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Abstract

Background and Aims: Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
master regulator of reactive oxygen species (ROS) and inflammation and has
been implicated in both human and murine inflammatory disease models. We
aimed to characterize the roles of macrophage-specific Nrf2 in liver ischemia/
reperfusion injury (IRI).

Approach and Results: First, macrophage Nrf2 expression and liver injury
in patients undergoing OLT or ischemia-related hepatectomy were analyzed.
Subsequently, we created a myeloid-specific Nrf2-knockout (Nrf2¥-*©) strain
to study the function and mechanism of macrophage Nrf2 in a murine liver IRI
model. In human specimens, macrophage Nrf2 expression was significantly
increased in liver tissues after transplantation or hepatectomy. Interestingly,
lower Nrf2 expressions correlated with more severe liver injury postopera-
tively. In a mouse model, we found Nrf2""X° mice showed worse hepato-
cellular damage than Nrf2-proficient controls based on serum biochemistry,
pathology, ROS, and inflammation. In vitro, Nrf2 deficiency promoted innate
immune activation and migration in macrophages on toll-like receptor (TLR) 4
stimulation. Microarray profiling showed Nrf2 deletion caused markedly lower
transcriptional levels of tissue inhibitor of metalloproteinase 3 (Timp3). ChlP-
seq, PCR, and luciferase reporter assay further demonstrated Nrf2 bound to

Abbreviations: ADAM, a disintegrin and metalloproteinase; BMM, bone marrow-derived macrophages; ChlP-seq, chromatin immunoprecipitation sequencing;
GSH, glutathione; iINOS, inducible nitric-oxide synthase; IRI, ischemia/reperfusion injury; MCP, monocyte chemoattractant protein; MDA, malondialdehyde;
MPO, myeloperoxidase; Nrf2, nuclear factor erythroid 2 -related factor 2; PHY, partial hepatectomy; POD1, first day postoperatively; RhoA, Ras homolog
family member A; RNA-seq, RNA sequencing; ROCK1, Rho-associated coiled-coil containing protein kinase 1; ROS, reactive oxygen species; rTimp3,
recombinant tissue inhibitor of metalloproteinase 3; sALT, serum alanine aminotransferase; sAST, serum aspartate aminotransferase; SCR-siRNA, scrambled
control small interfering RNA; siRNA, small interfering RNA; Timp, tissue inhibitor of metalloproteinase; TLR, toll-like receptor; TUNEL, terminal
deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick-end labeling; WB, western blot.
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IRI.

INTRODUCTION

Hepatic ischemia/reperfusion injury (IRI) often occurs
after liver transplantation, hemorrhagic shock, and
hepatectomy and is an unresolved problem that con-
fuses clinical doctors and patients.“'zl The pathological
process of liver IRl is characterized by the overproduc-
tion of reactive oxygen species (ROS), dysfunctional
mitochondria, calcium overload, inflammatory cell re-
cruitment, and the excess generation of proinflamma-
tory cytokines.[1'3] In particular, inflammatory cells play
vital roles in exacerbating hepatocellular apoptosis/ne-
crosis during reperfusion.[4] High mobility group box 1, a
danger-associated molecular pattern (DAMP) released
by necrotic cells, directly activates the pattern recog-
nition receptor system (including toll-like receptors
[TLRs]), leading to local sterile inflammatory responses
and further promoting hepatocellular apoptosis/necro-
sis.[5®] Macrophages are the dominant immune cells
in liver tissues and play a key role in activating innate
immune responses to DAMPs. Thus, the regulation of
macrophage-mediated innate immune response is key
to attenuating liver IRI.

Nuclear factor erythroid 2-related factor 2 (Nrf2), a
master regulator of antioxidative responses, is very cru-
cial in maintaining cellular homeostasis. Nrf2 belongs
to the NFE2 family of transcription factors and contains
seven Neh domains that regulate Nrf2 activity by bind-
ing to DNA or proteins.m The Neh1 domain consists
of a basic region-leucine zipper (bZIP) structure and
is responsible for Nrf2 binding to DNA and dimeriza-
tion with small Maf proteins, which are required for Nrf2
binding to antioxidant response elements (AREs) in the
promoter regions of numerous cytoprotective genes
and the initiation of transcription.[8] The Neh2 and Neh6
domains mediate the interaction with and regulation of
Keap1 through the DLG and ETGE motifs.!®! This bind-
ing results in the ubiquitination and proteasomal degra-
dation of Nrf2. The Neh3, Neh4, and Neh5 domains are
transactivation domains. The Neh7 domain interacts

the promoter region of Timp3. Moreover, a disintegrin and metalloproteinase
(ADAM) 10/ROCK1 was specifically increased in Nrf2-deficient macrophages.
Increasing Timp3 expression effectively inhibited ADAM10/ROCK1 expres-
sion and rescued the Nrf2"""C-mediated inflammatory response on TLR4
stimulation in vitro. Importantly, Timp3 overexpression, recombinant Timp3
protein, or ROCK1 knockdown rescued Nr
macrophage activation.

