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Abstract

Hepatic ischemia/reperfusion injury (IRI) is an unavoidable consequence of liver transplantation 

that can lead to postoperative hepatic dysfunction. Myeloid cells that include Kupffer cells, 

monocytes, and neutrophils contribute to the inflammatory response and cellular injury observed 

during hepatic IRI. We hypothesize that overactivation of the nuclear erythroid 2 p45- related 

factor 2 (Nrf2)–antioxidant response element (ARE) pathway in myeloid cells leads to decreased 

cellular damage after hepatic IRI. We constructed transgenic mice with constitutively active 

nuclear erythroid 2 p45-related factor 2 (caNrf2) that over activates the Nrf2-ARE pathway in 

myeloid cells (lysozyme M cre recombinase [LysMcre]+/caNrf2−, n = 9), and their littermate 

controls lacking transgene expression (LysMcre+/caNrf2−, n = 11). The mice underwent either 

sham or partial hepatic ischemia surgery, with 60 minutes of ischemia followed by 6 hours of 

reperfusion. After IRI, LysMcre+/caN-rf2+ mice demonstrated significantly decreased serum 

alanine aminotransferase and decreased areas of necrosis. Immunohistochemistry and immunoblot 

of caspase 3 showed a significantly decreased cleaved to full-length caspase 3 ratio in LysMcre+/

caNrf2+ animals. Lymphocyte antigen 6 complex locus G and CD68 staining demonstrated 

reduced inflammatory cell infiltration. LysMcre+/caNrf2+ animals also had significantly 

decreased gene expression of proinflammatory cytokines, including interleukin (IL) 1β, IL6, 
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tumor necrosis factor α, chemokine (C-C motif) ligand 2, and chemokine (C-X-C motif) ligand 

10, and significantly decreased levels of 8-isoprostanes. In our model, Nrf2 overactivation in 

myeloid cells leads to decreased hepatocellular damage, necrosis, apoptosis, inflammation, and 

oxidative stress. Pharmacologic targeting of the Nrf2-ARE pathway in myeloid cells may be a 

novel strategy to mitigate hepatic IRI.

Liver transplantation, the standard treatment for endstage liver disease, is limited by the 

significant donor organ shortage. To combat the organ shortage, many centers are using 

donor livers that are older, steatotic, or recovered from donation after circulatory death 

donors. These livers are more susceptible to ischemia/reperfusion injury (IRI) and suffer a 

higher percentage of allograft dysfunction and failure.(1)

Hepatic IRI is a complex, multifactorial process that involves several mechanisms of cellular 

injury including impaired oxidative metabolism, depletion of adenosine triphosphate, 

increased production of reactive oxygen species (ROS), and decreased expression of 

cytoprotective genes.(2) During the initial phase of IRI, ischemic stress leads to 

hepatocellular damage and the release of damage-associated molecular patterns that bind to 

Toll-like receptors on Kupffer cells (KCs), resulting in KC activation.(3) Upon activation, 

KCs respond by releasing a multitude of inflammatory cytokines including tumor necrosis 

factor α (TNF-α), interleukin (IL) 1, C-C and C-X-C family chemokines, and cytotoxic 

ROS that further potentiate the inflammatory response.(4) During the later phase, cytokine 

release from KCs results in the recruitment of additional myeloid cells (neutrophils and 

monocytes) into the liver that further enhance the inflammatory milieu and tissue injury. The 

abundance of ROS overcomes the intrinsic, antioxidant defense mechanisms of the cell, 

leading to lipid peroxidation, disruption of calcium homeostasis, and ultimately direct 

cellular injury.(4)

Nuclear erythroid 2 p45-related factor 2 (Nrf2) is a basic leucine zipper transcription factor 

with a cap ‘n’ collar structure that is key to the cellular antioxidative response. Nrf2 is 

normally bound in the cytoplasm to the kelch-like ECH-associated protein 1 (KEAP1) via 

the Nrf2-ECH homology (Neh2) domain at the N-terminus of Nrf2. KEAP1 acts as a 

negative regulator of Nrf2 by targeting Nrf2 toward ubiquitination and degradation.(5) 

Electrophilic compounds and in some cases ROS directly lead to modification of KEAP1’s 

cysteine thiols, resulting in a conformational change in KEAP1 and disruption of Nrf2 

ubiquitination. This leads to translocation of newly synthesized Nrf2 into the nucleus.(6,7) 

Once in the nucleus, Nrf2 binds to antioxidant response elements (AREs), which control 

several antioxidative and other cytoprotective genes.(8)

Previous studies have demonstrated a protective role of Nrf2 in the setting of hepatic IRI. 

The global absence of Nrf2 results in increased cellular damage seen during warm hepatic 

IRI.(9,10) Overactivation of Nrf2 in hepatocytes through expression of a constitutively active 

mutant in these cells leads to a reduction of hepatocellular damage after warm hepatic IRI.
(10) In addition, overactivation of Nrf2 in hepatocytes of donor livers using hepatocyte-

specific KEAP1-knockdown mice leads to a reduction in cold preservation-IRI in a murine 

liver transplant model.(11) Despite these Nrf2-dependent protective effects, the selective 

impact of Nrf2 activation in nonparenchymal cells of the liver during IRI remains unclear. 
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Because of the significant proinflammatory and oxidative effects of activated myeloid cells 

during hepatic IRI, we chose to investigate the Nrf2-ARE pathway in these cells during 

hepatic IRI. We hypothesized that induction of the Nrf2-ARE pathway in myeloid cells, 

which include KCs, neutrophils, and monocytes, may lead to a reduction in the oxidative 

stress and cellular damage that is seen during hepatic IRI. We used a novel transgenic mouse 

that specifically over activates the Nrf2-ARE pathway in myeloid cells to assess the 

protective impact in a model of hepatic IRI.

