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Editorial of the Research Topic

The role of immune cells in hepatic ischemia reperfusion
We are honored to accept twelve articles on the Research Topic of “The role of

immune cells in hepatic ischemia-reperfusion,” which have received widespread interest.

Hepatic ischemia-reperfusion (I/R) injury is a pathological process involved in oxidative

stress-induced cellular damage and immune activation during liver resection and

transplantation. We have known that the generation of reactive oxygen species (ROS)

from oxidative stress may be critical mediators during hepatic IR. However, there is

growing interest in the roles of immune cells in IR-triggered liver inflammation

and injury.

Liver resection and transplantation are the most effective treatments for patients with

hepatocellular carcinoma. However, there is still a high recurrence rate after surgery, of

which liver IR injury is closely related to liver cancer recurrence. Immune activation is

crucial in the inflammatory damage process of liver I/R. The intense and sustained

inflammatory response promotes tumor recurrence by activating tumor cell proliferation,

adhesion, invasion, angiogenesis, and immune escape by many key inflammatory

components. Targeting critical immune and inflammatory signaling pathways reduces I/

R-induced liver inflammation and injury and prevents tumor recurrence after liver surgery,

suggesting a promising win-win strategy (Chen et al.). The severity of I/R injury in the liver

is primarily determined by the ratio of M1 to M2 macrophages. Hepatic I/R injury triggers

the release of Damage-associated molecular patterns (DAMPs) that strongly activate the

NLRP3 inflammasome. This essential molecule functions as a critical component of

the innate immune response in hepatic macrophages. Increasing autophagy in
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hepatic macrophages can effectively alleviate liver I/R injury

with depressed NLRP3 inflammasome activation (Wu et al.).

Moreover, macrophages are partially differentiated into M2

macrophages toward an anti-inflammatory phenotype and

maintain environmental homeostasis. A novel study by Zhang

et al. found that group 2 innate lymphoid cells (ILC2s) could

induce polarization of M2-type CD45+CD11B+F4/80high

macrophages and that ILC2s proliferation was regulated by

stimulation of exogenous IL-33 to exert a protective effect

during hepatic I/R. This regulatory mechanism was found in

the liver and the spleen. M1 macrophages are pro-inflammatory

and play an essential role in activating liver inflammation during

I/R. Liraglutide, a glucagon-like peptide-1 analogue, significantly

inhibited the polarization of M1-type macrophages during

hepatic I/R injury via the GLP-1 receptor, thereby improving

hepatic I/R injury (Li et al.). The metabolic roles of intestinal

microorganisms can produce substances with anti-hepatic I/R

injury. Intestinal microorganisms break down inulin into short-

chain fatty acids, one of the metabolites of which, propionic acid

(PA), has a pro-inflammatory effect onmacrophages. Inulin helps

to regulate the gut microbes to maximize their effect. PA enters

the portal vein to ameliorate I/R injury in the liver effectively.

More importantly, PA directly inhibits TLR-4-HMGB1-mediated

inflammatory responses in macrophages (Kawasoe et al.).

During hepatic I/R, DAMPs eventually lead to neutrophil

activation and infiltration into the liver. The formation of

neutrophil extracellular traps (NETs) released by neutrophils is

critical in triggering an inflammatory response by releasing related

enzymes and activating the complement system. NETs can also

activate platelets leading to systemic immune thrombosis and

organ damage. Neutrophils and NETs interact with other immune

components of the tumor microenvironment in the transplanted

liver to promote tumor progression (Kaltenmeier et al.).

Natural killer (NK) cells play a pivotal role in activating liver

immune cells after reperfusion. NK cells can be recruited to the

liver, increasing pro-inflammatory cytokine secretion and

inducing early infiltration of neutrophils to exacerbate an

inflammatory injury. Donor-derived NK cells are also gradually

replaced by recipient NK cells after allogeneic liver transplantation,

eventually exerting the negative effect of immunological rejection.

NK cell depletion, inhibition of NK cell activation receptors, or

blockade of signaling pathways for NK cell maturation can

effectively reduce liver I/R injury (Huang et al.).

Hepatic stellate cells (HSCs) regulate liver I/R injury during

the injury and repair/regeneration phases, depending on

regulating different pathways and molecules. HSCs are

activated and respond to signals from Kupffer cells during

hepatic I/R. HSCs promote early I/R-induced injury by

activating the ROCK-mediated hepatic microenvironment, ET-

1 signaling, and the TNF-a-triggered inflammatory cascade.

HSC-derived MMPs exacerbate injury by destroying ECM and

recruiting leukocytes. However, the role of HSCs in the repair

and regeneration phase deserves attention. The induction of
Frontiers in Immunology 02
6

HSC activation and proliferation by hepatic Kupffer cells also

has a vital role in this process (Peng et al.). HSCs are the primary

source of repairing myofibroblasts after injury. Shi et al. first

reveal that phosphorylation of mixed lineage kinase domain-like

protein (p-MLKL) is expressed in the periportal area. Activation

of p-MLKL induces necroptotic cell death after liver transplant

reperfusion. They also demonstrate that p-MLKL activates

fibroblasts, a primary cell type that can effectively predict early

graft injury during hepatic I/R.

The therapeutic effect of bio-nanomaterials on I/R injury of the

liver has shown advantages over conventional molecules in various

aspects and has good efficacy. Huang et al. showed that the Prussian

blue (PB) is a good scavenger of ROS, which can reduce ROS

production in hepatocytes and macrophages caused by various

stimuli. PB reduces neutrophil infiltration, promotes M2

macrophage polarization, and ameliorates Hepatic I/R injury.

Moreover, PB has good biocompatibility compared to other

nanomaterials, suggesting that PB may be a potential therapeutic

agent in managing hepatic I/R injury. Liggett et al. showed that

steatotic donor livers are more susceptible to I/R-induced liver

damage during transplantation. Type 1 Natural Killer T-cells

(NKT1 cells) responses to endogenous lipid antigens mediate the

exacerbation of I/R injury in the liver. Oral administration of N-

acetylcysteine significantly reduced liver steatosis and

downregulated CD1d to block NKT cell activation and reduce

IFN-g levels by using a reliable high-fat diet mouse model of liver I/

R injury, thereby reducing damage. This study provides novel

insights into the interplay between liver metabolism, I/R injury, and

immune cells. In another study of steatotic donor livers, mice on a

high-fat diet were found to significantly increase in type 1 Innate

lymphoid cells (ILC1s) populations but not conventional natural

killer cells after I/R injury, and ILC1 promotes inflammatory injury

through T-bet-dependent forms of IFN-g and TNF-a secretion.

Furthermore, ILC1s is an intrinsic inflammatory effector subgroup

in fatty liver. Targeting this immune subgroup provides evidence of

the future use of marginal donor liver transplantation in the

steatotic liver (Kang et al.).

The role of immune cells in hepatic I/R injury has been

increasingly appreciated, particularly affecting innate immunity

and adaptive immunity during hepatic I/R injury. However, the

complex regulatory mechanisms between immune cells and

hepatocytes in IR-triggered liver inflammation and injury are

still unclear. Under this research theme, we have gained an initial

understanding of the function of immune cells. Further study

needs to identify the molecular regulators of immune activation

and provide novel therapeutic approaches targeting immune

cells for treating I/R-induced liver inflammatory injury.
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Natural Killer Cells in Hepatic
Ischemia-Reperfusion Injury
Miao Huang1,2†, Hao Cai1†, Bing Han1†, Yuhan Xia1, Xiaoni Kong2* and Jinyang Gu1*
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Ischemia-reperfusion injury can be divided into two phases, including insufficient supply of
oxygen and nutrients in the first stage and then organ injury caused by immune
inflammation after blood flow recovery. Hepatic ischemia-reperfusion is an important
cause of liver injury post-surgery, consisting of partial hepatectomy and liver
transplantation, and a central driver of graft dysfunction, which greatly leads to
complications and mortality after liver transplantation. Natural killer (NK) cells are the
lymphocyte population mainly involved in innate immune response in the human liver. In
addition to their well-known role in anti-virus and anti-tumor defense, NK cells are also
considered to regulate the pathogenesis of liver ischemia-reperfusion injury under the
support of more and more evidence recently. The infiltration of NK cells into the liver
exacerbates the hepatic ischemia-reperfusion injury, which could be significantly alleviated
after depletion of NK cells. Interestingly, NK cells may contribute to both liver graft rejection
and tolerance according to their origins. In this article, we discussed the development of
liver NK cells, their role in ischemia-reperfusion injury, and strategies of inhibiting NK cell
activation in order to provide potential possibilities for translation application in future
clinical practice.

Keywords: NK, natural killer, ischemia-reperfusion injury, liver transplantation, inflammation, immune tolerance
INTRODUCTION

Ischemia-reperfusion (I/R) injury is a two-stage pathophysiological process, characterized by
hypoxia-induced cell damage in the ischemia phase and by immune inflammation after blood
flow restoration (1). The ischemic insult exposes hepatic cells to oxygen deprivation, ATP depletion,
and pH changes as well as cellular metabolic stress, all leading to initial cell injury or death (2).
During subsequent reperfusion injury, the liver metabolism is disturbed and interconnected
inflammatory cascades are induced, thereby further aggravating hepatocellular damage (1). In
addition, hepatic I/R can result from both warm and cold ischemia types. Warm I/R occurs in
vascular occlusion of liver tissues associated with liver resection, hemorrhagic shock, trauma,
cardiac arrest, or hepatic sinusoidal obstruction syndrome (3, 4). However, cold I/R is obviously
Abbreviations: AAGM1, anti-asialo monosialotetrahexosylganglioside; AhR, aryl hydrocarbon receptor; CCL, C-C motif
chemokine ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, Interleukin; I/R,
ischemia-reperfusion; KIR, killer cell immunoglobulin receptor; NK, natural killer; PLZF, promyelocytic leukemia zinc
finger; TNF, tumor necrosis factor.
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dominant during liver transplantation, where the donated liver
graft is preserved in a hypothermic and anoxic environment
before implantation into the recipient (3). Although these two
types of liver I/R are involved in different disease models, they
share similar characteristics in the mechanism of cell injury, such
as activation of liver immune cells after reperfusion (5), among
which natural killer (NK) cells play a quite vital role.

NK cells originate from bone marrow, develop in lymphoid
tissue, and migrate into the bloodstream and tissues to play a
fundamental role in the innate immune response. Discovered in
1975, NK cells are identified to take part in the early defense
against virus-infected or tumor cells via secretion of granzymes
and perforin, or expression of ligands for death receptors without
prior immunization (6). In addition, NK cells could also
contribute to immunoregulation through producing various
cytokines, such as granulocyte-macrophage colony-stimulating
factor (GM-CSF), Interleukin (IL) -10, IL-2, C-C motif
chemokine ligand (CCL) 3, CCL4, CCL5, Interferon (IFN) -g,
and Tumor Necrosis Factor (TNF) -a (7, 8). It has been
previously discussed that NK cells play an important role in
other liver diseases, including autoimmune diseases
(autoimmune hepatitis, primary biliary cirrhosis, and primary
sclerosing cholangitis), non-alcoholic fatty liver disease, and liver
fibrosis (9). However, how NK cells affect hepatic I/R is still
understood limitedly. Herein, we aim to shed light on the current
knowledge in the characteristics of NK cells, their function in
hepatic I/R pathogenesis, and the potential mechanism of
intervening NK cell activation.
DEVELOPMENT OF HEPATIC NK CELLS

Hepatic NK cells could be mainly divided into circulation NK (c-
NK) and liver-resident NK (lr-NK) cell subtypes, which are
distinguished by molecular markers, such as (CD27-CD11b+

and CD27+CD11b-) in mouse liver, and CD56dim and
CD56bright in human liver (8, 10). In addition, CD49a and
CD49b are f r equen t l y used to d i s t ingu i sh c -NK
(CD49a−CD49b+Eomes+) and lr-NK (CD49a+CD49b−Eomes−)
cells in the mouse liver (6). Compared with c-NK, activated lr-
NK cells partially retain cytotoxic function to target cells,
manifested by reduced expression levels of perforin and
granzyme B, but are more efficient in the secretion of TNF-a,
IL-2, and GM-CSF (6, 11). In mice, the development of hepatic lr-
NK and c-NK cells depends on many different transcription
factors, although they are jointly dependent on IL-15 signaling
(12). For example, T-bet deficiency only modestly affects
peripheral c-NK cell, but has a more severe influence on
hepatic lr-NK cells (12, 13). Mice lacking Nfil3 have a
quantitatively significant decrease in the bone marrow NK
progenitor and mature NK cells, however, Nfil3 is dispensable
for lr-NK (14–17). Moreover, in contrast to Eomes deficiency
reducing bone marrow and peripheral c-NK cell numbers, Eomes
are not required for hepatic lr-NK development (18, 19).
Promyelocytic leukemia zinc finger (PLZF) and aryl
hydrocarbon receptor (AhR) have been reported to promote the
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development of different lr-NK cells, while these two transcription
factors are not critical for c-NK development (20, 21). In other
words, mice lacking PLZF or AhR have reduced hepatic lr-NK
numbers, but c-NK are not significantly altered.

Some murine NK cell markers do not correspond one-to-one
with their human counterparts, which largely explains the lack of
phenotypic matching between murine and human lr-NK cells.
Overall, c-NK cells rely mainly on T-bet and Eomes for humans,
which has some similarities to the developmental process of
mice, whereas lr-NK cells are regulated by a wide range of
transcription factors including Eomes, Hobit, etc (11, 22).
Compared with mice, human lr-NK cells express high levels of
Eomes but not T-bet (11, 23, 24). Specifically, human lr-NK cells
have few positive expressions of T-bet and are all positive in
Hobit (25, 26). It is worth noting that lr-NK cells are probably
dependent on the expression of surface adhesion molecules such
as CD69, CD103, CD49a, CCR5, CXCR3, and CXCR6 to support
their residence in the liver sinusoids (27, 28).
FUNCTION OF NK CELLS IN HEPATIC I/R

NK cell signaling in hepatic I/R is primarily mediated by
engagement of their activating receptors (mainly including
CD16, NKG2C:CD94, NKG2D, NKp46, NKp44, NKp30,
CD226, and natural killer granule 7) and inhibitory receptors
(largely composed of CD96, TIGIT, LAG3, killer cell
immunoglobulin receptor (KIR) (Ly49 receptor in mice), and
NKG2A:CD94), and the dynamic balance between them
determines the responsiveness of NK cells (29, 30). Notably,
the human KIR (Ly49 molecule in mice) and NKG2A:CD94
could recognize MHC class I molecules that are abundantly
expressed on normal cells, thereby inhibiting NK cell function to
ensure perfect tolerance to their own healthy cells (29, 31). In
warm I/R, such as liver resection and hemorrhagic shock, NK
cells mainly play the role of aggravating liver injury and
promoting inflammatory cell infiltration (Figure 1). Whereas
in cold I/R (primarily liver transplantation), NK cells not only
participate in the inflammatory response, but also produce a
marked effect in post-transplant immune tolerance (Figure 2).

NK Cells and Inflammatory Response in
Hepatic I/R
It has been previously reported that depletion of NK cells had no
significant effect on hepatic I/R injury, as demonstrated by
unchanged liver function assays and infiltrated MPO content
into the liver, suggesting that NK cells are not recruited to the
liver after reperfusion (32). However, there is accumulating
direct evidence that NK cells are involved in the development
of the pathophysiology of hepatic I/R. In an experiment in which
a rat was subjected to 1 hour of right hepatic lobe ischemia and
the remaining liver was excised, a significant increase in NK cell
infiltration into the rat liver parenchyma was detected after
reperfusion for 2 hours (33), and depletion of NK cells could
significantly decrease hepatic CXCL-2 expression, reduce
neutrophil infiltration into the liver, and attenuate hepatic I/R
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FIGURE 2 | Schematic diagram of donor/recipient-derived NK cells in immune tolerance after liver transplantation.
FIGURE 1 | Diagrammatic sketch of NK cell-mediated exacerbated liver injury during hepatic I/R.
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injury levels (34). Similarly, the mRNA level of NKG2D, an
activating receptor for NK cells, rapidly increased in allografts
(LEW to SD rats), indicating a significant activation of NK cells,
while donor livers that were pretreated with anti-asialo
monosialotetrahexosylganglioside (AAGM1) to deplete NK
cells, showed a significant decrease in not only NKG2D
expression levels but also hepatic cytokines (TNF-a, IL-1 b,
IL-6, and IL-8) as well as secretion levels of cytolytic molecules
(perforin, granzyme B), along with a reduction in early
neutrophil infiltration (31). In contrast to the depletion of NK
cells described above, administration of soluble pro-inflammatory
IL-15/IL-15Ra complexes increased the absolute number of NK
cells in the liver of IRF-1 knockout mice after orthotopic liver
transplantation, accompanied by increased expression of cytotoxic
effector molecules (NKG2D, granzyme B, and perforin) and
inflammatory cytokines (IFN-g, IL-6, and TNF-a), eventually
resulting in worsening liver injury and decreased survival (35).
NK cell activation in hepatic I/R relied on the hydrolysis of ADP to
AMP by CD39, and CD39 deletion reduces IFN-g secreted by NK
cells to limit hepatic I/R injury (5). To be specific, CD39-deficient
mice exhibited reduced pro-inflammatory cytokines in serum 3
hours after reperfusion, and also showed reduced hepatocyte injury
and necrosis area after 24 hours of reperfusion (5). In addition,
TRAIL expression onNKcells was upregulated following hepatic I/
R in mice and exerted marked protective effects such as reduced
serum transaminases, histological necrosis, neutrophil infiltration,
and IL-6 levels in serum, whereas TRAIL-null NK cells exhibited
higher cytotoxicity and significantly increased secretion of IFN-g,
indicating that TRAIL could confine further liver injury byblocking
NK cell activation (36). IFN-g secreted by NK cells can upregulate
the expression of Fas in hepatocytes, while IL-18 released by injured
Kupffer cells in hepatic I/R injury could increase the expression level
of FasL (Fas ligand) in NK cells (37, 38). Therefore, the
inflammation and liver damage are further amplified under this
complexpositive feedback.As can be seen from the above literature,
IFN-g secretion by NK cells plays a pivotal role in hepatic I/R, and
the mechanism of its secretion is largely regulated by Tbox
transcription factors such as T-bet and Eomes (39), which is
tightly associated with NK cell development. NK cells can not
only aggravate hepatic I/R injury by producing IFN-g, but also
increase the synthesis of IL-17, which could enhance the
recruitment of neutrophils into the injured liver (34). This study
provided strong proof that neutralization of IL-17 attenuated
hepatic I/R injury in Rag1 knockout mice (34).

