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Hepatic endoplasmic reticulum (ER) stress contributes to the development of steatosis and insulin
resistance. The components of unfolded protein response (UPR) regulate lipid metabolism. Recent
studies have reported an association between ER stress and aberrant cellular lipid control; moreover,
research has confirmed the involvement of sterol regulatory element-binding proteins (SREBPs)—the
central regulators of lipid metabolism—in the process. However, the exact role of SREBPs in control-
ling lipid metabolism during ER stress and its contribution to fatty liver disease remain unknown.
Here, we show that SREBP-1c deficiency protects against ER stress-induced hepatic steatosis in mice
by regulating UPR, inflammation, and fatty acid oxidation. SREBP-1c directly regulated inositol-requir-
ing kinase 1a (IREla) expression and mediated ER stress-induced tumor necrosis factor-a activation,
leading to a reduction in expression of peroxisome proliferator-activated receptor y coactivator 1-a and
subsequent impairment of fatty acid oxidation. However, the genetic ablation of SREBP-1c prevented
these events, alleviating hepatic inflammation and steatosis. Although the mechanism by which
SREBP-1c deficiency prevents ER stress-induced inflammatory signaling remains to be elucidated, al-
teration of the IREla signal in SREBP-1c-depleted Kupffer cells might be involved in the signaling.
Overall, the results suggest that SREBP-1c plays a crucial role in the regulation of UPR and in-
flammation in ER stress-induced hepatic steatosis.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most
prevalent chronic liver disorder, affecting approximately
25% of the global population. NAFLD encompasses a wide
histological variety of hepatic steatosis, steatohepatitis (NASH),
fibrosis, and cirrhosis [33]. Although its pathogenesis and
progression are complex and have not been fully elucidated,
triglyceride (TG) accumulation is likely the first step of
NAFLD pathophysiology, and it results from increased lipo-
genesis, imbalanced fat import/export flux, and/or de-
creased fat oxidation [23].

Sterol regulatory element binding proteins (SREBPs),

which belong to the basic helix-loop-helix leucine zipper
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(bHLH-LZ), regulate the expression of genes necessary for
maintaining cellular lipid homeostasis [20]. There are three
mammalian SREBP isoforms; SREBP-1a and 1c are encoded
by a single gene owing to differential promoter usage and
alternative splicing, whereas SREBP-2 is encoded by a differ-
ent gene. Although there is some functional overlap among
the isoforms, SREBP-1 primarily regulates fatty acid and TG
synthesis whereas SREBP-2 is mainly involved in cholesterol
biosynthesis [21]. SREBPs are synthesized as inactive pre-
cursors bound to endoplasmic reticulum (ER) membrane. In
response to low sterol levels, SREBP cleavage-activating pro-
tein (SCAP) is dissociated from insulin-induced gene (INSIG)
and then SCAP-SREBP complex translocates to the Golgi ap-
paratus, where SREBPs are proteolytically processed to yield
the transcriptionally active form. This process is also acti-
vated by insulin signaling and ER stress [10].

ER stress results from the disruption of ER homeostasis,
such as unfolded or misfolded protein accumulation in its
lumen, and is associated with aberrant cellular lipid accumu-
lation, which is common in patients with obesity and NAFLD
[3]. Because SREBPs activate lipid biosynthesis genes and



are maintained as precursors in the ER membrane, it was
reasonable to hypothesize that an enhanced SREBP process-
ing due to ER stress would explain the mechanism of lipid
overload in NAFLD. The first experimental observation that
led to such mechanism was the processing of the ER mem-
brane-bound precursor form of activating transcription fac-
tor 6 (ATF6), an ER stress-related transcription factor that
requires identical Golgi-located proteases involved in SREBP
maturation [32]. Additionally, ER retention of ATF6- caused
by its interaction with the ER stress-related chaperone 78
kDa glucose-regulated protein (GRP78) [27] and overex-
pression of GRP78 in the livers- decreased steatosis and in-
hibited SREBP-1 processing in the liver and primary hep-
atocytes of ob/ob mice treated with both insulin and ER
stress inducers [12]. These results suggest a more intimate
relationship between ER stress and SREBPs than what was
previously recognized in homocysteine-induced hepatic
steatosis [30].