Conclusions: In conclusion, macrophage Nrf2 mediates innate proinflam-
matory responses, attenuates liver IRI by binding to Timp3, and inhibits the
RhoA/ROCK pathway, which provides a therapeutic target for clinical organ

f2M-KO_related liver IRI by inhibiting

with retinoid x receptor alpha, which represses Nrf2.11%

Under physiological conditions, Nrf2 is located in the
cytoplasm, where it binds to Keap1 and undergoes se-
questration, ubiquitination, and proteasomal degrada-
tion. However, under pathological conditions, Nrf2 is
activated in two ways. (1) In canonical Nrf2 activation,
specific cysteine residues on Keap1 are oxidized by ox-
idative stress or electrophiles, resulting in a conforma-
tional change in the adaptor protein and the inhibition
of E3 ubiquitin ligase activity."®' (2) In noncanonical
Nrf2 activation, the Kir domain of p62 and Nrf2 share
the same binding site with stretches of amino acids in
Keap1, and p62 binding to Keap1 results in the release
of Nrf2.'"%" Activated Nrf2 translocases to the nucleus
from the cytoplasm, leading to the transcription of mul-
tiple target genes, such as Gpx2, Nqo1, and Hmox1.[']

Nrf2-driven regulation of antioxidant and anti-
inflammatory effects is important for cytoprotection and
defense. Previous studies have demonstrated that Nrf2
disruption increases the severity of ischemia-related
injury in the kidney, brain, and heart.>' In contrast,
activation of Nrf2 has been reported to protect against
cerebral, retinal, cardiac, and intestinal IR-induced
tissue damage.[15'17] An increasing number of studies
have also illustrated the functions of Nrf2 during liver
IRI8-2" put Nrf2 may affect liver IRI through both pa-
renchymal (hepatocytes) and nonparenchymal cells
(macrophages, NK cells, and so on) because of its dif-
ferent roles in various cell types and cellular activities.
The involvement of macrophage Nrf2 in hepatic IRl has
not been well investigated to date, partly because of the
lack of cell-specific tools for in vivo analysis.

Itis reported that transient receptor potential vanilloid
1—evoked Ca?* influx promoted the phosphorylation of
calcium/calmodulin-dependent protein kinase Il and fa-
cilitated the nuclear localization of Nrf2, which ultimately
resulted in the inhibition of macrophage M1 polarization
in the osteoarthritis.[?? Auranofin-mediated Nrf2 induc-
tion attenuated IL-1f expression in lipopolysaccharide
(LPS)-stressed alveolar macrophages, which further
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suppressed macrophage-mediated inflammation.?? In
addition, the relation between Nrf2 and RhoA/ROCK1
has been reported. For example, the Nrf2/Keap1 path-
way may affect cell motility by dysregulating the RhoA/
ROCK1 signaling in non-small-cell lung cancer cells.l?
Moreover, Nrf2 could promote breast cancer cell pro-
liferation and metastasis by increasing RhoA/ROCK
pathway signal transduction.”® However, there is no
report exploring the relation between Nrf2 and tissue
inhibitor of metalloproteinase (Timp) 3.

Herein, we hypothesized that macrophage Nrf2 is
critical for innate immune activation and liver injury
during liver IRI. First, macrophage Nrf2 expression and
liver function in patients undergoing OLT or ischemia-
related hepatectomy were assessed. Second, we cre-
ated a myeloid-specific Nrf2-knockout (Nrf2"K°) strain
to study the function and mechanism of macrophage
Nrf2 in liver IRI. Third, the functional roles and molecu-
lar mechanisms of macrophage Nrf2 were deeply ana-
lyzed in vivo and in vitro.

PATIENTS AND METHODS
Patients and clinical samples

The study was approved by the Research Ethics
Committee of the First Affiliated Hospital of Nanjing
Medical University in Nanjing, China (Institutional
Review Board approval number 2018-SRFA-197).
Informed consent in writing was obtained from each
patient and the study protocol conformed to the ethi-
cal guidelines of the 1975 Declaration of Helsinki as
reflected in a priori approval by the appropriate institu-
tional review committee. Biopsy specimens were ob-
tained from 30 patients (Table S1) with end-stage liver
disease undergoing OLT at Hepatobiliary Center of the
First Affiliated Hospital of Nanjing Medical University
between January 2019 and December 2019. Pre-OLT
hepatic biopsies were harvested from the left lobe
during back-table preparation (before implantation),
and post-OLT hepatic biopsies were harvested at 2-3
h after portal reperfusion (before abdominal closure).
All organ donations recorded in the electronic data-
base were contributed voluntarily without donors from
executed prisoners or other institutionalized persons.
Nonfatty donor organs, which were procured accord-
ing to standardized techniques, were perfused with and
stored in cold University of Wisconsin (UW) solution.
The ischemia time was defined as the time between the
perfusion of the donor liver with UW solution and its re-
moval from cold storage. Additionally, biopsy specimens
were obtained from 30 patients (Table S2) with benign
liver disease undergoing partial hepatectomy (PHY)
with the Pringle maneuver (January 2019-December
2019, Hepatobiliary Center, the First Affiliated Hospital
of Nanjing Medical University). Prehepatectomy hepatic

biopsies were harvested after laparotomy (before he-
patic portal occlusion), and posthepatectomy hepatic
biopsies were obtained after reperfusion (before ab-
dominal closure). The ischemia time was between 15
and 30 min. Serum alanine aminotransferase (sALT)
was measured on the first day postoperatively (POD1)
to assess the degree of hepatocellular injury. Informed
consent was obtained from all participants.

Hepatic IRl model and treatments

Nrf2-LoxP mice (Nrf2™™) were bred with myeloid-
specific Cre mice (Lyz2-Cre) to create myeloid-specific
Nrf2-KO mice (Nrf2*°). Male Nrf2fYFL and Nrf2MKO
mice (6-8-week-old) on a C57BL/6 background (Nanjing
Biomedical Research Institute of Nanjing University) were
used in the experiments. The procedure to establish the
mouse hepatic IRl model was the same as that described
in previous studies.2"8! Briefly, the arterial/portal vessels
to the cephalad lobes were clamped for 90 min. However,
there was no vascular occlusion in sham-controlled mice.
The severity of the pathological injury was graded blindly
using Suzuki’s criteria on a scale from 0 to 4. In the treat-
ment groups, each mouse was injected through the por-
tal vein with 5 x 10° bone marrow-derived macrophages
(BMMs) transfected with Ad-Timp3/Ad-p-gal (2.5 x 10°
plaque-forming units) or untreated BMMs 24 h before the
onset of warm ischemia. After the adoptive transfer of Ad-
B-gal-transfected BMMs, X-Gal staining in the ischemic
liver lobes after 6 h of reperfusion was 40-50% compared
with that of the control livers.®2! Additionally, 4 h before
the establishment of the hepatic IR model, some mice were
injected through the tail vein with ROCK1-small interfering
RNA (siRNA) or scrambled control siRNA (SCR-siRNA)
(2 mg/kg) mixed with mannose-conjugated polymers
(Polyplus-transfection) at a ratio based on the manufac-
turer’s instructions.””? Recombinant Timp3 (FTimp3) (100
ng/kg body weight, EMD Bioscience) was administered to
mice 1 h before establishing the IRI model.[?8

