Simple
and rapid determination of ferulic acid levels in food and cosmetic sam-
ples using paper-based platforms. Sensors (Basel). 2013;13:13039-53.
Hussein RM, Anwar MM, Farghaly HS, Kandeil MA. Gallic acid and ferulic
acid protect the liver from thioacetamide-induced fibrosis in rats via
differential expression of miR-21, miR-30 and miR-200 and impact on
TGF-beta1/Smad3 signaling. Chem Biol Interact. 2020,324:109098.

Mu M, Zuo S, Wu RM, Deng KS, Lu S, Zhu JJ, Zou GL, Yang J, Cheng ML,
Zhao XK. Ferulic acid attenuates liver fibrosis and hepatic stellate cell
activation via inhibition of TGF-beta/Smad signaling pathway. Drug Des
Devel Ther. 2018;12:4107-15.

Niu C, Sheng, Zhu E, Ji L, Wang Z. Ferulic acid prevents liver

injury induced by Diosbulbin B and its mechanism. Biosci Trends.
2016;10:386-91.

Sanjeev S, Bidanchi RM, Murthy MK, Gurusubramanian G, Roy VK. Influ-
ence of ferulic acid consumption in ameliorating the cadmium-induced
liver and renal oxidative damage in rats. Environ Sci Pollut Res Int.
2019;26:20631-53.

Thyagaraju BM. Ferulic acid supplements abrogate oxidative impair-
ments in liver and testis in the streptozotocin-diabetic rat. Zoolog Sci.
2008;25:854-60.

Naowaboot J, Piyabhan P, Munkong N, Parklak W, Pannangpetch P. Ferulic
acid improves lipid and glucose homeostasis in high-fat diet-induced
obese mice. Clin Exp Pharmacol Physiol. 2016;43:242-50.

Ma, Chen K, Lv L, Wu S, Guo Z. Ferulic acid ameliorates nonalco-

holic fatty liver disease and modulates the gut microbiota composi-
tion in high-fat diet fed ApoE(—/—) mice. Biomed Pharmacother.
2019;113:108753.

Mizushima N, Yoshimori T, Levine B. Methods in mammalian autophagy
research. Cell. 2010;140:313-26.

Doss HM, Samarpita S, Ganesan R, Rasool M. Ferulic acid, a dietary poly-
phenol suppresses osteoclast differentiation and bone erosion via the
inhibition of RANKL dependent NF-kappaB signalling pathway. Life Sci.
2018;207:284-95.

Guo XX, Zeng Z, Qian YZ, et al. Wheat flour, enriched with y-oryzanol,
phytosterol, and ferulic acid, alleviates lipid and glucose metabolism in
high-fat-fructose-fed rats. Nutrients. 2019;11(7):1697.



Xu et al. Nutr Metab (Lond) (2021) 18:13

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

ChinYC, Shung T, et al. Ferulic acid ameliorates cerebral infarction by activat-
ing Akt/mTOR/4E-BP1/Bcl-2 anti-apoptotic signaling in the penumbral
cortex following permanent cerebral ischemia in rats. Mol Med Rep.
2019;19(2):792-804.

Huang R, Xu'Y, Wan W, Shou X, Qian J, You Z, Liu B, Chang C, ZhouT,
Lippincott-Schwartz J, Liu W. Deacetylation of nuclear LC3 drives autophagy
initiation under starvation. Mol Cell. 2015,57:456-66.

Ertunc ME, Hotamisligil GS. Lipid signaling and lipotoxicity in metaflamma-
tion: indications for metabolic disease pathogenesis and treatment. J Lipid
Res. 2016;57:2099-114.

Paschos P, Paletas K. Non alcoholic fatty liver disease and metabolic syn-
drome. Hippokratia. 2009;13:9-19.

LiuJ, Han L, Zhu L, Yu Y. Free fatty acids, not triglycerides, are associated with
non-alcoholic liver injury progression in high fat diet induced obese rats.
Lipids Health Dis. 2016;15:27.

Listenberger LL, Han X, Lewis SE, Cases S, Farese RV Jr, Ory DS, Schaffer JE.
Triglyceride accumulation protects against fatty acid-induced lipotoxicity.
Proc Natl Acad Sci USA. 2003;100:3077-82.

Trauner M, Arrese M, Wagner M. Fatty liver and lipotoxicity. Biochim Biophys
Acta. 2010;1801:299-310.

Ross AB, Godin JP, Minehira K, Kirwan JP. Increasing whole grain intake as
part of prevention and treatment of nonalcoholic Fatty liver disease. Int J
Endocrinol. 2013;2013:585876.

de Melo TS, Lima PR, Carvalho KM, Fontenele TM, Solon FR, Tome AR, de
LemosTL, da Cruz Fonseca SG, Santos FA, Rao VS, de Queiroz MG. Ferulic
acid lowers body weight and visceral fat accumulation via modulation of
enzymatic, hormonal and inflammatory changes in a mouse model of high-
fat diet-induced obesity. Braz J Med Biol Res. 2017;50:e5630.