NK Cells and Immune Tolerance in
Hepatic I/R
The immunological process ofdonorNKcells entering the recipient
bloodstream and recipient NK cells flowing into the donor graft
with the bloodstream occurs early after liver transplantation, where
donor NK cells migrate out of the liver and are detected in the
recipient’s circulation generally for 2 weeks, but there are also
possibilities that graftNKcellswill persist for decades (40).Thirteen
genes were found to be significantly overexpressed inNK cells from
immune-tolerant recipients of liver transplantation, suggesting that
NK cells may be involved in the induction of immune tolerance
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(41). In fact, recipient-derivedNK cells and donor-derivedNK cells
could play opposed roles in liver graft tolerance, with the former
tending to reject allografts and the latter mainly promoting
tolerance (40, 42). Recipient-derived NK cells produced IFN-g
after entering liver grafts, which predisposed to graft non-
function (43). Correspondingly, either depletion of NK cells or
reduction of IFN-g production could be capable of promoting
increased graft survival rate (43). According to clinical trials,
recipient hypertension can further activate NK cells and lead to
moderate to severe I/R injury, which may markedly increase the
incidence of early allograft dysfunction and reduce the 6-month
survival rate ofgrafts (44, 45). Incontrast, after liver transplantation,
treatment with anti-inflammatory factor IL-10 given to the
recipient reduced the NK recruitment of chemokines CXCL-9,
CXCL-10, and CXCL-11 produced by activated Dendritic cells,
leading to a decrease in the number of recipient NK cells entering
the liver graft in a clinical study (46).Meanwhile, a decrease of pro-
inflammatory IL-12 also induced a shift in recipient NK cells to a
tolerogenic phenotype with concomitant downregulation of NK-
activating receptors, and reduction of cytotoxicity and cytokine
production (47), which further limits the rejection of transplanted
liver mediated by recipient NK cells. Of note, the rejection of ABO-
incompatible liver transplantation by NK cells was particularly
pronounced in clinical practice. It has been reported that a large
number of NK cells in recipient peripheral blood was the only risk
factor for the induction of ischemic biliary tract disease after ABO-
incompatible adult living donor liver transplantation. This may be
explained that recipient NK cells could recognize various NK cell
ligands on the donor endothelial cells after flowing into the liver
graft, and the ABO antigen was abundantly expressed on the
endothelial cells of the transplant graft, thereby directly
producing cytotoxicity and resulting in decreased graft survival
(48, 49). Besides, there is a clinical study suggesting that recipient-
derivedNKcells are reduced but retain the robust expression ofNK
cell receptors such as NKG2D in the early stage of pediatric liver
transplantation, which may be closely related to the increase of
acute graft rejection episode (50).

As previously reported, infusion of donor liver NK cells can
alleviate acute rejection of rat liver allografts and prolong graft
survival (51), revealing the important function of donor NK cells
in immune tolerance. It has also been reported in clinical
research that bone marrow-derived mesenchymal stromal cell
infusion induces the increase of donor-derived NK cells, which
promotes the establishment of a pro-tolerance graft environment
that persists in a long time (52). Hepatic NK cells from the
donors played a major role in promoting graft tolerance, possibly
through direct killing of recipient activated T cells and immature
Dendritic cells recruited to the transplanted liver (40, 53). But
this requires more experimental evidence to further confirm.
STRATEGIES TO INHIBIT NK CELLS IN
HEPATIC I/R

On the one hand, NK cells play a pro-inflammatory and pro-
injury role during hepatic I/R. On the other hand, donor NK cells
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will be gradually replaced by recipient NK cells after liver
transplantation, which predominantly exerts the negative effect
of mediating graft liver rejection. Therefore, it is necessary to
intervene in NK cells during the occurrence of I/R in the liver
and at the stage of immune rejection that follows. Currently,
possible approaches are NK cell depletion, inhibition of NK cell
activation receptor signaling, and blockade of NK cell
developmental signaling.

NK Cell Depletion
In general, there were two commonly used depletion antibodies for
NK cells, AAGM1 and anti-NK1.1 (34, 54). AAGM1 causes certain
membrane damage that gives rise to loss of NK function, and is
effective in depleting NK cells in various mouse strains, but it may
also interferewith other lymphocyte subsets that expressGM1 (54).
Treatment with the anti-NK1.1 antibody PK136 depletes NK cells
in the liver and ina subsetofNKTand gdTcells (34).However, anti-
NK1.1-mediatedNKcell depletion is still themainstay of analysis of
NKcells in the liver (34). Inaphase I/II trial,NKcells aredepletedby
a combination of anti-CD3 and anti-CD7 antibodies to treat acute
graft-versus-host disease (55).

NK Cell Activating Receptor Blockade
It has been reported that transforming growth factor-b, IL-10,
tryptophan catabolites, prostaglandin E2, dickkopf-related
protein 2, indoleamine 2,3-dioxygenase, soluble HLA-G,
soluble NKG2D ligands, and galactin-3 (soluble inhibitory
receptor for NKp30) could be viewed as the inhibitors of NK
cells and their receptors, downregulating cytotoxic activity and
the capabilities of secreting IFN-g (56). For example,
corticosteroids are utilized to significantly downregulate the
expression of activated receptors NKp30 and NKp46 in clinical
research, and NKG2D blockade can also reduce the incidence of
allograft rejection (55). However, there are still many aspects of
validation necessary to apply the above methods to the clinic.

Blockade of NK Cell
Developmental Signaling
It has been reported that multiple signaling pathways are involved
in the activation of NK cells and mediate the important role of NK
cells in liver I/R. For example, activated AMPK, deletion of FoxO1
gene, and inhibition of SREBP all could downregulate the number
of mature terminally differentiated NK cells, inhibit NK cell
cytotoxicity, and reduce granzyme B and IFN-g production
expression levels (57, 58). But these pathways are far from well-
studied and full of controversy and contradictions. At present, the
mTOR pathways have been widely and relatively well studied, and
the metabolic signaling mediated by it is generally considered to be
an important node in NK cell development. mTOR is a ubiquitous
serine/threonine kinase that requires two regulatory proteins,
raptor and rictor, to form functionally distinct mTOR complexes
1 and2 (mTORC1and2), respectively (59).mTORC1plays amajor
role among mTOR pathways, whereas mTORC2 can negatively
regulate mTORC1 activity to some extent by inhibiting STAT5-
mediated expressionof the aminoacid transporter SLC7A5 (60, 61).
IL-15 stimulated mTORC1 through the Jak1 and PI3K/Akt
signaling axes, and activated mTORC1 promoted NK precursor
Frontiers in Immunology | www.frontiersin.org 512
development (62, 63). Moreover, mTOR activated by the kinase
PDK1, downstreamof IL-15 signaling, was found to be required for
E4BP4 expression in bone marrow NK cells, and E4BP4 can
promote Eomes transcription, thereby playing an indispensable
role in NK cell development (15). Since mTOR activity was
inhibited after knockdown of PDK1 in NK cells, NK development
was impeded at an early stage (64). When mTOR was specifically
knockedout inNKcells, the number ofNKcells in peripheral blood
was drastically reduced (65). Moreover, the use of the mTOR-
selective inhibitor rapamycinbroadly inhibited the expression levels
of IFN-g, perforin, and granzyme B secreted byNK cells (66, 67). In
a rat I/R study, rapamycin significantly reduced parenchymal
infiltration of NK cells, liver histological damage, and mortality
(33), which formed strong support for the above observations.
CONCLUSIONS AND FUTURE
PERSPECTIVES

In clinical practice, an important factor affecting the prognosis of
partial hepatectomy and liver transplantation is liver I/R. The
former is mainly manifested as severe liver injury caused by I/R,
while the latter is also associated with graft rejection. Considering
the inevitability of I/R in this type of liver surgery, mitigating the
hazards caused by I/R to patients becomes the key. Accumulating
evidence indicates that NK cells can be recruited to the liver,
activate inflammation and worsen liver injury in I/R, and
enhance rejection of grafts by recipient NK cells, thereby
reducing graft survival. Using NK cell depletion, inhibiting NK
cell activating receptors, or blocking the signaling pathway of NK
cell maturation will become an effective approach for the
intervention of hepatic I/R, which may show great potential for
the clinical application. Collectively, an understanding of the
pro-inflammatory effects of NK cells, as well as the donor/
recipient-derived immune tolerance/rejection, may aid in liver
protection in liver transplantation and partial hepatectomy,
providing a rationale for further clinical treatments in the future.
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Modulating Macrophage Polarization
Shang-Lin Li1,2†, Zhi-Min Wang3†, Cong Xu1,2, Fu-Heng Che1,2, Xiao-Fan Hu1,2,
Rui Cao1,2, Ya-Nan Xie1,2, Yang Qiu1,2, Hui-Bo Shi1,2, Bin Liu1,2, Chen Dai1,2*†

and Jun Yang1,2*†

1 Institute of Organ Transplantation, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China, 2 Key Laboratory of Organ Transplantation, Ministry of Education, NHC Key Laboratory of Organ Transplantation,
Key Laboratory of Organ Transplantation, Chinese Academy of Medical Sciences, Wuhan, China, 3 Department of Pediatrics,
Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China

Ischemia-reperfusion injury (IRI) is a common complication associated with liver surgery,
and macrophages play an important role in hepatic IRI. Liraglutide, a glucagon-like
peptide-1 (GLP-1) analog primarily used to treat type 2 diabetes and obesity, regulates
intracellular calcium homeostasis and protects the cardiomyocytes from injury; however,
its role in hepatic IRI is not yet fully understood. This study aimed to investigate whether
liraglutide can protect the liver from IRI and determine the possible underlying
mechanisms. Our results showed that liraglutide pretreatment significantly alleviated the
liver damage caused by ischemia-reperfusion (I/R), as evidenced by H&E staining, serum
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels, and TUNEL
staining. Furthermore, the levels of inflammatory cytokines elicited by I/R were distinctly
suppressed by liraglutide pretreatment, accompanied by significant reduction in TNF-a,
IL-1b, and IL-6 levels. Furthermore, pretreatment with liraglutide markedly inhibited
macrophage type I (M1) polarization during hepatic IRI, as revealed by the significant
reduction in CD68+ levels in Kupffer cells (KCs) detected via flow cytometry. However, the
protective effects of liraglutide on hepatic IRI were partly diminished in GLP-1 receptor-
knockout (GLP-1R-/-) mice. Furthermore, in an in vitro study, we assessed the role of
liraglutide in macrophage polarization by examining the expression profiles of M1 in bone
marrow-derived macrophages (BMDMs) from GLP-1R-/- and C57BL/6J mice. Consistent
with the results of the in vivo study, liraglutide treatment attenuated the LPS-induced M1
polarization and reduced the expression of M1 markers. However, the inhibitory effect of
liraglutide on LPS-induced M1 polarization was largely abolished in BMDMs from GLP-
1R-/- mice. Collectively, our study indicates that liraglutide can ameliorate hepatic IRI by
inhibiting macrophage polarization towards an inflammatory phenotype via GLP-1R. Its
protective effect against liver IRI suggests that liraglutide may serve as a potential drug for
the clinical treatment of liver IRI.

Keywords: acute liver injury, ischemia-reperfusion, liraglutide, macrophage polarization, glucagon-like peptide-
1 receptor
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INTRODUCTION

Hepatic IRI is a common clinical, pathophysiological phenomenon
that often occurs during trauma, shock, liver surgery, and liver
transplantation. It is the main factor affecting the complications
associated with liver surgery and the survival and prognosis of
patients (1, 2). In addition, liver dysfunction caused by hepatic
ischemia-reperfusion injury can further affect distal organs and
cause systemic damage (3). Although liver IRI involves a variety of
molecular mechanisms and results from the joint action of various
cells, its underlying mechanism has not yet been fully elucidated.

Recent studies have shown that macrophages play an
important role in hepatic IRI (4, 5). Hepatic IRI can be divided
into early and late stages. The early stage of IRI involves the rapid
activation of KC cells after reperfusion, and the late stage is
characterized by the recruitment of neutrophils to the liver (6).
As the largest immune organ in the human body, the liver
contains various immune cells such as resident macrophages
(KCs), dendritic cells (DCs), natural killer cells (NKs), and
natural killer T cells (NKTs) (7). In these cells, the macrophage-
mediated inflammatory response is considered an important
factor in hepatic IRI. Liver macrophages are divided into M1-
and M2-type macrophages according to their phenotype and
function. M1 macrophages promote the development of
inflammation, whereas M2 macrophages inhibit inflammation.
The proportion of M1/M2 macrophages in the liver affects the
pathological outcome of hepatic IRI (8).

Liraglutide, a glucagon-like peptide-1 (GLP-1) analog that binds
to and activates GLP-1R, is primarily used to treat type 2 diabetes
and obesity (9, 10). Recent studies have shown that GLP-1R is
distributed in the pancreas and organs such as the heart, lung, liver,
and kidney (11, 12). In addition to regulating blood sugar levels,
liraglutide has other biological activities as well. For example, it can
regulate intracellular calcium homeostasis to protect
cardiomyocytes from injury (13). In addition, liraglutide has been
reported to play a role in liver protection by reducing inflammation
in a liver/nonalcoholic steatohepatitis (NAFLD/NASH) model (14).

This study aimed to examine the protective effect of
liraglutide on hepatic IRI and its effects on macrophages and
explore the possible underlying mechanism using a partial
hepatic IRI mouse model. The outcomes of this study could
provide a new direction for the clinical treatment of HIRI.
MATERIALS AND METHODS

Mice
C57BL/6J (B6) mice were purchased from Beijing HFK
Bioscience Co. Ltd. (Beijing, China). GLP-1R-/- mice were
purchased from Beijing Biocytogen Co. Ltd. (Beijing, China).
All mice were 6–8 weeks of age and housed under specific
pathogen-free conditions at the Tongji Medical School
Facilities for Animal Care and Housing. All animal studies
were performed in accordance with the guidelines of the
Chinese Council on Animal Care and approved by the Tongji
Medical College Committees on Animal Experimentation.
Frontiers in Immunology | www.frontiersin.org 216
Reagents and Experimental Design
Liraglutide was purchased from Novo Nordisk (Copenhagen,
Denmark) and diluted in 0.9% normal saline before
administration. Each 200 mg/kg dose of liraglutide was
subcutaneously administered every 12 h for three consecutive
days to the mice. The dose of liraglutide was based on our
previous study (15).

In the GdCl3 treatment group, mice were injected
intravenously with GdCl3 at 10 mg/kg (Sigma-Aldrich, USA)
24 h before the onset of liver ischemia. For NK and NKT cell
depletion, anti-NK1.1 MAb (PK136, BioLegend, USA) was
intraperitoneally injected (200 ug per mouse) on day -2, -1, 0
before the procedure. For depletion of NK cells alone, 50 µg of
anti-asialoGM1 Ab (Sigma-Aldrich, USA) was intraperitoneally
injected twice on day -3 and -1 before liver IRI. In addition, anti-
Gr-1 (BioLegend, USA) was intraperitoneally injected (10 mg/
kg) 24 h prior to hepatic IRI.

Liver IRI Model
Male C57BL/6J wild-type and GLP-1R-/- mice (6–8 weeks of age)
were used in these experiments. The partial liver I/R animal
model was established as described in our previous publication,
with some modifications (16). Briefly, mice were anesthetized
with sodium pentobarbital (80 mg/kg, intraperitoneally) (Sigma,
MO, USA), and after midline laparotomy, the arterial and portal
venous blood supplies to the left and middle liver lobes were
interrupted with an atraumatic clip (using an operating
microscope) for 60 min of partial hepatic warm ischemia, and
the clamp was then removed. Body temperature was maintained
at 32°C using a warming pad. The sham animals underwent the
same procedures but were not subjected to hepatic ischemia.
After a certain time (2, 6, or 24 h) of reperfusion, the mice were
sacrificed for tissue analysis.

