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1 | INTRODUCTION

A significant proportion of individuals in the general
population suffer from nonalcoholic fatty liver disease
(NAFLD), with a prevalence rate of up to 80%-90% among
the obese population.! NAFLD ranges from simple steato-
sis, an early stage of this disease, to nonalcoholic steato-
hepatitis (NASH), after which it may develop into more
severe diseases including fibrosis, cirrhosis, and hepato-
cellular carcinoma.? Hepatocytes are rich in endoplasmic
reticulum (ER) and mitochondria due to their high pro-
tein synthesis requirements and energy metabolism, and
therefore misfolded or unfolded proteins accumulate in
the ER when ER homeostasis changes.> Consequently,
multiple risk factors including ER stress and mitochon-
drial dysfunction as well as hepatocyte lipotoxicity would
contribute to lipid accumulation and the ensuing hepatitis
(i.e., NASH).*

Oxidative stress and mitochondrial dysfunction are
closely linked to each other and may be induced by ER
stress in the cell. Particularly, persisting ER stress triggers
Ca®* overload in mitochondria through ER-mitochondria
contact sites and perturbs mitochondrial respiration ca-
pacity through the generation of reactive oxygen species
(ROS). Therefore, ER stress is associated with mitochon-
drial dysfunction and may lead to catastrophic cell death if
left unattended.>® Based on these premises, it is presumed
that mitochondria participate in adaptive responses to ER
stress in hepatocytes by determining cell fate after the ac-
tivation of the unfolded protein response (UPR). Despite
the association between mitochondrial ROS and ER stress,
the mechanisms by which oxidative stress and its associ-
ated adaptive responses contribute to ER stress resolution
should be further clarified.

Nuclear factor erythroid 2-related factor 2 (NRF2)
has been implicated in the promotion of cell survival
in response to ER stress. The phosphorylation of NRF2
by protein kinase RNA-like endoplasmic reticulum ki-
nase (PERK), which belongs to the canonical ER stress
pathways, trans-activates a set of antioxidant and detox-
ifying genes, thus contributing to the maintenance of

decreasing ER stress. SIRT3 was upregulated in livers of patients with nonalco-
holic liver diseases, whereas lower SIRT3 expression coincided with more severe
disease conditions. Taken together, our findings indicated that NRF2-mediated
SIRT3 induction protects hepatocytes from ER stress-induced injury, which may
contribute to the inhibition of liver disease progression.

CHOP, ER stress, liver disease, NRF2, SIRT3

sulfhydryl levels in the cell. This mechanism serves as a
buffer that prevents the accumulation of ROS during the
UPR.” However, the molecular and pathological impacts,
by which NRF2 exerts an adaptive response to ER stress,
remain uncharacterized. Therefore, our study sought to
elucidate the effects of NRF2 on mitochondrial biogene-
sis for the control of oxidative capacity under ER stress
conditions.

Several isoforms of sirtuins, NAD*-dependent protein
deacetylases, are expressed in the mitochondria and reg-
ulate energy metabolism. Here, we found that NRF2 acti-
vated SIRT3 (i.e., a mitochondrial sirtuin localized in the
mitochondrial matrix) in response to ER stress. SIRT3 de-
ficiency may cause insulin resistance, steatohepatitis, and
obesity due to its ability to control mitochondrial capac-
ity®® and oxidative stress.'®!" Therefore, SIRT3 may play
an important role in mitochondrial biogenesis and cyto-
protection under pathological conditions characterized by
ER stress. Our findings demonstrate the functional role of
the NRF2-SIRT3 axis in cell survival under ER stress using
bioinformatic datasets, loss- or gain-of-function experi-
ments using in vivo and in vitro models, liver injury ani-
mal models with ER stress, and the specimens of NAFLD
patients. Our findings thus demonstrate the regulatory
role of the NRF2-SIRT3 pathway in mitochondrial capac-
ity control in hepatocytes, the association between NRF2
and SIRT3 expression, and of SIRT3 downregulation with
the exacerbation of liver disease accompanying ER stress.

2 | MATERIALS AND METHODS
2.1 | Materials
Anti-NRF2, anti-SIRT3, anti-spliced X-box bind-

ing protein (XBP1s), and anti-inositol requiring en-
zyme 1 (IREla) were obtained from Cell Signaling
Technology (Beverly, MA, USA). Anti-GRP78 and anti-
cytokeratin 19 (CK19) antibody were supplied by Abcam
(Cambridge, MA, USA). Anti-F4/80 and anti-cluster
of differentiation 68 (CD68) were obtained from Santa
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Cruz Biotechnology (Santa Cruz, CA, USA). Antibody
directed against C/EBP homologous protein (CHOP)
was obtained from Santa Cruz Biotechnology (CA, USA)
or Cell Signaling Technology (MA, USA). Horseradish
peroxidase-conjugated goat anti-rabbit and goat anti-
mouse IgGs were purchased from Zymed Laboratories
(San Francisco, CA). Anti-p-actin antibody and other
reagents were obtained from Sigma Aldrich (St. Louis,
MO, USA).

2.2 | Patient samples

The study using human samples was approved by the
Institutional Review Boards at Eulji Hospital or Hanyang
University Hospital. Liver samples from the patients with
NAFLD (or NASH) reported in the previous study were
used and the clinical characteristics of the patients and
the control groups, and excluding criteria were precisely
documented in the report.'* The protocol was registered at
the Clinical Research Information Service (KCT0000900,
http://cris.nih.go.kr/cris/index.jsp). Histological assess-
ment of liver biopsy samples and the interpretation of
immunohistochemical staining (i.e., H-score assignment)
were performed as described in the previous work."?