Materials and Methods

ANIMALS

Mice expressing a constitutively active nuclear erythroid 2 p45-related factor 2 (caNrf2) 

under the control of a cytomegalovirus promoter and β-actin enhancer(12) were mated with 

transgenic mice expressing cyclization recombination (Cre) recombinase in myeloid cells 

under control of the lysozyme2 (Lyz2) promoter (LysMcre mice; Jackson Labs, Bar Harbor, 

ME). Upon mating, the caNrf2 mice with mice expressing Cre under control of the Lyz2 

promoter, Cre recombinase excises the STOP cassette, and caNrf2 is expressed specifically 

in myeloid cells. In previous studies where the caNrf2 mice were mated with mice 

expressing Cre in hepatocytes under the control of the albumin (Alb) promoter, the 

transgenic mice were shown to express the caNrf2 protein at similar levels as the 

endogenous protein in the liver.(13) Because the caNrf2 protein is constitutively present in 

the nucleus, it efficiently induces expression of Nrf2 target genes, resulting in their up-

regulation.

Transgenic mice (age 6-12 weeks) with myeloid-specific expression of caNrf2 (LysMcre+/

caNrf2+; n = 9) and littermate controls (LysMcre+/caNrf2−; n = 11) were subjected to either 

sham or partial hepatic ischemia surgery. Animals that underwent sham surgery had 

laparotomy performed, followed by abdominal closure. For animals that underwent partial 

hepatic ischemia surgery, a vascular clip was applied to the left pedicle of the portal triad to 

render 70% of the liver ischemic. Ischemia was verified by visual confirmation. After 60 

minutes of partial hepatic ischemia, the vascular clip was removed to allow for reperfusion, 

followed by abdominal closure. Six hours after the procedure, animals were killed, and liver 

and serum samples were collected for analysis. All experiments were performed according 

to the ethical guidelines outlined in the Guide for Care and Use of Laboratory Animals and 

approved by the Animal Care and Use Committee at the University of Wisconsin School of 

Medicine and Public Health.

KC AND HEPATOCYTE ISOLATION

To confirm the efficiency of genetic recombination of the transgene in the KCs of our mice, 

we isolated hepatocytes and KCs from LysMcre+/caNrf2+ (n = 4) and LysMcre+/caNrf2− (n 

= 4) mice. The transgenic mice were anesthetized, and midline laparotomy was performed. 

The liver was flushed with Hank’s balanced salt solution, followed by 2.50 mg/mL of 

Pronase (Roche Diagnostics, Indianapolis, IN) in Dulbecco’s modified Eagle’s medium 

(DMEM)/F12 (Mediatech, Manassas, VA) at 3.0 mL/minute, followed by 0.15 U/mL 

Liberase Tm (Roche Diagnostics) and 0.50 mg/mL of Pronase in DMEM/F12. The liver was 
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resected and digested further in the previous Liberase TM/Pronase solution with additional 

0.1 mg/mL of deoxyribonuclease I (DNaseI) (Roche Diagnostics) for 30 minutes at 37°C 

with agitation. The cell suspension was filtered through a 70-μm cell strainer, and viable 

cells were pelleted by centrifugation at 700g for 10 minutes. Hepatocytes were pelleted by 

suspending the cell pellet in DMEM/F12 and centrifuging at 50g for 2 minutes.

The supernatant containing the nonparenchymal cells (NPCs) was collected for further 

isolation. The NPCs were pelleted by centrifugation at 700g for 10 minutes. The pellet was 

then suspended in 70% Percoll in DMEM/F12. This suspension was layered at the bottom of 

a conical tube, followed by a layer of 50% Percoll, 26% Percoll, and finally a DMEM/F12 

layer. The gradient was centrifuged for 30 minutes at 400g, 4°C, with no brake. The KC 

layer was isolated between the 50% and 26% Percoll gradient interface. This layer was 

further purified for KCs by using magnetic cell sorting (MACS) with positive selection with 

α-F4/80-Biotin in combination with α-Biotin MicroBeads, per commercial protocol 

(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).

BONE MARROW (BM) NEUTROPHIL AND MONOCYTE ISOLATION

Deletion of the STOP cassette through Cre-mediated recombination and expression of the 

caNrf2 transgene was confirmed in myeloid cells of the BM by performing isolations of BM 

from LysMcre+/caNrf2+ (n = 3) and LysMcre+/caNrf2− (n = 3) mice. The mice were killed 

under isoflurane anesthesia using the cervical dislocation method. The skin was removed 

from the hind limbs, and hind limbs were resected from the hip joint. The epiphyses were 

cut off, and the long bones were flushed using a 25-gauge needle with DMEM supplemented 

with 10% fetal bovine serum and 2 mM ethylene diamine tetraacetic acid. The cell 

suspension was filtered through a 70-μm cell strainer. The bone epiphyses were cut into 

small pieces with a scalpel and pushed through the 70-μm strainer. Viable BM cells were 

pelleted by centrifugation at 1400 rpm for 7 minutes at 4°C. The cells were washed with 

perfusate and again pelleted by centrifugation at 1400 rpm for 7 minutes at 4°C. The isolated 

BM was then purified for neutrophils and monocytes by performing sequential MACS 

isolations with α-Biotin MicroBeads, per commercial protocol. Neutrophil isolation was 

performed using positive selection with α–lymphocyte antigen 6 complex locus G (Ly6-G)–

Biotin; this was followed by selection with α-CD11b-Biotin for monocytes (Miltenyi Biotec 

GmbH).