Cesium source was used to irradiate male Nrf
mice (5-week-old) twice with a dose of 550 rad (5.5 Gy)
4 h before transplantation. Bone marrow was isolated
from femurs of Nrf2F-Ft or Nrf2¥-%© mice by flushing
with sterile Opti-MEM (Thermo Fisher Scientific). The
1 x 10" BMMs were injected into each recipient mouse
through retro-orbital injection. Bone marrow transplan-
tations were performed to generate the chimeric mice
as follows: Nrf2"YF mice reconstituted with Nrf2™/Ft
BMMs (FL/FL—FL/FL) and Nrf2™~F- mice reconstituted
with Nrf2K° BMMs (M-KO—FL/FL). The chimeras
would be subjected to the liver IR injury model after 4
weeks from bone marrow transplantation. The neutro-
phil depletion was performed with an intraperitoneal in-
jection of 500 ug anti-Ly6G antibody (1A8, BioXCell) 24
and 2 h before establishing IRl model and the control
mice were injected with anti-IgG.

2FL/FL
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Statistical analysis

All data in this study are presented as the mean %
SD. We used SPSS software ver. 20.0 and GraphPad
Prism 8.0 to analyze the data and calculate the p val-
ues. Statistical differences between multiple groups
were evaluated using Student’s t tests or ANOVA. All
experiments were repeated at least three times, and
the differences were deemed statistically significant
when the p value < 0.05.

For further details regarding the methods and mate-
rials, please refer to the Supporting Material.

RESULTS

Nrf2 expression in macrophages is
increased and negatively correlates with
IR stress-induced liver injury in patients

To explore the role of macrophage Nrf2 in the patho-
genesis of hepatic IRI, we first examined Nrf2 ex-
pression in macrophages of liver specimens from 30
patients undergoing OLT. Nrf2 expression was exam-
ined in macrophages extracted from fresh liver tis-
sues and further purified with CD68 magnetic beads.
Figure 1A showed the expression of Nrf2 significantly
increased in liver macrophages after reperfusion.
Interestingly, the postoperative Nrf2 levels correlated
negatively with sALT values at POD1 (Figure 1B: R?
= 0.4468, p < 0.0001). In addition, we divided the
patients into low-Nrf2 and high-Nrf2 groups using
the median ratio of Nrf2/GAPDH as the threshold
(Figure 1C: threshold = 0.922). Compared with the
low Nrf2 group, patients with higher Nrf2 levels exhib-
ited lower sALT levels at POD1 (Figure 1D). Similarly,
hematoxylin and eosin (H&E) staining and terminal
deoxynucleotidyl transferase—mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining dis-
played that the low Nrf2 group featured worsened
sinusoidal congestion, edema, vacuolization, and ap-
optosis (Figure 1E).

Then, we examined Nrf2 expression in liver macro-
phages from 30 patients undergoing PHY. Figure 1F
exhibited the higher Nrf2 expression of macrophages
from posthepatectomy in comparison to prehepatec-
tomy. The postoperative Nrf2 levels correlated nega-
tively with SALT values at POD1 (Figure 1G: R? = 0.6747,
p < 0.0001). These patients were also divided into low-
Nrf2 and high-Nrf2 groups using the median of postop-
erative Nrf2/GAPDH ratio as the threshold (Figure 1H:
threshold = 0.627). Unlike the low Nrf2 group, patients
who were characterized by higher Nrf2 levels exhibited
lower sALT levels at POD1 (Figure 1I). The H&E and
TUNEL staining results showed that the low Nrf2 group
held more severe sinusoidal congestion, edema, vacu-
olization, and apoptosis (Figure 1J).

