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SUMMARY

Nerve injury-induced protein 1 plays an important role in
regulating innate immune response under inflammatory
conditions. Here, we report that nerve injury-induced pro-

tein 1-dual specificity phosphatase 1 signaling modulates
the proinflammatory response of Kupffer cells and in-
fluences neutrophil infiltration during liver ischemia and
reperfusion injury.

BACKGROUND & AIMS: Liver ischemia-reperfusion (IR) injury
represents a major risk factor in both partial hepatectomy and
liver transplantation. Nerve injury-induced protein 1 (Ninj1) is
widely recognized as an adhesion molecule in leukocyte traf-
ficking under inflammatory conditions, but its role in regulating
sterile inflammation during liver IR injury remains unclear.

METHODS: Myeloid Ninjl-deficient mice were generated by
bone marrow chimeric models using Ninj1 knockout mice and
wild-type mice. In vivo, a liver partial warm ischemia model
was applied. Liver injury and hepatic inflammation were
investigated. In vitro, primary Kupffer cells (KCs) isolated from
Ninj1 knockout and wild-type mice were used to explore the

function and mechanism of Ninj1 in modulating KC inflamma-
tion upon lipopolysaccharide stimulation.

RESULTS: Ninj1 deficiency in KCs protected mice against liver IR
injury during the later phase of reperfusion, especially in neutrophil
infiltration, intrahepatic inflammation, and hepatocyte apoptosis.
This prompted ischemia-primed KCs to decrease proinflammatory
cytokine production. In vitro and in vivo, using small-interfering RNA
against dual-specificity phosphatase 1 (DUSP1), we found that Ninj1
deficiency diminished the inflammatory response in KCs and
neutrophil infiltration through DUSP1-dependent deactivation of the
c-Jun-N-terminal kinase and p38 pathways. Sivelestat, a neutrophil
elastase inhibitor, functioned similarly to Ninj1 deficiency, resulting
in both mitigated hepatic IR injury in mice and a more rapid re-
covery of liver function in patients undergoing liver resection.

CONCLUSIONS: The Ninj1/Duspl axis contributes to liver IR
injury by regulating the proinflammatory response of KCs, and
influences neutrophil infiltration, partly by subsequent regula-
tion of C-X-C motif chemokine ligand 1 (CXCL1) production after
IR. (Cell Mol Gastroenterol Hepatol 2023;15:1071-1084; https://
doi.org/10.1016/j.jcmgh.2023.01.008)

Keywords: Liver IR Injury; Kupffer Cells; Nerve Injury-Induced
Protein 1; Dual-Specificity Phosphatase 1; Sterile Inflammation.
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iver ischemia-reperfusion (IR) injury remains a

major cause of liver failure or dysfunction after liver
transplantation and resection. Although the pathogenesis of
liver IR injury is very compley, it involves 2 major phases:
hepatocellular injury and death as a result of deprivation of
oxygen and nutrients, and subsequent sterile inflammatory
insult caused by the activation and recruitment of macro-
phages and neutrophils. Activation of liver-resident macro-
phages (Kupffer cells [KCs]) by damage-associated
molecular pattern molecules, which are released by injured
or dead hepatocytes, is considered the initial response to
sterile inflammation. Activated KCs secrete cytokines
to prime intrahepatic inflammation and release chemokines
to recruit peripheral blood mononuclear cells, such as
macrophages and neutrophils, into the necrotic region,
resulting in amplification of intrahepatic inflammation.

Nerve injury-induced protein 1 (Ninjurin-1 [Ninj1]) is a
cell-surface protein with 2 transmembrane regions. It orig-
inally was reported to be up-regulated in neurons and
Schwann cells after nerve injury, and is related to nerve
regeneration.’ Ninj1 is a well-known adhesion molecule and
is expressed widely in several tissues and cells, including
myeloid cells, endothelial cells, neurons, and cancer cells.?™*
An increasing body of evidence suggests that Ninj1 plays an
important role in various inflammatory processes by regu-
lating leukocyte infiltration.

Ninj1 blockade decreases the infiltration of macrophages,
dendritic cells, and antigen-presenting cells into the central
nervous system and improves the clinical signs of experi-
mental allergic encephalomyelitis (EAE).” In a study using
Ninj1 knockout (KO) mice, Ninjl deficiency was found to
attenuate EAE susceptibility, with reduced leukocyte infiltra-
tion and decreased adherence of leukocytes to retinal vessels
in endotoxin-induced uveitis mice.® In addition to nervous
system inflammation, Ninj1 is involved in various inflamma-
tory diseases in other organs. For instance, in systemic sepsis,
Ninj1 activation promotes leukocyte migration and regulates
Toll-like receptor 4 (TLR4) signaling via p38 and Activator
protein 1 (AP-1).” Ninj1 also regulates macrophage M1/M2
polarization and induces microbial imbalance during colitis
development.® Activation of Ninj1 in macrophages results in
increased cytokine and chemokine secretion with exacerba-
tion of experimental colitis.’

Sterile inflammation plays a crucial role in the pathophysi-
ology of organ IR injury.'’ A recent study reported that Ninj1 is
dynamically expressed in different immune cells at different
times after transient focal cerebral ischemia, suggesting the
critical role of Ninj1 in modulating ischemia-induced sterile
inflammation."" Indeed, a subsequent study by the same team
reported that Ninjl-mediated neutrophil infiltration is respon-
sible for inflammation and brain damage postischemia.'”
Because many innate immune cells reside in the liver, the role
of Ninj1 expressed by these cells in regulating IR-induced sterile
inflammation and modulating liver IR injury remains unclear.