POLYMERASE CHAIN REACTION (PCR)–BASED RECOMBINATION ASSAY

RNA was isolated from KCs, hepatocytes, BM neutrophils, and BM monocytes using 

TRIzol Reagent, according to the manufacturer’s protocol (Life Technologies, Carlsbad, 

CA). Following RNA isolation, single-stranded complementary DNA (cDNA) was reverse-

transcribed (Promega, Madison, WI) with a specific reverse primer that hybridizes in the 

caNrf2 sequence downstream of the floxed transcription/translation STOP cassette. After 

cDNA synthesis of this specific region, a real-time polymerase chain reaction (RT-PCR)–

based assay was employed using 2 primer sets. The first primer set confirmed the presence 

of the caNrf2 transgene by amplifying a 306 base pair (bp) segment in the caNrf2 sequence 

upstream of the cDNA synthesis site. The second primer set was designed to determine 

allele recombination. In nonrecombined alleles, this second primer set amplified a 1652 bp 
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segment consisting of the β-actin promoter, floxed STOP cassette, and caNrf2 sequence. In 

recombined alleles, the floxed STOP cassette is excised by Cre recombinase, and the second 

primer set amplifies a 273 bp segment consisting only of the β-actin promoter and caNrf2 

sequence. Following RT-PCR amplification, the products were run on an agarose gel and 

visualized in Syngene G:Box (Syngene, Frederick, MD). Hepatocytes were also isolated 

from previously characterized transgenic mice with hepatocyte-specific overactivation of 

Nrf2 (AlbCre+/caNrf2+) and control mice (AlbCre+/caNrf2−).(13,14) RNA isolated from 

these animals served as positive and negative controls, respectively (data not shown).

HISTOLOGICAL ANALYSIS

Formalin-fixed, paraffin-embedded livers were sectioned and hematoxylin-eosin (H & E)–

stained slides were reviewed by 2 pathologists (Kristina A. Matkowskyj and Shelly Cook) to 

determine histopathological features. Immunohistochemistry (IHC) was performed, as 

previously described, using rabbit anti-cleaved caspase 3 (1:100; Epitomics, Burlingame, 

CA), rat anti-Ly6-G (1:100) (Biolegend, San Diego, CA), or rabbit anti-CD68 (1:500; 

Abcam, Cambridge, MA) primary antibodies.(14)

IMAGE ANALYSIS

The slides for each animal were visualized under light microscopy using Axiovert 200M 

microscope (Carl Zeiss, Gottingen, Germany). Four random high-powered fields of view 

were taken for each animal.

SERUM ANALYSIS

Whole blood was collected at the time of death. Blood was allowed to coagulate at room 

temperature for at least 30 minutes and centrifuged to collect serum. Serum alanine 

aminotransferase (ALT) was measured using the IDEXX VetTest Chemistry Analyzer 

(IDEXX, Westbrook, ME).

8-ISOPROSTANE

To assess the degree of lipid peroxidation and oxidative stress in damaged livers, we 

measured 8-isoprostane levels in the hepatic tissue using the 8-Isoprostane enzyme 

immunoassay kit (Cayman Chemical, Ann Arbor, MI). The assay was carried out as 

previously described.(14)

QUANTITATIVE RT-PCR

Quantitative RT-PCR was performed as previously described.(14) We investigated messenger 

RNA (mRNA) abundance of β-actin, nicotinamide adenine dinucleotide phosphate 

dehydrogenase, reduced form, quinone 1 (NQO1), glutathione S-transferase alpha 2 

(GSTA2), glutathione S-transferase alpha 4 (GSTA4), glutathione S-transferase mu 1 

(GSTM1), glutathione S-transferase mu 2 (GSTM2), glutamate-cysteine ligase, modifier 

subunit (GCLM), peroxiredoxin 1 (PRDX1), thioredoxin reductase 1 (TXNRD1), IL1β, IL6, 

TNF-α, chemokine (C-C motif) ligand 2 (CCL2), chemokine (C-X-C motif) ligand 10 

(CXCL10), and intercellular cell adhesion molecule 1 (ICAM1), using the primer sequences 

listed in the Supporting Table.
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WESTERN BLOT ANALYSIS

Three random sham animals and 4 random IRI animals from each experimental group were 

used for Western blot analysis. Western blotting technique was performed, as previously 

described, with primary antibodies for anti-caspase 3 (Cell Signaling, Danvers, MA), anti-

cleaved caspase 3 (Cell Signaling), or anti-β-actin (Abcam).(14) Densitometry for bands of 

interest was performed using ImageJ.(15)

STATISTICS

All data in figures are presented as mean 6 standard error of the mean (SEM). Comparisons 

between the groups were performed with either 1-way analysis of variance followed by 

Fisher’s least significant difference post hoc test, or Student t test where appropriate. Log 

transformation was performed as appropriate as determined by Levene’s test for equality of 

variance. P < 0.05 was used for statistical significance. All statistical tests were performed 

using IBM SPSS Statistics, version 22 (IBM, Armonk, NY).