2.3 | Animals

Animal experiments were conducted under the guide-
lines of the Institutional Animal Care and Use Committee
(IACUC) at Seoul National University. Male mice which
have C57BL/6 background except those placed on me-
thionine/choline-deficient (MCD) diet feeding were used
for experiments. Nrf2 knockout (KO) mice supplied by
RIKEN BioResource Center (Tsukuba, Japan) were bred
and maintained. Mice were maintained in a specific
pathogen-free barrier area at ambient temperature (22 +
2°C) and humidity (55 &+ 10%), on a 12-h light/dark cycle
and fed normal chow diet ad libitum unless otherwise
stated. For MCD diet feeding experiments, the 129s1/Svlmj
mice were started on either a control diet or a MCD diet
(Research Diets, New Brunswick, NJ) for 5 weeks. For bile
duct ligation (BDL) model, the mice were killed 2 weeks
after sham or BDL operation. For the experiment using
acetaminophen (APAP), the mice were injected intraperi-
toneally (i.p.) with a single dose of vehicle or 500 mg/kg
APAP. For the induction of ER stress, wild-type (WT) or
Nrf2 KO mice received a single intraperitoneal injection
of 2 mg/kg tunicamycin (TM, Sigma Aldrich) in 150 mM
dextrose for 48 h, whereas only dextrose solution was in-
jected to control mice. The animals were sacrificed for
analysis after appropriate treatments. Blood and tissues
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were collected for blood biochemical analyses, protein
and RNA quantifications, and histopathological analyses.

2.4 | Cell culture and treatment

HEK?293 (a human embryonic kidney cell line) and AML12
(a mouse normal hepatocyte-derived cell line) cells were
purchased from ATCC (Rockville, MD, USA). The cells
were maintained in Dulbecco's modified Eagle's medium
(DMEM; Invitrogen, Carlsbad, CA, USA) or 1:1 mixture
of DMEM and Ham's F12 medium (Invitrogen) with
0.005 mg/ml insulin, 0.005 mg/ml transferrin, 5 ng/ml
selenium, and 40 ng/ml dexamethasone containing 10%
fetal bovine serum, 100 units/ml penicillin, and 100 pug/ml
streptomycin at 37°C in humidified atmosphere with 5%
CO,. For all experiments, cells were grown to 70%-80%
confluency, and were subjected to no more than 20 cell
passages. Mouse primary hepatocytes were isolated from
C57BL/6 mice liver by collagenase perfusion and purified
by centrifugation under the guidelines of the IACUC, as
described previously.'? Purified primary hepatocytes were
placed onto collagen-coated plates (5 x 10° cells/well) in
DMEM containing 10% fetal bovine serum, 50 units/ml
penicillin, and 50 pg/ml streptomycin for further analysis.
AML12 cells or mouse primary hepatocytes were treated
with 2 pg/ml TM for indicated periods (12 h to 24 h) or
with 10 mM sulforaphane for 1 h prior to TM treatment.

2.5 | Immunoblot analysis

Protein lysates were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoblot anal-
yses were performed according to previously published
procedures.'® The bands were visualized using the ECL
chemiluminescence Detection Kit (GE Healthcare, UK).
Equal loading of proteins was verified by immunoblot-
tings for p-actin. Relative protein levels were determined
by scanning densitometry.

2.6 | Transient transfection and
luciferase reporter assay

Cells were plated at a density of 1 x 10° cells/well in 6-well
dishes and transfected the following day. The empty plas-
mid, pcDNA3.1, was used for mock transfection. Briefly,
the cells were transfected with 1 ug plasmid encoding for
NRF2 or co-transfected with 1 pg of plasmid encoding for
NRF?2 or SIRT3 promoter-reporter construct with 3 ul of
lipofectamine reagent (Life Technologies, Gaithersburg,
MD, USA) for 24 h to 48 h. Firefly and Renilla luciferase
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activities were measured by using a dual luciferase
assay system according to the manufacturer's protocols
(GeneCopoeia, Rockville, MD, USA). Otherwise, cells
were infected with adenovirus encoding SIRT3 (GFP as
control) for 24 h.

2.7 | Real-time PCR assays

Total RNA was isolated from cells using an RNeasy mini
kit (QIAGEN, Valencia, CA, USA). Isolated RNA (1 pg
each) was reverse-transcribed using oligo-d(T),, prim-
ers to obtain cDNA. Real-time polymerase chain reaction
(qRT-PCR) was carried out according to the manufac-
turer's instructions (Light-Cycler 2.0; Roche, Mannheim,
Germany). The relative levels of Chop, Grp78, Xbpls, or
Sirt1-7 were normalized based on the level of f-actin or
18S ribosomal RNA. After qRT-PCR amplification, a melt-
ing curve of each amplicon was determined to verify its
accuracy. The primers used for PCR are listed in Table S1.

2.8 | Measurement of mitochondrial
oxygen consumption rate

Oxygen consumption rate (OCR) was assessed using
mitochondrial fractions prepared from HEK293 cells
transfected with mock or NRF2-expressing vector. After
isolation of mitochondrial fractions, protein concentra-
tions in each set of samples were assessed by the Bradford
method, as reported previously.'* Mitochondrial OCR
was calculated as an amount of oxygen consumed during
a certain period of time normalized with protein contents
for each sample using Clark-type electrode in a continu-
ously stirred sealed and thermostatically controlled cham-
ber maintained at 37.8°C (Oxytherm System, Hansatech
Instruments Ltd., Norfolk, UK).