Therefore, in the present study, bone marrow chimeric
mice were established to investigate whether and how Ninj1
in KCs modulates the intrahepatic inflammatory response
upon liver IR stress. Briefly, we examined whether proin-
flammatory cytokine secretion and neutrophil infiltration
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was affected in Ninj1-deficient KCs, along with their effect
on intrahepatic inflammation and liver injury post-IR.

Results
Ninj1 Activation in KCs Promoted Liver IR Injury
at a Later Time

First, we evaluated Ninj1l expression in both hepatocytes
and KCs of IR-induced wild-type (WT) livers. As shown in
Figure 14, compared with the sham group, Ninjl was up-
regulated slightly in hepatocytes after 6 hours of reperfusion,
whereas its levels were increased markedly in KCs, suggesting
that Ninj1 activation in KCs may play a more important role in
modulating liver IR injury. Thus, bone marrow chimeric mice
were generated to investigate the role of Ninj1 in hepatic
macrophages after IR injury. WT—WT and KO—WT mice
were subjected to 90 minutes of warm ischemia or a sham
procedure, and liver tissues and blood specimens were
collected at 6 or 24 hours after reperfusion. Western blot
analysis showed that Ninj1 was activated significantly in KCs
isolated from WT — WT mice post-IR, whereas it could not be
detected in KCs of KO— WT mice post-IR (Figure 1B). How-
ever, there was no difference in Ninj1 expression in hepato-
cytes in the 2 groups, indicating that Ninj1 was deleted in KCs
but not in hepatocytes in KO— WT mice (Figure 1C).

Then, we evaluated live damage in different groups of
mice. Interestingly, although initial liver injury after 6 hours
of reperfusion was comparable between KO—WT and
WT — WT mice, liver damage at a later time point (24 hours
after reperfusion) was alleviated significantly in KO—WT
mice compared with that in WT — WT mice, as evidenced by
a smaller necrotic area and lower Suzuki scores
(Figure 1D-F). Consistent with the histologic architecture,
liver function evaluated by alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels was highly
preserved in KO — WT mice at 24 hours post-IR, whereas no
significant difference was observed between the 2 groups at
6 hours post-IR (Figure 1G and H). These results indicate

*Authors share co-first authorship.
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Figure 1. Ninj1 activation in KCs promoted liver IR injury at a later time. WT mice were subjected to 90 minutes of partial
warm liver ischemia, followed by 6 hours of reperfusion. Primary hepatocytes and KCs were isolated from livers of the sham
and IR groups. (A) Western blot analysis of Ninj1 and $-actin expression in hepatocytes and KCs. Relative intensity analyzed
by Imaged software (National Institutes of Health). Chimeric mice were established as described in the Materials and Methods
section. WT —WT and KO —WT mice were subjected to 90 minutes of warm ischemia or a sham procedure, and liver tissues
and blood specimens were collected at 6 or 24 hours after reperfusion. (B and C) Western blot analysis of Ninj1 and g-actin
expression in hepatocytes and KCs. Relative intensity analyzed by ImageJ software. (D) Representative H&E staining of
ischemic livers from each group for different times. Scale bar: 100 um. (E) Necrotic areas in ischemic livers analyzed by ImageJ
software. (F) Suzuki histologic grading of IR injury. (G and H) Serum levels of ALT and AST. All results are representative of at
least 2 independent experiments; n = 6 mice/group. *P < .05. All data are presented as the means + SD.

that Ninj1 deficiency in KCs protects mice against liver IR
injury during the later phase of reperfusion.

Ninj1 Deficiency in KCs Decreased Hepatocyte
Apoptosis During a Later Phase Post-IR

Oxidative stress and subsequent inflammatory responses
are the 2 major causes of IR-induced hepatocyte apoptosis.
Therefore, we determined whether Ninj1 deficiency in KCs
can prevent IR-induced hepatocyte apoptosis. As shown in
Figure 24 and B, similar numbers of terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL)-positive hepatocytes were
observed in the WT —WT and KO — WT livers 6 hours after
reperfusion, whereas the number of TUNEL-positive hepa-
tocytes in the KO— WT livers 24 hours after reperfusion
was much lower than that in WT — WT livers. Furthermore,
the messenger RNA (mRNA) levels of apoptosis-related
molecules, including B-cell lymphoma 2 (Bcl-2) and Bcl2-
associated x (BAX), were comparable between the 2 groups
at 6 hours post-IR. However, the gene induction of Bcl-2 was
increased and that of Bax was decreased in KO—WT livers
at 24 hours post-IR, compared with those in WT — WT livers
(Figure 2C and D). Western blot analysis showed

comparable protein levels of Bcl-2, Bax, and cleaved
caspase-3 between the 2 groups at 6 hours post-IR, while
KO — WT mice showed increased expression of Bcl-2 and
decreased expression of Bax and cleaved caspase-3
compared with WT—WT mice at 24 hours post-IR
(Figure 2E). These observations show that Ninj1l defi-
ciency in KCs prevents IR-induced hepatocyte apoptosis
during the later phase.