The unfolded protein response (UPR) signaling induced
by ER stress is mediated by three ER membrane-bound pro-
teins: protein kinase RNA (PKR)-like ER kinase (PERK), in-
ositol-requiring kinase 1a (IREla), and ATF6 [25]. IREla acti-
vation promotes the splicing of X box-binding protein 1
(XBP1) mRNA and subsequent transcription of molecular
chaperones and genes involved in ER-associated degrada-
tion (ERAD) [16]. IREla also appears to mediate the cellular
signaling pathways involved in inflammation, insulin action,
and apoptosis via c-Jun-NHo-terminal kinase (JNK), p38 mi-
togen-activated protein kinase, and nuclear factor-kappa B
(NF-kB) [2]. Recent studies demonstrated that IREla phos-
phorylation and XBP1 splicing were enhanced in the liver
of mice with high-fat diet-induced insulin resistance [19] and
that a liver-specific knockout of XBP-1 resulted in down-
regulated expression of a subset of lipogenic genes and re-
duced plasma lipid levels because of a decrease in hepatic
TG secretion [14]. These studies suggest a close association
between ER stress response and hepatic lipid control.

In this study, SREBP-1c directly activates the expression
of IREla and lipogenic genes in hepatocytes; a decrease in
fatty acid oxidation (FAO) by ER stress was reversed in
SREBP-1c knockout mice, thereby contributing to protection
against hepatic steatosis. These findings suggest a link be-
tween the IRE1a-XBP1 pathway, inflammation, and lipid
metabolism in an SREBP-lc-dependent manner.
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Materials and Methods

Animals

C57BL/6] and SREBP-1c knockout mice on a B6:12956
mixed background were purchased from Jackson Laborato-
ries (stock number: 000664 and 004365, respectively). All
mice were maintained on a chow diet for one week and
12-hr light/dark cycle for acclimatization. Then, 10-week-old
male SREBP-1c knockout (1cKO) and wild-type (WT) litter-
mates were injected intraperitoneally with 1 mg/kg body
weight of tunicamycin (Tu; Sigma-Aldrich) or vehicle in 150
mM dextrose and sacrificed at 8:00 AM (end of the dark
cycle) by CO, asphyxiation at 8, 24, and 72 hr after injection.
For fasting/refeeding experiments, WT mice were fasted for
24 hr with or without refeeding with a regular chow diet
for 12 hr before sacrifice. All animal experiments were per-
formed in accordance to the accepted standards for animal
protection welfare and with permission from the Institutio-
nal of Animal care and Use Committees of the Chonnam
National University (YB-2014-41).

Cell lines, adenoviral infection, and transfection

AML12 and HeLa cells were purchased from the Amer-
ican Type Culture Collection. AML12 cells were cultured in
DMEM/F-12 media containing 1% ITS, 10% FBS, 10 ng/ul
dexamethasone, and 1% antibiotics at 5% CO, and 37C.
HeLa cells were maintained in DMEM supplemented with
10% FBS and 1% antibiotics. The AML12 cells were treated
with 0.5 mM palmitic acid (PA) complexed with BSA at a
5:1 molar ratio. The PA-BSA conjugates were prepared as
described previously [1]. The HeLa cells were transfected
for 48 hr with small RNA, including siRNA targeting human
SREBP-1 or negative control (Dharmacon), using Lipofect-
amine RNAIMAX (Invitrogen). The cells were also infected
with Ad-hSREBP-1c (. Shechter, Uniformed Services Univer-
sity, Bethesda, Maryland, USA) or Ad-GFP for 48 hr. After
adenoviral infection or siRNA transfection, the cells were
incubated with 1 pM thapsigargin (Tg; Sigma-Aldrich) at an
indicated time.