Myeloid-specific Nrf2 deficiency
exacerbates IR-induced
hepatocellular damage

To better clarify the role of macrophage Nrf2 in regulat-
ing hepatocellular damage, ROS production, and inflam-
mation during hepatic IR, we used the Cre-LoxP system
to create myeloid-specific Nrf2-KO (Nrf2Y"*©) mice. The
overall expression levels of Nrf2 in livers or hepatocytes
from Nrf2fYFL and Nrf2Y"%© mice showed no significant
differences. Hepatic nonparenchymal cells and BMMs
isolated from Nrf2"© mice showed significantly lower
levels of Nrf2 than those isolated from Nrf2™/™ mice
(Figure 2A). After 90 min of warm ischemia followed by 6
h of reperfusion, compared with Nrf2™-'F mice, Nrf2YKO
mice exhibited severe edema, sinusoidal congestion,
vacuolization, and extensive hepatocellular necrosis,
which correlated with Suzuki’s histological grading of he-
patic IR injury (Figure 2B,C). Increased sALT and serum
aspartate aminotransferase (sAST) levels were detected
in Nrf2Y-%© mice, which also indicated worsened hepa-
tocellular injury (Figure 2D). Nrf2""%© mice displayed
elevated myeloperoxidase (MPO) levels, reflecting liver
neutrophil activity (U/g) (Figure 2E). Moreover, myeloid-
specific Nrf2 deficiency significantly worsened IR-
induced ROS and malondialdehyde (MDA) production
and reduced glutathione (GSH) activity in ischemic liv-
ers (Figure 2F). TUNEL staining revealed an increased
number of TUNEL-positive cells in ischemic livers from
Nrf2Y-%0 mice (Figure 2G,H). Western blot (WB) analy-
sis also showed that the antiapoptotic proteins Bcl-2
and Bcl-xI were down-regulated in ischemic livers from
Nrf2Y-40 mice (Figure 21). To exclude the effect of Nrf2 in
polymorphonuclear neutrophils during liver IR injury, we
first established the chimeric mice through irradiation and
BMMs transplantation. The corroborating results showed
that Nrf2-deficiency macrophage promoted IR-induced
liver injury, as evidence by the higher levels of sALT and
SAST and more severe histological injury in Nrf2™/Ft
mice reconstituted with Nrf2""X° BMMs (Figure S1A-C).
Then, we used the anti-Ly6G antibody to eliminate the
neutrophils (Figure S1D,E). As shown in Figure S1F-H,
Nrf2Y"%0 mice suffered more drastic IR injury than
Nrf2fYFL mice, regardless of anti-Ly6G antibody treat-
ment. The results revealed that the elimination of neu-
trophils failed to offset the huge difference in IR-induced
liver injury between Nrf2™-/F- and Nrf2"K° mice.

Myeloid-specific Nrf2 deficiency increases
macrophage/neutrophil infiltration and
proinflammatory mediators in IR stress-
induced livers

Given that activation of the innate immune response
plays an essential role in exacerbating hepatic IRI, we
evaluated the accumulation of hepatic inflammatory
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Nrf2 expression in macrophages is increased and negatively correlates with IR stress-induced liver injury in patients. Liver

macrophages were isolated from 30 patients undergoing OLT (A-E) or 30 patients undergoing PHY (F-J). (A) WB-assisted pre/post-OLT
Nrf2 expression profiles in macrophages (representative eight cases). (B) The ratio of post-OLT Nrf2/GAPDH correlated negatively with
SALT at POD1. (C) Thirty human OLTs were divided into low (n = 15) and high (n = 15) ratio group of post-OLT Nrf2/GAPDH using the
median of postoperative Nrf2/GAPDH ratio as the threshold (threshold = 0.922). (D) sALT values in both Low Nrf2 and High Nrf2 groups in
OLT recipients at POD1; *p < 0.05 by Student ¢ test. (E) HE staining and TUNEL staining in OLT biopsies. (F) WB-assisted prehepatectomy
and posthepatectomy Nrf2 expression profiles in macrophages (representative eight cases). (G) The ratio of posthepatectomy Nrf2/
GAPDH correlated negatively with sALT at POD1. (H) Thirty human hepatectomy were divided into low (n = 15) and high (n = 15) ratio group
of post-OLT Nrf2/GAPDH using the median of postoperative Nrf2/GAPDH ratio as the threshold (threshold = 0.627). (I) sALT values in

both Low Nrf2 and High Nrf2 groups in hepatectomy patients at POD1; *p < 0.05 by Student t test. (J) HE staining and TUNEL staining in

posthepatectomy biopsies
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FIGURE 2 Myeloid-specific Nrf2 deficiency aggravates IR-induced hepatocellular damage. The IR model mice were subjected to 90
min of partial liver warm ischemia, followed by 6 h of reperfusion. (A) WB-assisted Nrf2 expression profiles in liver tissues, hepatocytes,
macrophages, nonparenchymal cells (NPCs), and BMMs from Nrf2™Ft and Nrf2Y-C mice. (B) Representative HE staining of ischemic liver
tissues, Scale is 250 pm. (C) Liver damage was evaluated by Suzuki’s histological score. (D) sALT and sAST levels were measured from
sham and IR groups. (F) MPO activities of liver tissues. (F) Quantitation of ROS-sensing dye DHE staining, MDA, and GSH activities were
assessed in ischemic liver tissues. (G,H) TUNEL staining of liver tissues; positive cell percentage was evaluated. (I) WB-assisted Bcl-2 and

Bcl-xl expression profiles in liver tissues. n = 6, *p < 0.05 by Student ¢ test

cells by F4/80 and CD11b (macrophage markers)
and Ly6G (a neutrophil marker) staining after IRI.
Compared with Nrf2"FL mice, myeloid-specific
Nrf2 deficiency markedly increased macrophage
and neutrophil infiltration in IR stress-induced livers
(Figure 3A-C). The flow cytometry analysis further-
more confirmed that the population of neutrophils

and macrophages was markedly increased in the IR-
stressed livers of Nrf2¥-%© mice compared with Nrf2F-/Ft
mice (Figure 3D). Unlike Nrf2fFt mice, Nrf2M*< mice
exhibited increased levels of TNF-a, IL-6, monocyte
chemoattractant protein (MCP)-1, and inducible nitric-
oxide synthase (iNOS) and reduced levels of IL-10 in
IR stress-induced livers (Figure 3E). Consistent with
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the mRNA data, increased levels of serum TNF-«, IL-
6, and MCP-1 and decreased levels of IL-10 were de-
tected in Nrf2""© mice after IRI (Figure 3F).