Ninj1 Deficiency in KCs Restrained Neutrophil
but Not Macrophage Infiltration, and Inhibited
Intrahepatic Inflammation Post-IR

Intrahepatic infiltration of circulating monocytes during
reperfusion amplifies IR-induced inflammatory injury. We
examined whether Ninjl regulates macrophage and
neutrophil recruitment post-IR. Immunohistochemical
staining results showed that compared with WT — WT mice,
KO — WT mice showed significantly decreased intrahepatic
neutrophil infiltration at 6 hours post-IR, whereas the
number of infiltrated macrophages between the 2 groups
was not different (Figure 34-D). Furthermore, IR-stressed
KO—WT livers showed lower proinflammatory gene in-
duction (IL6, IL16, and TNF-«) than that in IR-stressed



1074 Hu et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, Iss. 5

A B o WT-WT o WT-WT D o WT—WT
WT-WT KO—-WT 60 KO—WT * 15 KO—WT * 20 KO—WT
g E T 15 0©
= 40 104 |0 o
o
8 < ° g o=
4 ) 2 o 10
o
Y2 % 05 o2 E
= o m s
2
X B T ol 122, v v
Sham Sham 24h Sham 6h 24h
§ % @ @ o WT-WT
KO—WT
Bcl-2 ’- = v oo o -‘ 20
Bcl-2 Bax C-caspase-3

*

Bax"-' _---_‘

o
3
5 |ﬂ‘
&3

C-caspase-3’ . e a— s S --’

Figure 2. Ninj1 deficiency in KCs decreased hepatocyte apoptosis during the later phase post-IR. Chimeric mice were
established as described in the Materials and Methods section. WT —WT and KO —WT mice were subjected to 90 minutes of
warm ischemia or a sham procedure, and liver tissues and blood specimens were collected at 6 or 24 hours after reperfusion.
(A) Immunofluorescence staining of TUNEL+ cells in ischemic livers from each group. Scale bar: 100 um. (B) Quantification of
TUNEL+ cells per high-power field. (C and D) Quantitative RT-PCR analysis of Bcl-2 and Bax gene induction in livers from
each group. (E) Western blot analysis of Bcl-2, Bax, C-caspase-3, and $-actin expression in livers from each group. Relative
intensity analyzed by ImagedJ software (National Institutes of Health). All results are representative of at least 2 independent
experiments; n = 6 mice/group. *P < .05. All data are presented as the means + SD. GAPDH, glyceraldehyde-3-phosphate
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WT— WT livers (Figure 3E). The gene expression levels of
C-X-C motif chemokine ligand (CXCL) 1 and CXCL2 (2 major
neutrophil chemokines) were increased significantly in
WT—WT and KO— WT livers in response to IR, whereas
the increased levels were distinct between the 2 groups
(Figure 3E). Liver tissue reverse-transcription polymerase
chain reaction (RT-PCR) results indicated that IR-stressed
KO—WT livers showed markedly decreased CXCLI
expression but comparable CXCL2 expression compared
with that in IR-stressed WT—WT livers. As shown in
Figure 3F, similar results were obtained for the serum levels
of interleukin (IL)6, IL13, tumor necrosis factor-a (TNF-«),
CXCL1, and CXCL2. C-C motif chemokine ligand (CCL) family
chemokines (CCL1, CCL2, CCL3, and CCL5) also were
detected, the results showed no difference between the 2
groups post-IR (Figure 3E and F). These results suggest that
Ninj1 deficiency in KCs inhibits intrahepatic inflammation
and suppressed neutrophil infiltration after reperfusion,
potentially because of reduced CXCL1 production.

Ninj1-Deficient KCs Were Responsible for
Decreased Expression of Proinflammatory
Cytokines and CXCL1 Both Ex Vivo and In Vitro
Because tissue-resident macrophages are the major source
of inflammatory cytokines and chemokines, KCs isolated from
IR-stressed KO— WT and WT— WT livers were subjected to
ex vivo studies. In line with our in vivo results, KCs isolated from
IR-stressed KO— WT livers showed decreased levels of proin-
flammatory cytokines (IL6, IL16, and TNF-«) and CXCL1 at both

the mRNA and protein levels, compared with those in KCs iso-
lated from WT—WT livers (Figure 44 and B). To further
confirm the role of Ninj1 in regulating inflammatory responses
in vitro, KCs isolated from WT and Ninj1 KO mice were sub-
jected to lipopolysaccharide (LPS) stimulation. Consistent with
the ex vivo results, LPS-stressed Ninjl KO KCs showed lower
gene and protein levels of IL6, IL18, TNF-o, and CXCL1,
compared with those in LPS-stressed WT KCs (Figure 4C and D).

Ninj1 Deficiency Diminished the Inflammatory
Response in KCs Through Dual Specificity
Phosphatase 1-Dependent Deactivation of
c-Jun-N-Terminal Kinase and p38 In Vitro