Primary hepatocyte isolation

To isolate the primary hepatocytes from WT and 1cKO
mice, the mice were anesthetized with isoflurane (Hana
Pharm. Co., South Korea) and perfused with Earle’s bal-
anced salt solution (Invitrogen) through a cannulated portal

vein for 3 min, followed by Liberase™ (Roche Diagnostics),
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a collagenase solution, for the next 3 min. The digested livers
were minced gently, and the hepatocytes were collected and
washed twice with a buffer solution by centrifugation at 50x
g for 1 min. The cells were further purified with a Percoll®
buffer (GE Healthcare) by centrifugation at 100x g for 10
min. The primary hepatocytes were allowed to attach to col-
lagen-coated plates for 6 hr in Williams” Medium E (Thermo
Fisher Scientific) with GlutaMAX (Life Technologies), anti-
biotics, and 10% FBS. The cells were treated with 10 pg/ml
Tu at an indicated time or with recombinant mouse TNF-a
concentration (R&D System) for 24 hr.

Chromatin immunoprecipitation (ChIP) assay

Chromatin preparations for ChIP assays with mouse liv-
ers were performed as described previously [9]. For gene-
specific ChIP, quantitative polymerase chain reaction (qPCR)
analysis of SREBP-1 bound to specific gene promoters was
performed with a standard curve method, and enrichment
was normalized relative to the IgG control. The qPCR oligo-

nucleotide pairs are shown in Table 1.
RNA analysis
The total RNA from the cultured cells and liver tissues

was isolated using TRIzolIM (Invitrogen) and QIAGEN

Table 1. Primer sequences used in this study

RNAeasy isolation kits (QIAGEN), and cDNA was synthe-
sized using an iScriptIM ¢cDNA Synthesis Kit (Bio-Rad).
gPCR was performed using SYBR Green Master Mix (Bio-
Rad) with an iQ5 Real-Time PCR Detection System (Bio-
Rad). The primer sequences used in this study are shown
in Table 1. The mRNA levels were normalized for expression
to mouse ribosomal protein L32 and human glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as the control and
were calculated using the comparative threshold cycle meth-
od. Reverse transcription (RT)-PCR analysis of the Xbp-1
mRNA splicing was performed as described previously [16].

Immunoblotting

The hepatocytes were lysed in ice-cold RIPA buffer (50
mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% Na deoxycholate,
and 1% Triton X) with protease and phosphatase inhibitors
(Thermo Fisher Scientific). The lysates were incubated on ice
for 20 min, further sonicated, and centrifuged at 27,000x g
for 20 min at 4°C. The supernatants were collected and stor-
ed at -80C. Protein concentration was measured using a
BCA Kit (Thermo Fisher Scientific). Equal amounts of pro-
tein samples were separated by SDS-PAGE gel and were
then transferred to nitrocellulose membranes (Pall Corpora-
tion). The membranes were blocked in 5% skim milk for 1

RT-gPCR primers

Genes
Forward Reverse
Chop CTGCCTTTCACCTTGGAGAC CGTTTCCTGGGGATGAGATA
Grp78 GAAAGGATGGTTAATGATGCTGAG GTCTTCAATGTCCGCATCCTG
Gadd34 TTTTGGCAACCAGAACCG GGAGATAGAAGTTGTGGGCG
Irela ACACCGACCACCGTATCTCA CTCAGGATAATGGTAGCCATGTC
Srebp-1c TGGATTGCACATTTGAAGACAT GCCAGAGAAGCAGAAGAG
Fasn GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT
Gpat ACAGTTGGCACAATAGACGTIT CCTTCCATTTCAGTGTTGCAGA
Dgat2 GCGCTACTTCCGAGACTACTT GGGCCTTATGCCAGGAAACT
Pgc-la AACCACACCCACAGGATCAGA TCTTCGCTTTATTGCTCCATGA
Mcad AGGTTTCAAGATCGCAATGG CTCCTTGGTGCTCCACTAGC
Atp5b GGTTCATCCTGCCAGAGACTA AATCCCTCATCGAACTGGACG
Tnf-a CGAGTGACAAGCCTGTAGCC AGCTGCTCCTCCACTTGGT
I-18 ATGAGAGCATCCAGCTTCAA TGAAGGAAAAGAAGGTGCTC
Xbpl TTACGGGAGAAAACTCACGGC GGGTCCAACTTGTCCAGAATGC
L32 ACATTTGCCCTGAATGTGGT ATCCTCTTGCCCTGACCTT
IREla GCCACCCTGCAAGAGTATGT ATGTTGAGGGAGTGGAGGTG
GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
ChIP primers
Genes
Forward Reverse
Irela CTTCTAGCGCCCAGGATAGG ATAAGTGCCTTGTGTCCCGG
Acc2 GCAGGTAAGTAAGTGTGCTG GCCACCAGTTCCATTCTCAG