Results

EFFICIENT RECOMBINATION AT THE TRANSGENE LOCUS IN MYELOID CELLS FROM 
LysMcre+/caNrf2+ MICE, RESULTING IN INCREASED EXPRESSION OF Nrf2–DEPENDENT 
GENES

To determine the Cre-mediated recombination efficiency at the caNrf2 transgene locus in 

myeloid cells, a PCR-based recombination assay was performed using RNA isolated from 

hepatocytes, KCs, BM-derived neutrophils, and monocytes of LysMcre+/caNrf2+ mice and 

littermate controls. Representative agarose gels are depicted in Fig. 1A,B. A 306 bp band 

was present in all 4 cell populations isolated from LysMcre+/caNrf2+ mice, confirming the 

presence of the caNrf2 transgene. In addition, KCs from all 4 LysMcre+/caNrf2+ mice (Fig. 

1A) and neutrophils and monocytes from all 3 LysMcre+/caNrf2+ mice (Fig. 1B) had a 273 

bp band present, indicating a recombination efficiency of 100. None of the myeloid cell 

populations isolated from the LysMcre+/caNrf2− mice nor hepatocytes isolated from either 

mouse demonstrated a 273 bp band, thus confirming the selective recombination of caNrf2 

in myeloid cells.

Quantitative RT-PCR was then performed on RNA isolated from hepatocytes and each group 

of myeloid cells to determine the expression of prototypical Nrf2-dependent genes. 

Messenger RNA abundance was measured for a panel of Nrf2-dependent genes (GCLM, 

GSTA2, GSTA4, GSTM1, GSTM2, NQO1, PRDX1, and/or TXNRD1). We did not observe 

any differences in the mRNA abundance of Nrf2-dependent genes in the hepatocytes (Fig. 

1C). However, significant elevations in mRNA abundance of most of the genes were 

observed in each of the myeloid cells isolated from LysMcre+/caNrf2+ mice, as compared to 

littermate controls (Fig. 1D-F). These data confirmed the overactivation of the Nrf2-ARE 

pathway in the myeloid cells of our transgenic mice. We also measured mRNA expression of 

Nrf2 and caNrf2 in the myeloid cells of the LyzMcre+/caNrf2+ mice. The ratio of 

endogenous Nrf2:caNrf2 was 8.6:1 in KCs, 1.3:1 in neutrophils, and 5.3:1 in monocytes 

(data not shown). Even though the mRNA abundance of caNrf2 was less than endogenous 

Nrf2, we observed significant increases in the expression of Nrf2-dependent genes in the 
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LyzMcre+/caNrf2+ mice, most likely due to the high stability of the caNrf2 mutant, which is 

no longer degraded via the KEAP1-ubiquitin-proteasome pathway and constitutively present 

in the nucleus.

LysMcre+/caNrf2+ MICE HAVE DECREASED SERUM ALT AFTER PARTIAL HEPATIC 
ISCHEMIA/REPERFUSION (IR)

After verifying the transgenic system, either partial hepatic IR or sham surgery was 

performed on the LysMcre+/caNrf2+ mice and their littermate controls. After IR, the 

LysMcre+/caNrf2− and LysMcre+/caNrf2+ mice had significantly increased serum ALT 

levels as compared to their sham counter-parts, indicative of hepatocellular damage from 

IRI. However, when serum ALT levels in the LysMcre+/caNrf2+ mice were compared to 

their littermate controls, there was a significant, almost 80% decrease in serum ALT levels, 

suggesting decreased hepatocellular damage from IRI in the transgenic mice (Fig. 2).

LysMcre+/caNrf2+ MICE HAVE DECREASED AREAS OF NECROSIS AFTER PARTIAL 
HEPATIC IR

H & E–stained liver parenchyma was examined to determine the degree of liver damage 

after IR or sham surgery. As expected, animals that underwent sham surgery had minimal 

areas of liver damage. Among the animals that underwent IR, there were large areas of 

damage noted in the LysMcre+/caNrf2− animals. However, livers from the LysMcre+/

caNrf2+ animals had minimal areas of cellular damage (Fig. 3A-D). To better quantify the 

degree of liver damage, 2 independent, blinded pathologists reviewed the H & E– stained 

slides. The slides were scored using the Suzuki scoring method that takes into account 

cellular congestion, vacuolization, and necrosis.(16) There were no differences in the degree 

of congestion, vacuolization, and overall Suzuki score between the LysMcre+/caNrf2+ and 

LysMcre+/caNrf2− mice. However, the LysMcre+/caNrf2− animals undergoing IR had a 

significantly higher Suzuki score for necrosis than the LysMcre+/caNrf2− mice undergoing 

sham surgery. In contrast, the LysMcre+/caNrf2+ animals undergoing IR had similar 

necrosis scores as compared to the sham animals. In addition, for those animals undergoing 

IR, the mean necrosis score was significantly lower in the LysMcre+/caNrf2+ mice 

compared to that seen in the littermate controls (Fig. 3E).

LysMcre+/caNrf2+ MICE HAVE DECREASED APOPTOSIS AFTER PARTIAL HEPATIC IR

We performed IHC on liver tissue for cleaved caspase 3 to determine the effect of Nrf2 

overactivation in myeloid cells on apoptosis. As expected, livers from sham animals had 

minimal cleaved caspase 3 staining (Fig. 4A,C). However, there was significantly more 

cleaved caspase 3 staining surrounding areas of necrosis in the LysMcre+/caNrf2− animals 

undergoing IR (Fig. 4B), as compared to the LysMcre+/caNrf2+ animals (Fig. 4D). On the 

basis of cellular morphology, the majority of cleaved caspase 3–positive cells appeared to be 

hepatocytes.

