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ARTICLE INFO ABSTRACT

Keywords: Objective: Increased fatty acid and triglyceride synthesis in liver, majorly modulated by Sterol Regulator Ele-

Lipid accumulation menting Binding Protein 1¢ (SREBP1c), is one of the main features of non-alcoholic fatty liver disease (NAFLD).

:REBPhlc In the present study, we aimed to identify the relation between SREBP1c and autophagy mediated lipid droplet
utophagy

(LD) catabolism in oleic acid (OA) induced lipid accumulation.

Methods: Increased LD formation and SREBP1c induction were identified in hepatocytes (AML12 cells) following
the OA administration. SREBP1c level was reduced through siRNA against SREBP1c. The amount and the size of
LDs were determined by BODIPY, while protein and mRNA expressions were identified by immunoblotting and
qRT-PCR, respectively. LD-lysosome colocalization was determined with immunofluorescence.

Results: Increased LD formation and SREBP1c levels were determined at 0.06 mM OA concentration. SREBP1c
silencing reduced the number of LDs, while increasing mRNA levels of PPARa. On the other hand, SREBP1c
silencing in non-OA and OA treated cells enhanced autophagy mediated LD catabolism.

Conclusion: Our results implicate the effect of SREBP1c deficiency in modulating PPAR« signaling and autophagy
mediated LD catabolism against OA induced lipid accumulation.

Non-alcoholic fatty liver disease

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a metabolic disorder in
which lipid accumulation occurs in the liver independent of viral
infection or alcohol consumption [1]. The increasing prevelence of
disease, especially in western countries, is related to liver-dependent
disorders as well as affecting extrahepatic organs and cellular regula-
tory mechanism [2]. Simple steatosis, which is an early phase of NAFLD
development, refers the triglyceride accumulation in hepatocytes that
drives the transition to nonalcoholic steatohepatitis (NASH), fibrosis and
cirrhosis [3]. Hence, the underlying mechanisms that enhance hepatic
lipid accumulation have a crucial role in steatosis development. Oleic
acid (OA) and palmitic acid (PA), which are found at the highest levels in
the diet, are the fatty acids found at the highest levels in individuals with
NAFLD and contribute to the pathogenesis of the disease. OA is a fatty
acid that stimulates steatosis and production of reactive oxygen species

that causes the progression of NAFLD. Studies have determined that a
number of hepatocyte phenotypes exposed to OA application exhibit
steatotic morphologies [4].

The sterol regulatory element binding proteins (SREBPs) encoded by
the SREBF1 and SREBF2 genes are transcription factors that control lipid
metabolism. SREBPs have three isoforms, each with unique effects on
lipid metabolism: SREBP1a, SREBP1c, and SREBP2 [5]. SREBP1c regu-
lates the transcription of genes that modulate the fatty acid and tri-
glyceride synthesis, including FASN and SCD-1. SREBP2 is specifically
responsible for cholesterol synthesis, while SREBP1a targets the genes of
both pathways [6]. Both animal and cell culture studies have shown that
deficiency of SREBP1c attenuates the risk of metabolic diseases such as
atherosclerosis, obesity and NAFLD [7].

Autophagy is an intracellular degradation system that enables the
removal of macromolecules and organelles by transporting them into
lysosomes. In addition to being an intracellular degradation system,

Abbreviations: FASN, Fatty acid synthase; LAMP1, Lysosomal-associated membrane protein 1; LC3, Microtubule-Associated Protein Light Chain 3; LD, Lipid
droplet; NAFLD, Nonalcoholic fatty liver disease; OA, Oleic acid; PA, Palmitic acid; PPAR«, Peroxisome proliferator activated receptor alpha; SCD-1, Stereoyl-CoA

desaturase-1; SREBP, Sterol regulatory element binding protein.
* Corresponding author.
E-mail address: nkozer@marmara.edu.tr (N.K. Ozer).

https://doi.org/10.1016/j.metop.2021.100138

Received 31 August 2021; Received in revised form 12 October 2021; Accepted 12 October 2021

Available online 13 October 2021
2589-9368/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license


mailto:nkozer@marmara.edu.tr
www.sciencedirect.com/science/journal/25899368
https://www.sciencedirect.com/journal/metabolism-open
https://doi.org/10.1016/j.metop.2021.100138
https://doi.org/10.1016/j.metop.2021.100138
https://doi.org/10.1016/j.metop.2021.100138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.metop.2021.100138&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

E. Sozen et al.

autophagy is a system that has roles on metabolic pathways such as lipid
catabolism [8]. Autophagy-mediated degradation of cellular lipids is
defined as lipophagy. It is known that autophagic activity increases in
the liver with steatosis in order to reduce the excess lipid concentration
[9]. On the contrary, abnormalities in autophagic system might lead the
steatosis development in the liver. In addition, liver biopsy samples
obtained from individuals with NAFLD have demonstrated an impair-
ment in lipophagic activity [8].