hr and incubated with anti-SREBP-1 (2A4, Santa Cruz Bio-
technology Inc.), anti-FASN, anti-IRE-1a, anti-p-PERK, anti-
PERK, anti-GRP78, anti-CHOP, anti-sXBP1 (Cell Signaling
Technology), and anti-B-actin (Sigma-Aldrich) as primary
antibodies. After incubation with horseradish peroxidase-
conjugated secondary antibodies, blots were developed us-
ing a SuperSignal West Femto Maximum Sensitivity Sub
strate (Thermo Fisher Scientific).

Histology and immunohistochemistry

Mouse livers were fixed with 4% paraformaldehyde, em-
bedded in paraffin wax, and sectioned sagittally (4-um
thick). The slices were stained with hematoxylin and eosin
dye to determine the morphological changes. The sections
were dewaxed in xylene and rehydrated, and antigen re-
trieval was performed by heating the sections with 10 mM
citrate buffer at pH 6. The sections were blocked for 30 min
in 1% BSA, 0.02% Triton X-100, and 10% normal goat serum,
reacted with anti-F4/80 (1:400, sc-377009C-7, Santa Cruz
Biotechnology Inc.) overnight at 4°C, and incubated with
Alexa Fluor 488-conjugated goat anti-mouse secondary anti-
bodies (Invitrogen). The sections were mounted by Vecta-
shield with DAPI (Vector laboratories). Images from serial
sections were acquired using a confocal laser scanning mi-
croscope (AIR VAAS, Nikon) with an NIS-Elements AR
software. F4/80-positive cells were counted using an Image

] software.

Liver lipid measurement

TG and cholesterol levels were measured using a modi-
fied method from a published study [28]. The liver samples
were homogenized in PBS. Total lipids were extracted using
a chloroform-methanol (2:1) solution for 12 hr at 4T and
were dried with nitrogen gas. The lipid pellets were dis-
solved in ethanol with 25% Triton X-100. TG and cholesterol
levels were measured using commercially available kits
(Thermo Fisher Scientific).

Fatty acid oxidation assays

FAO assay was performed as described previously [4].
The liver homogenates were incubated in [*H]-PA (60u Ci/
mM) bound to 2% BSA and were then transferred to a tube
containing cold 10% trichloroacetic acid. The tubes were cen-
trifuged at 8,500x g for 10 min at 4°C. The supernatant was
immediately removed, mixed with 6N NaOH, and applied
to an ion-exchange resin (DOWEX 1; Sigma-Aldrich). The
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eluate was collected, measured by liquid scintillation ana-
lyzer (PerkinElmer), and normalized to the amount of total

protein.

Statistical analysis

The data are presented as mean + SEM. A two-tailed, un-
paired Student’s t-test was used for the pairwise comparison
of treatments. One-way or two-way ANOVA was used to
compare three or more groups, followed by Tukey’s multi-
ple comparison test, as shown in the figures. The analyses
were performed using the statistical software package Prism
6.0 (GraphPad Software). The differences were considered
significant at p<0.05.