Isolation of Kupffer Cells (KCs)
KCs were isolated as previously described by Li et al. (17). Briefly,
livers were perfused with 10 mL of calcium-free Hank balanced
salt solution (HyClone Laboratories, USA) via the portal vein,
followed by 0.27% type IV collagenase (Sigma-Aldrich, USA) in a
water bath at 37°C for 20 min. The perfused liver was dissected,
and a 70 mm cell filter was used to produce a single-cell
suspension. Next, KCs were obtained by discontinuous density
gradient centrifugation. After 2 h of incubation at 37°C and 5%
CO2, the isolated KCs were purified by removing the non-
adherent cells.

Extraction and Culture of Bone
Marrow-Derived Macrophages (BMDMs)
BMDMs were obtained from fresh BM cells of C57BL/6J mice or
GLP-1R-/- mice. These cells were then cultured in a DMEM
medium (Gibco, China) containing 10% heat-inactivated fetal
bovine serum (FBS) and granulocyte-macrophage colony-
stimulating factor (GM-CSF, PeproTech, USA, 10 ng/ml). The
medium was replaced every two days. Five days later, the cells
were pretreated with liraglutide (50 mM) for 24 h and then
treated with LPS (100ng/ml) for 24 h.
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Serum Transaminase Level Measurement
Blood samples were collected at a particular time, and serum
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were measured using an automated biochemical
analyzer BS-200 (Mindray, Shenzhen, China).

Histopathology Assay
Harvested liver tissues were fixed in 4% formalin and embedded
in paraffin blocks. Four-micrometer sections were stained with
hematoxylin and eosin (H&E), and liver damage caused by I/R
was scored by a pathologist blindly using Suzuki criteria (18) on a
scale from 0–4.

Immunofluorescence and
Immunohistochemical Assays
For immunofluorescence analysis, paraffin-embedded liver
sections were incubated with primary antibodies against F4/80
(1:3000, Servicebio, China) and iNOS (1:200, Abcam, USA),
followed by incubation with a secondary antibody (Servicebio,
Wuhan, China). Apoptotic cells were evaluated using the terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling
(TUNEL) assay kit (Roche Applied Science) according to a
standard protocol. Liver myeloperoxidase (MPO) activity was
assessed using immunohistochemistry. The sections were
incubated with primary antibodies against MPO (Servicebio,
Wuhan, China), followed by the application of the appropriate
secondary antibody (Servicebio, Wuhan, China). Five
microscopic fields were examined for each section and used
for calculations.

Flow Cytometric Analysis
BMDMs and KCs were stained with monoclonal antibodies
against F4/80 APC, CD11b BV421, CD68 FITC and CD86
BV605 (eBioscience, San Diego, CA, USA) at 4°C for 30 min,
washed with phosphate-buffered saline and fixed with 1%
formalin. Flow cytometry analysis was performed using a
FACSCaliber system (BD Biosciences, USA) and analyzed
using the FlowJo software.

Western Blotting
Proteins were extracted from the I/R liver and cultured BMDMs
for western blotting. The primary antibody used was anti-STAT1
(1:1000; CST, USA), anti-Bax (1:1000; ABclonal, Wuhan, China),
anti-Bcl-2 (1:1000; ABclonal, China), and anti-b-actin (1:10000;
ProteinTech, USA). Membranes were then incubated with
horseradish peroxidase-conjugated goat anti-rabbit polyclonal
secondary antibodies (1:1000; Servicebio, Wuhan, China). The
protein bands were visualized using GeneGnome XRQ
(SYNGENE, UK), and data were obtained from three
independent experiments.

Quantitative Reverse Transcription-PCR
(qRT-PCR)
Total RNA was extracted from mouse livers or BMDMs using
TRIzol reagent (Ambion) and reverse-transcribed into cDNA
templates using a PrimeScriptTM RT reagent kit (Takara, Japan).
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RT-qPCR was performed using SYBR® Premix Ex TaqTM II (Tli
RNaseH Plus) (Takara, Japan) with the following primers:
iNOS (forward: 5′-ATTCACAGCTCATCCGGTACG-3′;
reverse: 5′-GGATCTTGACCATCAGCTTGC-3′), TNF-a
(forward: 5′-TATGGCTCAGGGTCCAACTC-3′, reverse: 5′-GG
AAAGCCCATTTGAGTCCT-3′), IL-6 (forward: 5′-ACCAG
AGGAAATTTTCAATAGGC-3′, reverse: 5′-TGATGCACTT
GCAGAAAACA-3′), IL-1b (forward: 5′-GGTCAAAGGTTT
GGAAGCAG-3′, reverse: 5′-TGTGAAATGCCACCTTTTGA-
3′), and GLP-1R (forward: 5′-ACAGTGGGGTACGCACTTTC-
3′, reverse: 5′-CGGAGGATGAAGGATGCAAAC-3′), and
GAPDH (forward: 5′-AGGTCGGTGTGAACGGATTTG-3′,
reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′). Samples
were analyzed in triplicate using StepOne Software v2.3
(Thermo Fisher Scientific, USA). For quantitative analysis, all
samples were analyzed using the DDCT method.

Statistical Analysis
All data are expressed as mean ± standard deviation (SD).
Student’s unpaired t-test was used to compare the differences
in the means between two groups, and one-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test was
used to perform multiple statistical comparisons. Statistical
significance was set at P < 0.05. All statistical analyses were
performed using GraphPad Prism 8.
RESULTS

Liraglutide Pretreatment Ameliorates I/R-
Induced Liver Damage in Mice
A mouse partial liver IRI model with different reperfusion time
intervals was established to investigate the protective effects of
liraglutide on hepatic IRI. Serum and liver specimens were
harvested 2, 6, and 24 h after reperfusion, and liver injury was
assessed by hematoxylin and eosin (H&E) staining (Figure 1A),
serum ALT (Figure 1B), and AST (Figure 1C) levels. As shown in
Figure 1B, ALT and AST levels gradually increased 2 and 6 h after
reperfusion in the I/R group. However, liver function gradually
recovered 24 h after reperfusion, and ALT and AST values were
significantly attenuated in the liraglutide pretreatment group at
different reperfusion times (Figures 1B, C, P < 0.01 or P < 0.001).
Consistent with these results, H&E staining (Figure 1A) showed
that the hepatic sinusoids were severely congested and swollen with
extensive necrosis and a large number of infiltrating lymphocytes
after reperfusion. Liraglutide pre-treatment distinctly improved
these pathological changes at different reperfusion time intervals,
verified by the Suzuki score (Figure 1D, P < 0.01). Overall, our
results demonstrated that liraglutide pre-treatment protected
against hepatic IRI.

Liraglutide Pretreatment Attenuates the
Apoptosis of Liver Cells Caused by I/R
Hepatocyte apoptosis in I/R-induced liver injury was assessed
using TUNEL staining and western blotting. As demonstrated in
Figure 2A, the number of TUNEL-positive cells significantly
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increased 6 h after reperfusion, whereas apoptosis was distinctly
reduced in the liraglutide treatment group (P < 0.05). The
balance between the pro-apoptotic protein Bax and anti-
apoptotic protein Bcl-2 determines whether cells survive or
undergo apoptosis. Hepatic IRI caused a significant increase in
Bax expression and a marked reduction in Bcl-2 at the protein
level, and liraglutide pretreatment partially reversed these
changes (Figures 2B–D, P < 0.01 or P < 0.001). These results
indicate that liraglutide pretreatment alleviated I/R-induced
apoptosis in the liver.

The Protective Effect of Liraglutide Against
Hepatic IRI May Be Realized Through Its
Action on Macrophages
The liver contains many immune cells such as resident
macrophages (KCs), neutrophils, natural killer cells (NKs), and
natural killer T cells (NKTs). To investigate the effect of liraglutide
on liver IRI, we eliminated these cells from mice. Surprisingly,
liraglutide exerted hepatoprotective effects after the depletion
of NKs (Figure 3A), NKTs (Figure 3B), and neutrophils
(Figure 3C). However, after removing macrophages (Figure 3D,
P < 0.01), the protective effects of liraglutide on liver IRI were
largely abolished. These results demonstrated that macrophages
might mediate the protective effect of liraglutide against liver IRI.
Frontiers in Immunology | www.frontiersin.org 418
Liraglutide Pretreatment Inhibits
I/R-Elicited M1 Polarization of Kupffer
Cells in the Liver
Previous studies have shown that macrophage polarization plays
an important role in hepatic IRI (19). Activated M1 macrophages
can aggravate the inflammatory response by secreting various
pro-inflammatory cytokines such as TNF-a, IL-1b, and IL-6.
Therefore, we further investigated the effects of liraglutide on
macrophages during liver IRI. First, macrophage phenotyping
was performed by dual immunofluorescence using the
macrophage markers F4/80 and M1-induced nitric oxide
synthase (iNOS) markers. As presented in Figure 4A, more
macrophages in the I/R group showed M1-type macrophages, as
evidenced by an increase in F4/80+/iNOS+ positive cells, whereas
liraglutide pretreatment markedly suppressed M1 polarization
induced by I/R (P < 0.001). Next, we evaluated neutrophil
infiltration and M1 markers using MPO staining and qRT-
PCR, respectively. In the I/R group, MPO-positive cells, TNF-
a, IL-1b and IL-6 levels were increased in the liver. In contrast,
liraglutide treatment significantly reduced these I/R-induced
elevations (Figures 4B–E, P < 0.05 or P < 0.001).

KCs were isolated from the liver to verify these results, and
CD68+ positive cells in the F4/80+ and CD11b+ subsets were
calculated by flow cytometry. According to immunohistochemical
A

B C D

FIGURE 1 | Liraglutide pretreatment ameliorates I/R-induced liver damage. Mice were subjected to 60 min of hepatic ischemia, followed by 2, 6, and 24 h of
reperfusion. (A) H&E staining was performed to assess live injury in mice (original magnification 200×). (B, C) Serum ALT and AST levels of the control and liraglutide-
treated mice were detected after hepatic IRI (n = 4–6 per group). (D) The degree of liver injury was assessed by Suzuki’s injury score (n = 3 per group). These results
were obtained from at least three independent experiments. Values are presented as mean ± SD. **P < 0.01, ***P < 0.001 vs. the control group.
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staining results, liraglutide significantly decreased M1 polarization
during liver IRI. As shown in Figure 4F, the percentage of CD68+

cells was significantly lower in the I/R+Lira group than in the I/R
group (52.4.0% vs. 19.3%, P < 0.001). However, in GLP-1R-/- mice,
the decrease in CD68+ cells was suppressed (28.0% vs. 19.3%, P <
0.01). These results confirmed our findings that liraglutide
pretreatment reduced M1 macrophages during hepatic IRI, and
GLP-1R probably mediated the protective effects of liraglutide on
liver IRI. Overall, these results showed that liraglutide
pretreatment reduced the inflammatory response by inhibiting
I/R-elicited M1 polarization in the liver.

Liraglutide Pretreatment Reduces
LPS-Induced M1 Polarization In Vitro
Next, we investigated the role of liraglutide in regulating
macrophage M1 polarization. BMDMs from GLP-1R-/- and
C57BL/6J mice were isolated and cultured for in vitro studies.
After stimulation with LPS for 24 h, the expression profiles of M1
in BMDMs were analyzed using flow cytometry and qRT-PCR.
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As shown in Figure 5A, the ratio of CD86+ positive cells was
significantly increased in the LPS-treated group, while M1
phenotypic transformation was reduced by liraglutide
pretreatment (Figure 5A, second row: 82.3% vs. 60.9%, P <
0.01), and this inhibitory effect was partly diminished in
BMDMs from GLP-1R-/- mice (Figure 5A, second row, 77.0%
vs. 60.9%, P < 0.01). Pursuant to the above results, the expression
profiles of LPS-induced M1, such as iNOS (Figure 5B, P < 0.01),
TNF-a (Figure 5C, P < 0.01), IL-1b (Figure 5D, P < 0.01), and IL-
6 (Figure 5E, P < 0.01), were obviously decreased by liraglutide
pretreatment. However, the inhibitory effect of liraglutide on LPS-
induced M1 phenotypic transformation was reversed in BMDMs
from GLP-1R-/- mice (Figures 5B–E, P < 0.05).

Macrophage polarization is a complex process involving
stimulus recognition and the activation of transcription factors
(20). Recent studies have suggested that the STAT1 signaling
pathway is involved in M1 macrophage polarization (21). To
investigate whether liraglutide affects these cascades, we
examined STAT1 phosphorylation by western blotting.
A

B C D

FIGURE 2 | Liraglutide pretreatment attenuates the apoptosis of liver cells caused by I/R. Mice were subjected to 60 min of hepatic ischemia, followed by 6 h of
reperfusion. (A) TUNEL staining was performed, and TUNEL-positive cells were calculated (original magnification 400×). (B) The expression of Bax and Bcl-2 was
determined via western blotting. Densitometric analysis of the Bax/b-actin (C), Bcl-2/b-actin (D) ratios is shown. All the results were obtained from at least three
independent experiments. Data are presented as mean ± SD, n = 3 per group. **P < 0.01, ***P < 0.001 vs. the Sham group; #P < 0.05, ##P < 0.01, and
###P < 0.001 vs. the I/R group.
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Compared to unstimulated cells, the phosphorylation of STAT1
was increased in response to LPS stimulation. However,
liraglutide pretreatment significantly inhibited LPS-induced
phosphorylation of STAT1, and this inhibitory effect of
liraglutide on LPS-induced phosphorylation of STAT1 was
partly abolished in BMDMs from GLP-1R-/- mice (Figure 5F,
P < 0.01). In summary, our results derived from GLP-1R-KO and
C57BL/6J mice clearly indicated that the regulation of
macrophage polarization by liraglutide is dependent on the
GLP-1R receptor.

The Protective Effects of Liraglutide
Against Hepatic IRI Are Partly Diminished
in GLP-1R-Knockout Mice
The biological effects of liraglutide, a GLP-1R agonist, are mainly
mediated by GLP-1R (22). Therefore, we examined the expression
of GLP-1R in KCs exposed or unexposed to I/R using qRT-PCR.
As expected, there is a certain expression of GLP-1R in the sham
and liraglutide treatment groups (Figure 6A), whereas a
significant reduction in GLP-1R expression was detected in the
I/R group. However, liraglutide pretreatment markedly prevented
the decrease in KC expression of GLP-1R at 6 h after reperfusion
(Figure 6A, P < 0.05).

To determine whether the protective effects of liraglutide on
hepatic IRI depended on GLP-1R, a mouse liver partial IRI model
was used in C57BL/6J and GLP-1R-/- mice. Compared with the I/R
group, liraglutide pretreatment significantly reduced the serum
ALT and AST levels (Figures 6B, C, P < 0.001). However, when
subjected to the same liraglutide treatment and hepatic I/R
Frontiers in Immunology | www.frontiersin.org 620
procedure, GLP-1R-/- mice showed moderately elevated serum
ALT and AST levels (Figures 6B, C, P < 0.01). In addition, the
inhibitory effects of liraglutide on liver injury, neutrophil
infiltration, hepatocyte apoptosis, and M1 polarization were
partly diminished in GLP-1R-/- mice (Figures 6D–H).

Overall, these results indicate that the protective effects of
liraglutide on hepatic IRI were partly dependent on GLP-1R.
DISCUSSION

Hepatic IRI widely exists in clinical environments, such as liver
resection, liver transplantation, and trauma, and is a key factor
affecting postoperative liver function, leading to liver dysfunction
and even failure (23). Therefore, the prevention and treatment of
hepatic IRI are common concerns for many clinicians. With an in-
depth study of hepatic IRI, the role of macrophage polarization in
hepatic IRI has gradually been recognized. In the early stage of liver
IRI, liver macrophages mainly show the M1-dominated pro-
inflammatory response, while in the late stage of liver IRI, liver
macrophages primarily exhibit M2-dominated promotion of tissue
repair (24). Considering the different functions of different
macrophage phenotypes, hepatic IRI can be improved by
regulating macrophage polarization. In this study, we found that
liraglutide reduced hepatic IRI and inhibited the inflammatory
response during IRI. This protective effect was achieved via the
regulation of macrophage polarization by GLP-1R.