Western blot for cleaved caspase 3 was performed to assess the presence of apoptosis in the 

different experimental groups (Fig. 4E). The band densities for cleaved caspase 3 and full-

length caspase 3 were quantified and analyzed (Fig. 4F). Consistent with the IHC findings, 

increased caspase 3 cleavage was observed only in the LysMcre+/caNrf2− mice undergoing 
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IR, whereas the sham groups and the LysMcre+/caNrf2+ animals undergoing IR had 

minimal cleaved caspase 3. In comparison, LysMcre+/caNrf2+ animals undergoing IR had 

significantly decreased caspase 3 cleavage as compared to their littermate counterparts, 

suggesting decreased apoptosis in the mice with myeloid-specific Nrf2 overactivation.

LysMcre+/caNrf2+ MICE HAVE DECREASED INFLAMMATORY CELL INFILTRATE AFTER 
PARTIAL HEPATIC IR

To examine the extent of inflammation present in the livers after IR, we performed IHC with 

anti-Ly6-G antibody. Ly6-G, which is predominantly expressed on neutrophils, was used as 

a marker of neutrophilic infiltration. Animals undergoing sham surgery had minimal Ly6-G 

staining (Fig. 5A,C), whereas LysMcre+/caNrf2− animals undergoing IR had increased 

amounts of Ly6-G–positive cells (Fig. 5B). LysMcre+/caNrf2+ animals undergoing IR had 

minimal staining surrounding comparable areas of necrosis (Fig. 5D).

To quantify neutrophilic infiltration, we counted the number of Ly6-G–positive cells. 

LysMcre+/caNrf2− mice undergoing IR had a significantly increased number of Ly6-G–

positive cells as compared to their sham counterparts. In contrast, there were no differences 

in the number of Ly6-G–positive cells in the LysMcre+/caNrf2+ animals undergoing IR, as 

compared to the sham animals. In comparison, LysMcre+/caNrf2+ animals undergoing IR 

had significantly fewer Ly6-G–positive cells as compared to the LysMcre+/caNrf2− animals 

(Fig. 5E).

To examine monocytic infiltration and the number of KCs in the liver tissue, we performed 

IHC using anti-CD68 antibody. Representative staining is depicted in Fig. 6A-D. There was 

a significant increase in the number of CD68-positive cells in the livers of LysMcre+/

caNrf2+ and LysMcre+/caNrf2− mice undergoing IRI compared to sham animals. There was 

a significant reduction in CD68-positive cells in the livers of LysMcre+/caNrf2+ mice 

compared to LysMcre+/caNrf2− mice undergoing IRI (Fig. 6E). Overactivation of the Nrf2 

pathway in myeloid cells resulted in a decrease in inflammatory cells in the liver after IRI.

LysMcre+/caNrf2+ MICE HAVE DECREASED PROINFLAMMATORY CYTOKINE 
EXPRESSION AFTER PARTIAL HEPATIC IR

Quantitative RT-PCR was performed to examine classically up-regulated inflammatory 

cytokines in the liver tissue to determine the inflammatory state of the different experimental 

groups (Fig. 7A). Although IRI in LysMcre+/caNrf2− mice led to increases in the mRNA 

abundance of the proinflammatory cytokines and chemokines IL6, TNF-α, and CCL2, there 

was only minimal change in the panel of these proinflammatory genes in the liver of 

LysMcre+/caNrf2+ animals after IR. In addition, we even observed a significantly decreased 

expression of IL1β, IL6, TNF-α, CCL2, and CXCL10 in the LysMcre+/caNrf2+ IRI group 

as compared to the littermate counterparts, suggestive of a decreased inflammatory state 

(Fig. 7A).
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LysMcre+/caNrf2+ MICE HAVE DECREASED HEPATIC OXIDATIVE STRESS AFTER 
PARTIAL HEPATIC IR

Finally, we determined the degree of oxidative stress in each experimental group by 

measuring the amount of 8-isoprostane present in the liver tissue (Fig. 7B). Isoprostanes are 

formed from oxidation of essential fatty acids by oxygen radicals and are reliable markers of 

lipid peroxidation and tissue oxidative stress. In animals that underwent IRI, liver 

parenchyma demonstrated elevated levels of 8-isoprostane as compared to their sham 

counterparts. However, the livers of the LysMcre+/caNrf2+ IRI animals had significantly 

decreased 8-isoprostane as compared to the LysMcre+/caNrf2− IRI animals, suggestive of 

decreased oxidative stress in the transgenic animals with myeloid-specific overactivation of 

the Nrf2 pathway.

Discussion

Nrf2 activation has been shown to protect the liver from several disease states. Our 

laboratory and others have previously shown that Nrf2 induction can lead to a reduction in 

the development of steatosis in dietary models of fatty liver disease.(14,17) Nrf2 activation 

also protects the liver from T cell–mediated hepatic inflammation(18) and acetaminophen 

toxicity.(19–21) Nrf2 is a positive regulator of human bile salt export pump expression, and its 

increased expression may benefit patients with cholestatic liver disease.(22) Each of these 

disease states involves components of oxidative damage and inflammation that appear to be 

attenuated by Nrf2 activation.

The protective effects of the Nrf2-ARE pathway have been previously described in IRI 

models of the kidney,(23) heart,(24) brain,(25,26) and liver.(9,27) All of these studies use Nrf2 

(−/−) mice and demonstrate increased tissue damage in the absence of Nrf2. A recent study 

demonstrated that transgenic overexpression of Nrf2 in hepatocytes of lean donor livers can 

protect those livers from hepatocellular damage sustained after liver transplantation.(11) We 

have recently shown that overactivation of Nrf2 in hepatocytes leads to reduced cellular 

damage after IRI.(10) However, the study described here is the first to look at the role of 

direct, cell-specific overactivation of Nrf2 in nonparenchymal cells in a model of warm 

hepatic IRI. By using novel transgenic mice, we intended to more precisely decipher the 

cell-specific role of Nrf2 in hepatic IRI.