Results

SREBP-1c regulates IRE1a expression during ER
stress

Using our previous ChIP sequencing dataset for SREBP-1
[26], SREBP-1 binding peaks were found in the promoter
region of an ER stress sensor Irela (Fig. 1A). To confirm the
direct binding of SREBP-1 to Irela promoter, ChIP analysis
was performed with chromatin isolated from the livers of
mice after fasting - refeeding transition. As shown in Fig.
1B, SREBP-1 binding to the Irela promoter region was en-
riched by 3.4-fold in the chromatin from refed mice com-
pared with that in the chromatin from fasted mice. The
mRNA expression level of Irela and C/EBP homologous
protein (Chop), an ER stress marker, was also significantly
increased in the refed condition where the SREBP-1c ex-
pression level was drastically increased (Fig. 1C) [5]. Exoge-
nous saturated fatty acids, such as PA, potently induced the
ER stress and lipogenesis [15]. PA treatment elicited a
time-dependent increase in the cleavage of the nuclear form
of SREBP-1, which was detected after 2 hr of PA treatment,
along with its downstream target gene fatty acid synthase
(FASN) in the mouse AMLI2 hepatocyte cell line (Fig. 1D).
ER stress sensors such as IREla, phospho-PERK, and GRP78
were also regulated in parallel with protein levels of SREBP-
1 and FASN (Fig. 1D). To determine if IREla regulation dur-
ing ER stress is SREBP-1-dependent, HeLa cells were in-
fected with an adenovirus expressing a nuclear SREBP-1c;
then, Tg, an ER stress inducer, was added to the cells. As
shown in Fig. 1E, the Tg-induced mRNA expression of IRE1a
was increased when SREBP-1c was overexpressed; however,
SREBP-1c silencing by siRNA completely blunted ER stress-
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Fig. 1. SREBP-1c activates IREla transcription. (A) Sequence reads from SREBP-1c ChIP-Seq experiments were mapped onto the
mouse genome in the University of California Santa Cruz (UCSC) Genome Browser. The SREBP-1c binding site at the Irela
gene locus is pointed by arrows. (B) ChIP assay for SREBP-1 (BP1) binding in liver chromatin from fasted (F) or refed
(RF) mice. Acetyl-CoA carboxylase 2 (Acc2) was used as a positive control. (C) Relative mRNA levels of Irela and Chop
in the liver of fed, fasted, or refed mice. (D) AMLI12 cells were treated with 0.5 mM palmitic acid (PA)-BSA conjugates
at an indicated time. Immunoblots for precursor (p) and nuclear (n) SREBP-1 and ER stress markers (E and F). Irela mRNA
levels in HelLa cells infected with recombinant adenovirus expressing SREBP-1c (Ad-1c) or transfected with siRNA targeting
SREBP-1c (BP1i), followed by incubation with 1 uM thapsigargin (Tg). (G) Primary hepatocytes isolated from WT and 1cKO
mice were treated with 10 ug/ml tunicamycin (Tu) at an indicated time. IREla was analyzed by immunoblotting. Data
are mean = SEM. *p<0.05 versus F BP1 (B) or Fed (C) by one-way ANOVA; * p<0.05 by Student’s t-test (E and F).

mediated IRE1a induction (Fig. 1F). The induction of mouse
IREla proteins by Tu, an ER stress inducer, was also sig-
nificantly reduced in 1cKO primary hepatocytes (Fig. 1G).
These findings suggest that SREBP-1c directly regulates IRE1
a in both mouse and human liver cells.

SREBP-1c deficiency protects against ER stress-
induced hepatic steatosis

To further investigate the role of SREBP-1c in ER stress-ac-
tivated UPR in vivo, Tu was intraperitoneally injected into
WT and 1cKO mice. Consistent with our in vitro results, 72
hr after Tu injection, ER stress-related genes such as Chop,
Grp78, growth arrest and DNA damage-inducible protein 34

(Gadd34), and Irela were significantly upregulated in the liv-
er of WT mice; however, the expression of these genes was
downregulated in 1cKO mice (Fig. 2A). IREla is a bifunc-
tional transmembrane kinase with both protein kinase and
endoribonuclease activities to process the splicing (activa-
tion) of the XBP1 mRNA [2]. The splicing of the Xbpl (sXbpl)
mRNA persisted in WT mice at 72 hr after Tu injection,
whereas 1cKO mice only had unspliced Xbp1 (uXbpl) at 72
hr (Fig. 2B). Further analysis revealed that the protein levels
of IRE1, sXBP1, and CHOP were also significantly decreased
in the liver of 1cKO mice at all time points (Fig. 1C). ER
stress or UPR induction contributes to the development of