Despite the importance of understanding the mechanisms modu-
lating steatosis in NAFLD pathogenesis, current literature is not fully
enough [10]. Although SREBP1c is a well-identified transcription factor
involving in NAFLD progression by induction of fatty acid and triglyc-
eride synthesis, its interaction with lipid droplet (LD) catabolism in OA
induced steatosis has not been determined yet. In this study we aimed to
contribute to literature by clarifying the association between autophagy
and SREBP1c by using OA induced steatosis model.

2. Materials and methods
2.1. Cell culture and treatments

AML12 (mouse hepatocyte) cells were maintained in Dulbeco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% FBS
(Gibco), 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco) at
37 °C with 5% CO,. Intracellular lipid accumulation was stimulated by
treating the cells with 0.06 mM OA:BSA complex (Sigma Aldrich) for 24
h.

2.2. SREBPIc siRNA transfection

AML12 were seeded and transfected with siRNA specific for SREBP1c
(Thermo Fisher Scientific, siRNA ID: 151861) by using Lipofectamine
RNAiMax Reagent (Thermo Fisher Scientific, catalog No. 13778075)
according to manufacturer’s instructions. Briefly, 80 pmol SREBP1c
siRNA in 1:3 ratio of siRNA: Lipofectamine RNAiMax Reagent was
prepared in serum-free culture medium (OptiMEM) and incubated for 5
min at room temperature. The mixture was gently added dropwise to the
cells in OptiMEM and then incubated at 37 °C with 5% CO3. qRT-PCR
and immunoblot experiments were applied to confirm the siRNA
efficacy.

Following the siRNA transfection, cells were treated with OA:BSA
and divided into four groups totally; i) Control, ii) OA, iii) SREBP1c
siRNA, iv) SREBP1c siRNA + OA.

2.3. BODIPY staining

Following the siRNA and/or OA administrations, cells were fixed
with 4% paraformaldehyde, washed three times with PBS, and stained
with BODIPY 493/503 (0.3 pg/ml, Invitrogen) for 20 min. Following the
wash with PBS, cells were stained with DAPI, and photographed using a
Zeiss LSM700 confocal microscope (Amsterdam, Netherlands). LD
diameter was measured using ImageJ software. LDs with a diameter of
less than 3 pm were called “small LDs”, while the droplets larger than 3
pm were called “large LDs”. Quantification was applied in at least thirty
cells for each group.

2.4. Gene expression analysis

RNA was isolated using PureLink RNA Mini Kit (Thermo Fisher) and
reverse transcribed with High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher) according to manufacturer’s instruction. cDNA samples
were then applied to quantitative reverse transcriptase PCR with Power
UP SYBR Green Master Mix (Thermo Fisher) and Rotor Gene Q-RT PCR
system (Qiagen). The threshold cycle (CT) was determined, and the
relative gene expression subsequently was calculated as follows: fold
change = 272D where ACT = CT-CT target housekeeping (p-actin)
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and A(ACT) = ACT-CT treated control. Primer sequences are provided
in Supplementary Table 1.

2.5. Immunoblot analysis

AML12 was lysed in RIPA buffer (Cell Signalling) and protein con-
centration was determined using BCA assay (Thermo Scientific) ac-
cording to manufacturer’s protocol. Total 20 pg of protein was separated
by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membrane. Following the
blocking with 5% BSA in TBST, membrane was incubated with primary
antibodies against SREBP1c (Novus Biologicals, catalog No. NB100-
2215), beclin-1 (Cell Signaling; catalog No. 3495), LC3 (Cell Signaling;
catalog No. 3868) and p-actin (Cell Signaling, catalog No. 4967) over-
night. After washing of unbound primary antibodies with TBST and
incubation with HRP-conjugated secondary antibody, blots were visu-
alized with chemiluminescence kit (Cell Signaling). The density of bands
was quantified and normalized with f-actin using Image J software.