Myeloid-specific Nrf2 deficiency
exacerbates sterile inflammation
Expression of Nrf2 in BMMs isolated from Nrf2f-/Ft
mice was significantly elevated in response to LPS stim-
ulation (100 ng/mL, 6 h) (Figure 4A). TLR4-mediated
innate immunity activation plays an essential role in trig-
gering hepatic inflammation and activating NF-xB and
inflammatory mediators, leading to local sterile inflam-
mation. Increased mRNA levels of TNF-«, IL-6, MCP-1,
and iNOS and reduced levels of IL-10 in BMMs isolated
from Nrf2""“© mice in response to LPS stimulation (100
ng/mL, 3 h) were measured by qRT-PCR (Figure 4B).
Moreover, Nrf2 deficiency promoted the production of
TNF-a, IL-6, and MCP-1 but inhibited the production of
IL-10 in the culture media of BMMs treated with LPS
for 24 h (Figure 4C). Because of the release of multiple
chemokines, we also examined the effect of Nrf2 on
macrophage migration in vitro. First, we isolated BMMs
from Nrf2"™Ft and Nrf2“€° mice, cultured them for 7
days, and then stimulated the cells with or without LPS
for 24 h. The supernatant was collected and used as
the conditioned medium. Transwell assays showed that
the migratory ability of BMMs was markedly enhanced
by the indicated conditioned medium. More importantly,
Nrf2 deficiency promoted the migration of BMMs in an
inflammatory environment (Figure 4D). Furthermore,
Nrf2 deficiency up-regulated PTEN and TLR4/NF-xB
expression but down-regulated Akt phosphorylation in
LPS-stimulated BMMs (Figure 4E).

Nrf2 directly regulates Timp3 to
mediate the RhoA/ROCK pathway

To explore the underlying mechanism by which mac-
rophage Nrf2 regulates the acute inflammatory re-
sponse, RNA sequencing (RNA-seq) was performed
to identify genes that were differentially expressed in
LPS-stimulated BMMs from Nrf2f“F- and Nrf2M+©
mice. The RNA-seq results indicated that Timp3 was
markedly down-regulated in Nrf2-deficient BMMs
stimulated with LPS (Figure 5A). Moreover, the NF-xB
pathway was likely involved in the regulation of Nrf2 in
BMMs based on the results of the Kyoto Encyclopedia
of Genes and Genomes analysis (Figure 5B). Then, we
performed Nrf2 ChIP coupled to massively parallel se-
quencing (ChIP-Seq). Nrf2 ChlP-seq peaks were iden-
tified within the Timp3 gene. One peak was located
in the promoter region, and the others were located
within the intron or exon (Figure 5C). ChIP-PCR was
performed using an anti-Nrf2 antibody in LPS-treated

BMMs to verify that the ChlP-seq peak was located in
the Timp3 promoter region. After ChIP with the Nrf2
antibody, primers were designed to detect the Nrf2/
TCF DNA-binding site in the Timp3 promoter by PCR,
which verified that Nrf2 was located on the promoter
of Timp3. Therefore, Timp3 is a target gene regulated
by Nrf2 (Figure 5D). Then, a luciferase reporter assay
was performed to verify whether Nrf2 is bound to the
Timp3 promoter to regulate transcription. The relative
luciferase activity was strongest when 293T cells were
transfected with plasmid-Nrf2 and plasmid-Timp3-
Promoter (Figure 5E). In short, Timp3 is a target gene
that is positively regulated by Nrf2. Consistent with the
RNA-seq results, reduced mRNA levels of timp3 and
increased mMRNA levels of ROCK1 were detected in
Nrf2-deficient BMMs stimulated with LPS (Figure 5F).
Moreover, the protein level of Timp3 was markedly
decreased, which contributed to the increased pro-
tein levels of ADAM10 and ROCK1, which was con-
sistent with activation of the NF-kB signaling pathway
(Figure 4E) in LPS-stimulated Nrf2-deficient BMMs
compared with that of the controls (Figure 5G). Then,
we isolated the hepatic macrophages from Nrf2ft/Ft
and Nrf2"-K° mice after establishing the sham or IR
model. Consistent with in vitro results, Nrf2 deficiency
also reduced the Timp3 expression and subsequently
enhanced ADAM10/ROCK1/TLR4 pathway in mac-
rophages from ischemic livers (Figure 5H).

Adoptive transfer of Ad-Timp3

BMMs or rTimp3 administration prevents
IR-induced hepatocellular damage in
Nrf2"° mice

BMMs were isolated from Nrf2""%© mice and cultured
for 7 days. After transfection with Ad-Timp3 or Ad-p-
gal, these BMMs were incubated with LPS for 6 h. WB
showed that the expression of ADAM10, ROCK1, and
TLR4/NF-xB was inhibited when Timp3 was overex-
pressed in Nrf2-deficient BMMs (Figure 6A). Moreover,
immunofluorescence staining showed that ROCK1 ex-
pression was inhibited in BMMs transfected with Ad-
Timp3 (Figure 6B). Consistent with the previous data,
the mRNA levels of TNF-q, IL-6, INOS, and MCP-1 were
reduced, but the mRNA levels of IL-10 were increased
in Timp3-transfected BMMs isolated from Nrf2"© mice
compared with those of the control group and Ad-f-gal
group (Figure 6C). The migratory ability of Nrf2-deficient
BMMs was inhibited when Timp3 was overexpressed
(Figure 6D). These data demonstrate that Timp3 is critical
for the Nrf2-regulated ROCK pathway in macrophages.