2.9 |
assays

Chromatin immunoprecipitation

HEK293 cells were transfected with the plasmid en-
coding NRF2 for 48 h, and formaldehyde was added
to the cells to a final concentration of 1% for the cross-
linking of chromatin. The chromatin immunoprecipita-
tion (ChIP) assay was performed according to the ChIP
assay kit protocol (Upstate Biotechnology, Lake Placid,
NY, USA). PCR was performed using the specific prim-
ers flanking the putative antioxidant response element
(ARE) region of the human SIRT3 gene promoter (ARE-
1: sense, 5'-GAAGAACAACCGGGATGTCA-3’ and anti-
sense, 5'-CTGCTACGGCGCTCCCAG-3’; ARE-2: sense,

5-TCACTGGAAACGAGAACTTTGGA-3’ and antisense,
5-TCACAGAGGAGGAAACTGAAGC-3’; ARE-3: sense,
5'-CCACTCAAGGTTCCTCAGCA-3'andantisense,5’-GAGG
AGCGGACCCTTGATG-3’; ARE-4: sense, 5'-CCCGTTAA
GGAAGCAGTGAA-3’andantisense,5-TGAGGAACCTTGA
GTGGCAG-3’;and ARE-5:sense,5’-TCAACTCCAGACCA
TGAGAAAGA-3’ and antisense, 5'-GCAAACACACTTT
CAGGGCC-3'). An irrelevant region of the gene was PCR
amplified as a negative control (sense, 5-GACAGGAT
CTTGCTCTGTTGC-3" and antisense, 5'-GGGATCATTTG
AGGTCAGGAG-3").

2.10 | Hydrodynamic injection of
plasmid in mice

For the in vivo experiments, control and Sirt3-expressing
plasmids were prepared using Endofree-plasmid mega kit
(Qiagen, Hilden, Germany). After a week of acclimation,
mock or Sirt3 plasmids (50 ug DNA each) in a total volume
equivalent to 10% of the body weight (BW) in PBS were hy-
drodynamically injected via tail vein of mice within 5-7 s.
At 4 days after the injection, mice received a single intra-
peritoneal injection of TM (2 mg/kg BW, Sigma Aldrich, in
150 mM dextrose) and were sacrificed 3 days thereafter.

2.11 | Histological analysis

Liver samples were fixed in 10% formalin, embedded in
paraffin, cut into 4-um thick sections and were mounted
on slides. Tissue sections were stained with hematoxylin
and eosin for morphology analysis or with Sirius Red for
liver fibrosis analysis. For immunohistochemistry, liver
sections were stained with antibodies directed against
CHOP, SIRT3, GRP78, CK19, F4/80, and CD68.

212 | TUNEL assays

The terminal transferase-mediated dUTP nick-end labe-
ling (TUNEL) assay was performed as described in the
previously work."® The assay was done using the DeadEnd
Colorimetric TUNEL System, according to the manufac-
turer's instruction. Liver tissues were fixed in 10% forma-
lin at room temperature for 30 min, and permeabilized
with 0.2% Triton X-100 for 5 min. After washing, each
sample was incubated with biotinylated nucleotide and
terminal deoxynucleotidyl transferase in an equilibra-
tion buffer at 37°C for 1 h. The reaction was terminated
by incubating the samples in 2X saline sodium citrate
buffer for 15 min. Endogenous peroxidases were blocked
by treating the samples in 0.3% H,O, for 5 min, reacted
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with horseradish peroxidase-labeled streptavidin solu-
tion (1:500), and further incubated for 30 min. Finally, the
samples were developed using the chromogen, H,0,, and
diaminobenzidine for 10 min.

2.13 | Bioinformatic analysis
ChIP-sequencing (ChIP-seq) (GSE37589) data were used
to search for NRF2-binding sites to the promoter regions
of sirtuin family using Integrative Genomics Viewers.
Genes positively correlated with SIRT3 using Pearson
correlation (Pearson's coefficients, r > 0.5) were analyzed
in human liver tissue using Genotype-Tissue Expression
(GTEx) v7. Biological process and molecular function (MF)
of gene ontology (GO) were analyzed using DAVID v6.8
or g:profiler. Network visualization was performed using
Cytoscape v.3.8.2 (STRING or EnrichmentMap plug-in
coupled with the AutoAnnotate plug-in). Gene expression
data of TM-treated mice (GSE167299, GSE29929), patients
with NAFLD (GSE89632, GSE164760, GSE49541), and pa-
tients with cirrhosis (GSE25097) were obtained from Gene
Expression Omnibus (GEO) available in the public domain.
GSE167299 and GSE49541 were analyzed using gene set
enrichment analysis (GSEA) v4.1 software, or reactome of
canonical pathways and MF of GO (MSigDB, v7.4). False
discovery rate (FDR) <0.25 was used for statistical signifi-
cance assessment of normalized enrichment score (NES).

2.14 | Statistical analysis

Two-tailed Student's t-tests or one-way analysis of vari-
ance tests (ANOVA) followed by Tukey's honestly signifi-
cant difference (HSD) or least significant difference (LSD)
multiple comparisons correction were done to assess the
significance of differences among treatment groups. Data
were expressed as the mean + standard error of the mean
(SEM). The criterion for statistical significance was set at
p < .05 or p < .01. Coefficient of correlation (r) was deter-
mined by the Pearson correlation methods.

3 | RESULTS

3.1 | Association between SIRT3
upregulation and the expression of genes
encoding for antioxidative detoxifying
enzymes