2.6. Determination of lipid droplet fusion with lysosome by LAMP1/
BODIPY co-staining

After the OA incubation with or without SREBP1c silencing, cells
were fixed in 4% paraformaldehyde, blocked in 10% goat serum, and
incubated with LAMP1 (Novus Biologicals, catalog No. NBP2-25154)
primary antibody for overnight at 4 °C. Following use of Alexa Fluor
594 secondary antibody and DAPI, BODIPY 493/503 was applied as
indicated above. Cells were photographed using a Zeiss LSM700
confocal microscope (Amsterdam, Netherlands), while analysis was
established using ImageJ software. LDs co-localized with LAMP1 were
determined in at least thirty cells for group.

2.7. Statistical analysis

Statistical analysis was performed using Prism 4 (Graph-Pad) soft-
ware. For determination of statistical significances of differences, one-
way ANOVA was performed followed by multiple comparisons using
the Student-Newman-Keuls test. P-value less than 0.05 has been
accepted to be statistically significant.

3. Results
3.1. Oleic acid induced lipid accumulation and evaluation of SREBP1c

Increased LD formation in hepatocytes is a typical finding of hepatic
steatosis. The water-soluble OA:BSA complex is shown to efficiently
stimulate lipid accumulation and used in the literature [11,12]. Here in
our study, AML12 was treated with 0.06 mM OA to stimulate LD for-
mation. We measured the number and diameter of all BODIPY-labeled
structures by confocal microscopy and revealed an increase in the
abundance and diameter of LDs when AML12 was administrated with
OA (Fig. 1A). SREBP1c is a transcription factor involve in the regulation
of fatty acid and triglyceride synthesis. As shown in Fig. 1B, OA
administrated cells exhibited a robust induction in SREBP1c protein
expression. However, mRNA levels of SREBP1c did not affected by OA
(Fig. 1C).

3.2. SREBPIc inhibition and its effect on lipid accumulation

We next asked whether SREBP1c suppression in OA-treated AML12
was associated with a change in LD expansion. To assess the role of
SREBP1c in our study, we transfected AML12 with siRNA specific for
SREBP1c. As shown in Fig. 2A and B, siRNA transfection significantly
blocked SREBP1c expression in both transcriptional and translational
manner (Fig. 2A and B). Additionally, SREBP1c inhibition without OA
administration reduced lipid droplet formation in all diameters.
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Fig. 1. Oleic acid induced lipid accumulation and evaluation of SREBP1c
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AML12 cells were treated with OA:BSA complex at 0.06 mM concentration for 24 h. Represantative confocal microscopy images show lipid droplet formation
following BODIPY staining. Quantification of the numbers of lipid droplet formation per cell (A). SREBP1c protein and mRNA expressions were analyzed by western
blotting (B) and qRT-PCR (C) following the normalization to f-actin. Scale bar = 10 pm

Data are expressed as mean =+ S.D.
**p < 0.01, and *p < 0.05 vs. control,
##p < 0.01 vs. OA, (n = 3).

Differently from non-OA treated ones, siRNA transfection followed by
OA administration only decreased the number of LDs that were >3 pm in
diameter compared to its vehicle (Fig. 2C). Our findings so far reveal the
possible effect of SREB1c silencing on LD expansion under normal or OA
induced steatosis.

3.3. Evaluation of lipid metabolism following SREBP1c silencing and OA
administration

Based on the alterations in LD formation following SREBP1c sup-
pression, we tested the mechanisms that regulate lipid metabolism.
Activation of SREBP1c during steatosis is shown to enhance the tran-
scription of fatty-acid synthesis pathway enzymes, including FASN and
SCD-1 [7]. In our study, neither OA application nor siRNA tranfection
had any effect on FASN (Fig. 3A), while SCD-1 expression was signifi-
cantly reduced in cells loaded with OA. However, OA administration in
SREBP1c silenced cells was significantly induced SCD-1 expression
compared to its vehicle (Fig. 3B). PPARa is a nuclear receptor protein
that stimulates the expression of genes involved in fatty acid catabolism
in the liver [13]. As shown in Fig. 3C, cells transfected with siRNA
exhihibed a robust induction of PPARa expression compared to their
vehicle, suggesting that the reduction of LD formation following
SREBP1c inhibition might be dependent on PPARa-driven lypolysis.