The liver, the largest immune organ in the human body,
contains metabolically active hepatocytes, non-hepatocyte
A B

C D

FIGURE 3 | The protective effect of liraglutide on hepatic IRI may be realized through its action on macrophages. NKs, NKTs, neutrophils, and macrophages were
eliminated before liver IRI. Serum ALT and AST levels of each group after NK (A), NKT (B), neutrophil (C), and macrophage (D) depletion. Similar results were
obtained from at least three independent experiments. Data are shown as mean ± SD, n = 3–6 per group. **P < 0.01, ***P < 0.001 vs. the I/R+Lira group; ##P <
0.01 vs. the I/R+Lira group. NKs, natural killer cells; NKTs, natural killer T cells.
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F

D E

FIGURE 4 | Liraglutide pretreatment inhibits I/R-elicited M1 polarization of KCs in the liver. Mice underwent 60 min of liver ischemia and 6 h of reperfusion; liver
tissues were harvested for immunofluorescence staining (A) and MPO staining (B) (original magnification 400×), and the number of F4/80+/iNOS+ positive cells and
MPO-positive cells was calculated. The expression of pro-inflammatory cytokines, including TNF-a (C), IL-1b (D), and IL-6 (E), in the liver was detected via qRT-
PCR. (F) The number of CD68+-positive cells of KCs under F4/80+ and CD11b+ subsets was calculated via flow cytometry. The results represent the means from at
least 3 independent experiments. Values are shown as mean ± SD, n = 3 per group. *P < 0.05, ***P < 0.001 vs. the Sham group; #P < 0.05, ###P < 0.001 vs. the I/
R group. &&P < 0.01 vs. the I/R+Lira group. KCs, resident macrophages; MPO, myeloperoxidase.
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parenchymal cells, and various immune cell populations. These
cells play an important role in hepatic IRI (25, 26). To confirm
the cells on which liraglutide acts, we first investigated the effect
of liraglutide on hepatocytes in vitro. However, liraglutide did
not show any protective effect against hypoxia-induced
hepatocyte apoptosis (data not shown), which may be
attributed to the lack of GLP-1R expression in hepatocytes (27,
28). Next, we removed KCs, NKs, NKTs, and neutrophils from a
mouse hepatic IRI model. Interestingly, the protective effect of
liraglutide on hepatic IRI disappeared after macrophage
Frontiers in Immunology | www.frontiersin.org 822
depletion; however, after the removal of NKs, NKTs, and
neutrophils, liraglutide still exerted a good liver protection
effect. These results indicate that the protective effect of
liraglutide against hepatic IRI may be achieved through their
action on macrophages.

The liver contains the largest proportion of macrophages
among parenchymal organs, and macrophages play a crucial role
in maintaining liver homeostasis and pathology (29, 30).
Macrophages can change their phenotype according to changes in
the surrounding microenvironment, and phenotypic variation in
A

C D EB

F

FIGURE 5 | Liraglutide pretreatment reduces LPS-induced M1 polarization in vitro. BMDMs from GLP-1R-/- and C57BL/6J mice were isolated and cultured for in vitro study.
The cells were pretreated with liraglutide (50 µm) for 24 h, stimulated with LPS (100 nm) for 24 h, and the expression profiles of M1 in BMDMs in each group were analyzed
via flow cytometry, RT-PCR, and western blotting. (A) The number of CD86+-positive cells of BMDMs under F4/80+ and CD11b+ subsets was calculated via flow cytometry.
The mRNA levels of iNOS (B), TNF-a (C), IL-1b (D), and IL-6 (E) were measured via qRT-PCR. (F) The phosphorylation of STAT1 was analyzed via western blotting. Similar
results were obtained from at least three independent experiments. Data are expressed as mean ± SD, n = 3 per group. **P < 0.01, ***P < 0.001 vs. the Normal group;
##P < 0.01 vs. the LPS group. &P < 0.05, &&P < 0.01 vs. the LPS+Lira group. BMDMs, bone marrow derived macrophages.
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FIGURE 6 | The protective effects of liraglutide on hepatic IRI are partly diminished in GLP-1R- knockout mice. A mouse liver partial IRI model was established using
C57BL/6J mice and GLP-1R-/- mice. (A)qRT-PCT was performed to detect GLP-1R expression in KCs from sham-operated, Lira-treated, I/R, and I/R+ Lira-treated
groups (n = 3 per group). Serum levels of ALT (B) and AST (C) in each group (n = 4–6 per group). (D) Liver injury, neutrophil infiltration, hepatocyte apoptosis, and
macrophage phenotyping were assessed via H&E staining, MPO, TUNEL assays, and immunofluorescence staining, respectively. Quantitation of liver injury (E),
neutrophil infiltration (F), hepatocyte apoptosis (G), and macrophage phenotyping (H) in each group (n = 3 per group). These results were obtained from at least
three independent experiments. All values are expressed as mean ± SD. **P < 0.01, ***P < 0.001 vs. the Sham group; #P < 0.05, ##P < 0.01, and ###P < 0.001 vs.
the I/R group. &P < 0.05, &&P < 0.01 vs. the I/R+Lira group.
Frontiers in Immunology | www.frontiersin.org April 2022 | Volume 13 | Article 869050923

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. Liraglutide Attenuated Liver IRI
macrophages affects their ability to secrete a variety of cytokines
(31). Both phenotypes can modulate sterile liver inflammation and
play important roles in initiating, maintaining, and ameliorating
hepatic IRI. Macrophages can be induced to differentiate into the
M1 type upon lipopolysaccharide stimulation. M1 macrophages
highly express CD80, CD86, MHC II, and iNOS and secrete pro-
inflammatory factors (30–32). In this study, the serum levels of
ALT, AST, and pro-inflammatory cytokines, including TNF-a, IL-
1b, and IL-6, significantly decreased after liraglutide treatment.
Next, we examined macrophage polarization markers in liver
tissues via flow cytometry. As expected, liraglutide treatment
reduced the I/R-induced activation and recruitment of M1
macrophages. M2 macrophages play a crucial role in hepatic IRI
as an anti-inflammatory phenotype. Therefore, we investigated the
effects of liraglutide on M2 macrophages. Unfortunately, liraglutide
treatment did not promote the growth of M2 macrophages (data
not shown).

Most of the effects of liraglutide are mediated by GLP-1R, which
is expressed in different cells and tissues. In the heart, GLP-1R is
expressed on cardiac graft endothelial cells, and by activating the
GLP-1R receptor on endothelial cells, it can delay the occurrence of
graft CVD in a mouse heart transplant model (15). GLP-1R
activation in tubular epithelial cells in the kidney reduces HMGB1
release during renal IRI, thereby attenuating renal injury (33).
Recent studies have shown that GLP-1R is expressed in the liver
(12). In a model of nonalcoholic fatty liver disease (NAFLD),
liraglutide could regulate the transformation of macrophages,
thereby reducing lipid accumulation and steatosis (34). However,
little research has been conducted on the relationship between
liraglutide pretreatment and macrophage polarity. Therefore, we
speculate that liraglutide may attenuate hepatic IRI by modulating
the phenotype of macrophages via acting on GLP-1R. Our study
found that in GLP-1R-/- mice, the protective effect of liraglutide
against hepatic IRI was partly diminished. In the in vitro study, we
assessed the role of liraglutide in macrophage polarization by
examining the expression profiles of M1 in BMDMs from GLP-
1R-/- and C57BL/6J mice. Consistent with the in vivo study,
liraglutide attenuated LPS-induced M1 polarization and decreased
the expression of M1 markers. However, the inhibitory effect of
liraglutide on LPS-induced M1 polarization was largely abolished in
BMDMs from GLP-1R-/- mice, and the regulatory effect of
liraglutide on macrophages may be mediated by the STAT1
signaling pathway. Our data derived from GLP-1R-/- and C57BL/
6J mice clearly indicated that the regulation of macrophage
polarization by liraglutide is dependent on the GLP-1R receptor.

However, our study has some limitations. First, as the largest
immune organ in the human body, the liver contains many
immune cells; however, we only investigated the effects of
liraglutide on neutrophils, NKs, NKTs, and macrophages
during hepatic IRI, and whether liraglutide affects other cells in
the liver remains to be determined. Second, the protective effects
of liraglutide on liver IRI were partially reversed in GLP-1R-/-

mice, indicating that liraglutide may act through non-receptor
pathways. Third, a recent study indicated that metabolic
reprogramming is involved in macrophage polarization, and
metabolic and intrinsic hormonal changes were observed in
Frontiers in Immunology | www.frontiersin.org 1024
ischemic patients (35, 36); whether liraglutide, as an intrinsic
hormone analog, affects macrophages by regulating metabolic
reprogramming needs further investigation. These limitations
should be addressed in future studies.

In summary, our study shows that liraglutide inhibits
macrophage polarization towards an inflammatory phenotype
via the GLP-1R receptor. Furthermore, our findings indicate that
liraglutide pretreatment attenuates hepatic IRI and improves
liver function. These results may provide a new direction for
the clinical treatment of HIRI.
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Propionic Acid, Induced in Gut by an
Inulin Diet, Suppresses Inflammation
and Ameliorates Liver Ischemia and
Reperfusion Injury in Mice
Junya Kawasoe1,2, Yoichiro Uchida1,2*, Hiroshi Kawamoto1,2, Tomoyuki Miyauchi2,
Takeshi Watanabe3, Kenichi Saga1,2, Kosuke Tanaka1,2, Shugo Ueda2,
Hiroaki Terajima1,2, Kojiro Taura1 and Etsuro Hatano1

1 Department of Surgery, Graduate School of Medicine, Kyoto University, Kyoto, Japan, 2 Department of Gastroenterological
Surgery and Oncology, Kitano Hospital Medical Research Institute, Osaka, Japan, 3 Division of Immunology, Institute for
Frontier Life and Medical Sciences, Kyoto University, Kyoto, Japan

Liver ischemia and reperfusion injury (IRI) is one of the obstacles in liver surgery such as
liver resection and transplantation. In this study, we investigated the preventive effect on
mouse liver IRI by feeding mice with inulin, which is a heterogeneous blend of indigestible
fructose polymer. Mice were fed either a control ordinary diet (CD) or an inulin diet (ID)
containing 5% inulin in the CD, for 14 days before the ischemia and reperfusion (IR)
maneuver. IR induced-liver damages were significantly ameliorated in the ID group,
compared with those in the CD group. Feeding mice with an ID, but not a CD, elevated
levels of Bacteroidetes among gut microbiota, and especially increased Bacteroides
acidifaciens in mouse feces, which resulted in significant elevation of short-chain fatty
acids (SCFAs) in the portal vein of mice. Among SCFAs, propionic acid (PA) was most
significantly increased. The microbial gene functions related to PA biosynthesis were
much higher in the fecal microbiome of the ID group compared to the CD. However, the
action of PA on liver IRI has not been yet clarified. Direct intraperitoneal administration of
PA alone prior to the ischemia strongly suppressed liver cell damages as well as
inflammatory responses caused by liver IR. Furthermore, PA suppressed the secretion
of inflammatory cytokines from peritoneal macrophages stimulated in vitro through TLR-4
with high-mobility group box 1 protein (HMGB-1), known to be released from apoptotic
liver cells during the IR insult. The present study shows that PA may play a key role in the
inulin-induced amelioration of mouse liver IRI.

Keywords: liver ischemia-reperfusion injury, inulin diet, short-chain fatty acid, gut microbiota, propionic acid
Abbreviations: CD, control ordinary diet; DAMPs, damage-associated molecular patterns; ELISA, enzyme-linked
immunosorbent assay; ERAS, Enhanced Recovery After Surgery; F/B, Bacteroidetes-to-Firmicutes; FOXO1, Forkhead box
protein O1; GPR, G protein-coupled receptor; HDAC, histone deacetylase; HMGB-1, high-mobility group box 1 protein; HO-
1, heme oxygenase-1; ID, inulin diet; IR, ischemia and reperfusion; IRI, ischemia and reperfusion injury; PA, propionic acid;
ROS, reactive oxygen species; sALT, serum alanine aminotransferase; SCFA, short-chain fatty acid; STAT, signal transducer
and activator of transcription; TLR-4, Toll-like receptor 4; TNF-a, tumor necrosis factor-a; Treg cells, regulatory T cells;
TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; WT, wild-type.
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INTRODUCTION

Liver ischemia and reperfusion injury (IRI) is an inevitable event
in the field of liver surgery including liver transplantation, and it
has been a major cause of postoperative liver dysfunction and
failure (1, 2). IRI is caused by various mechanisms, including the
release of inflammatory cytokines and chemokines that results in
the activation of neutrophils and macrophages. As to liver IRI,
damage-associated molecular patterns (DAMPs) such as high-
mobility group box 1 (HMGB-1) proteins, free fatty acids, and
heat shock proteins are released from damaged liver sinusoidal
endothelial cells and hepatocytes (3). These molecules increase
and amplify ischemia and reperfusion (IR)-induced liver injury.
Reactive oxygen species (ROS) generated by activated Kupffer
cells are also a major mediator in liver IRI (4). So far, we have
reported various approaches to overcome liver IRI (5–7). It has
been shown that HMGB-1 released from an IR-injured liver acts
through the Toll-like receptor 4 (TLR-4) on hepatocytes and
macrophages, which results in the apoptotic cell death of
hepatocytes and induction of severe inflammatory responses by
macrophages (8). Blocking the interaction between HMGB-1
and TLR-4 could prevent liver IRI in a TLR-4 dependent manner
(5, 6). Recently, the Enhanced Recovery After Surgery (ERAS)
protocol is advocated in the field of liver surgery. ERAS is a
multifaceted pathway, including a preoperative nutritional
approach, and has been developed to overcome the deleterious
effect of perioperative stress after surgery (9). We recently
reported a finding that pretreatment of mice by the short-term
(12 h) restriction of feeding remarkably ameliorates IR-induced
liver damage and inflammation (7).

Inulin is a water-soluble fermentable dietary fiber, belonging
to a group of nondigestible carbohydrates called fructans (10).
Inulin cannot be absorbed by the human intestinal tract, and is
decomposed by gut microbiota into degradation products, such
as short-chain fatty acids (SCFAs) (11, 12). SCFAs interact with
various receptors, such as G protein-coupled receptors (GPRs),
GPR41, GPR43, and GPR109A, expressed on the gut epithelium
and immune cells (13). The interaction between SCFAs and
GPRs is related to the activity of immune cells and the induction
of regulatory T cells. Butyrate is one of the SCFAs and has been
reported to induce the differentiation of regulatory T cells and to
ameliorate the development of colitis (14). The effects of SCFAs,
such as butyric acid, propionic acid (PA), and valeric acid, have
been reported to show a negative correlation with the
immunostimulatory M1 macrophages, but a positive
correlation with the immunoinhibitory M2 macrophages (15).
In a mouse alcoholic liver disease model, feeding mice with
inulin ameliorates the inflammation by inducing the suppression
of M1 and facilitating M2 macrophages via SCFAs (15). Various
previous reports suggest the efficacy of SCFAs, especially butyric
acid, against IR-induced organ injury (16–22). In the present
study, we show, for the first time, that feeding mice with an
inulin-rich enteral diet significantly reduced mouse liver IR
insult, suggesting the efficacy of preoperative inulin-rich
enteral diets against liver IRI as a novel means of ERAS. PA
among the SCFAs, was most significantly increased in the portal
vein of mice fed with an inulin-rich diet, suggesting that inulin
Frontiers in Immunology | www.frontiersin.org 227
diet efficiently promoted the production of PA by gut microbiota.
Although few studies thus far have reported the efficacy of PA on
liver IRI, the present study clearly shows that the intraperitoneal
administration of PA alone resulted in remarkable amelioration
of liver injury through not only the protection from liver cell
death caused by IR but also the suppression of proinflammatory
responses induced in macrophages activated by HMGB-1. PA
might play a key role in the inulin diet-induced suppression of
liver IRI.
MATERIALS AND METHODS

Animals
Male C57BL/6 mice (8-10 weeks old, weighing 20-25 g) were
purchased from Shimizu Laboratory Supplies (Kyoto, Japan). All
animals were maintained in specific pathogen-free conditions and
received humane care according to the Guide for Care and Use of
Laboratory Animals. All experimental protocols were approved by
the Animal Research Committee of The Tazuke Kofukai Medical
Research Institute, Kitano Hospital, Osaka, Japan.

Mouse Diets
The control ordinary diet (CD) was AIN-93G (23). The inulin
diet (ID) was the CD supplemented with 5% inulin. We
determined the content of inulin based on the previous studies
(24, 25). Both diet reagents were provided by EN Otsuka
Pharmaceutical Co., Ltd. (Hanamaki, Iwate, Japan). The
compositions of both diets are shown in Table 1.

Liver IRI Model
We used the established mouse model of partial warm liver IRI
(5, 6). Mice were anesthetized under isoflurane and injected with
heparin (100 U/kg). An atraumatic clip was used to interrupt the
artery and portal venous supply and the bile duct to the left and
middle liver lobes. After 60 minutes of ischemia at room
temperature, the clamp was removed, and reperfusion was
initiated. After 6 hours of reperfusion, mice were sacrificed.
Liver samples were immediately fixed overnight in 10%
formaldehyde or frozen in liquid nitrogen until the extraction
procedure. Sham-operated mice underwent the same procedure,
but without vascular occlusion.

Hepatocyte Function
Serum alanine aminotransferase (sALT) levels, used as a measure of
liver injury, were determined by a standard spectrophotometric
method with an automated clinical analyzer (JCABM9030, JEOL
Ltd., Tokyo, Japan).