hepatic steatosis by disrupting lipid homeostasis [13]. Similar
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Fig. 2. SREBP-1c deficiency protects against ER stress-induced hepatic steatosis. (A) Relative mRNA expression of ER stress markers
in the liver of WT and 1cKO mice 72 hr after treatment with 1 mg/kg body weight of Tu. (B) Xbp1 splicing was analyzed
by RT-PCR. (C) Immunoblots for liver ER stress markers. (D) H&E staining of the liver of mice. Scale bars, 100 um. (E)
Liver triglyceride and total cholesterol levels. (F) Hepatic mRNA levels of genes encoding SREBP-1c and lipogenic enzymes.
Data are mean + SEM. ¥ p<0.05 versus WT-Vehicle (Veh) and * p<0.05 versus WT-Tu by one-way ANOVA (A); * p<0.05

versus WT by two-way ANOVA (E).

to the findings of a previous study [24], Tu significantly in-
creased the hepatic lipid accumulation in WT mice based
on the H&E staining and TG content analysis, whereas 1cKO
mice exhibited a significant reduction in hepatic steatosis
and lipid accumulation (Fig. 2D, Fig. 2E). However, although

hepatic steatosis can be induced by an increased SREBP-1c-

mediated lipogenesis, most lipogenic genes including SREBP-
1c were significantly decreased by Tu in both WT and 1cKO
mice at all time points (Fig. 2F). These results suggest that
SREBP-1c deficiency protects against ER stress-induced hep-
atic steatosis though a lipogenesis-independent mechanism.
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SREBP-1c deficiency prevents ER stress-impaired
fatty acid oxidation

Hepatic steatosis can also be stimulated by reducing FAO
and disturbing lipoprotein and VLDL secretion [10]. Not-
ably, the mRNA expression of genes involved in mitochon-
drial FAO, including peroxisome proliferator-activated re-
ceptor y coactivator 1-a (Pgc-1a), medium-chain acyl-CoA
dehydrogenase (MCAD), and ATP synthase (Atpbb), was sig-

nificantly downregulated by Tu in the liver of WT mice;
however, the downregulation was blunted in the liver of
1cKO mice (Fig. 3A). Moreover, Tu-induced ER stress drasti-
cally suppressed the rate of FAO in WT mice but 1cKO pre-
vented the impairment of mitochondrial FAO (Fig. 3B). The
inflammatory cytokine tumor necrosis factor-a (TNF-a) re-
duced the expression level of Pgc-1a in human cardiac cells

and in a mouse model, resulting in metabolic dysregulation
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Fig. 3. SREBP-1c deficiency suppresses ER stress-induced inflammation and fatty acid oxidation dysregulation. (A) Relative mRNA
expression of genes involved in fatty acid oxidation in the liver of WT and 1cKO mice 72 hr after Tu injection. (B) Rate
of fatty acid oxidation. (C) Immunohistochemistry for a macrophage marker F4/80 (green). Scale bars, 100 pm. The number
of F4/80-positive cells was counted using Image J. (D) Relative mRNA levels of TNF-a and IL-1B3. (E) mRNA levels of
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* p<0.05 versus WT-Veh and * p<0.05 versus WT-Tu by one-way ANOVA (A, B, and C); * p<0.05 versus WT by two-way
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observed in heart failure [22]. Because IREla regulates in-
flammatory cytokine production via ribonuclease and kinase
activities [18, 29], the involvement of inflammatory cytokines
in Tu-impaired mitochondrial FAO was examined. As
shown in Fig. 3C, Tu markedly enhanced the recruitment
of F4/80" Kupffer cells (liver macrophages) in the liver of
WT mice, whereas it was not observed in the liver of 1cKO
mice. Tu-induced TNF-a and IL-13 mRNA levels were also
completely blunted in the liver of 1cKO mice (Fig. 3D).
Furthermore, we confirmed that the TNF-a treatment mark-
edly suppressed Pgc-la expression in the primary hep-
atocytes of WT and 1cKO mice (Fig. 3E), suggesting that the
protective effect of SREBP-1c deficiency on FAO alteration
is mediated by a reduction in Tu-induced inflammatory

responses.