3.4. Evaluation of autophagic activity following SREBP1c silencing and
OA administration

Selective degradation of LDs by autophagy (lipophagy) is a critical
mechanism against steatosis in preventing lipid accumulation as well as
providing fatty acids during nutrient stress [14]. In the present study,

siRNA transfected and OA administrated cells were labeled with LAMP1,
a glycoprotein mainly resides in lysosomal membrane, and BODIPY
which led us to determine lipophagy at late stage when lipid droplets are
fused with lysosomes. Quantification of LD colocalizing with LAMP1
revealed a significant decrease in OA administrated control cells. In
addition, SREBP1c silencing in both OA treated and non-OA treated
groups revealed its effect by increasing LD/LAMP1 double positive
structures compared to their vehicles (Fig. 4A). Beclin-1 and LC3-1I/1
ratio are the most-studied autophagosome indicators used in moni-
toring autophagy. In the present study, Beclin-1 was only affected in OA
administrated control cells (Fig. 4B). However, SREBP1c silencing under
normal conditions significantly increased LC3-II/I ratio (Fig. 4C). Unlike
non-OA treated cells, siRNA transfection followed by OA administration
had no significant effect on neither Beclin-1 (Fig. 4B) nor LC3-II/1 ratio
(Fig. 4C), which might reflect that the increase in lipophagy occurs
through other autophagy parameters.

4. Discussion

NAFLD, identified by accumulation of lipids in more than 5% of liver
weight, is one of the most common metabolic diseases. Due to the
increased prevalence of type 2 diabetes mellitus and obesity all around
the world, NAFLD patients are rising continuously and if untreated, they
progress from steatosis to NASH and liver cirrhosis [15,16]. Neutral
lipids, including cholesterol esters and triglycerides, are mainly stored in
the form of LDs that can undergo dynamic changes reflecting the status
of metabolism [17,18]. Increased accumulation of LDs in hepatocytes is
observed in patients with NAFLD and characterized as a typical finding
of steatosis [19,20]. Therefore, understanding the mechanisms that
modulate the expansion and catabolism of LDs is a subject of intense
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Fig. 2. SREBP1c inhibition and its effect on lipid accumulation
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Fig. 3. Evaluation of lipid metabolism following SREBP1c silencing and OA administration
Cells were transfected with siRNA specific for SREBP1c and then treated with OA:BSA complex (0.5 mM) for 24 h to divide into following groups; i) control, ii) OA,
iii) SREBP1c siRNA, iv) SREBP1c siRNA + OA. mRNA expressions of each group were measured by RT-PCR and normalized to p-actin. Relative mRNA expressions of

FASN (A), SCD-1 (B) and PPARa (C).

Data are expressed as mean + S.D.

**p < 0.01, and *p < 0.05 vs. control,

##p < 0.01, and #p < 0.05 vs. OA, (n = 3).

study and great interest. PA and OA are two most abundant long-chain
free fatty acids in the fatty liver specimens that is shown to enhance the
steatosis in a time- and dose-dependent manner [21]. In accordance, OA
administration has been shown to enhance steatosis development in
human hepatocellular carcinoma (HepG2) cell line [22]. Similarly, OA
administration induced the abundance of LDs more than PA in both
HepGz2 cells and primary mouse hepatocytes [23]. Another study in rat
primary hepatocytes determined the induction of lipid accumulation
and cytotoxicity following PA and OA administration in combination
[24]. In the present study, due to their stable phenotype and replicative
ability, we used AML12 and established a steatosis model by adminis-
trating 0.06 mM OA for 24 h. We also determined increased expression

of SREBP1c in OA administrated cells, consistent with the finding of
lipid accumulation. Thus, 0.06 mM OA administration for 24 h is likely
to lead SREBP1c induction and LD expansion in AML12.

SREBP1c is a highly expressed transcription factor that is located in a
number of tissues, including liver, and is involved in a variety condi-
tions, including, cell growth, inflammation and nutrition. Capacity of
SREBP1c in inducing fatty acid and triacylglycerol synthesis through the
transcription of genes makes SREBP1c an important candidate to study
steatosis [7]. In this scope, both in vitro and in vivo studies determined a
strong link between SREBP1c overexpression and insulin resistance,
diabetes and NAFLD [25-27]. In our study, SREBP1c silencing (without
OA administration) in AML12 resulted in a decrease in both small and
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Fig. 4. Evaluation of autophagic activity following SREBP1c silencing and OA administration