Treatment of Mice With Propionic Acid
Propionic acid (PA) solution was purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan) and diluted
with saline. After sterilization by filter, PA (at 5 mmol/kg, 100mM
per a mouse of 20 grams weight, in saline) was administered
intraperitoneally 2 hours before the ischemic insult. The dosage
of PA was determined based on the previous report (26).
April 2022 | Volume 13 | Article 862503
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Histology
Liver paraffin sections (5 µm thick) were stained with
hematoxylin and eosin (H&E). The severity of liver IRI
(necrosis, sinusoidal congestion, and centrilobular ballooning)
was graded on a scale from 0 to 4 by an investigator who was
blinded to the experimental conditions using the modified
Suzuki’s criteria (27). In the modified Suzuki’s criteria, scores
are determined by the presence of congestion (from a value of 0
to a value of 4 depending on the severity), vacuolization (from 0
to 4) and necrosis (from 0 to 4). Ten fields were examined for
each sample.

Enzyme-Linked Immunosorbent
Assay (ELISA)
The serum HMGB-1 level was quantified with the HMGB-1
ELISA Kit II (Shino-Test, Tokyo, Japan). The medium from
peritoneal macrophage culture was analyzed for tumor necrosis
factor (TNF)-a using an ELISA kit as per the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA).

Western Blot Assay
Western immunoblotting was performed using standard
techniques as described previously (7). Primary antibodies used
are listed in Table S1.

Quantitative Reverse-Transcription
Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from liver tissues with the RNeasy Mini
Kit (QIAGEN, Venlo, the Netherlands). Complementary DNA
was prepared using a PrimeScript RT Reagent Kit (TAKARA
BIO, Kusatsu, Japan). qRT-PCR was performed using the
StepOnePlusTM Real-Time PCR System (Life Technologies,
Tokyo, Japan). Primers used to amplify specific gene fragments
are listed in Table S2. Target gene expression was calculated
using the ratio of that gene to the housekeeping gene, b-actin.

Apoptosis Assay
Apoptosis in 5-µm-thick liver paraffin sections was detected
by the terminal deoxynucleotidyl transferase-mediated
Frontiers in Immunology | www.frontiersin.org 328
deoxyuridine triphosphate nick-end labeling (TUNEL) method
using an in situ Apoptosis Detection Kit (Takara Bio, Kyoto,
Japan), according to the manufacturer’s instructions.

Analyses of Gut Microbiota in Mice
Mice were divided into two groups. Mice in each group were fed
a CD or an ID for 14 days before feces collection. On day 15, all
fecal samples obtained from mice of both groups were collected
and stored at -80 °C until analyses of the gut microbial flora. A
two-step tailed PCR method was used for the preparation of
dsDNA libraries. Library concentrations were measured with a
Synergy H1 microplate reader (BioTek) and a QuantiFluor
dsDNA System (Promega). The library quality was assessed
us ing a Fragment Analyzer (Advanced Analyt ica l
Technologies, Ankeny, IA, USA) with a dsDNA 915 Reagent
Kit (Agilent, Santa Clara, CA, USA). Paired-end sequencing (2 ×
300 bp) was performed on the Illumina MiSeq platform
(Illumina, San Diego, CA, USA) with the MiSeq Reagent Kit
v3 (Illumina). A sequence that completely matched the primer
used was extracted by using the fast barcode splitter tool. After
the trimming of the primer sequence, denoized sequences were
analyzed using Qiime2.0 (2019.4). The EzBioCloud 16S database
(28) was used to classify the bacterial species. These analysis
procedures were performed at Bioengineering Lab. Co., Ltd.
(Sagamihara, Kanagawa, Japan).

Predictive Function Analysis
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) (29) provided a number of scripts
in fecal microbiome, that could be useful for analyzing both 16S
rRNA gene relat ive abundances and the predicted
metabolic data.

Quantification of SCFAs in the Portal Vein
After mice were fed with a CD or an ID for 14 days, the blood in
the portal vein of mice in both groups were sampled with 27-
gauge needles. After centrifugation at 2000 × g for 10 minutes at
room temperature, serum samples were collected and stored at
-80°C until the detection of SCFAs. The SCFA extraction
TABLE 1 | Compositions of the Control ordinary diet and Inulin diet.

Control ordinary diet (AIN-93G) Inulin diet
(377 kcal/100g) (366 kcal/100g)

(%) (%)

Casein 20.0000 20.0000
L-cystine 0.3000 0.3000
Corn starch 39.7486 34.7486
acorn starch 13.2000 13.2000
Sucrose 10.0000 10.0000
Soybean oil 7.0000 7.0000
Cellulose powder 5.0000 5.0000
Minerals 3.5000 3.5000
Vitamins 1.0000 1.0000
Choline Bitartrate 0.2500 0.2500
t-butylhydroquinone 0.0015 0.0014
inulin 0.0000 5.0000
April 2022 | Volume 13
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procedure and analysis methods were the same as those
described previously by the Kyoto Institute of Nutrition and
Pathology (Kyoto, Japan) (30, 31).

Cell Cultures
Thioglycollate-elicited peritoneal macrophages, which were
collected using a method described previously (5), were plated
into 24-well cell culture plates, at 2.0 × 105 cells/well at a volume
of 0.5 mL/well, and the plates were incubated in a humidified
atmosphere of 5% CO2 and 95% air. After 3 hours, adherent cells
were recovered and washed three times with phosphate-buffered
saline to remove non-adherent cells. Resultant peritoneal
macrophages were then incubated with various concentrations
of PA (n = 3 in each group) for 30 minutes. Then, bovine
HMGB-1 (Chondrex, Redmond, WA, USA) (1 µg/mL) was
added to the macrophages. Forty-eight hours after treatment,
supernatants were collected and stored at -80°C until
measurements of TNF-a were performed by ELISA. Plated
macrophages were collected by dissolving in cell lysis buffer
with protease and phosphorylation inhibitors. Cell lysates were
stored at -80°C until western blotting analyses.

Flow Cytometry
The ratio of Foxp3-positive T cells to CD4-positive cells was
assessed by flow cytometry using CytoFLEX (Beckman Coulter,
Brea, CA, USA). The FOXP3 Fix/Perm Buffer Set (BioLegend,
San Diego, CA, USA) was used for the intracellular staining of
Foxp3. Anti-CD4 monoclonal antibody (FITC) and anti-Foxp3
monoclonal antibody (APC) were purchased from eBioscience
(San Diego, CA, USA).

Statistical Analyses
All data are presented as the means ± standard deviations.
Differences between experimental groups were analyzed using
the one-way analysis of variance of Student’s t-test for unpaired
data. All differences were considered statistically significant at a
P-value less than 0.05.
RESULTS

Two Weeks of Feeding With an
ID Suppressed Liver IRI
The control ordinary diet (CD) was AIN-93G (23). The inulin
diet (ID) was the CD supplemented with 5% inulin (Table 1). We
determined the content of inulin based on the previous studies
(24, 25). It has been reported that feeding with AIN-93G plus 5%
inulin could reduce the presence of Clostridium XI in mouse
intestinal microbiota (25). The two groups of mice were fed either
a CD or an ID, in addition to water ad libitum, for 14 days prior to
IR stimulation. Then, mice in both groups received the liver IR
treatment (Figure 1A). The body weights of the mice in both
groups before IR were measured on days 1 and 15 after feeding
them with the CD or ID. No significant difference in body weight
was observed in the two groups (Figure 1B). The sALT titers of
mice in the ID group after liver IR insult were decreased
Frontiers in Immunology | www.frontiersin.org 429
significantly compared with those in the CD group (Figure 1C).
As Figure 1D shows, liver histology displayed prominent
hepatocellular necrosis, in addition to congestion and
ballooning, among the mice in the CD group after IR
stimulation. By contrast, the livers from the ID group subjected
to IR stimulation revealed significantly less pathology, as shown in
Figure 1D. Suzuki’s score was also significantly lower in the ID
group (Figure 1E). As IR stimulation has been reported to
promote the production of ROS and hepatocyte apoptosis (4,
32, 33), we examined liver tissues from both groups using the
TUNEL assay to assess apoptosis. The numbers of TUNEL-
positive cells induced by IR were diminished significantly in the
ID group compared with the CD group (Figures 1F, G). It has
been reported that inflammatory cytokines and chemokines play
a key role in liver IRI (34, 35). Feeding mice with an ID resulted in
a significant decrease in the expression of proinflammatory
cytokines, such as TNF-a and IL-6. As to chemokines, CXCL-2
expression was strongly suppressed in the ID group (Figure 1H),
suggesting that the infiltration of neutrophils into the liver may
also be reduced. However, no significant increase was observed in
the expression of immunosuppressive cytokines, such as IL-10, in
liver tissues from the ID group (Figure 1H). The ratio of Foxp3-
positive T cells in the mesenteric lymph nodes showed no
significant difference between both groups (Figure S1). These
results indicated that the inulin-enriched diet could exhibit the
amelioration of liver injury induced by IR through the
suppression of proinflammatory cytokines and the prevention
of apoptosis. However, either immunosuppressive cytokines, such
as IL-10 or Foxp3-positive regulatory T cells appeared not to play
a crucial role in the suppression of inflammation as well as in the
improvement of liver cell survival during IRI.

Effects of ID on Distribution of Gut
Microbiota and SCFA Concentration in the
Portal Vein
It has been reported that inulin is fermented by gut microbiota
into degradation products such as SCFAs. To investigate first
whether the ID affects the changes in gut microbiota, fecal
samples collected from both groups of CD and ID were
examined by sequencing the conserved 16S rRNA gene.
Among the various changes in gut microbiota, elevated levels
of Bacteroidetes (from 41% to 56% of the gut microbiota) and
reduced levels of Firmicutes (from 45% to 40% of the gut
microbiota) were observed in the ID group compared with the
CD group (Figure 2A). Furthermore, the ratio of Bacteroides
acidifaciens, a potential inulin utilizer (36), was significantly
increased in feces of the ID group (from 0.6% to 17% of the
gut microbiota) (Figure 2B). It has been reported that feeding
mice with an inulin-rich diet resulted in the increase of
Bacteroides acidifaciens in their feces (37). The decreased ratio
of Firmicutes to Bacteroidetes (F/B) might affect SCFA
production in the intestinal tract of mice. The majority of
SCFAs is produced mainly by gut microbiota through the
saccharolytic fermentation of carbohydrates (38). A decrease in
the F/B ratio has been reported to be positively correlated with
the fecal concentration of SCFAs, such as acetic acid, PA, and
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FIGURE 1 | Feeding with an inulin diet ameliorates liver ischemia and reperfusion injury in mice. (A) Wild-type (WT) mice were divided into two groups. They were fed
a CD or an ID for 14 days prior to IR stimulation. Then, mice in both groups were subjected to liver IRI treatment which means 60 min of liver ischemia, followed by
6 h of reperfusion. After 6 h of reperfusion, the serum and liver tissue of each mouse was collected for assays. Sham-operated mice underwent the same procedure,
but without vascular occlusion. (B) The body weight of each mouse was monitored on days 1 and 15. (C) The sALT level after 6 h of reperfusion (n = 8 mice/group;
**P < .01) (Power calculation: 1.000). (D) Representative liver histology (H&E staining) after IR insult (magnification ×400). Congestion area was shown in circle by
yellow dot. (E) Suzuki’s histological grading in each group (n = 8 mice/group; *P < .05). (F) Representative TUNEL-assisted detection of hepatic apoptosis in liver
tissues after IR (magnification ×400). (G) Quantification of hepatic apoptosis by counting TUNEL-positive cells. (n = 8 mice/group; *P < .05). (Power calculation: 0.981)
(H) Quantitative RT-PCR detection of inflammatory cytokines (TNF-a, IL-6, CXCL-1, CXCL-2, IL-1b, and IL-10) at 6 h of reperfusion. Data were normalized to b-actin
gene expression (n = 6 mice/group; *P < .05) (Power calculation: TNF-a; 0.968, IL-6; 0.984, CXCL-2; 0.990).
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butyric acid (39). These SCFAs are supposed to be absorbed from
the intestinal mucosa into the portal vein. Therefore, the
concentrations of various fatty acids in the portal vein were
measured in both groups (Figure 2C). Among the SCFAs
examined, levels of propionic acid (PA) (p = 0.018) as well as
isobutyric acid (p = 0.031), and caproic acid (p = 0.043) were
elevated significantly in the portal vein of mice in the ID group
compared to that in the CD group. On the other hand, among
Firmicutes genus, the increase of Lachnospiraceae in feces was
also evident upon the inulin diet (Figure 2B). It has been
reported that the enhancement of propionate is correlated with
favorable increases of Lachnospiraceae (40), suggesting they might
also contribute to the increment of propionate induced by inulin
diet. In fact, the concentration of PA in the cecal content obtained
from mice fed with ID for 14 days was significantly higher than
that from mice fed with CD (Figure 2D).

PICRUSt (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) analysis (29) was used to
predict the abundances of functional genes in fecal microbiota of
CD and ID groups of mice. In the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways, the microbial gene functions
related to PA biosynthesis were much higher in the fecal
microbiome of the ID group (p < 0.05, Figure S2). From these
analyses, although the effect of butyric acid on the suppression of
liver IRI has been well examined previously (17, 19, 21), we focused
in the present study especially on the action of PA, which showed
the most significant elevation in the portal vein in the ID group, as
another possible candidate for the amelioration of mouse liver IRI.
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Intraperitoneal PA Administration Strongly
Improved Liver IRI by Suppressing
Inflammatory Cytokines
In order to clarify whether or not the effect of PA plays a crucial
role in the ID-induced amelioration of liver IRI, PA (at 5 mmol/
kg, 100mM per a mouse of 20 grams weight, in saline) was
administered intraperitoneally 2 hours before the ischemic insult
as shown in Figure 3A. As a control, mice were intraperitoneally
administered saline only instead of PA at the same time point.
The sALT level was significantly improved in the PA group
(Figure 3B). Macroscopically (Figure 3C) and microscopically
(Figure 3D), PA-pretreated mice clearly showed less liver
damage caused by IR insult, than saline-pretreated mice.
Pathological findings (Suzuki’s score, Figure 3E) were also
improved in the PA group. The expression of inflammatory
cytokines and chemokines in liver tissues after IR stimulation
was clearly suppressed in the PA group, that is, IL-6, TNF-a, IL-
1b, and CXCL-2 but not CXCL-1 were remarkably reduced in
the PA-treated group than in the saline-treated group
(Figure 3F). However, similarly to the results of inulin-diet fed
mice as shown in Figure 1H, the expression of IL-10, which is
known as one of the immunosuppressive cytokines, was not
affected by PA treatment, suggesting that immunoregulatory
effect may not be involved in the suppression of inflammation
induced by PA as well as the inulin. HMGB-1 has been reported
as one of the DAMPs released from necrotic cells and
hepatocytes in the case of liver IR insult, which leads to the
activation of macrophages, followed by the production of
A

B

D

C

FIGURE 2 | Effects of an inulin diet on the distribution of gut microbiota and the concentrations of short-chain fatty acids in the portal vein. The feces obtained from
mice fed a CD or an ID were collected and analyzed by sequencing of the conserved 16S ribosomal RNA (rRNA) gene to examine gut microbiota. (A) The decreased
ratio of Firmicutes (F) to Bacteroidetes (B) (F/B ratio) in the CD and ID groups (n = 3 mice/group) (Power calculation: 0.912). (B) The average value of the distribution
of gut microbiota in the CD and ID groups (n = 3 mice/group). (C) The concentrations of various fatty acids in the portal vein in mice of both groups were measured
(n = 10-11 mice/group; *P < .05) (Power calculation: Propionic acid; 1.000, Isobutyric acid; 0.998, Caproic acid; 0.996). (D) The concentration of propionic acid in
the cecal contents in mice of both groups was measured (n = 4 mice/group; ***P < .01) (Power calculation: 1.000).
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FIGURE 3 | Intraperitoneal pretreatment with propionic acid ameliorates liver IRI in mice. (A) WT mice were divided into two groups. Mice in the PA group were
intraperitoneally pretreated with PA (5 mmol/kg in saline) 2 h prior to liver ischemia, whereas mice in the saline group were pretreated with saline. Then, mice in both
groups were performed liver IRI model. (B) The sALT level after 6 h of reperfusion (n = 8 mice/group; ****P < .0001) (Power calculation: 1.000). (C) Macroscopic
findings after 6 h of reperfusion in saline- and PA -pretreated mice. Regions (bleeding and swelling) of macroscopic changes induced by IR insult are circled by
dotted lines. (D) Representative liver histology (H&E staining) after IR insult (magnification ×400). Congestion area was shown in circle by yellow dot. (E) Suzuki’s
histological grading (26) in each group (n = 8 mice/group; ****P < .0001) (Power calculation: 1.000). (F) Quantitative RT-PCR detection of inflammatory cytokines
(TNF-a, IL-6, CXCL-1, CXCL-2, IL-1b, and IL-10) at 6 h of reperfusion. Data were normalized to b-actin gene expression (n = 6 mice/group; *P < .05, **P < .01)
(Power calculation: TNF-a; 0.998, IL-6; 0.980, CXCL-2; 1.000, IL-1b; 0.996). The reduction of CXCL-1 and IL-10 in PA-treated group compared to saline-treated
group was not significant. (G) The levels of serum HMGB-1 at 6 h after reperfusion in saline- and PA -pretreated mice (n = 8 mice/group; **P < .01) (Power
calculation: 1.000).
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proinflammatory cytokines (3, 8). Our previous study revealed
that the HMGB-1/TLR-4 pathway played a critical role in the
process of liver IRI (5, 6). To clarify how intraperitoneal PA
administration affects the HMGB-1/TLR-4 pathway, HMGB-1
levels after the IR treatment were measured in the sera of PA and
saline-injected mice. The serum HMGB-1 level was significantly
increased 6 hours after reperfusion, whereas the level of HMGB-
1 after IR was markedly reduced in the PA group (Figure 3G).
The reduction of serum HMGB-1 by PA pretreatment might
downregulate the further activation of immune cells through the
TLR-4 pathway, resulting in the lowered expression of
inflammatory cytokines and chemokines. These data indicate
that PA reduces the release of HMGB-1 by suppressing liver cell
injury or death caused by the IR insult, which results in the
downregulation of the TLR-4 pathway, followed by the reduction
of proinflammatory cytokines.