Upon LPS-induced TLR4 activation, CXCL2 synthesis in
macrophages is regulated through the myeloid differentiation
primary response 88 (MyD88), as well as the Toll/Inter-
leukin-1  receptor-domain-containing  adapter-inducing
interferon-6 (TRIF) pathway, whereas CXCL1 synthesis is
restricted to the MyD88 pathway.'® Therefore, we investi-
gated whether reduced CXCL1 in Ninjl-deficient KCs was
related to the TLR4/MyD88 pathway. However, Western blot
analysis showed no obvious alteration in MyD88 activation in
WT and Ninjl KO KCs upon LPS stimulation (Figure 5A4).
Because mitogen-activated protein kinases (MAPKs) are crit-
ical players downstream of the TLR/MyD88 pathway, we
examined the 3 canonical c-Jun-N-terminal kinase (JNK),
extracellular signal-regulated kinase (ERK), and p38 path-
ways. Interestingly, phosphorylated-p38 (p-p38) and phos-
phorylated-JNK (p-JNK) were inhibited markedly in Ninj1 KO
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Figure 3. Ninj1 deficiency in KCs restrained neutrophils but not macrophage infiltration, and inhibited intrahepatic
inflammation post-IR. Chimeric mice were established as described in the Materials and Methods section. WT —WT and
KO— WT mice were subjected to 90 minutes of warm ischemia or a sham procedure, and liver tissues and blood specimens
were collected at 24 hours after reperfusion. (A and B) Representative immunofluorescence staining of CD11b (red) and 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI) (blue) in livers from each group, quantification of CD11b+ cells per high-
power field. Scale bar: 100 um. (C and D) Representative immunofluorescence staining of LY6G (red) and DAPI (blue) in
livers from each group, quantification of LY6G+ cells per high-power field. Scale bar: 100 um. (E) Quantitative RT-PCR analysis
of liver inflammatory cytokines and chemokine gene induction (IL6, IL13, TNF-a, CXCL-1, CXCL-2, CCL1, CCL2, CCL3, and
CCL5). (F) Enzyme-linked immunosorbent assay of inflammatory cytokine and chemokine levels in serum. All results are
representative of at least 2 independent experiments; n = 6 mice/group. *P < .05. All data are presented as the means + SD.

LY6G, lymphocyte antigen 6 complex locus g.

KCs, with no significant effect on phosphorylated-ERK
(p-ERK) (Figure 5B).

Studies have shown that phosphorylation of apoptosis
signal-regulating kinase 1 (ASK1) and transforming growth
factor-@-activated kinase 1 (TAK1) (2 members of the Mitogen-
activated protein kinase kinase kinase family) are crucial for
activating JNK and p38 cascades.”**® Dual-specificity phos-
phatase 1 (DUSP1), a MAPK phosphatase, also has been re-
ported to deactivate JNK and p38 by dephosphorylating both
tyrosine and threonine-phosphate residues.'®*° Therefore, we
examined the expression of phosphorylated-ASK1 (p-ASK1),
phosphorylated-TAK1 (p-TAK1), and DUSP1 by Western blot.
As shown in Figure 5C, LPS treatment strongly up-regulated
Ninj1 in WT KCs, but not in KO KCs, while the expression of
p-ASK1 and p-TAK1 was comparable between the 2 groups.
Notably, LPS-stressed KO KCs showed much higher levels of
DUSP1 than that in LPS-stressed WT KCs, suggesting that
DUSP1 might be involved in Ninj1-mediated modulation of JNK
and p38 pathways (Figure 5C).

To further determine whether repression of JNK and p38 in
Ninjl KO KCs is DUSP1-dependent, DUSP1-specific small
interfering RNA (DUSP1-siRNA) was used to knockdown

DUSP1 in both WT and Ninj1 KO KCs stimulated with LPS, with
nonspecific sSiRNA (NS-siRNA) as a control. DUSP1 inhibition
strongly activated JNK and p38, as indicated by increased levels
of p-JNK and p-p38 in Ninj1 KO KCs, but no effects were found
in WT KCs (Figure 5D). Furthermore, compared with NS-siR-
NA-treated KO KCs, DUSP1-siRNA treatment significantly
enhanced the proinflammatory response, indicated by
increased levels of IL6, IL18, TNF-a, and CXCL1 (Figure 5E and
F). These data indicate that Ninjl deficiency blunts the in-
flammatory response in LPS-stressed KCs through DUSP1-
mediated inactivation of JNK and p38 pathways.

Ninj1 Deficiency Attenuated IR-Induced
Intrahepatic Inflammation and Neutrophil
Infiltration by DUSP1-Dependent Inhibition of
JNK and p38 Pathways In Vivo

To further explore DUSP1 involvement in Ninjl-
mediated intrahepatic inflammation and neutrophil infil-
tration in response to IR, mannose-conjugated polymers
were used to deliver DUSP1-siRNA or NS-siRNA specifically
to phagocytes, before liver IR onset. DUSP1-siRNA treatment
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Figure 4. Ninj1-deficient KCs were responsible for decreased expression of proinflammatory cytokines and CXCL-1
both ex vivo and in vitro. WT—WT and KO—WT mice were subjected to 90 minutes of warm ischemia or a sham pro-
cedure, and liver tissues were collected at 24 hours after reperfusion. KCs were isolated from livers of each group and were
cultured in vitro for 3 hours. The cells and culture supernatant were collected. (A) Quantitative RT-PCR analysis of KC in-
flammatory cytokine and chemokine gene induction (IL6, IL18, TNF-a, CXCL-1, and CXCL-2). (B) Enzyme-linked immuno-
sorbent assay of inflammatory cytokine and chemokine levels in cells supernatant. KCs isolated from WT and Ninj1 KO mice
were stimulated with LPS for 6 hours. The cells and culture supernatant were collected. (C) Quantitative RT-PCR analysis of
KC inflammatory cytokine and chemokine gene induction (IL6, IL18, TNF-«a, CXCL-1, and CXCL-2). (D) Enzyme-linked
immunosorbent assay of inflammatory cytokine and chemokine levels in cell supernatant. All results are representative of
at least 2 independent experiments. *P < .05. All data are presented as the means + SD. GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; PBS, phosphate-buffered saline.