Cells were transfected with siRNA specific for SREBP1c and then treated with OA:BSA complex (0.5 mM) for 24 h to divide into following groups; i) control, ii) OA,
iii) SREBP1c siRNA, iv) SREBP1c siRNA + OA. Representative BODIPY/LAMP1 co-stained confocal microscopic images from each group. Cells were fixed, and then
stained for BODIPY (green), LAMP1 (red) and nuclei by DAPI (blue). The graph shows quantification of the numbers of lipid droplet co-localized with LAMP1 per cell
as explained in Methods section (A). Protein expressions of each group were measured by western blotting following the normalization to p-actin against Beclin 1 (B)

and LC3 antibodies (C). Scale bar = 10 pm
Data are expressed as mean + S.D.
**p < 0.01, and *p < 0.05 vs. control,

#p < 0.05 vs. OA, (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

large LD formations. Although, SREBP1c suppression only decreased the
number of LDs with a diameter higher than 3 pm which stated its effect
against OA induced steatosis.

In the current knowledge, two major mechanisms modulate the
catabolism of LDs; lipolysis and autophagy [28]. In adipocytes, lipolysis
activation resulted in the accumulation of smaller LDs formed by free
fatty acid re-esterification [29]. Mechanistically, SREBP1c inhibition by
sauchinone, an anti-inflammatory and antioxidant lignan found in
Saururus chinensis, inhibited steatosis development and reduced FASN
and SCD-1 mRNA levels [30]. PPARa agonists, crucial stimulators of
fatty acid catabolism, are indicated to be used as promising therapeutic
molecules in NAFLD patients [13]. In vitro studies using hepatocytes
demonstrated the inhibitory effect of PPARa agonists on SREBPlc
expression [31,32]. This inverse correlation between PPARa and
SREBP1c is also determined in liver samples of obese individuals with
NAFLD and the SREBP-1c/PPARa ratio of the patients was determined to
be higher than the control group [33]. Abdelmegeed and colleagues
have been shown that PPAR« activation in mice inhibits the steatosis
development by increasing the expression of genes responsible for fatty
acid oxidation in the liver [34]. In another study using HepG2 cells,
supplementation of PA but not OA was associated with an induction in
PPARa compared to control [35]. According to the literature and the
negative correlation between LD content and PPAR« levels in the pre-
sent study, we hypothesized that the lesser steatosis extent observed in
siRNA transfected cells is due to PPARa induction which might lead to
increased fatty acid catabolism. Such interaction might protect against
OA induced lipotoxicity when LD content are enhanced.

Activation of lipophagy is another process that modulates the
breakdown of LDs, representing an alternative to lipolysis mediated LD

catabolism [36,37]. Studies using mouse models has shown the crucial
role of lipophagy in regulating lipid metabolism by breaking down tri-
glycerides and reducing fatty liver development [14]. Additional studies
have identified the reduced autophagy activity in obese mice fed a
high-fat diet [38,39]. Accordingly, a number of treatments identified to
activate autophagy are currently being studied as therapeutic ap-
proaches against NAFLD development [40]. Nguyen and colleagues [41]
investigated the interaction between SREBP1c and autophagy, and re-
ported that high fat mediated SREBPlc impairs autophagic lipid
catabolism to promote hepatic steatosis. However, we determined a
significant increase in LAMP1-BODIPY double positive structures when
cells were transfected with SREBP1c and treated with OA. Our finding
lead us to propose that SREBP1c suppression causes the catabolism of
larger-sized LDs by increasing their fusion with lysosomes. Based on
these findings, we tested whether components of autophagosome for-
mation are associated with lipophagy induction. LC3-II/I ratio and
Beclin-1 are two of the best studied components of autophagic activity
involve in autophagosome formation. In the present study, OA admin-
istration alone reduced Beclin-1 levels, whereas SREBP1c silencing in
non-OA treated cells increased LC3-1I/1 ratio. Collectively, further ex-
periments are needed to determine the proteins involve in SREBP1c
mediated lipophagy induction.

Taken together, our findings suggest a role of SREBP1c suppression
in restoring the accumulation of LDs >3 pm in diameter in OA-treated
AML12 cells. Increase in PPAR«a expression in SREBP1c siRNA + OA
group suggested a possible role of SREBP1c silencing in activating
lipolysis. Enhanced lipid droplet/LAMP1 co-localization in SREBPlc
siRNA + OA group is also highlighted that lipophagy might be involve in
reduction of LD expansion. Therefore, further investigations are needed
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to clarify the interaction between SREBP1c and autophagy. Our data
collected so far in OA induced steatosis model gain insight for thera-
peutic potential of SREBP1c to reverse fatty liver development by means
of lipolysis and lipophagy.
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