PA Strongly Increased Acetylation
of Histone-3 and Expression of
Antioxidant Enzyme HO-1 in Liver
Tissues After IR Stimulation
Forkhead box protein O1 (FOXO1) is involved in the
transcriptional regulation of antioxidant enzymes such as heme
oxygenase 1 (HO-1) (41). It has been reported that HO-1
overexpressing cells increased survival against oxidative stress
(42). As shown in Figure 4, at 6 hours after reperfusion, FOXO1
expression in the liver of PA (5 mmol/kg in saline)-pretreated
mice was slightly higher than that of saline-pretreated mice. HO-
1 expression increased more clearly in the liver of the PA-
pretreated group. Besides, the increased expression of
acetylated histone-3 was observed in the liver of the PA
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pretreated-group, indicating that the increase of histone-3
acetylation induced FOXO1 expression, followed by HO-1
upregulation, which increased liver cell survival against the
ischemia-induced oxidative stress. As a result, the increased
expression level of cleaved caspase-3 after IR was strongly
downregulated and almost diminished by PA pretreatment.
These results indicate that PA pretreatment exhibited
antioxidative effects and suppressed the liver cell death caused
by an IR insult.

Preconditioning With PA Suppressed
TNF-a Production In Vitro From Mouse
Peritoneal Macrophages Stimulated
by HMGB-1
To clarify the direct effect of PA on HMGB-1-induced
production of proinflammatory cytokines such as TNF-a from
immune cells, the mouse peritoneal macrophages were
stimulated in vitro with HMGB-1 in the presence or absence of
PA. At first, peritoneal macrophages from wild-type mice were
cultured in RPMI 1640 medium containing various
concentrations of PA (0-10 mM). Thirty minutes after the
pretreatment with PA, bovine HMGB-1 (1 µg/mL) was added.
As shown in Figure 5A, in the case of macrophages without PA
pretreatment, the stimulation with HMGB-1 resulted in the
significant elevation of TNF-a secretion. By contrast, in the
case of macrophages pretreated with PA, the TNF-a secretion
was markedly downregulated in a PA dose-dependent manner
from 1 mM. As shown in Figure 5B, the expressions of canonical
nuclear factor kappa B (NF-kB) signaling and mitogen-activated
protein kinase (MAPK) signaling molecules, such as IkBa, Erk1/
2, p-Erk1/2, and p-p38, were markedly decreased in the PA-
pretreated macrophages. These results indicate that PA not only
causes the reduction of HMGB-1 released from IR-affected cells
but could also directly inhibit the TLR-4 mediated inflammatory
responses in macrophages.
DISCUSSION

It is now well known that gut flora affects the host’s overall
health. The human gut microbiota includes two major phyla,
Bacteroidetes (B) and Firmicutes (F). As reported previously, the
fecal concentration of propionate, one of SCFAs, is correlated
positively with Bacteroidetes (43) and the F/B ratio was
negatively correlated with fecal levels of propionate and
butyrate in healthy humans (44). Another report showed that
in case of mice, aging increases the relative abundance of
Firmicutes while decreasing that of Bacteroidetes. Young mice
transplanted with the supernatant of fecal suspensions from aged
mice with high F/B ratio had a greater increase in
proinflammatory cytokines following a stroke, compared to the
aged mice transplanted with microbiota from young mouse fecal
suspension of low F/B ratio (45). These reports suggest that
manipulating the gut microbiota results in the changes of SCFA
production and affects the activities of immune cells. SCFAs
absorbed from the intestinal mucosa are supposed to flow into
the portal vein stream further into liver. It has been reported that
FIGURE 4 | An antioxidative effect of PA on liver tissues after IR insult by
inducing the acetylation of histone-3 and the expression of HO-1. Western
blot assisted analyses of the total and phosphorylated protein levels of
FOXO1, acetylated histone-3, histone-3, HO-1, and cleaved caspase-3 in liver
tissues after 6 h of reperfusion. b-actin was used as the internal control.
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gut microbiota-derived propionate reduced cancer cell
proliferation in the liver (13, 46). It was reported that feeding
mice with an inulin-rich diet resulted in the increase of
Bacteroides acidifaciens in their feces and in the increased
radiosensitivity of the mouse tumors (37).

The present study showed that diet of inulin, a water-soluble
nondigestible carbohydrate dietary fiber, elevated levels of
Bacteroidetes and reduced levels of Firmicutes. Inulin diet
resulted also in the increase of Bacteroides acidifaciens in feces
(Figure 2). This result is consistent with a previous report which
demonstrated that inulin-rich diet elevated levels of acetic,
propionic and butyric acids in mouse feces and increased
plasma PA levels in mice (47). The present study provides
clear evidence that inulin diet significantly increased
propionate, one of the SCFAs, and showed a protective effect
against warm liver IRI in mice. Further, it was clearly shown that
the direct intraperitoneal administration of PA alone also
efficiently ameliorated liver IRI in mice by preventing
apoptotic cell death of hepatocytes as well inflammatory
responses. PA also strongly suppressed in vitro activation of
macrophages induced by HMGB-1 through TLR-4. As
demonstrated in Figure 4, intraperitoneal PA administration
remarkably increased the upregulation of acetylated histone-3,
FOXO1, and HO-1. It has been reported that sodium propionate
inhibited histone deacetylases (HDACs) 2 and 8 activity in
bovine mammary epithelial cells, which led to the increase of
histone-3 acetylation (48). The intraperitoneal administration of
PA in mice might result in the inhibition of HDACs, followed by
the increased acetylation of histone-3 in liver tissues, which
protected mice from liver injury caused by IR. It has been
reported that acetylated histone induced by the HDAC
inhibitor increases the FOXO1 protein level and its target gene
(49). FOXO1 regulates the expression of HO-1 by binding to the
promoter of HO-1 (41). HO-1 is a member of the heat shock
protein family, which is associated with cellular antioxidant
Frontiers in Immunology | www.frontiersin.org 934
defense and antiapoptotic functions. HO-1 knockdown is
reported to enhance heat stress-induced ROS generation and
apoptosis, which reduces the antioxidative responses (50).
Furthermore, it has been reported that postoperative but not
preoperative liver HO-1 expression correlates negatively with IRI
severity in patients with orthotopic liver transplantation (51).
Thus, the upregulation of HO-1 expression in liver tissues
pretreated with PA as shown in Figure 4 may play an essential
role in the amelioration of liver IRI. Antioxidative nutrient-rich
diets, including vitamins C and E, could partially suppress liver
injury by reducing ROS production (52). An inulin-rich diet
could similarly and more efficiently ameliorate IR-induced liver
damage by antioxidative effects by modulating gut microbiota
and increasing PA in the portal vein.

HMGB-1 is a molecule released from necrotic cells. It has
been reported that the blockade of HMGB-1 by anti-HMGB-1
antibody could protect liver IRI (53, 54). We have reported that
recombinant thrombomodulin and its derivative lectin-like
domain could inhibit the HMGB-1 and TLR-4 interaction,
which resulted in the suppression of mouse liver IRI (5, 6). As
shown in Figure 3G, serum HMGB-1 upregulated by liver IR
was decreased significantly by the PA pretreatment probably
because of the suppression of liver cell death, as stated above.
This reduction of serum HMGB-1 might result in the reduction
of inflammatory responses transmitted through the HMGB-1
and TLR-4 signal pathway.

The question arises as to whether PA exhibits a suppressive
effect on the HMGB-1/TLR-4 pathway in mouse liver IRI not
only by the reduction of TLR-4 ligand, HMGB-1, but also
through a direct action on the TLR-4 signal cascade. High-
dose propionate has been reported to reduce LPS-induced
inflammatory response in mouse endothelial cells and alveolar
macrophages in a TLR-4 dependent manner (55). Another
report showed the protective effect of PA against IkBa
degradation and p65 translocation in LPS-treated IEC-6 cells
A B

FIGURE 5 | PA suppressed HMGB-1-mediated activation of peritoneal macrophages. Peritoneal macrophages from WT mice stimulated by HMGB-1 (1 µg/mL)
were cultured with or without the pretreatment with PA (1, 2, 5, and 10 mM, respectively) for 48 h. (A) TNF-a release was measured by ELISA (n = 3 samples/group;
****P < .0001) (Power calculation: 1.000). (B) Western blot assisted analyses of NF-kB signaling and MAPK signaling molecules in the macrophages stimulated by
HMGB-1 (1 µg/mL) 30 min after the pretreatment with PA (5 mM). b-actin was used as the internal control.
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(56), which suggests the suppression of the NF-kB/TLR-4
pathway by PA. In the present study, PA directly suppressed
the HMGB-1 triggered TLR-4 activation in macrophages and
suppressed TNF-a production. The amelioration of liver IRI by
the pretreatment with inulin or PA might be achieved not only
by blocking the death of liver cells but also by the suppression of
the inflammation in macrophages through downregulation of
TLR-4/NF-kB as well as MAPK pathways. It has been reported
that propionate showed an immune-modulatory role against
hypertensive cardiac damages and significantly attenuated
cardiac hypertrophy, fibrosis, vascular dysfunction, and
hypertension (57).

In conclusion, inulin pretreatment can alleviate liver IRI in
mice. This protective effect is achieved firstly by the antioxidative
and antiapoptotic effects on liver cells through the increase of PA
in the portal vein, which activated the acetylated histone-3/
FOXO-1/HO-1 pathway. This resulted in the inhibition of cell
death and the reduction of HMGB-1 released from necrotic cells.
Besides, the suppression of inflammatory cytokines through the
direct action of PA on inflammatory cells such as macrophages
also contributed to the amelioration of mouse liver IRI.
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Inflammation is crucial to tumorigenesis and the development of metastasis. Hepatic
ischemia/reperfusion injury (IRI) is an unresolved problem in liver resection and
transplantat ion which often establ ishes and remodels the inflammatory
microenvironment in liver. More and more experimental and clinical evidence unmasks
the role of hepatic IRI and associated inflammation in promoting the recurrence of
hepatocellular carcinoma (HCC). Meanwhile, approaches aimed at alleviating hepatic
IRI, such as machine perfusion, regulating the gut-liver axis, and targeting key
inflammatory components, have been proved to prevent HCC recurrence. This review
article highlights the underlying mechanisms and promising therapeutic strategies to
reduce tumor recurrence through alleviating inflammation induced by hepatic IRI.

Keywords: hepatic, ischemia/reperfusion injury, inflammation, hepatocellular carcinoma, liver transplantation,
liver resection
INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most prevalent malignancies and the third leading
cause of cancer-related mortality in the world (1). Surgical therapies, including hepatectomy and
liver transplantation (LT), are the most efficient treatments for patients with HCC (2). However, the
prognosis of HCC patients remains dismal due to the high incidence of metastasis and recurrence
after surgery, with 5-year recurrence rates reaching up to 70% after liver resection (LR) and 40%
after LT (3, 4). Ischemia/reperfusion injury (IRI) refers to the pathophysiological process in which
ischemic tissue injury is accentuated following the restoration of blood flow after a period of
ischemia (5). Hepatic IRI is an inevitable consequence of LR and LT, which is usually accompanied
by intense inflammatory cascade and subsequent damage repair (5). In the mid-19th century, the
link between inflammation and cancer was firstly suggested by Rudolf Virchow, based on
org May 2022 | Volume 13 | Article 879552138
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discovering leukocyte infiltration in neoplastic tissues (6).
Nowadays, inflammation has been demonstrated to be strongly
associated with tumorigenesis and metastasis of most types of
cancer. Targeting inflammation associated with tumor progress
has gradually become a critical anti-cancer treatment (7).
Currently, multiple preclinical and clinical studies suggest that
inflammation induced by hepatic IRI promoted tumor relapse
and metastasis after LR or LT (8–12). Meanwhile, alleviating
inflammation induced by hepatic IRI is emerging as a promising
therapeutic strategy for reducing liver damage and
simultaneously suppressing tumor recurrence for HCC patients
(13). In this review, we summarize the clinical evidence
that hepatic IRI promotes tumor relapse and metastasis.
Furthermore, we review recent advances in therapeutic
strategies which suppress tumor recurrence through alleviating
inflammation induced by hepatic IRI. These avenues of killing
two birds with one stone may provide new insights into
preventing HCC relapse.
HEPATIC IRI PROMOTES THE
RECURRENCE OF HCC: CLINICAL
EVIDENCE IN LT

LT, which removes the tumor and the diseased liver at the same
time, is a radical treatment modality for HCC. However, tumor
relapse is still the most severe threat to the survival of HCC
patients after LT (14). Hepatic IRI is a common but thorny
problem in different clinical settings such as LT, LR, trauma
surgery, and shock. As essential procedures during LT, cold
preservation of liver graft and subsequent warm reperfusion
when implanted into the recipients result in hepatic IRI, which
can be stratified into warm IRI and cold IRI (15). The severity of
IRI and subsequent inflammation is positively correlated with
ischemia time, which can also be partitioned into warm ischemia
time (WIT) and cold ischemia time (CIT) (16).

Clinically, HCC patients with prolonged WIT and CIT are
more likely to relapse after transplantation, revealing the links
between hepatic IRI and HCC recurrence (8–12). The details of
relevant clinical studies are listed in Table 1. A retrospective study
that enrolled 391 patients found that CIT >10 hours andWIT >50
minutes were associated with significantly increased recurrence
(P=0.015 and 0.036, respectively) (8). Another single-center study
fromGermany also showed thatWIT>50min was an independent
risk factor for HCC recurrence (OR=15.5; P <0.001) (9). Orci et al.
analyzed the data of 9724 HCC patients from the American
Scientific Registry of Transplant Recipients (SRTR). They found
that WIT >19 minutes was associated with an increased HCC
recurrence risk (P = 0.025) (11). In 2018, our team reached a
similar conclusion in HCC patients of China, where hepatitis-B
constitutes the main cause of HCC. We recognized CIT >12 hours
as the independent donor prognostic factor for predicting HCC
recurrence (HR=2.23; P=0.007) (10). In addition to ischemia time,
post-reperfusion serum aspartate transaminase (AST) and lactate
dehydrogenase (LDH), important indicators reflecting the degree
of hepatic inflammatory injury, have also been shown to correlate
Frontiers in Immunology | www.frontiersin.org 239
with the risk of tumor recurrence in patients within the Milan
criteria (12).

These findings provide the clinical evidence that inflammation
induced by hepatic IRI promoted HCC recurrence and indicate
that minimizing ischemia time may be beneficial to alleviating
inflammatory injury and reducing the risk of HCC recurrence.
However, reducing ischemia time might be difficult in clinical
practice, which depends on many factors such as organ allocation
system, organ transport, surgery complexity, and experience of
transplant teams. Therefore, repair of liver injury or targeting
inflammatory mechanisms of hepatic IRI may be more practical
solutions in the existing clinical context.
INFLAMMATION-TARGETING CANCER
THERAPY: HIT TWO BIRDS WITH
ONE STONE

Alleviating Hepatic IRI and Subsequent
Inflammation From the Source:
Machine Perfusion
Currently, cold static storage (CS) is still the most commonly
utilized method for liver preservation in LT. Meanwhile, due to
the shortage of donor livers, extended criteria donor (ECD) liver
grafts such as steatotic grafts, livers from older donors and
donors after cardiac death (DCD) are utilized to expand the
scarce donor pool (17). These ECD liver grafts are more
susceptible to hepatic IRI and are linked to inferior post-
transplant outcomes (18). Besides, the use of organs from
DCD donors with prolonged WIT and severe steatotic donor
livers was proved to increase the risk of HCC recurrence post LT
(11, 19). In such a context, the limitations of CS become more
obvious. As a future direction of graft preservation, there is
increasing attention to machine perfusion (MP) due to its ability
to preserve, evaluate and recondition such donor livers prior to
transplantation (20).

Oldani et al. found that the use of ischemic rat liver graft
accompanied by an increased serum pro-inflammatory cytokine
profile increased the risk of cancer recurrence (21). Investigators
approximated an in vivo normothermic perfusion by reperfusing
the liver in vivo (animal alive) for two hours before flushing and
retrieving. This method attenuated liver injury, measured by the
release of liver enzymes (AST and ALT). Besides, prior-to-
retrieval reperfusion decreased the recurrence and growth of
HCC after transplantation. These effects were partly attributed to
the improvement of serum inflammatory cytokine profile. In
clinical practice, normothermic extracorporeal membrane
oxygenation (NECMO) or NECMO-based normothermic
regional perfusion (NRP) is the closest procedure to reproduce
the studied model (22). As a technique that allows the in-situ
perfusion of organs with oxygenated blood in DCD donors, NRP
can reduce warm ischemia time and improve graft function (23).
This investigation further revealed the possible potential of NRP
in preventing hepatic IRI-associated HCC recurrence.