effectively inhibited DUSP1 and increased p-p38 and p-JNK
in KCs isolated from IR-stressed KO — WT livers, but had no
effect on KCs isolated from WT — WT livers (Figure 64). The
decreased mRNA levels of IL6, IL13, TNF-«, and CXCL1 in IR-
stressed KO — WT livers were markedly reversed by DUSP1
knockdown, whereas no changes were found in WT—WT
livers (Figure 6B). Similar results were observed for the
serum levels of IL6, IL18, TNF-«, and CXCL1 (Figure 6C).
Furthermore, DUSP1-siRNA, but not NS-siRNA, significantly
reversed the decreased neutrophil infiltration in KO—WT
livers post-IR (Figure 6D and E). Taken together, IR-induced
Ninj1 activation inhibits DUSP1 and subsequently activates
the JNK and p38 pathways, leading to intrahepatic inflam-
mation and neutrophil infiltration.

Ninj1 Deficiency Attenuated Liver IR Injury in a
DUSP1-Dependent Manner

Next, we investigated the role of Ninj1/DUSP1 signaling
in KCs in the regulation of liver IR injury. As shown in

Figure 7A-E, DUSP1-siRNA-treated WT — WT and KO —WT
mice showed similar extents of liver IR injury after 6 hours
of reperfusion. However, DUSP1-siRNA treatment signifi-
cantly reversed the mitigated liver injury in KO —WT mice
at 24 hours post-IR, as indicated by increased severity of
histologic damage, higher Suzuki scores, and increased
levels of AST and ALT (Figure 7A-E). In contrast, no changes
were observed in WT —WT mice with or without DUSP1-
siRNA treatment at 24 hours post-IR. Moreover, decreased
hepatocellular apoptosis in IR-stressed KO — WT livers also
was abolished by DUSP1 knockdown in KCs, as evaluated by
TUNEL staining and levels of apoptosis-related proteins
(Figure 7F-H). These findings indicate that Ninj1 deficiency
protects against liver IR injury by activating DUSP1.

Neutrophil Activity Contributed to Ninj1-
Mediated Liver IR Injury In Vivo

We then wondered whether Ninj1 could be a promising
therapeutic target for liver IR injury. A Ninjl-neutralizing
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antibody?’ was used for in vivo studies in WT mice.
Blocking Ninj1 significantly protected against liver IR injury
as evidenced by reduced necrotic area, decreased Suzuki
scores, and decreased serum levels of ALT and AST
(Figure 8A-E). Based on the aforementioned evidence, we
further investigated the role of neutrophil activity in Ninj1-
mediated liver IR injury. Sivelestat, a neutrophil elastase
inhibitor, was used in both mice and human beings. Our
results showed a protective role of sivelestat against liver IR
injury in WT — WT mice (Figure 8F-]). In contrast, sivelestat
treatment had no obvious effects on IR-induced KO—WT
mice, suggesting that Ninj1 promotes liver IR injury, partly
owing to enhanced neutrophil activity.

For the human study, 10 patients scheduled for partial
liver resection with portal occlusion were divided into 2
groups (5/group) according to the presence or absence of
preoperative sivelestat treatment. As shown in Figure 8K,
the serum levels of myeloperoxidase (MPO) 1 day after
surgery in the sivelestat group were much lower than those
in the control group. Functionally, inhibition of neutrophil

elastase activity was accompanied by reduced serum ALT
and AST levels 3 days after surgery in the sivelestat group
(Figure 8L and M). These data suggest that enhanced
neutrophil activity plays a critical role in liver IR, wherein
Ninj1 activation in KCs promotes IR-induced liver injury.

Discussion

This study used bone marrow chimeric mice and showed
that Ninj1 deficiency in KCs inhibits IR-induced intrahepatic
innate immune responses, decreases neutrophil infiltration,
and attenuates liver IR injury. Moreover, it shows that
inactivation of P38 and JNK mediated by Ninj1/DUSP1
signaling plays a pivotal role in regulating the IR-induced KC
inflammatory response and subsequent liver injury.

Ninj1, a 2-pass transmembrane protein, originally was
reported to be up-regulated in neurons and Schwann cells in
response to nerve injury and to contribute to axonal
growth." In recent years, Ninj1, as an adhesion molecule, has
been reported to play diverse roles in many
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pathophysiological processes, especially in the inflammatory
context, because of its ability to regulate myeloid cell
recruitment.??>?®> However, there are conflicting data
regarding the role of Ninjl in different inflammatory dis-
eases. Ninjl was found to be up-regulated in blood-brain
barrier endothelial cells and on infiltrating myeloid cells in
both EAE and human multiple sclerosis lesions in mice
correlated with the migration of myeloid cells across the
blood-brain barrier; moreover, Ninj1 blockade inhibited the
recruitment of inflammatory immune cells and ameliorates
the immune response in EAE and multiple sclerosis.” Using
Ninj1-deficient mice, another study reported that Ninjl
deficiency reduced leukocyte infiltration and attenuated
EAE susceptibility in mice.® However, a recent study by Jeon
et al** showed that Ninj1 deficiency increases monocyte
recruitment and macrophage accumulation in atheroscle-
rotic lesions as well as enhances macrophage inflammation,
resulting in accelerated atherosclerosis. In inflammatory
bowel disease, Ninj1 deficiency promotes M1 macrophage
polarization and induces microbial imbalance, leading
to hypersusceptibility to colitis and severe colitis