Nrf2"-%0 mice were subjected to IRI after the infu-
sion of Ad-Timp3 Nrf2""K% BMMs, Ad-p-gal Nrf2M+0
BMMs, or untreated Nrf2"K° BMMs as controls
(Figure 6E). In this model, the IR stress-induced liv-
ers from Nrf2""K° mice that were preconditioned with
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FIGURE 3 Myeloid-specific Nrf2 deficiency promotes inflammatory responses in IR-stressed livers. The IR model mice were subjected
to 90 min of partial liver warm ischemia, followed by 6 h of reperfusion. (A,B) Macrophage infiltration were analyzed by immunohistological
staining with antibodies against F4/80 or CD11b; F4/80+ or CD11b+ cells were quantitated by counting numbers of positive cells/area.
Scale is 200 um. (C) Neutrophil infiltration was analyzed by immunohistological staining with antibodies against Ly6G; Ly6G+ cells were
quantitated by counting numbers of positive cells/area. Scale is 200 pm. (D) Flow cytometry analysis was conducted to examine the
accumulation of neutrophils and macrophages in livers from mice subjected to 6 h postreperfusion. (E) Detection of TNF-«, IL-6, MCP-

1, iNOS and IL-10 by gRT-PCR in ischemic livers. (F) Detection of TNF-a, IL-6, MCP-1, and IL-10 by ELISA in serum. n =6, *p < 0.05 by
Student ¢ test
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FIGURE 4 Myeloid-specific Nrf2 deficiency aggravates innate inflammatory responses. BMMs were isolated from Nrf2FF- and
Nrf2Y-%0 mice. (A) WB-assisted Nrf2 expression profiles in BMMs cultured with LPS (100 ng/mL, 6 h). (B) Detection of TNF-«, IL-6, MCP-1,
iNOS, and IL-10 by qRT-PCR in BMMs cultured with LPS (100 ng/mL, 3 h). (C) Detection of TNF-«, IL-6, MCP-1, and IL-10 by ELISA in
supernatant. (D) Transwell assay analyzed the migratory ability of BMMs with LPS for 24 h. (E) Nrf2, PTEN, P-AKT, AKT, TLR4, P-NF-
kBp65, and NF-kBp65 protein expression levels measured by WB. Representative of three experiments. BMMs were treated with LPS
(100 ng/mL) stimulation for 6 h; untreated BMMs were used as controls. n = 4-6, *p < 0.05 by Student ¢ test
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FIGURE 5 Nrf2 directly regulated Timp3 to orchestrate RhoA/ROCK pathway. (A) The heatmap shows differently expressed genes

in LPS-stimulated BMMs from Nrf2F-F- and Nrf2"-%© mice. (B) Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis
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Ad-Timp3 Nrf2"K0 BMMs exhibited reduced levels of
sALT and sAST and inhibited MPO activity (Figure 6F).
Moreover, the infusion of Ad-Timp3 Nrf2"-K° BMMs
alleviated IR-induced ROS and MDA production and
increased GSH activity in ischemic livers (Figure 6G).
Figure 6H,l showed that the IR stress-induced livers
from Nrf2Y"¥© mice that were preconditioned with Ad-
B-gal or untreated Nrf2"-€O BMMs exhibited worsened

edema, sinusoidal congestion, and cytoplasmic vacu-
olization, and extensive hepatocellular apoptosis and
necrosis. The infiltration of inflammatory cells was sig-
nificantly increased in the IR stress-induced livers from
Nrf2M-%O mice that were preconditioned with Ad-p-gal
or untreated Nrf2""K© BMMs (Figure 6J-M). Nrf2"Ko
mice that were preconditioned with Ad-Timp3 BMMs
exhibited reduced mRNA levels of TNF-a and iINOS
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and increased IL-10 level in IR stress-induced livers
(Figure 6N).

Based on the clinical importance of therapeutics, we
treated Nrf2""%C mice with rTimp3 or PBS as a control
before establishing the hepatic IRl model (Figure 7A).
rTfimp3 treatment significantly alleviated IR-induced
hepatocellular damage (Figure 7B-D), macrophage/
neutrophil infiltration, and proinflammatory mediators
in IR stress-induced livers (Figure 7E-H); reduced
IR-induced ROS and MDA production; and increased
GSH activity in ischemic livers from Nrf2"K° mice
(Figure 71).

Inhibiting the ROCK pathway rescues
myeloid-specific Nrf2 deficiency-related
inflammation and injury in ischemic livers

To confirm whether the induction of the hepatic innate
immune response and IR-induced inflammatory in-
jury depends on the activation of the ROCK pathway
in the livers of Nrf2""¥° mice, mannose-conjugated
polymers were used to deliver ROCK1-siRNA or
SCR-siRNA in vivo (Figure 8A). Mannose-mediated
siRNA expresses a mannose-specific membrane re-
ceptor, which can be specifically delivered to mac-
rophages/KCs, as previously reported.?”2% After 90
min of warm ischemia followed by 6 h of reperfusion,
a reduction in IR-induced liver injury was detected
in Nrf2"K° mice after treatment with mannose-
mediated ROCK1-siRNA, as evidenced by reduced
sALT and sAST levels (Figure 8B); Suzuki scores
(Figure 8D), which consisted with the well-preserved
hepatic architecture, sinusoidal congestion, edema,
vacuolization, necrosis (Figure 8C); and MPO levels
(Figure 8E) compared with those of SCR-siRNA-
treated Nrf2""%° mice. The TUNEL staining results
demonstrated that ROCK1-siRNA treatment allevi-
ated IRI-induced hepatocellular apoptosis/necrosis
in Nrf2M% mice (Figure 8F). Moreover, markedly
reduced macrophage and neutrophil infiltration was
detected in the IR stress-induced livers of ROCK1-
siRNA—-treated Nrf2Y-K° mice (Figure 8G-1). As shown
in Figure 8J, ROCK1-siRNA treatment inhibited the
MRNA levels of TNF-a, IL-6, MCP-1, and iNOS but
increased IL-10 levels in the IR stress-induced livers
of Nrf2¥-%° mice. Moreover, ROCK1-siRNA treatment
significantly reduced IR-induced ROS and MDA pro-
duction and increased GSH activity in the ischemic
livers of Nrf2"-X° mice (Figure 8K).