Hypothermic oxygenated perfusion (HOPE) is an emerging
organ preservation strategy for marginal grafts (20). The use of
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artificial, cooled perfusion solutions with oxygenation applied in
HOPE has been demonstrated to decrease oxidative stress and
inflammatory damage in LT (24). To validate the protective effect
of HOPE in HCC recurrence, Mueller et al. compared tumor
recurrence rate between HOPE-treated DCD and unperfused
DBD liver recipients after liver LT for HCC (25). The results
showed that HOPE alleviated general inflammation (measured
through plasma CRP of the recipient) and recovered liver
functions. He also observed a significantly lower recurrence
rate in patients who received end-ischemic HOPE treatment
(5.7%, n = 4/70) compared to an unperfused DBD cohort (25.7%,
18/70), despite the use of high-risk DCD grafts (P=0.002).
Besides, HOPE treatment improved recurrence-free survival
and reduced tumor load significantly compared to an external,
nonperfused DCD and DBD liver recipient cohort. HOPE before
implantation protected the liver from reperfusion injury and
subsequently prevented ongoing tissue inflammation and
hypoxia, making the environment less favorable for tumor
recurrence and metastasis.

Despite the ability to decrease damage and improve
outcomes, hepatic IRI cannot be completely avoided using the
techniques above. With the innovations of surgical techniques
and NMP, the technique named ischemia-free liver
transplantation (IFLT) has been created. Its application is able
Frontiers in Immunology | www.frontiersin.org 340
to procure, preserve, and implant liver grafts from DBD donors
without stopping the blood and oxygen supply, thus entirely
preventing hepatic IRI (26). A recent propensity-matched cohort
study showed that IFLT recipients had a higher RFS rate at 1 and
3 years (92.2% and 86.7%) than conventional LT recipients
(88.1% and 53.6%), with much lower liver damage (27).
Though the oncological benefit of IFLT needs further
observation and validation in a larger sample, this technique
shows enormous potential not only for completely avoiding IRI
but also for preventing associated HCC recurrence. However,
this technique is not applicable to LDLT and DCD LT, which
occupy the major types of LT.

Gut-Liver Axis as a Target in
Inflammation-Associated Cancer
Recurrence Induced by Hepatic IRI
The close interplay between the intestine and liver in anatomy
and function is known as the gut-liver axis. In the liver, two-
thirds of total blood flow originates from the portal circulation,
which contains gut-derived bacterial products (28). As a
“microbial organ”, gut microbiota is involved in the
development of many liver disorders through the gut-liver axis
(29, 30). During LT and LR, portal vein clamping usually results
in venous congestion and hypoperfusion of the intestines,
TABLE 1 | The clinical evidence of hepatic IRI promoting recurrence of HCC after LT.

Study Data
sources

N Underlying
liver

disease

Milan
status

Donor
type

Definition of WIT Definition of CIT Conclusion

Nagai
et al. (8)

Two
centers
(USA)

391 NA NA DBD Removal of the graft
from the cold
preservation solution
to portal reperfusion

Donor cross-clamping to
the removal of the graft
from the cold preservation
solution

CIT>10 h (HR=1.9; P=0.03) and WIT>50 min
(HR=2. 84; P=0.003) were independent risk
factors for HCC recurrence

Kornberg
et al. (9)

Single
center
(Germany)

103 Alcoholic
(55.3%)
Viral (28.2%)
Autoimmune
(9.7%)
Other(6.8%)

In
(61.2%)
Out
(38.8%)

DBD Removal of the graft
from the cold
preservation solution
to portal reperfusion

In situ cold liver flushing to
the removal of the graft
from the cold preservation
solution

WIT>50 min was an independent risk factor for
HCC recurrence (OR=15.5; P <0.001)

Ling et al.
(10)

CLTR
(China)

673 Hepatitis B
cirrhosis
(88.9%)
Other
(11.1%)

In
(54.7%)
Out
(45.3%)

DBD
(14.0%)
DCD
(41.5%)
DBCD
(44.4%)

Removal of the graft
from the cold
preservation solution
to portal reperfusion

Perfusion of the cold
perfusate to the removal of
the graft from the cold
preservation solution

CIT>12 h was the independent donor prognostic
factor for predicting HCC recurrence (HR=2.
234; P=0.007)

Orci et al.
(11)

SRTR
(USA)

486 NA NA DCD Removal of life
support to aortic
perfusion with cold
preservation
solution

In situ aortic cold perfusion
to the removal of the graft
from
the cold preservation
solution

WIT>19 min was associated with an increased
HCC recurrence risk (HR=4.26; P=0.025)

Grąt et al.
(12)

Single
center
(Poland)

195 Hepatitis C
virus
infection
(67.7%)
Hepatitis B
virus
infection
(45.6%)

In
(57.9%)
Out
(42.1%)

DBD Removal of the graft
from the cold
preservation solution
to portal reperfusion

Clamping of the donor
aorta to the removal of the
graft from the cold
preservation solution

Post-reperfusion AST≥1896 U/L(HR=5.99;
P=0.039) and LDH≥4670 U/L (HR=6.08; P=0.04)
increased the risk of HCC recurrence after LT in
patients within Milan criteria
IRI, ischemia/ reperfusion injury; HCC, hepatocellular carcinoma; LT, liver transplantation; NA, not available; DBD, donation after brain death; DCD, donation after cardiac death; DBCD,
donation after brain death followed by circulatory death; WIT, warm ischemia time; CIT, cold ischemia time; HR, hazard ratio; OR, Odds Ratio; CLTR, China Liver Transplant Registry;
SRTR, Scientific Registry of Transplant Recipients; AST, aspartate transferase; LDH, lactate dehydrogenase
May 2022 | Volume 13 | Article 879552

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Hepatic IRI and HCC Recurrence
followed by intestinal mucosa damage and increased
permeability (31). In these cases, endotoxin/lipopolysaccharide
(LPS), a cell wall component of Gram-negative bacteria, could
translocate to the portal blood through the impaired intestinal
mucosal barrier and intensify hepatic IRI (32).

A recent study has revealed the connection between hepatic IRI
and HCC recurrence from a brand-new perspective of the gut-liver
axis. The study found that pedicle clamping induced the congestive
injury of the bowel wall and subsequent increase of LPS in portal
circulation. Upon re-establishment of portal blood flow, bacterial
LPS activated the Toll-like receptor 4 (TLR4) signaling pathway in
the liver, leading to aggravated IRI, exacerbated inflammatory
response, and increased tumor burden (33). In this process,
hyperactivation of TLR4 by LPS results in the activation and
over-expression of pro-inflammatory transcription factors (TFs)
such as nuclear factor-kappaB (NF-kB), activator protein 1 (AP-1)
and interferon regulatory factor 3 (IRF3) (34). Increased production
of pro-inflammatory cytokines (IL-6, TNF-a, etc.) and chemokines
(CXCL1, CXCL10, etc.) intensify hepatic IRI and upregulate the
components involved in the progression and metastasis of HCC
including angiogenesis cytokines and immunosuppressive cells such
as Tregs (35).

The researchers also explored several therapeutic approaches
to suppress tumor growth by targeting the gut–liver axis (33).
They found that remote ischemic preconditioning (RIPC)
induced by brief and repeated sequences of femoral vascular
bundle clamping and declamping could prevent liver injury and
associated HCC recurrence through dampening small bowel
venous ischemia and preventing bacterial translocation.
Despite promising animal evidence supporting the protective
effect of RIPC on hepatic IRI, the results of several clinical trials
are inconsistent, indicating that RIPC’s clinical role remains to be
further confirmed (36–39). Besides RIPC, the study also showed
that gut decontamination (antibiotics) and pharmacological
TLR4 inhibition confer systemic protection against
inflammation-mediated accelerated HCC growth. Their results
indicated that modulating the gut–liver axis during liver surgery
could be a potential target in combating HCC recurrence.
Predictably, gut microecological therapy will gradually become
an emerging treatment modality in preventing inflammation-
induced HCC recurrence. Figure 1 displays the schematic
diagram of the gut-liver axis as a target in inflammation-
associated cancer recurrence induced by hepatic IRI.

Targeting Key Inflammatory Components
in the Tumor Microenvironment
Hepatic IRI is a dynamic process including two related stages:
ischemic injury and inflammation-mediated reperfusion injury
(40). In the phase of ischemia, hepatocytes are exposed to oxygen
deprivation, ATP depletion, and pH decreasement (41). These
changes result in the accumulation of reactive oxygen species
(ROS), increasement of intracellular calcium concentrations
which lead to hepatocyte damage and different cell death
programs such as apoptosis, necrosis, ferroptosis and
pyroptosis (13, 42). The following reperfusion triggers
inflammatory cascade that aggravates hepatocyte injury
Frontiers in Immunology | www.frontiersin.org 441
through multiple mechanisms. In addition to cell death
programs and metabolic disorders, innate immune activation
plays a major role in this process (5). After sensing damage-
associated molecular patterns (DAMPs) released from damaged
or dead cells, Kupffer cells become activated through pattern-
recognition receptors (PRRs) and release chemokines and
cytokines to initiate a pro-inflammatory response (43).

The inflammatory cascade after reperfusion involves multiple
inflammatory components and their interactions. Activated
Kupffer cells release cytokines like IL-1b and chemokines such
as CXCL1 and CXCL2 to activate and recruit neutrophils in
damaged site (44). Platelets activated by DAMPs also serve as
immune mediators which express CXCL4 and P-selectin and
promote the recruitment of monocytes and neutrophils to the
inflammation site (45–47). The expression of NKG2D (an
activating receptor for NK cells) is significantly upregulated in
the reperfused liver (48). Increased NK cells recruited to the liver
can not only exacerbate IRI by producing IFNg but also increase
the production of IL-17, which promotes the recruitment of
neutrophils (49, 50). Hepatic IRI also elicits a robust adaptive
immune response in which CD4+ T cells mediate aggravated
inflammatory damage (40).

The balance of pro-inflammatory and anti-inflammatory
components determines the outcome of inflammation during
IRI (44). Multiple clinical and experimental studies have
suggested that intense and continuous inflammation induced
by hepatic IRI promoted tumor recurrence via activating cellular
signaling for tumor cell proliferation, adhesion, invasion and
angiogenesis (8, 51). Hypoxia-inducible factor 1a (HIF1a),
matrix metalloproteinase 9 (MMP9), vascular endothelial
growth factor (VEGF) and other key molecules play important
roles in this process (52).

After the initiation of inflammation, some anti-inflammatory
components and repair factors will be recruited into the
inflammatory microenvironment to inhibit the progress of
inflammation and promote injury repair. Anti-inflammatory
cytokines, such as IL-4 or IL-13, and apoptotic cells promote
in situ macrophage polarization and reprogramming and then
initiate the resolution phase of inflammation (53–55). Some anti-
inflammatory neutrophil subtypes exert anti-inflammatory and
repair functions through inhibiting cytotoxic T cells (CTLs),
promoting macrophage polarization and angiogenesis (44, 56).
Besides, regulatory T cells (Tregs), myeloid-derived suppressor
cells (MDSCs), endothelial progenitor cells (EPCs), platelets and
many other factors also play critical roles in regulating
inflammation and its resolution (44, 57, 58).

However, in the setting of oncology, these beneficial
components may also result in worsened oncologic outcomes.
Some components responding to inflammation have been
proved to promote HCC recurrence through different
mechanisms, including mediating the immune escape and
angiogenesis of tumor as well as causing tumor cells to be
more aggressive by triggering tumor cell adhesion, migration,
and invasion (13). Targeting key inflammatory components in
the tumor microenvironment may suppress tumor recurrence.
Compared to machine perfusion, this method provides more
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targeted treatment for HCC patients and can be applied to both
LR and LT. Figure 2 displays the key inflammatory components
in the tumor microenvironment and relevant therapies.

Immune escape is a crucial characteristic during tumor
growth and metastasis. MDSCs and Tregs have been identified
as key immune cell subsets that mediate tumor immune escape
(59). Of them, MDSCs are a heterogeneous population of
immunosuppressive cells derived from myeloid progenitors,
which can be upregulated by inflammatory mediators such as
IL-2, GCSF, and so on (57). MDSCs suppress the immune system
by various mechanisms including (i) inhibiting CTLs
proliferation and activation by increased nitric oxide (NO),
nitrotyrosine and ROS secretion, and decreased l-arginine
production (ii) inducing immunosuppressive cells like T helper
(Th) 17 cells and Tregs (60); Tregs are crucial suppressors of
immune responses and are essential for maintaining
immunological tolerance and controlling inflammatory diseases
(61, 62). In the process of tumor immune escape, Tregs can
suppress antigen presentation by DCs, CD4+ Th cell function
and promote intratumoral T cell exhaustion through secreting
TGF-b, IL-10 and IL-35 (63, 64). Recent findings also
demonstrated the crosstalk between Tregs and MDSCs, which
found that Tregs regulate MDSCs differentiation and function
through TGF-b and the programmed death ligand 1 (B7-H1)
(65, 66). In HCC patients, MDSCs and Tregs were found to be
significantly elevated in the peripheral blood and tumor (67, 68).
Besides, emerging tumor immunotherapy targeting MDSC and
Tregs has effectively inhibited the progression of HCC (63, 69).

In addition to immune escape, tumor angiogenesis also plays
a key role in tumor recurrence. EPCs are a kind of vascular
progenitor with high proliferative potential that are derived from
bone marrow (70). Inflammatory endothelial injury can trigger
mobilization, homing, and transdifferentiation of EPCs, thereby
contributing to the repair of injured endothelium (71). Recent
studies have found that EPCs participate in neovascularization
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during acute ischemic injury (58). However, mobilization of
EPCs also occurs in response to low oxygenation during tumor
growth (72). They are able to facilitate the release of
proangiogenic cytokines and promote vessel incorporation and
stabilization (73). Multiple studies have shown that mobilization
of circulating EPC results in tumor neovascularization and
accelerates tumor growth and metastasis (74, 75). Besides, the
inhibition of EPCs mobilization restrained angiogenesis and
tumor progression (76).

In the inflammatory cascade triggered by hepatic IRI,
chemokines and chemokine receptors are involved in the
recruitment of inflammation-responsive components discussed
above (77). Selectively targeting these pathways has been
heralded as a promising avenue for suppressing these cell
subsets. Through a series of clinical analyses, in vitro and in
vivo experiments, Liu et al. found that MDSCs recruited by
CXCL10/TLR4 during acute phase inflammation played a critical
role in tumor recurrence after LT. Targeting MDSC mobilization
via CXCL10/TLR4 signaling could not only protect the liver graft
from IRI but also reduce tumor recurrence after transplantation
(78). Ling et al. identified that post-transplant enhanced
CXCL10/CXCR3 signaling in small-for-size liver grafts directly
induced EPC mobilization, differentiation, and neovessel
formation, which further promotes tumor growth (79).
Besides, CXCL10/CXCR3 signaling upregulated at liver graft
injury directly induced the mobilization and intragraft
recruitment of Tregs, which further promoted HCC recurrence
after transplantation (80). Targeting CXCL10/CXCR3 signaling
inhibited the mobilization of Treg and EPC, attenuated early-
phase liver graft injury, and prevented late-phase tumor
recurrence/metastasis after transplantation (79, 80).

In addition to genetic approaches and pharmacological
inhibitors, some drugs can also act through the above pathways.
FTY720 (fingolimod) is a sphingosine-1-phosphate (S1P) receptor
agonist that has been approved by FDA as a treatment for multiple
FIGURE 1 | The gut-liver axis as a target in inflammation-associated cancer recurrence induced by hepatic IRI. Portal vein clamping during LT and LR leads to
venous congestion and hypoperfusion of the intestines. Bacterial products released through damaged intestinal mucosa activate TLR4 signaling pathway in the liver,
resulting in the exacerbated inflammatory response and increased tumor burden. RIPC, antibiotics, and TLR4 inhibition are able to act on the gut-liver axis to reduce
inflammation-associated HCC recurrence.
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sclerosis (MS) (81). In models of lung, kidney, and liver IRI,
FTY720 unfolds a demonstrated anti-inflammatory effect (82–84).
Furthermore, FTY720 has exhibited a strong anti-tumor activity in
liver cancer, breast cancer, bladder cancer, and so on (85–88). Li
et al. found that FTY720 significantly attenuated hepatic IRI and
tumor metastasis after LR through the downregulating CXCL10/
CXCR3 signaling pathway. In their study, FTY720 treatment
reduced the population of circulating EPCs and Tregs and
thereby limited tumor angiogenesis and enhanced antitumor
immune response (89, 90). A novel oxygen carrier called YQ23
played a similar role in suppressing liver tumor metastasis after
major hepatectomy and partial hepatic I/R injury through
increasing liver oxygenation and reducing the number of
circulating EPCs and Tregs (91).