development.” In contrast, Jung et al’ recently reported a
detrimental role of Ninjl in activating macrophages and
exacerbating experimental colitis with no impact on
macrophage infiltration. These controversial results indicate
that Ninj1 functions diversely under different inflammatory
conditions. In the present study, we found that Ninj1 defi-
ciency does not influence IR-induced intrahepatic macro-
phage recruitment but markedly reduces the levels of
inflammatory cytokines and chemokines released by KCs.
An increasing body of evidence indicates that Ninjl is
involved in LPS-induced inflammation and programmed cell
death.”” A direct interaction between LPS and Ninj1 has
been reported in LPS-induced macrophage inflammation.”®
Upon LPS stimulation, TLR4, a critical receptor of LPS, ac-
tivates 2 distinct pathways by MyD88/MyD88 adaptor-like
protein and TRIF-related adaptor molecule/TRIF, leading
to the activation of downstream signaling involving nuclear
factor-kB, MAPK, and interferon-regulated factor transcrip-
tion factors.”° Jennewein et al’ reported that Ninj1 inhibi-
tion alleviates LPS-induced macrophage inflammatory
responses and leukocyte migration by modulating p38/AP-1
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signaling and protects mice against sepsis. A recent study
showed that a microRNA-125a-5p mimic can abolish
macrophage recruitment and decrease the levels of proin-
flammatory factors in LPS-inflamed retinas through Ninjl
down-regulation.?” Interestingly, our ex vivo and in vitro
studies have indicated that Ninjl deficiency mitigates the
inflammatory response of KCs by inhibiting p38 and JNK
with no impact on MyD88. This motivated us to further
explore the molecular mechanism by which Ninj1 regulates
p38 and JNK activation.

Mitogen-activated protein kinase kinase kinase/Mitogen-
activated protein kinase kinase (MAPKKK/MAPKK)
signaling is the classic pathway that modulates MAPK cas-
cades. ASK1 and TAK1 (also known as MAP3K5 and
MAP3K7) have been reported to be crucial for activating
JNK and p38« cascades. Glutathione S-transferase Mu 2 is an
endogenous suppressor that protects against nonalcoholic
steatohepatitis progression by suppressing ASK1 phos-
phorylation and the activation of its downstream JNK/p38
signaling pathway."” Tripartite motif-containing 27 plays an
important role in regulating liver IR injury by inhibiting
TAK1-JNK/p38 signaling.'® However, our findings in this
study showed that Ninj1 deficiency had no impact on acti-
vation of ASK1 and TAK1 in LPS-stressed KCs.

DUSP1 has been reported previously to show anti-
inflammatory effects in various experimental inflammation
models owing to its ability to dephosphorylate MAPK

members.”* ! Several studies have shown that DUSP1
preferentially modulates p38 and JNK to reduce the pro-
duction of proinflammatory cytokines and chemokines,
leading to an attenuated inflammatory response.'”?%?
Based on these findings, we examined whether Ninj1 reg-
ulates p38 and JNK through DUSP1. The results presented in
this study confirm the critical role of DUSP1 in Ninjl-
mediated deactivation of p38 and JNK in LPS-induced KCs.
However, further studies are needed to elucidate the precise
mechanisms of interaction between Ninjl and DUSP1. In
addition, as shown in Figure 5C and D, our findings showed
that LPS stimulation significantly increased Ninjl expres-
sion in WT KCs, whereas DUSP1 expression was not
changed. However, Ninjl-deficient KCs showed markedly
increased DUSP1 expression post-LPS stimulation. These
results indicate that Ninj1l inhibited DUSP1 activation in
LPS-stimulated KCs. Therefore, although the DUSP1
expression already was suppressed by Ninjl activation in
LPS-stimulated WT KCs, no further effects were found by
DUSP1-siRNA.

Studies from our group and others have suggested a
critical role for innate immune response-mediated sterile
inflammation in liver IR injury.**** Neutrophil infiltration
into necrotic areas during the reperfusion period is a hall-
mark of IR-induced sterile inflammation.*>*® Our data also
indicate that Ninj1 deficiency in KCs markedly restrains IR-
induced neutrophil infiltration into the liver with no impact
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on macrophage recruitment, consistent with previous
studies on lung fibrosis and colitis.”*” Regarding organ
ischemic injury, Ninj1 activation has been reported to in-
crease neutrophil infiltration in the postischemic brain,
contributing to aggravated brain injury.''* CXCL1 and
CXCL2 are the 2 most important chemoattractants that re-
cruit neutrophils to injured or infected tissues.***° A pre-
vious study showed that resident tissue macrophages are a
major source of newly synthesized CXCL1 and CXCL2 via
different TLR signaling pathways.'* Interestingly, we found
that Ninjl could influence CXCL1 secretion by KCs both
in vivo and in vitro, but not CXCL2, suggesting the presence
of distinct modulatory mechanisms underlying the produc-
tion of these 2 chemokines. In line with a previous study,*’
our results show that CXCL1 alone is sufficient to regulate
neutrophil recruitment to the liver.