To elucidate the association between NRF2-dependent
antioxidant function and sirtuin expression, we first ana-
lyzed a ChIP-seq GEO dataset (GSE37589) from human
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lymphoblastoid cells treated with sulforaphane (an elec-
trophilic NRF2 inducer) and found that NRF2 may bind to
the promoter regions of SIRT3 and SIRT7 (i.e., two mam-
malian sirtuins) (Figure 1A). In Nrf2 KO mice, Sirt3 and
Sirt1 transcript levels were markedly repressed in the liver,
whereas others were largely unaffected (Figure 1B). Given
that the expression of SIRT3 was commonly changed in
our analyses, in addition to its known role in mitochon-
drial protection against oxidative stress and metabolic reg-
ulation,” the functions of this protein were analyzed via
GO analysis using the human GTEx dataset. As expected,
SIRT3 in the liver seemed to be closely linked to the
genes encoding for oxidation-reduction, glutathione syn-
thetic process, and NRF2-dependent antioxidant systems
(Figure 1C). Given the association between NRF2 and
SIRT3, an isoform localized in mitochondria (Table S2),
we next examined the effects of Nrf2 modulations on mi-
tochondrial biogenesis markers. Nrf2 deficiency decreased
mitochondrial DNA (mtDNA) content in mice livers,
with concomitant decreases in peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (Ppargcla)
and carnitine palmitoyltransferase 1A (Cptla) transcript
levels (Figure 1D). Consistent with these findings, NRF2
overexpression enhanced the oxygen consumption rate
(Figure 1E). Network analysis of GO terms using the
GTEx dataset revealed that several genes linked to SIRT3
are involved in the “oxidoreductase activity,” “glutathione
metabolic process,” and “hydrolase and transporter activ-
ity” pathways (Figure 1F). Together, these results demon-
strate the close association between NRF2 and SIRT3 in
the context of mitochondrial biogenesis and antioxidant
capacity control in hepatocytes.

3.2 | Upregulation of NRF2 and SIRT3 in
liver disease animal models with ER stress

Given that oxidative stress participates in the ER stress re-
sponse, which in turn causes mitochondrial dysfunction, we
next examined hepatic NRF2 and SIRT3 levels in different
liver disease animal models accompanying ER stress. Both
NRF2 and SIRT3 were upregulated and were positively
correlated with each other in the livers of mice fed with
an MCD diet for 5 weeks (Figure 2A). Additionally, repre-
sentative ER stress markers such as GRP78 and CHOP were
all enhanced, thus suggesting the occurrence of ER stress-
mediated UPR in the liver. Similar changes were observed
in mice subjected to BDL for 2 weeks or a single dose of
APAP (500 mg/kg BW, for 6 h) (Figure 2B,C), thus confirm-
ing the occurrence of NRF2 and SIRT3 upregulation during
ER stress responses. These results indicate that NRF2 and
SIRT3 levels were highly correlated and increased under ER
stress conditions in the liver.
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3.3 | NRF2/ARE-dependent
transcriptional induction of SIRT3

To validate the NRF2 regulation of SIRT3, we further ex-
amined the ability of NRF2 to transcriptionally induce
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the SIRT3 gene. As expected, NRF2 overexpression in-
creased SIRT3 mRNA level in HEK293 cells (Figure 3A).
Upon analyzing the promoter region of the human
SIRT3 gene up to ~1.5 kb upstream of the transcription
start site, five putative ARE sites were identified starting
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FIGURE 1 Association of NRF2 and SIRT3 for mitochondrial activity control. (A) ChIP-seq analyses of NRF2-bound DNA regions
around the human SIRT gene promoter regions using a publicly available dataset (GSE37589). DNA fragments immunoprecipitated with
basal NRF2 (green peaks) or NRF2 activated with 10 uM sulforaphane for 5 h (red peaks). DNase I hypersensitive regions (indicated as
blue peaks) were co-aligned to recognize the active promoter regions (blue shades) of each analyzed gene. FPKM, fragments per kilobase

of exon per million reads mapped. (B) qRT-PCR assays for Sirt3 in the liver of wild-type (WT) or Nrf2 knockout (KO) mice fasted overnight
(n =4 each). (C) Gene ontology (GO) biological processes (BP) associated with SIRT3. Genes positively correlated with SIRT3 (Pearson's
coefficients, r > 0.5) in human liver tissue based on the data from the Genotype-Tissue Expression (GTEx) database were analyzed using
DAVID. Terms related to NRF2 functions are listed (p < .05) (left). Network analysis associated with NRF2 (NFE2L2) derived from GO (BP)
analysis of GTEXx (right). The network was analyzed using Cytoscape (STRING plugin). Red circle edge, genes belonging to the “glutathione
derivative biosynthetic process” and “glutathione metabolic process” pathways; blue circle, genes belonging to the “cellular oxidant
detoxification” and “response to oxidative stress” pathways. (D) qRT-PCR assays for mitochondrial DNA (mtDNA) and Ppargcla and Cptla
transcripts. The relative abundance of mtDNA in mouse livers was normalized by nuclear DNA copy number (n = 4 each, left). qRT-PCR
assays for Ppargcla and Cptla in the liver of mice fasted overnight prior to sacrifice (n = 3 each, right). (E) Relative oxygen consumption
rate in HEK293 cells with Nrf2 (or mock vector) overexpression (n = 3 each). (F) Clustering analysis of GO molecular function (MF) terms
for the genes associated with SIRT3. MFs of the genes positively correlated with SIRT3 (Pearson's coefficients, r > 0.5) in human liver tissue
(GTEx database) subjected to GO analysis using g:profiler. The networks were generated using Cytoscape (EnrichmentMap plug-in coupled

with the AutoAnnotate plug-in). Data are reported as the mean + SEM. *p < .05, **p < .01 according to Student's t-test (B, D, E)

from —39 bp through —1321 bp (Figure 3B, upper). The
ChIP assays indicated that NRF2 was recruited mostly
in the regions comprised between —641 bp and —631 bp
(site #2) and between —419 bp and —409 bp (site #3)
(Figure 3B, lower). NRF2 binding to site #2 was seem-
ingly superior to site #3. Consistent with these find-
ings, analysis of the ChIP-seq database (GSE37589)
confirmed that NRF2 tended to preferentially bind to
site #2 (Figure 3C). A SIRT3 promoter-reporter (+1 bp
to —1200 bp) and replacement mutant constructs for
site #2 and site #3 were then constructed to assess the
transcriptional function of the sites (Figure 3D, left).
As expected, NRF2 overexpression significantly pro-
moted luciferase expression in the reporter construct,
whereas a mutation at either site #2 or site #3 notably
diminished its expression. Moreover, double mutations
in both sites completely abolished luciferase induction
(Figure 3D, right). These results provide strong evidence
that ARE sites spanning from —641 bp to —631 bp and
from —419 bp to —409 bp are functionally active for
NRF2-mediated SIRT3 transactivation.