Picone P, Nuzzo D, Di Carlo M. Ferulic acid: a natural antioxidant against
oxidative stress induced by oligomeric A-beta on sea urchin embryo. Biol
Bull. 2013;224:18-28.

Kelainy EG, Ibrahim Laila IM, Ibrahim SR. The effect of ferulic acid against
lead-induced oxidative stress and DNA damage in kidney and testes of rats.
Environ Sci Pollut Res Int. 2019,26:31675-84.

Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular mecha-
nisms. J Pathol. 2010;,221:3-12.

Gimenez-Xavier P, Francisco R, Platini F, Perez R, Ambrosio S. LC3-I conversion
to LC3-Il does not necessarily result in complete autophagy. Int J Mol Med.
2008,22:781-5.

Kang R, Zeh HJ, Lotze MT, Tang D. The Beclin 1 network regulates autophagy
and apoptosis. Cell Death Differ. 2011;18:571-80.

Shaid S, Brandts CH, Serve H, Dikic I. Ubiquitination and selective autophagy.
Cell Death Differ. 2013;20:21-30.

Madrigal-Matute J, Cuervo AM. Regulation of liver metabolism by
autophagy. Gastroenterology. 2016;150:328-39.

Gonzalez-Rodriguez A, Mayoral R, Agra N, Valdecantos MP, Pardo V,
Miquilena-Colina ME, Vargas-Castrillon J, Lo lacono O, Corazzari M, Fimia
GM, et al. Impaired autophagic flux is associated with increased endoplas-
mic reticulum stress during the development of NAFLD. Cell Death Dis.
2014;5:¢1179.

Yamada E, Singh R. Mapping autophagy on to your metabolic radar. Diabe-
tes. 2012;61:272-80.

Martinez-Lopez N, Singh R. Autophagy and lipid droplets in the liver. Annu
Rev Nutr. 2015;35:215-37.

Chowdhury S, Ghosh S, Das AK, Sil PC. Ferulic acid protects hyperglycemia-
induced kidney damage by regulating oxidative insult. Inflammation and
Autophagy Front Pharmacol. 2019;10:27.

Chen JL, DuanWJ, Luo S, Li S, Ma XH, Hou BN, Cheng SY, Fang SH, Wang Q,
Huang SQ, Chen YB. Ferulic acid attenuates brain microvascular endothelial
cells damage caused by oxygen-glucose deprivation via punctate-mito-
chondria-dependent mitophagy. Brain Res. 2017;1666:17-26.

Luo C, Zhang Y, Guo H, Han X, Ren J, Liu J. Ferulic acid attenuates hypoxia/
reoxygenation injury by suppressing mitophagy through the pink1/parkin
signaling pathway in H9¢2 cells. Front Pharmacol. 2020;11:103.

Liu P, Lin H, Xu'Y, Zhou F, Wang J, Liu J, Zhu X, Guo X, Tang Y, Yao P. Frataxin-
mediated PINK1-parkin-dependent mitophagy in hepatic steatosis: the
protective effects of quercetin. Mol Nutr Food Res. 2018,62:¢1800164.

Ma X, McKeen T, Zhang J, Ding WX. Role and mechanisms of mitophagy in
liver diseases. Cells. 2020,9:837.

Yang S, Xia C, Li S, Du L, Zhang L, Zhou R. Defective mitophagy driven by
dysregulation of rheb and KIF5B contributes to mitochondrial reactive

Page 13 of 13

oxygen species (ROS)-induced nod-like receptor 3 (NLRP3) depend-
ent proinflammatory response and aggravates lipotoxicity. Redox Biol.
2014;3:63-71.

60. Ding RB, Bao J, Deng CX. Emerging roles of SIRT1 in fatty liver diseases. Int J
Biol Sci. 2017;13:852-67.

61. ColakY, Ozturk O, Senates E, Tuncer |, Yorulmaz E, Adali G, Doganay L, Enc FY.
SIRTT as a potential therapeutic target for treatment of nonalcoholic fatty
liver disease. Med Sci Monit. 2011;17:HY5-9.

62. Chen X, GuoY, Jia G, Zhao H, Liu G, Huang Z. Ferulic acid regulates muscle
fiber type formation through the Sirt1/AMPK signaling pathway. Food
Funct. 2019;10:259-65.

63. HouT, Zhang L, Yang X. Ferulic acid, a natural polyphenol, protects against
osteoporosis by activating SIRT1 and NF-kappaB in neonatal rats with glu-
cocorticoid-induced osteoporosis. Biomed Pharmacother. 2019;120:109205.

64. El-Mesallamy HO, Gawish RA, Sallam AM, Fahmy HA, Nada AS. Ferulic acid
protects against radiation-induced testicular damage in male rats: impact
on SIRTT and PARP1. Environ Sci Pollut Res Int. 2018;25:6218-27.