In this study, we used Cre-lox technology to over activate the Nrf2-ARE pathway in a cell 

specific manner. The LysMcre construct places Cre recombinase under control of the 

myeloid-specific lysozyme promoter.(28) This allows for the transcription and translation of 

our caNrf2 mutant to over activate the Nrf2-ARE pathway in myeloid cells. Upon 

differentiation, myeloid progenitor cells develop into multiple cell types including 

monocytes, neutrophils, and tissue macrophages. Although recent studies have shown that 

the vast majority of KCs are derived from erythromyeloid progenitor cells in the yolk sac 

before the emergence of adult hematopoietic stem cells,(29) we demonstrate that the 

LysMcre transgene is active in KCs, neutrophils, and monocytes. By using the LysMcre 

transgene, we were able to over activate the Nrf2-ARE pathway in these myeloid cells, as 

demonstrated in Fig. 1.
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We also demonstrated that Nrf2-ARE pathway overactivation in myeloid cells decreased 

hepatic IRI with decreased tissue oxidative stress, cytokine production, necrosis, and 

apoptosis. It has been long established that myeloid cells play a prominent role in hepatic 

IRI. By up-regulating Nrf2 signaling in myeloid cells, we have demonstrated decreased gene 

expression of inflammatory cytokines within the liver. This is associated with decreased 

neutrophilic infiltration and a reduction in hepatic macrophages. The reductions of these 

markers of injury in our study targeting myeloid cells are similar to our previous study 

investigating Nrf2 overactivation in hepatocytes(10) and that seen with hepatocyte-specific 

Nrf2 induction in cold preservation IRI performed by Ke et al.(11) We are able to achieve 

comparable effects by manipulating these nonparenchymal cells, which is a significantly 

smaller cell population than that of the parenchymal cells. This suggests and re-affirms that 

myeloid cells are a significant source of ROS, causing oxidative damage to hepatocytes in 

the setting of IRI.

However, the details regarding the mechanism of protection in this setting remain uncertain. 

We do see a reduction in mRNA abundance of proinflammatory cytokines in the liver as a 

result of Nrf2 overactivation in myeloid cells during IRI. It is unclear whether this is due to a 

reduction of proinflammatory cytokine release or an increase in anti-inflammatory cytokine 

release from the myeloid cells. This may also be the reason why we observed a reduction in 

monocytic and neutrophilic infiltration after 6 hours of reperfusion. As resident liver 

macrophages, KCs have long been thought of as one of the main generators of ROS during 

the initial period of hepatic IRI.(30) It is likely that upregulation of the Nrf2 pathway 

decreases the ability of myeloid cells, such as KCs, to release ROS in the setting of IRI, due 

to their more efficient detoxification. This may lead to decreased injury and subsequent 

suppression of the inflammatory cascade. This is evident by the overall decreased tissue 

oxidative stress as seen in our study. However, at the same time, it is also known that ROS 

can function as small molecule messengers leading to further signaling cascades, such as 

inhibition of cytokine production via the NF-κB pathway.(31) Thus, it remains possible that 

up-regulation of the Nrf2-ARE pathway may in itself decrease myeloid cell-induced 

inflammatory potential.

Though Nrf2-ARE is well-known for its antioxidative and cell protective effects, there have 

also been studies suggesting potential deleterious effects of Nrf2 overinduction. This is of 

particular importance in the clinical setting where we envision the use of an Nrf2 activator to 

ameliorate IR injury. In a murine model of loss of autophagy via autophagy-related 5 

knockout model system, activation of Nrf2 leads to increased inflammation and fibrosis.(32) 

Furthermore, in an experimental murine model of liver regeneration after partial 

hepatectomy, hepatocyte-specific Nrf2 overactivation leads to increased apoptosis and 

decreased hepatic regeneration.(13) In living donor liver transplantation or partial 

hepatectomy, where IRI can be a relevant entity, the liver’s regenerative ability would be an 

important factor for the patient’s postoperative recovery. Overactivation of Nrf2 in 

hepatocytes that could potentially impede hepatic regeneration would be suboptimal. In 

addition, transplant recipients would be expected to receive lifelong immunosuppressive 

therapy in order to maintain tolerance to their newly received allografts. However, 1 

consequence of immunosuppressive therapy is increased risk of de novo malignancy. 

Previous studies have shown that Nrf2 activation in premalignant cells can lead to prolonged 

Lee et al. Page 10

Liver Transpl. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cancer cell survival,(33,34) and tumors exhibit increased chemotherapy resistance.(35–37) 

Thus, longterm systemic Nrf2 activation in an immunosuppressed state could lead to 

development of chemotherapy-resistant neoplasm and an unfavorable outcome. These 

potential risks have led some to question the benefits of Nrf2 inducers in the treatment of 

disease states. However, there appears to be a level of Nrf2 activation below which the 

benefits of antioxidant protection exist and above which the risk of disease states increase.
(38) With these limitations in mind, a short-term, celltargeted treatment with Nrf2 inducers 

may be sufficient to decrease hepatocellular damage and increase cellular recovery after 

hepatic IRI.