DISCUSSION

This study documents the regulatory role of mac-
rophage Nrf2 in innate immune responses through
Timp3-mediated RhoA/ROCK pathway activation in

inflammatory responses and liver injury during liver IRI.
The principal findings are as follows: (i) macrophage
Nrf2 expression is increased and negatively correlates
with IR stress-induced liver injury in clinical patients
who underwent OLT or hepatectomy; (ii) macrophage
Nrf2 deficiency as established by the Cre-LoxP sys-
tem increases liver ROS, inflammation, and injury dur-
ing liver IR; (iii) Nrf2 deficiency inhibits the target gene
Timp3, which is required for the activation of the RhoA/
ROCK pathway; and (iv) the RhoA/ROCK pathway is
crucial for Nrf2 deficiency-mediated worsening of IR
stress-induced liver ROS, inflammation, and injury. Our
results highlight the importance of the macrophage
Nrf2-Timp3 axis as a key regulator of RhoA/ROCK
pathway-mediated innate immune responses during
liver IR (Figure 8L).

Nrf2 is a transcription factor associated with vari-
ous intracellular signaling pathways that protect organs
against oxidative stress and the inflammatory re-
sponse.“s'm Under normal conditions, Nrf2 is retained
in the cytoplasm by binding to Keap1, which promotes
the ubiquitination/proteolysis of Nrf2.2%*! various en-
dogenous or exogenous stimuli dissociate Nrf2 from
Keap1, which leads to the nuclear translocation of Nrf2
and the activation of cytoprotective target genes, thus
protecting cells from excessive ROS damage and in-
flammatory responses. Indeed, Nrf2 regulates genes
that are involved in two major redox systems: the GSH
and thioredoxin systems.[32'33] In addition to redox ho-
meostasis, Nrf2 is an important regulator of inflamma-
tion and has also been examined in numerous models
of asthma, emphysema, and sepsis.[34'36] Additionally,
the link between innate immune responses and the
Nrf2 pathway may serve as a bridge between immune
responses and ROS through the regulation of inflam-
mation. Nrf2-deficient mice are likely to exhibit exac-
erbated inflammation during the overproduction of
ROS.[°]

Several studies have shown that the depletion of
Nrf2 increases susceptibility to toxin-induced liver
injury, all of which effectively indicate that the Nrf2
pathway is protective.”S'm In addition, Nrf2 acti-
vation attenuates liver IRI in mice. Specifically, the
effect of hepatocyte-specific Nrf2 induction was in-
vestigated, and activation of the Nrf2-ARE pathway
in hepatocytes decreased hepatocellular damage,
apoptosis, inflammation, and ROS during liver IRI.1?
Accumulating evidence has suggested that hepatic
macrophages are critical for the liver immune re-
sponse against IR.[2:26-291 Activation of liver mac-
rophages directly results in the release of several
inflammatory mediators, which contribute directly and
indirectly to hepatocyte death/apoptosis. Moreover,
the release of intracellular constituents from stressed/
necrotic cells due to any cause (including hypoxia,
stress, and chemicals) promotes hepatic macrophage
activation.["®3738 | Jiver IRI, the liberation of danger
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FIGURE 6 Ad-Timp3 BMMs prevents IR-induced hepatocellular damage in Nrf2"0 mice. The IR model mice were subjected to 90
min of partial liver warm ischemia, followed by 6 h of reperfusion. BMMs, from Nrf2M4C mice, were transfection with Ad-Timp3 or Ad-p-
gal. Nrf2"K% mice were performed IRl model after infusion of Ad-Timp3 Nrf2"-Ko BMMs, Ad-B-gal Nrf2"K0 BMMs, or untreated Nrf24-<©
BMMs as control respectively. (A) These transfected BMMs were incubated with LPS (100 ng/mL) for 6 h. Timp3, ADAM10, ROCK1, TLR4,
P-NF-kBp65, and NF-kBp65 protein expression levels measured by WB. (B) Dual immunofluorescence staining of Timp3 (green), ROCK1
(red), and DAPI (blue) in these transfected BMMs. (C) Detection of TNF-«, IL-6, MCP-1, iNOS, and IL-10 by gRT-PCR in these BMMs
cultured with LPS (100 ng/mL, 3 h). (D) Transwell assay analyzed the migratory ability of BMMs with LPS for 24 h. (E) sALT and sAST
levels were measured. (F) MPO activities of ischemic livers. (G) Quantitation of ROS-sensing dye DHE staining, MDA, and GSH activities
were assessed in ischemic liver tissues. (H-L) HE staining, TUNEL staining, F4/80 TUNEL staining, CD11b staining, and Ly6G staining. (M)
Flow cytometry analysis was conducted to examine the accumulation of neutrophils and macrophages in livers from mice subjected to 6 h
postreperfusion in each group. (N) Detection of TNF-a, iNOS, and IL-10 by gRT-PCR in ischemic livers. n = 6, *p < 0.05 by Student ¢ test
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FIGURE 7 rTimp3 prevents IR-induced hepatocellular damage in Nrf2"K© mice. The IR model mice were subjected to 90 min of partial
liver warm ischemia, followed by 6 h of reperfusion. (A) Nrf2M-KO mice were treated with rTimp3 (100 ng/kg) 1 h before establishing hepatic
IRI model. (B) sALT and sAST levels were measured. MPO activities of ischemic livers. (C-G) HE staining, TUNEL staining, F4/80 staining,