3.4 | Induction of NRF2 and SIRT3 by ER
stress in liver

Given the role of ER stress in proapoptotic cell fate de-
termination,”® we next examined the effect of TM (an
ER stress inducer) treatment on NRF2 and SIRT3. Upon
analyzing the GSE167299 dataset derived from livers of
mice treated with TM for 12 h, a set of genes involved in
the “unfolded protein responses” pathway were found
to be enriched (Figure 4A, left). TM treatment for 12 and
6 h caused an increase in Nrf2 mRNA levels, as demon-
strated by the GSE167299 and GSE29929 datasets, respec-
tively (Figure 4A, right and B), thus confirming the ER

stress-driven upregulation of NRF2. To corroborate the in-
duction of SIRT3, we further examined hepatic NRF2 and
SIRTS3 levels in mice 3 days after a single dose of TM treat-
ment. As expected, the ER stress elicited by TM markedly
promoted NRF2 and SIRT3 induction, and the expres-
sion of both genes was highly correlated (Figure 4C). TM
treatment also increased XBP1s, IRE1, and CHOP levels,
which are indicative of ER stress-mediated liver dysfunc-
tion. In a cell-based assay using AML12 (a mouse hepato-
cyte cell line), TM treatment robustly enhanced NRF2 and
SIRT3 levels (Figure 4D). Taken together, these data show
that ER stress triggers the induction of NRF2 and SIRT3
in hepatocytes.

3.5 | Enhanced CHOP induction in
Nrf2 KO mice by ER stress, as antagonized
by Sirt3 overexpression

To assess the protective effects of NRF2 and SIRT3
against ER stress in the liver, we next monitored hepatic
ER stress responses using Nrf2 KO mice. Particularly,
we assessed the levels of CHOP (a cell death marker that
responds to ER stress), as well as GRP78. Nrf2 deficiency
increased the basal CHOP expression and significantly
enhanced the ability of TM to upregulate CHOP and
GRP78 in the liver (Figure 5A). We then confirmed that
TM increased the expression of ER stress markers more
strongly in Nrf2 KO primary hepatocytes compared to
WT hepatocytes (Figure 5B). In contrast, either sul-
foraphane treatment or Nrf2 overexpression exerted the
opposite effect in AML12 cells (Figure 5C), confirming
that NRF2 may have an inhibitory effect on CHOP in-
duction in hepatocytes in response to ER stress. Next,
we sought to determine whether Nrf2 inhibition of
CHOP is mediated by SIRT3. As expected, adenoviral
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FIGURE 2 NRF2and SIRT3 levels in liver injury animal models with ER stress. (A-C) Immunoblots for NRF2, SIRT3, and ER

stress markers in liver homogenates (left), quantification (middle), and correlation plots (right) in mice fed with a normal diet (ND) or a
methionine/choline-deficient diet (MCD) diet for 5 weeks (n = 6, 7) (A); mice submitted to a sham or bile duct ligation (BDL) for 2 weeks
(n =5 each) (B); and mice treated with a single dose of vehicle or acetaminophen (APAP, 500 mg/kg, for 6 h) (n = 5, 6) (C). Data are
reported as the mean + SEM. *p < .05, **p < .01 according to Student's ¢-test or Pearson's correlation. Veh, vehicle

overexpression of Sirt3 prevented TM from inducing
Chop, Xbpls, and Grp78 in AML12 cells (Figure 5D),
demonstrating the protective role of SIRT3 in ER stress-
mediated CHOP induction. Together, these results
support the notion that NRF2 may inhibit ER stress-
mediated CHOP induction through SIRT3.

3.6 | Hepatoprotective effect of Sirt3
overexpression in Nrf2 KO mice challenged
by ER stress

Hydrodynamic tail vein injection delivers genes mainly
into hepatocytes.’® To gain a better understanding of
the hepatoprotective effect of SIRT3 in association with

NRF2, we next employed an in vivo hydrodynamic trans-
fection technique prior to TM treatment (Figure 6A,
upper). Hydrodynamic delivery of Sirt3 through the tail
vein successfully increased SIRT3 protein levels in the liv-
ers of mice (Figure 6A, lower). A single TM dose (2 mg/kg
BW) largely decreased the survival rate of Nrf2 KO mice
3 days after its administration; however, the all of WT
mice survived (Figure 6B). More importantly, Sirt3 over-
expression entirely prevented TM-induced mortality in
Nrf2 KO mice. Sirt3 overexpression decreased serum as-
partate transaminase activity in Nrf2 KO mice treated with
TM (data not shown, A56.6%, p < .01) but no significant
change was observed for serum alanine aminotransferase
(ALT) (data not shown) (n = 3-11/group). In this experi-
mental set, we thus examined histopathological changes
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to evaluate full pathology; as expected, Sirt3 overexpres-
sion attenuated liver damage and lipid accumulation in
TM-treated Nrf2 KO mice (Figure 6C). Neither fibrosis
(Sirius Red staining) nor ductular reaction (CK19 marker
as proliferation of reactive biliary epithelial cells) differed
significantly among the groups (Figure S1A,B). The abil-
ity of TM to increase CHOP intensities or Chop, Xbp1s,
and Grp78 transcript levels in either WT or Nrf2 KO ani-
mals was antagonized by Sirt3 overexpression in the liver
(Figure 6D,E). Further, Sirt3 overexpression diminished
inflammation markers (F4/80 and CD68) and the TUNEL
intensities associated with TM treatment in the liver of WT
and Nrf2 KO mice (Figures S1C,D, and 6F). Additionally,
these data provide strong evidence that Sirt3 overexpres-
sion has a protective effect against ER stress-induced liver
injury downstream of NRF2.