65. Jiang Q, Hao R, Wang W, et al. SIRT1/Atg5/autophagy are involved
in the antiatherosclerosis effects of ursolic acid. Mol Cell Biochem.
2016;420(1-2):171-84.

66. Qiang L, Hong L, Jing W, et al. Glucose restriction delays senescence and
promotes proliferation of HUVECs via the AMPK/SIRT1-FOXA3-Beclin1
pathway. Exp Gerontol. 2020;139:111053.

67. Kim SY,Yang CS, Lee HM, et al. ESRRA (estrogen-related receptor a) is a key
coordinator of transcriptional and post-translational activation of autophagy
to promote innate host defense. Autophagy. 2018;14(1):152-68.

68. MaT,LiJ, XuV, etal. Atg5-independent autophagy regulates mitochon-
drial clearance and is essential for iPSC reprogramming. Nat Cell Biol.
2015;17:1379-87.

69. RaEA, LeeTA, Kim SW, et al. TRIM31 promotes Atg5/Atg7-independent
autophagy in intestinal cells. Nat Commun. 2016;7:11726.

70. ChangTK, Shravage BV, Hayes SD, et al. Uba1 functions in Atg7- and Atg3-
independent autophagy. Nat Cell Biol. 2013;15(9):1067-78.

71. Cheng CY, Kao ST, Lee YC. Ferulic acid exerts anti-apoptotic effects against
ischemic injury by activating HSP70/Bcl-2- and HSP70/autophagy-mediated
signaling after permanent focal cerebral ischemia in rats. Am J Chin Med.
2019:47(1):39-61.

72. Ruderman NB, Xu XJ, Nelson L, Cacicedo JM, Saha AK, Lan F, Ido Y. AMPK
and SIRT1: a long-standing partnership? Am J Physiol Endocrinol Metab.
2010;298:751-60.

73. Zuo A, Zhao X, Li T, et al. CTRP9 knockout exaggerates lipotoxicity in cardiac
myocytes and high-fat diet-induced cardiac hypertrophy through inhibiting
the LKB1/AMPK pathway. J Cell Mol Med. 2020,24(4):2635-47.

74. WangT, Gong X, Jiang R, Li H, Du W, Kuang G. Ferulic acid inhibits prolifera-
tion and promotes apoptosis via blockage of PI3K/Akt pathway in osteosar-
coma cell. Am J Transl Res. 2016;8:968-80.

75. HeS,GuoY, Zhao J, Xu X, Song J, Wang N, Liu Q. Ferulic acid protects against
heat stress-induced intestinal epithelial barrier dysfunction in IEC-6 cells via
the PI3K/Akt-mediated Nrf2/HO-1 signaling pathway. Int J Hyperthermia.
2019;35:112-21.

76. Haversen L, Danielsson KN, Fogelstrand L, Wiklund O. Induction of
proinflammatory cytokines by long-chain saturated fatty acids in human
macrophages. Atherosclerosis. 2009;202:382-93.

77. Bunn RC, Cockrell GE, Ou Y, Thrailkill KM, Lumpkin CK Jr, Fowlkes JL. Palmitate
and insulin synergistically induce IL-6 expression in human monocytes.
Cardiovasc Diabetol. 2010,9:73.

78. Staiger H, Staiger K, Stefan N, Wahl HG, Machicao F, Kellerer M, Haring HU.
Palmitate-induced interleukin-6 expression in human coronary artery
endothelial cells. Diabetes. 2004;53:3209-16.

79. LiuYM, Shen JD, Xu LP, Li HB, Li YC, Yi LT. Ferulic acid inhibits neuro-inflam-
mation in mice exposed to chronic unpredictable mild stress. Int Immunop-
harmacol. 2017;45:128-34.

80. Zheng X, Cheng, ChenY,YueY,LiY, Xia S, Deng H, Zhang J, Cao Y. Ferulic
acid improves depressive-like behavior in prenatally-stressed offspring rats
via anti-inflammatory activity and HPA axis. Int J Mol Sci. 2019;20(3):493.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Ferulic acid alleviates lipotoxicity-induced hepatocellular death through the SIRT1-regulated autophagy pathway and independently of AMPK and Akt in AML-12 hepatocytes
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Material and methods
	Chemicals
	Cell culture
	Cell death assays
	ROS detection
	MMP assay
	RNA interference
	RNA extraction and quantitative real-time PCR
	Western blot analysis
	Analysis of autophagic flux
	Statistical analysis


	Results
	FA protects against hepatocyte cell death induced by PA
	FA improves lipotoxicity-induced mitochondrial dysfunction in hepatocytes
	Autophagy activation contributes to FA-mediated inhibition of lipotoxicity
	SIRT1 upregulation participates in FA-induced autophagy
	SIRT1-regulated autophagy is mechanistically involved in the FA-mediated alleviation of lipotoxicity
	FA improves PA-induced proinflammatory cytokine activation in hepatocytes

	Discussion
	Conclusions
	Acknowledgements
	References