CD11b staining, and Ly6G staining. (H) Detection of TNF-«, IL-6, MCP-1, iINOS, and IL-10 by gRT-PCR in ischemic livers. (I) Quantitation of
ROS-sensing dye DHE staining, MDA, and GSH activities were assessed in ischemic liver tissues. n = 6, *p < 0.05 by Student ¢ test

signals from inflamed, necrotic, or hypoxic parenchy- ATF3 attenuates liver injury by activating Nrf2/HO-1
mal cells directly contributes to macrophage activa- signaling to protect against TLR4-driven inflammation
tion. Furthermore, our previous studies showed that in macrophages after IR To further analyze the
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FIGURE 8 Inhibition of ROCK pathway rescue Nrf2Y-KO_related inflammation and injury in ischemic livers. The IR model mice were
subjected to 90 min of partial liver warm ischemia, followed by 6 h of reperfusion. (A) Some Nrf2FL/FL and Nrf2M-KO mice were injected
through tail vein with ROCK1-siRNA or SCR-siRNA (2 mg/kg). (B) sALT and sAST levels were measured. (C,D) Representative HE staining
of ischemic liver tissues; scale is 250 um; liver damage was evaluated by Suzuki’s histological score. (E) MPO activities of ischemic livers.
(F-I) TUNEL staining, F4/80 staining, CD11b staining, and Ly6G staining. (J) Detection of TNF-a, IL-6, MCP-1, iINOS, and IL-10 by gRT-PCR
in ischemic livers. (K) Quantitation of ROS-sensing dye DHE staining, MDA, and GSH activities were assessed in ischemic liver tissues. (L)
Schematic illustration how macrophage Nrf2 may regulate Timp3-mediated RhoA/ROCK pathway in innate immune activation during liver
IRI. n =6, *p < 0.05 by Student ¢ test
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roles of macrophage Nrf2, we assessed the degree
of injury to ischemic livers by the Cre-LoxP system
to create a myeloid-specific Nrf2-deficient strain. As
expected, macrophage Nrf2 deficiency significantly
increased liver IRI, as evidenced by increased lev-
els of serum transaminase, damaged hepatic archi-
tecture, and the promotion of hepatocellular necrosis/
apoptosis. Moreover, macrophage Nrf2 deletion in-
creased ROS production, elevated proinflammatory
cytokines, and boosted CD68+ macrophage/Ly6G+
neutrophil infiltration. Thus, our data suggest that
macrophage-specific Nrf2 attenuates liver inflamma-
tion and injury through the inhibition of innate immune
activation during IR.

One striking finding was that Timp3 expression was
significantly inhibited in Nrf2-deficient macrophages.
Timp3 belongs to the family of Timps, which includes
four members. Timps play a vital role in inhibiting matrix
metalloproteinases (MMPs), disintegrin and metallo-
proteinases (ADAMs), and ADAM with thrombospondin
motifs (ADAMTSSs), which are involved in the formation
of extracellular matrix.2% Timp3 is different from other
members (Timp1, 2, and 4) in many ways; for exam-
ple, Timp3 is characterized by poor aqueous solubil-
ity and a high affinity for proteoglycans and has the
broadest range of substrates, including all MMPs and
multiple ADAMs and ADAMTSs.1% Numerous studies
have revealed the important role of Timp3 in various
pathophysiological conditions and diseases, including
nonalcoholic steatohepatitis, HCC, liver fibrosis, IRI, in-
terstitial nephritis, and fibrosis.*'**! Herein, we found
that Nrf2 binds to the promoter of Timp3 and increases
the expression of Timp3 in macrophages. Importantly,
Ad-Timp3 or rTimp3 reduced ROS production and
TLR4-mediated innate inflammation and rescued IR
stress-induced liver injury in macrophage-specific Nrf2-
deficient mice. Consistent with our results, Timp3 up-
regulation reduces cardiac IRI by inhibiting myocardial
apoptosis through the inhibition of the ROS pathway.*®!

It is reported that Timp knockout increases ADAM10
expression and secretion by exosomes in fibroblasts.*”!
Consistently, we found that Nrf2 deficiency led to low
expression of Timp3, which also enhanced ADAM10
expression in macrophages. ADAM10 effectively acti-
vates the RhoA/ROCK pathway in some conditions.*’!
Indeed, ROS also causes activation of the RhoA/ROCK
pathway.[48’49] Thus, Timp3 may play a critical role in the
Nrf2-regulated RhoA/ROCK pathway in macrophages
in the presence of ROS. Interestingly, our result is op-
posite to that of a previous report showing that NRF2 in-
creases the RhoA/ROCK pathway in breast cancer.?®!
The different regulatory roles of NRF2 may be different
and dependent on the animal models under different
physiological or pathological conditions, which should
be further investigated. Some evidence suggests that
RhoA/ROCK may act as a “molecular switch” in the ac-
tivation of TLR4-mediated innate immune responses.

Activation of the RhoA/ROCK pathway promotes
monocyte/leukocyte accumulation in the context of tis-
sue injury. Specific inhibition of the ROCK pathway pre-
vents NF-xB activation and the inflammatory response
in different inflammatory diseases.®>%"! Activation of
Rho/Rho kinase signaling in hepatic stellate cells is as-
sociated with increased susceptibility to IRI in steatotic
livers.®? Our previous studies demonstrated that acti-
vation of the RhoA/ROCK pathway triggers the innate
immune response and increases IR-induced inflamma-
tory injury in myeloid-specific Notch1-deficient livers.?!
Thus, RhoA/ROCK activation may be critical for pro-
moting Nrf2M*°_mediated IR-induced liver inflamma-
tion and injury. Notably, the expression of ADAM10 and
ROCK1 was significantly increased in Nrf2-deficient
macrophages in vivo and in vitro. Moreover, suppres-
sion of the macrophage ROCK pathway effectively
rescued Nrf2¥-%O-related liver inflammation and injury
during liver IRI.

In conclusion, our findings demonstrate that
macrophage-specific Nrf2 deficiency promotes the
RhoA/ROCK signaling pathway and exacerbates
liver damage by repressing the target gene Timp3 in
IR stress-induced livers. By identifying the molecular
pathways by which the macrophage Nrf2-Timp3 axis
regulates RhoA/ROCK-mediated innate immunity, our
findings provide a rationale for therapeutic approaches
to ameliorate sterile inflammatory liver injury.
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