3.7 | SIRT3 and ER stress marker levels
in patients with liver diseases

NRF2 activities may increase in hepatocytes of the pa-
tients with chronic liver diseases such as primary biliary
cholangitis (PBC), viral hepatitis, and alcohol-related
liver disease.'” To validate our findings in liver disease
models, we examined SIRT3 and ER stress marker levels
in liver samples of normal subjects and NAFLD patients
using immunohistochemical and H-scoring methods. As
expected, NAFLD patients exhibited higher H-scores for
SIRT3 and GRP78 than normal subjects (Figure 7A,B).
The analysis of GEO datasets (GSE89632 and GSE16
4760) also elucidated higher CHOP and GRP78 tran-
script levels in patients with steatosis or NASH com-
pared to healthy individuals (Figure 7C). Consistently,
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FIGURE 4 Upregulation of NRF2 and SIRT3 by ER stress inducer. (A) Gene set enrichment analysis (GSEA) showing positively
enriched gene signatures in the liver of mice treated with tunicamycin (TM; GSE167299, 2.5 mg/kg, 12 h). The data were analyzed using the

reactomes of curated gene sets (left). qRT-PCR assay for Nrf2 in the liver of mice subjected to vehicle or TM (right) treatment (n = 3 each).
(B) Nrf2 transcript levels using the GSE29929 dataset obtained from the liver of mice treated with vehicle or TM for 6 h (n = 3, 4 each). (C)
Immunoblots of NRF2, SIRT3, and ER stress markers in liver homogenates (left), quantification of NRF2 and SIRT3 (middle), and their
correlation (right). Mice were subjected to a single dose of TM (2 mg/kg, i.p.) and sacrificed 3 days thereafter (n = 5, 6). (D) Immunoblots of
AMLI2 cells treated with 2 pg/ml TM for 24 h. Data are reported as the mean + SEM. *p < .05, **p < .01 according to Student's ¢-test (A-C)

or Pearson's correlation (C). Veh, vehicle

immunohistochemistry of SIRT3 showed a higher inten-
sity in the liver of mice subjected to BDL for 2 weeks than
control mice (Figure S2). Further, we examined whether
NAFLD severity affected SIRT3 levels by conducting
GSEA using the GSE49541 dataset. In the analysis of
NAFLD patient population, several genes associated
with NAD*-dependent protein deacetylase were in-
versely correlated with disease severity (Figure 7D, left).
Among the examined genes, SIRT3 mRNA levels were
lower in patients with severe NAFLD than those with
mild symptoms (Figure 7D, right). Likewise, a subgroup
of NAFLD patients with high median SIRT3 H-scores
exhibited lower serum ALT activities (Figure 7E, left).
Therefore, an inverse correlation was observed between
the serum ALT activity and SIRT3 level (Figure 7E, right).
Moreover, analysis of the GSE25079 database indicated
that patients with cirrhosis also displayed lower hepatic
SIRT3 levels (Figure 7F), confirming the role of SIRT3

repression in liver disease progression. Collectively, our
results provide evidence that SIRT3 has a protective ef-
fect on the livers of NAFLD patients, and therefore the
H-scores of SIRT3 repression may serve as a functional
indicator of liver disease progression.

4 | DISCUSSION

The ER and mitochondria can modify their structure and
function according to environmental cues. ER stress may
cause long-term calcium overload and ROS production in
mitochondria, thus impairing mitochondrial permeabil-
ity.>®!® Therefore, ER stress may cause cell death due to
mitochondrial dysfunction. Given that mitochondrial dys-
function promotes UPR progression, ER and mitochon-
dria dynamically participate in the maintenance of redox
homeostasis."” Our study provides evidence that NRF2
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FIGURE 5 ERstressinduction of CHOP in Nrf2 KO hepatocytes and effects of Sirt3 overexpression. (A) Immunoblots and their
quantifications in livers of mice subjected to a single dose of TM (2 mg/kg BW, i.p.) and sacrificed 3 days thereafter (n = 3 each). (B)
Immunoblots for CHOP and GRP78 in mouse primary hepatocytes treated with vehicle or 2 pg/ml TM for 18 h. The data were confirmed in
a separate experiment. (C) Immunoblots for CHOP and GRP78 in AML12 cells treated with 10 mM sulforaphane (left) or transfected with
mock or Nrf2 plasmid (right) prior to TM treatment (2 pg/ml, for 18 h). The data were confirmed in a separate experiment. (D) qRT-PCR
assays in AML12 cells infected with adenoviruses (Ad) encoding Gfp or Sirt3 followed by TM treatment (2 pg/ml, for 16 h) (n = 3 each).
Data are reported as the mean + SEM. *p < .05, **p < .01; N.S., not significant; #p < .05, ##p < .01, significant differences compared to TM
treatment and/or Ad-Gfp infection according to one-way ANOVA coupled with LSD (A,D). Veh, vehicle

induction of SIRT3 plays an important role in overcom- NRF2 is a transcription factor that maintains proper
ing ER stress, thus protecting hepatocytes from ER stress- intracellular redox balance, providing cells with a buff-
induced injury. ering capacity for redox homeostasis.*> NRF2 promotes