Discussion

Because the SREBP pathway is affected by regulatory in-
puts that are not solely associated with fundamental aspects
of lipid metabolism, it is likely that SREBPs regulate genes
associated with additional physiological processes. In fact,
there are several studies that support this hypothesis. In
some studies, functional SREBP binding sites were localized
in the regulatory regions of specific genes involved in apop-
tosis and cell cycle control, such as caspase 2 [17] and p21/
WAF [8], respectively. Our previous study also supports the
roles of SREBP-1 in processes other than lipid metabolism
[26]. The ChIP-seq approach was used with SREBP-1 anti-
bodies and hepatic chromatin from fasted/refed mice, which
are conditions known to increase the abundance of nuclear
SREBP-1c. When the genes associated with SREBP-1 binding
peaks were categorized by gene ontology (GO), enriched
clusters involved in carbohydrate and lipid metabolism were
identified as expected. However, several other GO categories
exhibited a high degree of enrichment, including protein me-
tabolism and trafficking, apoptosis, cell structure, and pro-
liferation/ differentiation. In this study, to identify new
SREBP-1c target genes not related to lipid metabolism, we
used the abovementioned ChIP-seq dataset and found that
the promoter site in Irela, one of the three principal ER stress
transmembrane sensors, was occupied by SREBP-1. ER
stress-induced IREla expression was also downregulated in
SREBP-1c-deficient mouse and human hepatocytes. We fur-
ther showed that, in the liver, SREBP-1c deficiency com-
pletely blocked Tu-induced lipid accumulation.

Journal of Life Science 2021, Vol. 31. No. 9 803

To study the role of SREBP-1c in ER stress-induced hep-
atic steatosis, the expression of lipogenic genes was initially
analyzed; however, differences in the mRNA level of lipo-
genic genes between WT and 1cKO mice were not identified.
Consistent with our observation, other studies have shown
a reduction in the expression levels of lipogenic genes, in-
cluding SREBP-1c, in Tu-challenged mouse liver [11, 24]. In
addition to the attenuation of lipogenesis, the expression lev-
el of FAO-related genes, including Pgc-1a, and the rate of
FAO were also decreased in Tu-challenged WT mouse liver;
however, these changes were reversed in SREBP-1c-deficient
mouse liver. A recent study demonstrated that the activation
of Kupffer cells in response to pro-inflammatory stimuli in-
duces lipid metabolism changes in hepatocytes; these
changes include TG accumulation and reduced FAO, which
are mediated by Kupffer cell-derived TNF-a [7]. Consistent
with this previous study, Pgc-1a expression was also sig-
nificantly downregulated by TNF-a treatment in the primary
hepatocytes of mice, suggesting TNF-a as a potential media-
tor of the detrimental effects of ER stress on FAO in hepato-
cytes. However, TNF-a signaling in hepatocytes was not af-
fected by SREBP-1c ablation because no difference between
genotypes was observed in Pgc-1a expression in response
to TNF-a. Upon ER stress, the activated IREla activates JNK
and NF-kB, which are implicated in the transcriptional acti-
vation of inflammatory cytokines such as IL-13 and TNF-q,
which are released by Kupffer cells (liver macrophages) [6,
31]. Notably, ER stress-induced inflammatory responses
were significantly decreased in the liver of 1cKO mice, as
indicated by macrophage infiltration and expression of in-
flammatory cytokines, such as IL-1B and TNF-a.

In summary, we showed that SREBP-1c deficiency sup-
pressed ER stress-induced IREla expression and pro-in-
flammatory cytokine production, thus preventing the dysre-
gulation of mitochondrial FAO and hepatic steatosis.
Although SREBP-1c deficiency plays an important role in
the regulation of UPR, inflammation, and lipid oxidation to
protect against ER stress-induced hepatic steatosis, further
studies are required to address the crosstalk between SREBP-
1c and UPR in ER stress-induced activation of Kupffer cells
into their pro-inflammatory phenotype.
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