The CCL family plays an important role in regulating
monocyte and lymphocyte migration.”' CCL5 has been re-
ported to aggravate liver IR injury by chemoattracting
macrophages.** CCL1, CCL2, and CCL3 also were reported to

be important chemoattractants of macrophages and T cells
in different diseases.*>™*° Actually, in this study, IR-induced
increased levels of CCL family chemokines in our in vivo
model were not influenced by Ninj1 deficiency, consistent
with the unaltered macrophage recruitment into IR-stressed
livers.

Furthermore, in the present study, Ninjl-
deficiency-mediated suppression of neutrophil infiltration
was suggested to be responsible for mitigating IR-induced
liver injury at later time points, consistent with a recent
study by Huebener et al, which indicated that High-mobility
group box 1 (HMGB1)-receptor for advanced glycation end
(RAGE)-induced neutrophil recruitment contributes to
subsequent amplification of liver IR injury, 24 hours after
reperfusion through neutrophil elastase activity.*” Sivele-
stat, an inhibitor of neutrophil elastase, has been reported to
protect mice against liver IR injury by inhibiting neutrophil
infiltration and suppressing proinflammatory cytokine pro-
grams.’® We also observed a protective effect of sivelestat in
IR-induced WT—>WT mice, with no obvious effects in
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KO — WT mice, indicating a similar mechanism underlying
the 2 factors of mitigating liver IR injury. However, whether
sivelestat influences neutrophil inflammatory properties via
Ninj1 signaling requires further investigation. Interestingly,
Hilscher et al*’ recently showed that mechanical forces
increased CXCL1 expression in liver sinusoidal endothelial
cells, leading to neutrophil recruitment, which is responsible
for portal hypertension, whereas sivelestat treatment
decreased sinusoidal MPO deposition and depressed portal
pressures after partial ligation of the suprahepatic inferior
vena cava. Intriguingly, we also found that sivelestat treat-
ment resulted in significantly decreased serum MPO levels
and improved liver function in patients who underwent
partial hepatectomy with portal triad clamping at 3 days
after surgery.

In conclusion, this study shows that Ninj1 in KCs plays a
detrimental role in liver IR injury. Ninj1-DUSP1 signaling
modulates the proinflammatory response of KCs and in-
fluences neutrophil infiltration, partly by regulating CXCL1
production. Overall, our findings provide new insights into
the pathogenesis of liver IR injury, and indicate that stra-
tegies targeting the Ninj1-DUSP1 signaling axis may be a
novel approach to prevent this pathologic process.

Materials and Methods
Patients

Liver tissues were obtained from 10 patients for partial
liver resection with portal occlusion. They were divided into
2 groups (5 per group) according to the presence or absence
of preoperative sivelestat treatment. Patients in the sivele-
stat group received 0.2 mg/kg per hour sivelestat intrave-
nously from anesthesia induction to postoperative day 1,
while the patients in the control group received the same
amount of physiological saline. Serum levels of MPO were
measured before and 1 day after the resection, ALT and AST
serum levels were analyzed before and 3 days after the
resection. Patients were referred to the Affiliated Hospital of
Nanjing Medical University after providing informed written
consent. All procedures that involved human samples were
approved by the Ethics Committee of the Affiliated Hospital
of Nanjing Medical University (approval 2020-SRFA-099).

Animals

Male C57BL/6 WT and Ninj1 KO (C57BL/6 background)
mice were purchased from Gempharmatech, Co, Ltd (China).
Ninjl KO mice were generated by Clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-
associated nuclease 9 (Cas9) technology to modify the Ninj1
gene. Animals were housed under specific pathogen-free
conditions, and received humane care according to a pro-
tocol (number NMUO08-092) approved by the Institutional
Animal Care and Use Committee of Nanjing Medical
University.

Bone Marrow Transplantation

To delete Kupffer cells, recipient mice were injected
intravenously with liposomal clodronate (150 uL). Bone
marrow transplantation was performed 24 hours after
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liposomal clodronate injection. After being lethally irradi-
ated, 5-week-old male WT and KO mice were injected
intravenously with 1 x 10 7 bone marrow cells isolated
from 8-week-old male WT or KO mice. Chimeric mice were
generated as follows: WT—WT (expressing Ninj1 both in
hepatocytes and KCs); and KO —WT (expressing Ninj1 only
in hepatocytes). Four weeks after bone marrow trans-
plantation, the chimeras were subjected to a liver IR injury
model.

Liver IR Injury Model

Mice were anesthetized with 2.5% isoflurane and an
atraumatic clip was used to interrupt the arterial and portal
venous blood supply to the cephalad liver lobes for 90 mi-
nutes. Sham controls (n = 6) underwent the same proced-
ure, but without vascular occlusion. Then, they were killed
after 6 and 24 hours of hepatic tissue reperfusion, and liver
and serum samples were collected.

Some mice were administered Ninjl-neutralizing anti-
body (2.5 ug/20 uL) (BD Biosciences, Franklin Lakes, NJ) or
with mouse IgG antibody as control (Ninj1-con) by tail vein
injection at 6 hours before the onset of liver ischemia.

Serum Biochemical Measurements

Serum ALT and AST levels were measured with an
AU5400 automated chemical analyzer (Olympus, Tokyo,
Japan). The serum MPO levels of the patients were
measured by an enzyme-linked immunosorbent assay kit

according to the manufacture’s protocols (Cusabio
Technology).
Liver Histopathology

Liver tissues were incubated in 4% paraformaldehyde
for at least 24 hours, and then embedded in paraffin. The
specimens were sectioned at 4 um and stained with H&E.
The severity of IR injury was scored using the Suzuki
criteria on a scale from 0 to 4. No necrosis, congestion/
centrilobular ballooning is given a score of 0, while severe
congestion and more than 60% lobular necrosis is giver a
score of 4.