12 of 16 pud KIM ET AL.
2ot LEASEB oo

(A) c Mouse liver (H&E
™
(2 mg/kg, i.p.) WT Nrf2 KO
+Veh +TM +TM
Wror | | 4+ + + +—+— : ‘ 7
Nif2KO o 4 2 3 4 5 6 7 (days)
A A
Hydrodynamic Sacrifice Mock
gene delivery
(Mock or Sirt3)
%)
FRe
W %025 Sirt3
Mouse SIRT3E OE
I
ver B-actinl-__-l-m
(kDa)
(B) (D) Mouse liver (CHOP)
o | 44 1010 11/11 wT Nrf2 KO
+Veh +TM +TM
S w0 e '
g
& Mock | -
c
8 40 4/10
[0
o
20
0 Sirt3
+ + + + T™ OE
WT Nrf2KO WT Nrf2 KO
Mock Sirt3 OE
(E) Mouse liver
Chop Xbp1s Grp78
<0.01 <0.01 <0.01
5 <0.01 3 <001
o} P 5 5
> 012 o
2 2 2
< 40 < < 2
Z Z s b
x [ [
aE> € .S. €
>20 Q 4 Q 14
5 = = N.S.
[} N.S. < o —_
© ] Z &,
N N2 N N2 CwNE e N2
WT WT KO WT WT KO WT WT KO WT WT KO WT WT KO WT WT KO
Mock Sirt3 OE Mock Sirt3 OE Mock Sirt3 OE
(F) Mouse liver (TUNEL)
p<0.01
1251 p <0.01
o
2100
>
B 751
C
o
.E 50.
| N.S.
5 25
'_
-+ o+ - + + ™M

Nrf2 Nrf2
WT WT g WT WT k3
Mock Sirt3 OE




KIM ET AL. 13 of 16

FASE‘BJ‘OURNAL

FIGURE 6 Hepatoprotective effect of Sirt3 overexpression against ER stress in Nrf2 KO mice. (A-F) A plasmid encoding for Sirt3 (or
mock vector) was hydrodynamically injected into the mice via the tail vein. After 4 days, the mice were treated with a single dose of TM

(2 mg/kg BW, i.p.) and sacrificed 3 days thereafter. (A) Experimental scheme (upper). Immunoblotting assays for SIRT3 (lower). (B) Overall
survival rate of the mice (n = 4-11/group). (C) Representative images of liver histology (n = 3 or 4/group). Damaged areas were marked with
dotted lines. Scale bars: 200 pm. (D) Representative immunostainings for CHOP (n = 3 or 4/group). Scale bars: 200 pm. (E) qRT-PCR assays
(n = 3-11/group). (F) Representative images of TUNEL staining (left) and quantifications (right) (n = 3 or 4/group). Scale bars: 200 pm. Data
are reported as the mean + SEM. *p < .05, **p < .01; N.S., not significant; significant differences between each group were identified via one-
way ANOVA coupled with LSD (E,F). H&E, hematoxylin and eosin; Veh, vehicle
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FIGURE 7 SIRT3 upregulation in NAFLD patients with ER stress, and SIRT3 repression in more severe liver diseases. (A,B)
Representative immunostainings for SIRT3 (A) or H-scores of SIRT3 or GRP78 (B) in healthy individuals or patients with NAFLD (n = 14,
16). SIRT3 and GRP78 levels were semiquantitatively assessed using immunohistochemical staining intensities, percentage of positive cells,
and H-scores. Magnification, 400x. (C) CHOP transcript levels in the livers of healthy individuals or patients with steatosis (GSE89632, n
=24, 20 each). GRP78 transcript levels were assessed using GSE164760 from healthy individuals or patients with NASH (n = 5, 74). (D)
GSEA plot showing the inverse correlation of NAFLD severity with the gene signature in GSE49541 (n = 40, 32). NAD*-dependent protein
deacetylase activity was assessed using the MF GO set (left). SIRT3 mRNA levels were assessed using the same dataset from patients with
mild or severe NAFLD (right). (E) Serum ALT activities in the same NAFLD patients with low or high SIRT3 as in panel A (Median, n =

8 each). SIRT3 levels were semiquantitatively assessed based on immunohistochemical staining intensities, percentage of positive cells,
and the assigned H-scores (left). Correlation between serum ALT activity and SIRT3 H-scores (n = 16) (right). (F) SIRT3 transcript levels
were assessed using the GSE25097 dataset from healthy individuals or patients with cirrhosis (n = 6, 40). The data are shown as a box

and whisker plot. Box, interquartile range (IQR); whiskers, 5-95 percentiles; horizontal line within the box, median. *p < .05, **p < .01,
according to Student's t-test (B-F) or Pearson's correlation (E)

the expression of target proteins that mediate cellular  terms, including “glutathione metabolic process,” “heme
sulfhydryl production, which is necessary for the protec- biosynthetic process,” “response to oxidative stress,” and
tion of cells and organs against ROS. Our analysis of the “oxidant detoxification,” and identified a positive correla-
GTEx dataset elucidated several significantly enriched GO tion between SIRT3 and target genes of NRF2 involved in
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the oxidoreduction process, thus confirming the close link
between NRF2 and SIRT3.

Moreover, our findings indicated that Nrf2 abroga-
tion diminished mtDNA content in hepatocytes with
Ppargcla and Cptla inhibition, whereas its overexpres-
sion enhanced oxygen consumption rate, thus confirming
the bona fide regulatory effect of NRF2 on mitochondrial
energy metabolism. PGCla and its binding partners (i.e.,
ERRa and GABP) are known to participate in the induc-
tion of SIRT3, whereas SENP1 de-SUMOylates SIRT3 for
mitochondrial biogenesis.”’”** Combined with our GO
network analysis results, these findings support the im-
portance of the NRF2-SIRT3 axis in mitochondrial fuel
oxidation.