In conclusion, we used a novel transgenic system to up-regulate the Nrf2-ARE pathway in a 

cell-specific manner to study the effect of antioxidant defense during hepatic IRI. We 

demonstrated that when the Nrf2-ARE pathway is over activated in myeloid-derived cells, 

the resulting IRI is reduced. This is substantiated with decreased tissue oxidative stress, 

decreased hepatocellular damage, decreased inflammatory cell infiltrate, as well as 

decreased necrosis and apoptosis. This study further illustrates the critical role of the Nrf2-

ARE pathway in KCs, neutrophils, and monocytes in the setting of hepatic IRI. Because of 

these results and the potentially damaging effects of hepatocyte-specific Nrf2 induction, the 

myeloid cells may be a more favorable target for Nrf2-ARE induction to protect the liver 

from hepatic IRI. Additional studies are needed to delineate which group of myeloid cells is 

responsible for this Nrf2-induced protection and what are the intercellular mechanisms 

involved.
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Abbreviations

Alb albumin

ALT alanine aminotransferase

ARE antioxidant response element

BM bone marrow

bp base pair

caNrf2 constitutively active nuclear erythroid 2 p45-related factor 2

CCL2 chemokine (C-C motif) ligand 2
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cDNA complementary DNA

Cre cyclization recombination

CXCL10 chemokine (C-X-C motif) ligand 10

DMEM Dulbecco’s modified Eagle’s medium

DNaseI deoxyribonuclease I

FOV field of view

GCLM glutamate-cysteine ligase, modifier subunit

GSTA2 glutathione Stransferase alpha 2

GSTA4 glutathione S-transferase alpha 4

GSTM1 glutathione S-transferase mu 1

GSTM2 glutathione S-transferase mu 2

H & E hematoxylin-eosin

ICAM1 intercellular adhesion molecule 1

IHC immunohistochemistry

IL interleukin

IR ischemia/reperfusion

IRI ischemia/reperfusion injury

KC Kupffer cell

KEAP1 kelch-like ECH-associated protein 1

LY6-G lymphocyte antigen 6 complex locus G

LysMcre lysozyme M cre recombinase

Lyz lysozyme

Lyz2 lysozyme 2

MACS magnetic cell sorting

mRNA messenger RNA

Neh2 Nrf2-ECH homology

NQO1 nicotinamide adenine dinucleotide phosphate dehydrogenase, reduced form, 

quinone 1

Nrf2 nuclear erythroid 2 p45-related factor 2
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NPC nonparenchymal cell

PCR polymerase chain reaction

PRDX1 peroxiredoxin 1

ROS reactive oxygen species

RT-PCR real-time polymerase chain reaction

SEM standard error of the mean

TNF-α tumor necrosis factor α

TXNRD1 thioredoxin reductase 1
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FIG. 1. 
Cre-mediated recombination at the transgene locus and Nrf2 overactivation in LysMcre+/

caNrf2+ mice. Hepatocytes and myeloid cells, including KC, neutrophils, and monocytes, 

were isolated from LysMcre+/caNrf2+ mice. (A, B) RT-PCR was performed on multiple 

different cell isolations from the transgenic mice and control littermates. The upper panels of 

A and B show amplification of a 306 bp band demonstrating the insertion of the caNrf2 

transgene in caNrf2+ animals. The lower panels show the amplification of a 273 bp band 

demonstrating successful Cre-mediated recombination specifically in (A) KCs and (B) 

neutrophils and monocytes of LysMcre+/caNrf2+ animals, and not in (A) hepatocytes. 

Quantitative RT-PCR for Nrf2-dependent genes was performed on LysMcre+/caNrf2+ for 

(C) hepatocytes, (D) KCs, (E) neutrophils, and (F) monocytes. Mean ± SEM. * P < .05 as 

compared to LysMcre+/caNrf2− cells.
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FIG. 2. 
Serum ALT levels of LysMcre/caNrf2 animals after partial hepatic ischemia. LysMcre+/

caNrf2+ and LysMcre+/caNrf2− animals were subjected to either sham or partial hepatic IR 

surgery (LysMcre+/caNrf2− sham, n = 4; LysMcre+/caNrf2− IR, n = 7; LysMcre+/caNrf2+ 

sham, n = 4; LysMcre+/caNrf2+ IR, n = 5). Animals were killed 6 hours after reperfusion, 

and their serum collected for analysis. Serum ALT demonstrates a significant increase after 

IR in the LysMcre+/caNrf2− animals. However, when comparing animals undergoing IR, 

LysMcre+/caNrf2+ animals have significantly decreased serum ALT as compared to 

LysMcre+/caNrf2−. Mean ± SEM. * P < 0.05 as compared to the sham group of the same 

genotype. # P < 0.05 as compared to +/− group of the same treatment.
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FIG. 3. 
H & E staining of LysMcre/caNrf2 animals after partial hepatic ischemia. H & E staining of 

the LysMcre/caNrf2 animal livers was performed after either sham or partial hepatic 

ischemia surgery. Representative images for (A) LysMcre+/caNrf2− sham, (B) LysMcre+/

caNrf2− IR, (C) LysMcre+/caNrf2+ sham, and (D) LysMcre+/caNrf2+ IR animals are 

shown. The sham group in both genotypes demonstrated normal liver histology. Although 

LysMcre+/caNrf2− animals after IR had large areas of necrosis, the LysMcre+/caNrf2+ 

animals after IR showed minimal necrosis. (E) The H & E slides were presented to 2 

independent pathologists in a blinded manner, and Suzuki score was evaluated. On the basis 

of Suzuki scoring, the LysMcre+/caNrf2+ IR group demonstrated significantly decreased 

necrosis scores as compared to the LysMcre+/caNrf2− IR group. *P < 0.05 as compared to 

the sham group of the same genotype. # P < 0.05 as compared to +/− group of the same 

treatment.
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FIG. 4. 
Cleaved caspase 3 IHC and Western blot after partial hepatic ischemia. Cleaved caspase 3 

was examined in each of the different groups to assess for evidence of apoptosis. 