TUNEL Staining

TUNEL staining of liver tissue sections was performed
using a fluorescent detection kit (Roche, Indianapolis, IN)
according to the manufacturer’s instructions.

Immunofluorescence Staining

Immunofluorescence staining was performed on frozen
sections cut into 4-um slices, blocked and permeated with
3% bovine serum albumin-0.5% Triton X-100 (Sigma) for
30 minutes at room temperature, followed by incubation
with rabbit anti-CD11b (1:100, 17800; Cell Signaling Tech-
nology, Danvers, MA) and rat anti-Ly-6G (1:200, #88876;
Cell Signaling Technology) overnight at 4°C. Nuclei were
stained with 4’,6-diamidino-2-phenylindole  dihydro-
chloride. Then, slides were washed with phosphate-buffered
saline and incubated with horseradish-
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peroxidase-conjugated secondary antibodies. Confocal mi-
croscopy was performed using an Olympus FV3000 confocal
microscopy system.

Cell Culture

Six- to 8-week-old WT and Ninjl KO mice were anes-
thetized and the portal vein was canulated under aseptic
conditions. The liver was perfused in situ via portal vein
with an ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N’-
tetraacetic acid solution and digested with 0.075% colla-
genase type IV (Sigma, St. Louis, MO), perfused liver was
filtered through a 40-um nylon strainer, and centrifuged at
40 x g without brake for 5 minutes. Primary hepatocytes
were resuspended in Medium 199 supplemented with 50%
Percoll gradient by 200 x g centrifugation and seeded in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum. Nonparenchymal cells were suspended
in Hank’s balanced salt solution and layered onto a 2-layer
25%-50% Percoll (Sigma) gradient in a 50-mL centrifuge
tube and centrifuged at 1800 x g at 4°C for 15 minutes. KCs
in the middle layer were collected and allowed to attach to
cell culture plates in Dulbecco’s modified Eagle medium
with 10% fetal bovine serum.

In ex vivo experiments, KCs isolated from IR-stressed
KO—WT and WT—WT livers were cultured for 3 hours,
and then the cells and supernatants were collected. In
in vitro experiments, KCs isolated from WT or KO mice were
stimulated with LPS (1 pug/mL; Sigma) for 6 hours.

Quantitative RT-PCR

Total RNA was extracted from tissues and cells with
TRIzol reagent (Thermo Fisher Scientific, Carlsbad, CA)
followed by isopropyl alcohol precipitation. Quantitative RT-
PCR was performed using a 7900 Real-Time PCR System
(Applied Biosystems, Foster City, CA) with Fast Start Uni-
versal SYBR Green Master Mix (Takara). The expression
levels of target genes were normalized against glyceralde-
hyde-3-phosphate dehydrogenase expression.

Western Blot

Tissue or cellular proteins were extracted and subjected
to 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA). Primary antibodies
against Ninj1 (PA5-72821; Invitrogen, San Diego, CA), Bcl-2
(#3498; Cell Signaling Technology), Bax (#14796; Cell
Signaling Technology), caspase-3 (#9662; Cell Signaling
Technology), MyD88 (#4283; Cell Signaling Technology), p-
p38 (#4511; Cell Signaling Technology), p38 (#8690; Cell
Signaling Technology), p-JNK (#4668; Cell Signaling Tech-
nology), JNK (#9252; Cell Signaling Technology), p-ERK
(#4370; Cell Signaling Technology), ERK (#4695; Cell
Signaling Technology), DUSP1 (#35217; Cell Signaling
Technology), p-ASK1 (#3765; Cell Signaling Technology), p-
TAK1 (#4531; Cell Signaling Technology), and g-actin
(#4970; Cell Signaling Technology) were used and incu-
bated overnight at 4°C. Bands were detected with
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Immobilon ECL Ultra Western horseradish peroxidase sub-
strate (Bio-Rad, Hercules, CA), and then images were taken
using a Tanon chemiluminescent imaging system.

Enzyme-Linked Immunosorbent Assay

TNF-q, IL6, IL13, CXCL-1, CXCL-2, CCL1, CCL2, CCL3, and
CCL5 in cell culture supernatants or serum was measured
by an enzyme-linked immunosorbent assay (eBioscience,
San Diego, CA) according to the manufacturer’s protocols.

DUSP1 Knockdown

In vitro, 10° KCs/well were transfected with mouse
DUSP1-siRNA (Thermo Fisher Scientific), or NS-siRNA
(Thermo Fisher Scientific) using Lipofectamine 3000
reagent (Thermo Fisher Scientific) according to the manu-
facturer’s protocol. In vivo, siRNA was mixed with mannose-
conjugated polymers (Polyplus Transfection, Illkirch,
France) at a ratio specified by the manufacturer, and
administered by tail vein injection (2 mg/kg siRNA) at
4 hours before the onset of liver ischemia.

Statistical Analysis

The results are presented as the means + SD. Multiple
group comparisons were performed using 1-way analysis of
variance followed by the Bonferroni post hoc test. Statistical
analysis was performed using SPSS version 22.0 (SPSS, Inc,
Chicago, IL) and an unpaired Student t test. P < .05 indi-
cated statistical significance.
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