Our results also confirmed the role of NRF2 as a di-
rect transcription activator of SIRT3 for the regulation
of mitochondrial adaptation in response to ER stress.
When the present study was being conducted, another
study demonstrated that NRF2 interacts with the ARE
site of the SIRT3 gene (—301 bp to —251 bp) in Cr(VI)-
transformed human bronchial epithelial cells.”* From
the prediction of five different NRF2 DNA-binding site
candidates for SIRT3 gene induction, we identified two
ARE sites spanning from —641 bp to —631 bp and from
—419 bp to —409 bp located in the promoter region.
Importantly, these findings were also supported by NRF2
ChIP-seq and mutation analyses. The identification of
NRF2-binding sites as transcriptional activators of SIRT3
in this study suggests that this pathway has a protective
role against ER stress-induced proapoptotic signaling.

In MCD, BDL, or APAP intoxication animal models,
NRF2 levels were highly correlated with SIRT3 in the
liver with increases in ER stress markers including CHOP.
Particularly, CHOP is a known proapoptotic transcrip-
tion factor, which further supports the effect of ER stress
on hepatocyte death. This is consistent with the result of
enhanced CHOP induction by ER stress under Nrf2 defi-
ciency conditions, as well as the outcomes of our in vivo
experiments (i.e., TUNEL-positive cell numbers), thus
confirming that Nrf2 ablation facilitates ER stress-induced
liver injury.

SIRT3 is highly expressed in metabolically active or-
gans such as the liver and plays an important role in
controlling energy metabolism through mitochondrial
biogenesis."” Although the effects of SIRT3 on ER stress-
induced lipotoxicity have been studied in neurons, chon-
drocytes, and pancreatic p-cells,”’ its functional role in
ER stress response in liver disease was unclear. Our find-
ings show that ER stress significantly increased mortality
rates in Nrf2 KO mice. Concretely, more than half of the
Nrf2 KO mice died from severe ER stress, corroborating
the protective role of NRF2 against ER stress-induced
mortality. Another important finding of this study was

that Sirt3 overexpression in the liver rescued the Nrf2 KO
mice from ER stress-induced mortality, which verified the
key role of SIRT3 downstream from NRF2 in hepatocyte
survival. These results provide key information on SIRT3-
mediated regulation of redox state in the cell under ER
stress conditions.

Hydrodynamic transfection system delivers genes pri-
marily into hepatocytes at the pericentral region.'® Using
this technique, we found that SIRT3 expression was ob-
served mainly in hepatocytes of the animal BDL model.
Consistently, the patients with chronic liver diseases
also showed increased NRF2 activity in hepatocytes of
the liver,"” suggesting the role of the NRF2-SIRT3 sig-
naling in hepatoprotection under ER stress conditions.
Dysregulation of cholangiocytes is also recognized in
cholestatic liver diseases.”® NRF2 activation in human
cholangiocytes was proposed to exhibit a protective effect
on biliary epithelial cells from PBC.” ER stress-induced
CHOP activation is involved in the progression of cholan-
giopathy.* Thus, beneficial effects of SIRT3 in cholangio-
cytes could also be predictable in PBC accompanying ER
stress. A further study determining the physiological rele-
vance of NRF2-SIRT3 pathways in cholangiocytes may be
of extra value to understand the role of ER stress in biliary
epithelial lesions.

Previous studies have shown that TM causes nuclear
translocation of NRF2 through PERK in fibroblast cells,
which contributed to cell survival after UPR induction.”!
In addition to demonstrating the role of NRF2 as a tran-
scriptional factor for SIRT3, our findings also indicated
that patients with more severe liver diseases also exhib-
ited SIRT3 downregulation. Previously, it has been also
suggested that NRF2 activity correlated with the grade of
inflammation'” and a decrease in SIRT3 activity is associ-
ated with reduced mitochondrial function in fatty liver.*?
Collectively, these findings demonstrated that the NRF2-
SIRT3 axis functions as a protective feedback mechanism
in response to ER stress in hepatocytes.

Adaptive ER stress can restore ER homeostasis, whereas
unresolved ER stress can lead to catastrophic cell death,
which illustrates the binary nature of this mechanism.****
ER stress and secondary mitochondrial malfunction are
considered risk factors for NAFLD progression.” Several
studies have linked various liver diseases to both increases
and decreases in NRF2 expression. However, recent studies
have revealed the activation of NRF2 in patients suffering
from chronic liver diseases and inflammation, whereas this
gene becomes repressed in more severe conditions such as
cirrhosis.'”*> Here, we demonstrated that ER stress may
trigger the progression of NAFLD, which is preceded by
decreases in SIRT3 levels during disease progression. Our
results demonstrate that Sirt3 overexpression protected he-
patocytes from ER stress, thus ameliorating liver injuries.
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Further, this mechanism was activated by NRF2 as sub-
stantiated by the results of our in vivo and in vitro studies,
supporting that the NRF2-SIRT3 axis may orchestrate UPR
and proapoptotic signaling.

The identification of molecules and signaling net-
works would facilitate the development of novel ther-
apies against metabolic liver diseases. Our analyses
of patient samples and public datasets indicated that
SIRT3 was adaptively upregulated in patients with ste-
atosis or NASH. More importantly, the finding that
SIRT3 levels were lower in severe NAFLD cases or liver
cirrhosis supports the notion that dysregulation of the
NRF2-SIRT3 pathway may accelerate NAFLD progres-
sion. The ability of NRF2 to act as a transcription fac-
tor for SIRT3 implies that NRF2 activation by ER stress
mediates the fine-tuning of SIRT3 level. In turn, this
promotes mitochondrial biogenesis and survival, sug-
gesting that the NRF2-SIRT3 pathway acts as a switch
control. Therefore, enhancing SIRT3 activity may pro-
vide a promising means to treat metabolic liver diseases
caused by ER stress. Collectively, our findings demon-
strated the ability of SIRT3 to protect hepatocytes from
ER stress, thus providing direct evidence for the role of
the NRF2-SIRT3 axis in cell protection under ER stress
conditions, as well as novel insights into the relationship
between ER stress-mediated mitochondrial dysfunction
and liver disease progression.
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