Representative immunohistochemical staining for cleaved caspase 3 is shown for (A) 

LysMcre+/caNrf2− sham, (B) LysMcre+/caNrf2− IR, (C) LysMcre+/caNrf2+ sham, and (D) 

LysMcre+/caNrf2+ IR mice. The sham group in both genotypes demonstrated no cleaved 

caspase 3 staining. LysMcre+/caNrf2− animals after IRI had high numbers of cells with 

cleaved caspase 3 staining surrounding areas of necrosis. In the LysMcre+/caNrf2+ animals 

after IRI, in comparable areas of necrosis, there is minimal, if any, cleaved caspase 3 

staining. To further clarify apoptosis in our experimental groups, whole cell protein lysates 

of the livers were examined by Western blot. (E) Western blotting was performed for caspase 

3, cleaved caspase 3, and β-actin. (F) Densitometry of the cleaved caspase 3 to full-length 

caspase 3 was quantified using ImageJ, and the ratio normalized to LysMcre+/caNrf2− sham 

group. The IR groups in both genotypes have a significantly increased cleaved to full-length 

caspase 3 ratio, as compared to sham animals of the same genotype. The LysMcre+/caNrf2+ 

IR group has a significantly decreased cleaved to full-length caspase 3 ratio as compared to 

the LysMcre+/caNrf2− IR group, demonstrating decreased apoptosis. * P < 0.05 as 

compared to the sham group of the same genotype. # P < 0.05 as compared to +/− group of 

the same treatment.
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FIG. 5. 
IHC for neutrophilic infiltration. To evaluate the extent of neutrophil infiltration in the 

different groups, IHC with a Ly6-G antibody was performed. Ly6-G is a protein expressed 

on neutrophils, and thus serves as a marker of neutrophil infiltration. Representative slides 

for (A) LysMcre+/caNrf2− sham (n = 4), (B) LysMcre+/caNrf2− IR (n = 7), (C) LysMcre+/

caNrf2+ sham (n = 4), and (D) LysMcre+/caNrf2+ IR (n = 5) animals are shown. There is 

minimal neutrophilic infiltrate in the sham groups of both genotypes and the LysMcre+/

caNrf2+ IR group. However, there is a marked increase in neutrophilic infiltrate in the 

LysMcre+/caNrf2− IR group. (E) The number of Ly6-G positive cells was quantified for 

each experimental group. Confirmatory to our visual findings, we see significantly increased 

numbers of Ly6-G staining cells in the LysMcre+/caNrf2− IR group as compared to its 

corresponding sham group. We also see significantly decreased numbers of Ly6-G positive 

cells in the LysMcre+/caNrf2+ IR group as compared to the LysMcre+/caNrf2− IR group. * 

P < 0.05 as compared to the sham group of the same genotype. # P < 0.05 as compared to +/

− group of the same treatment.
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FIG. 6. 
IHC for KCs and infiltrated monocytes. To evaluate the extent of monocyte infiltration and 

KC staining in the different groups, IHC with a CD68 antibody was performed. CD68 is a 

marker expressed on monocytes/immature macrophages, as well as KCs. Representative 

slides for (A) LysMcre+/caNrf2− sham (n = 4), (B) LysMcre+/caNrf2− IR (n = 7), (C) 

LysMcre+/caNrf2+ sham (n = 4), and (D) LysMcre+/caNrf2+ IR (n = 5) animals are shown. 

There is similar CD68 staining in the sham groups of both genotypes. After IR, there is a 

marked increase in CD68 staining in both IR groups, but when compared to LysMcre+/

caNrf2−, CD68 staining is decreased in the LysMcre+/caNrf2+ IR group. (E) The number of 

CD68 staining cells was quantified for each experimental group. Similar to visual 

observation, there is a significantly increased number of CD68 positive cells in both IR 

groups, as compared to sham counterparts. We also see significantly decreased numbers of 

CD68 positive cells in the LysMcre+/caNrf2+ IR group as compared to the LysMcre+/

caNrf2− IR group. * P < 0.05 as compared to sham group of the same genotype. # P < 0.05 

as compared to +/− group of the same treatment.
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FIG. 7. 
Inflammation and oxidative stress after partial hepatic IRI. (A) RNA was isolated from livers 

of experimental animals, and quantitative RT-PCR of some classical proinflammatory 

cytokines was performed. There were significant increases in mRNA abundance of IL6, 

TNF-α, and CCL2 in the LysMcre+/caNrf2− IR animals, as compared to its sham group. 

When comparing the LysMcre+/caNrf2+ IR group to the LysMcre+/caNrf2− IR group, there 

were significant decreases in IL1β, IL6, TNF-α, CCL2, and CXCL10. (B) To assess the 

degree of oxidative stress, 8-isoprostane levels in the livers were assessed. Hepatic 8-

isoprostane levels were significantly elevated in IR groups of both genotypes as compared to 

their sham counterparts. Hepatic 8-isoprostane levels were significantly decreased in the 

LysMcre+/caNrf2+ IR group as compared to the LysMcre+/caNrf2− IR group. * P < 0.05 as 
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compared to the sham group of the same genotype. # P < 0.05 as compared to +/− group of 

the same treatment.
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