A number of studies have indicated that proinflammatory
cytokines such as E-selectin, VEGF and MMP activated by
hepatic IRI promoted tumor invasion and metastasis (92–94).
Ligands of PPARg, such as rosiglitazone can downregulate the
expression of proinflammatory cytokines that are associated with
tumor metastases through inhibiting the NF-kB signaling
pathway (95–97). In an experimental mouse model of hepatic
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IRI-induced HCC metastasis, rosiglitazone exerts a protective
effect on hepatic IRI and significantly inhibits tumor metastasis
following that. As reported in this article, the dual action may be
attributed to inhibited NF-kB signaling and reduced expression
of proinflammatory cytokines in liver (98).

Prostaglandins (PGs) are products of arachidonic acid
metabolism via the cyclooxygenase pathway, which are
produced primarily by activated Kupfer cells during hepatic
IRI (99). PGs exert anti-inflammatory effects by prevention of
leucocyte migration and down-regulation of pro-inflammatory
cytokines (100). The administration of alprostadil, a synthetic
stable form of prostaglandin E1(PGE1), was shown to attenuate
hepatic IRI and improve liver graft function (101). In a
retrospective clinical study, Kornberg et al. found that treating
hepatic IRI with alprostadil reduced systemic inflammation
levels and the risk of early HCC recurrence following LT (102).

Besides these mentioned strategies above, glutathione
peroxidase 3, thymoquinone, and zinc finger protein A20 also
show the potential to be “one stone for two birds” strategies that
attenuate hepatic IR injury and prevent tumor recurrence after
liver surgery (103–105). However, their inhibition of hepatic IRI-
FIGURE 2 | Targeting key inflammatory components in the tumor microenvironment. Hepatic IRI results in the recruitment of EPC, Treg, and MDSC as well as the
release of pro-inflammatory cytokines. These changes in the tumor microenvironment induce tumor angiogenesis, immune evasion and promote tumor invasion and
metastasis. The use of agents such as FTY720, YQ23, PGE1, Rosiglitazone and targeting key inflammatory pathways are able to attenuate hepatic IRI and prevent
tumor recurrence.
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associated recurrence needs further experimental research and
clinical verification.
CONCLUSION AND PROSPECT

Collectively, the inflammation induced by hepatic IRI plays a
crucial role in the development and progression of HCC, which
contributes to several hallmarks of HCC, such as promoting
proliferative and survival signaling, inducing angiogenesis,
evading immune surveillance, and activating invasion and
metastasis. Besides, alleviating inflammation such as machine
perfusion, regulating the gut-liver axis and targeting key
inflammatory components or inflammatory pathways is believed
to be an attractive therapeutic strategy. However, current evidence
mainly comes from animal models. More clinical studies with
larger numbers of patients will be required. Moreover, not all
measures are applicable to LT or LR due to the differences in
surgical procedures, use of immunosuppressive agents and
postoperative management. Additional validation is needed in
different models and patient populations. In the future, we
advocate using advanced techniques such as single-cell multi-
omics and spatial omics to explore the mechanism and targets for
therapeutic intervention comprehensively. Meanwhile, we believe
that combining different approaches at different time points
should yield better outcomes for patients.
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Liver Ischemia and Reperfusion
Induce Periportal Expression of
Necroptosis Executor pMLKL Which
Is Associated With Early Allograft
Dysfunction After Transplantation
Shaojun Shi1, Eliano Bonaccorsi-Riani2,3†, Ivo Schurink1†, Thierry van den Bosch4,
Michael Doukas4, Karishma A. Lila4, Henk P. Roest1, Daela Xhema3, Pierre Gianello3,
Jeroen de Jonge1, Monique M. A. Verstegen1 and Luc J. W. van der Laan1*

1 Department of Surgery, Erasmus MC Transplant Institute, University Medical Center, Rotterdam, Netherlands, 2 Abdominal
Transplant Unit, Cliniques Universitaires Saint-Luc, Université Catholique de Louvain, Brussels, Belgium, 3 Pôle de Chirurgie
Expérimentale et Transplantation Institute de Recherche Expérimentale et Clinique, Université Catholique de Louvain,
Brussels, Belgium, 4 Department of Pathology, Erasmus MC-University Medical Center, Rotterdam, Netherlands

Background: Early allograft dysfunction (EAD) following liver transplantation (LT) remains
a major threat to the survival of liver grafts and recipients. In animal models, it is shown that
hepatic ischemia-reperfusion injury (IRI) triggers phosphorylation of Mixed Lineage Kinase
domain-like protein (pMLKL) inducing necroptotic cell death. However, the clinical
implication of pMLKL-mediated cell death in human hepatic IRI remains largely
unexplored. In this study, we aimed to investigate the expression of pMLKL in human
liver grafts and its association with EAD after LT.

Methods: The expression of pMLKL was determined by immunohistochemistry in liver
biopsies obtained from both human and rat LT. Human liver biopsies were obtained at the
end of preservation (T0) and ~1 hour after reperfusion (T1). The positivity of pMLKL was
quantified electronically and compared in rat and human livers and post-LT outcomes.
Multiplex immunofluorescence staining was performed to characterize the pMLKL-
expressing cells.

Results: In the rat LT model, significant pMLKL expression was observed in livers after IRI
as compared to livers of sham-operation animals. Similarly, the pMLKL score was highest
after IRI in human liver grafts (in T1 biopsies). Both in rats and humans, the pMLKL
expression is mostly observed in the portal triads. In grafts who developed EAD after LT
(n=24), the pMLKL score at T1 was significantly higher as compared to non-EAD grafts
(n=40). ROC curve revealed a high predictive value of pMLKL score at T1 (AUC 0.70) and
the ratio of pMLKL score at T1 and T0 (pMLKL-index, AUC 0.82) for EAD. Liver grafts with
a high pMLKL index (>1.64) had significantly higher levels of serum ALT, AST, and LDH 24
hours after LT compared to grafts with a low pMLKL index. Multivariate logistical
org May 2022 | Volume 13 | Article 890353148
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regression analysis identified the pMLKL-index (Odds ratio=1.3, 95% CI 1.1-1.7) as a
predictor of EAD development. Immunohistochemistry on serial sections and multiplex
staining identified the periportal pMLKL-positive cells as portal fibroblasts, fibrocytes, and
a minority of cholangiocytes.

Conclusion: Periportal pMLKL expression increased significantly after IRI in both rat and
human LT. The histological score of pMLKL is predictive of post-transplant EAD and is
associated with early liver injury after LT. Periportal non-parenchymal cells (i.e. fibroblasts)
appear most susceptible to pMLKL-mediated cell death during hepatic IRI.
Keywords: ischemia-reperfusion injury, programmed cell death, non-parenchymal cell, myofibroblast,
liver transplantation
INTRODUCTION

Liver transplantation (LT) is the only curative intervention for
patients with end-stage liver diseases or hepatic malignancies (1).
Procurement of the liver graft is associated with hepatic
ischemia-reperfusion injury (IRI) in the donor, during storage
and transportation, and after transplantation in the recipient.
Though the extent of IRI varies per graft, overall, it has a negative
impact on LT outcome (2). Early allograft dysfunction (EAD),
defining the initial inferior function of the implanted liver is a
critical determinant of graft survival and recipient outcome
following both cadaveric and living donor LT (3–5). Risk
factors associated with EAD development after LT include
donor and recipient characteristics (age, BMI, and lifestyle),
and intraoperative events such as prolonged cold or warm
ischemia time, macrovesicular steatosis, and intra-operative
transfusion requirements, and prolonged operation time (6–8).
Secondary to IRI, these combined factors contribute to EAD by
inducing hepatocellular damage, oxidative stress, accidental or
programmed cell death, and severe inflammatory responses,
which were clinically observed and confirmed in histological
studies (7, 9–12).

The two major types of cell death caused by IRI are apoptosis
and necrosis. This has been extensively studied in both animal
models and human tissue biopsies (13). Gujral et al. (14)
demonstrated that hepatocyte death in IRI was mainly caused
by necrosis, especially during the reperfusion stage. Only a small
population of sinusoidal endothelial cells and hepatocytes
underwent apoptosis. Another study described that apoptosis
in hepatocytes found in donor liver biopsies collected at the end
of organ procurement predicted EAD after LT (10). However,
studies unraveling the role of the particular types of cell death in
the development of EAD are scarce.

Recent studies have shown that liver cells affected by IRI,
including parenchymal and non-parenchymal cells, could die not
only as a result of apoptosis or necrosis but also by several non-
apoptotic forms of programmed cell death, also known as
“regulated necrosis” (15). Of those, necroptosis is one of the
most studied and incorporates the characteristics of both
apoptosis and necrosis (16). Necroptosis and apoptosis share
the same upstream mechanism which is induced by cell death
receptors. Upon the inhibition of caspase 8 or Fas-associated via
org 249
death domain, the complex of receptor-interacting protein
kinase 1 (RIPK1) and RIPK3 is formed and switches the
apoptosis machinery into necroptosis. The mixed lineage
kinase domain-like protein (MLKL) is phosphorylated and
oligomerized subsequently, translocating to the cell membrane
and mediating the cell rupture to execute necroptosis (17).
Although pMLKL has been widely regarded as the hallmark of
necroptosis, the activation of pMLKL has been observed in
endoplasmic reticulum stress-related apoptosis (18), hinting
that pMLKL-mediated cells death might not be not exclusively
necroptosis. In the case of pMLKL-mediated necroptosis, the
leakage of the damage-associated molecular patterns from
ruptured cells further contributes to inflammatory response,
also known as sterile inflammation or necroinflammation,
which is a critical pathological process during hepatic IRI.

The emerging role of necroptosis in hepatic IRI has been
reported in a few experimental studies. Based on murine IRI
models, necroptosis has been found to not only result in hepatic
damage during IRI in healthy livers (19, 20) but also aggravate
IRI in both aging (21) and steatotic (22, 23) livers. On the
contrary, there are also studies demonstrating that necroptosis
does not play a critical role in murine hepatic IRI (24, 25). This
contradiction may arise from the difference in the animal model
used. Of note, the necroptosis machinery varies between species
and can therefore lead to a potential discrepancy in experimental
and clinical studies (15, 26). However, clinical evidence of the
involvement of necroptosis mediators, such as pMLKL, in
human liver IRI is lacking.

We have previously shown that necroptosis is involved in
various human liver diseases in an etiology-dependent manner
(27). Interestingly, although based on only a few cases, we found
extensive expression of pMLKL in human liver biopsies during
LT, implying the potential existence of pMLKL-mediated cell
death in human liver IRI. The pMLKL expression as previously
published was mostly found in the portal triad area, which was
different from that in other biopsies obtained from patients with
chronic liver diseases. The portal triad consists of the bile duct,
hepatic artery, and portal vein, supported by numerous non-
parenchymal cells with distinct molecular features (28).
Myofibroblasts represent one of the major stromal and
extracellular matrix (ECM) producing cells in the portal triads,
and originate from hepatic stellate cells (HSCs), portal fibroblasts
May 2022 | Volume 13 | Article 890353
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(PFs), and fibrocytes, which serve a variety of functions in the
response to acute and chronic insults (29–31). We hypothesized
that the non-parenchymal cells, possibly the myofibroblasts,
present in the portal triads might be the major cell population
co-expressing pMLKL during liver transplantation. In the
present study, we aim to investigate the pMLKL expression in
both rat and human liver biopsies and whether the histological
score of pMLKL is associated with the development of EAD after
transplantation. Furthermore, we characterized the molecular
phenotype of the liver cells expressed pMLKL.
PATIENTS AND METHODS

Patient Selection and Data Collection
We performed a retrospective study using liver biopsies from
patients undergoing orthotopic liver transplantation (OLT)
between April 2008 and March 2012 at the Erasmus University
Medical Center, Rotterdam, the Netherlands. Of 83 cases
enrolled in our previous prospective study (32), 64 patients
were included in this study. Due to incomplete biopsy retrieval
from the pathology biobank, 19 patients were excluded. The
main demographic and clinical characteristics of included
recipients and donors were listed in Table S1. Postoperative
laboratory data were collected for the first 7 days after OLT. This
study was approved by the Erasmus MC medical ethics council
(MEC-2014-060). All patients gave informed consent for the use
of material for research purposes.

Definitions of Post-Transplant
Complications
Early allograft dysfunction (EAD) was defined according to the
criteria of Olthoff et al. (33) by the presence of one or more of the
following: (i) bilirubin ≥ 10 mg/dL on a postoperative day (POD)
7; (ii) INR ≥ 1.6 on POD7; (iii) alanine aminotransferase (ALT)
or aspartate aminotransferase (AST) > 2000 IU/mL within the
first 7 postoperative days. According to the criteria of Verhoeven
C et al. (34), the definition of ischemic-type biliary lesions (ITBL)
in this study includes (i) intrahepatic or hilar bile duct(s)
strictures and dilatation after OLT, which (ii) were confirmed
by cholangiography and in the absence of hepatic artery
thrombosis as demonstrated by Doppler ultrasonography, and
(iii) which required endoscopic or percutaneous management in
the biliary tract or liver retransplantation in recipients.
Postoperative rejection was diagnosed according to the
histological assessment.

Sample Collection and Processing
All graft livers were procured following a standard procurement
protocol (32, 34). After procurement and initial flush, the graft
liver was stored in cold University of Wisconsin (UW) solution
(Viaspan, Duramed Pharm Inc, Pomona, NY) or histidine
tryptophan ketoglutarate (HTK) solution (Custodial HTK,
Essential Pharmaceuticals, LLC, Pennsylvania, USA), and then
transported to our center. Upon the arrival of the liver, a
conventional back table procedure was performed by the
Frontiers in Immunology | www.frontiersin.org 350
surgeon. Briefly, an additional ex situ perfusion of the portal
venous system was performed via gravity with 1000 ml of UW or
HTK. A secondary flush was done under normal hydrostatic
pressure with 500 ml of 4% human albumin solution (Albuman,
Sanquin, The Netherlands), immediately before implantation.
Liver biopsies were obtained at the end of the back table
procedure (T0) and ~1 hour after portal reperfusion (T1).

Rat Liver Transplantation Model
An established rat orthotopic liver transplantation method, which
was approved by the institutional review board and the animal
procedures, was conducted at the Laboratory of Experimental
Surgery and Transplantation, Institute of Research Experimental
and Clinic at the University Catholic of Louvain, Brussels, Belgium.
For standardization and reproducibility purposes only male rats
were used. Additionally, we need to infuse fluids intravenously
through the penile vein during liver transplantation. Therefore
male Lewis rats, purchased from Janvier Labs (Le Genest-Saint-Isle,
France), weighing between 200 and 250 g at the time of the
transplantation, were used as donors and recipients. Organ
procurement and liver implantation were performed according to
the full-vascularized technique, which included graft re-
arterialization, previously described by Aiyakhagorn et al. (35).
Rat livers (n=4) were procured and stored cold in Belzer UW®

preservation solution (Bridge to LifeTM – IL - USA) for 22 h before
implantation. Before implantation, liver grafts were rinsed with
10 ml of 0.9% saline through the portal vein. Anastomosis of the
suprahepatic vena cava, the portal vein, and the intrahepatic vena
cava was performed with continuous suture using 7/0
polypropylene (Prolene® - Ethicon - OH – USA) for the first
and 8/0 for the last two. Graft arterialization was performed using a
plastic stent telescoped into the donor celiac trunk and the
recipient’s common hepatic artery. Biliary reconstruction was
performed using a segment of 8 mm of a venous catheter 22g
(Becton, Dickinson, and Company –NJ –USA) telescoped into the
donor and recipient common bile duct and secured with 7/0 silk
ligatures. Euthanasia was performed 24 hours after graft
implantation for samples collection. Sham operations were
conducted on rats (n=4) by performing a midline laparotomy
under the same conditions as the liver recipients. Samples were
collected 24 hours after the procedure.

Histological Analyses
The liver specimens were routinely fixed with 4% paraformaldehyde
for 24 hours, embedded in paraffin, and cut into 4µm sections.
Sections were stained with hematoxylin and eosin (H&E) according
to standard procedures. Immunostaining was performed as
previously described (27). In short, sections were dewaxed and
rehydrated via gradient ethanol washes. Antigen retrieval was then
performed by heating the sections at 100°C in 10mM citrate acid
buffer (pH 6.0). Incubation with 1% bovine serum albumin (BSA)
and 10% normal goat serum (both from Sigma-Aldrich) in
phosphate-buffered saline (PBS) were performed to prevent a-
specific staining. The sections were then incubated with pMLKL
(Thermofisher) antibody diluted in 1% BSA/0.025% Triton X100/
1% normal goat serum (antibody diluent), at 4°C overnight.
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Information on all the primary antibodies used is listed in Table S2.
Irrelevant rabbit IgG (Thermofisher) was applied as a negative
isotype control. For immunohistochemistry, sections
were incubated with 0.3% hydrogen peroxide for 15 min and
by a 1-hour incubation with secondary goat anti-rabbit
Immunoglobulins/HRP (Dako, Glostrup, Denmark) at room
temperature. The reaction products were visualized using a 3,3’-
Diaminobenzidine (DAB) substrate kit (Dako). Subsequently,
the slides were counterstained with Mayer’s s hematoxylin
and mounted in Pertex mounting medium. Whole-slide
immunohistochemistry images were acquired on NanoZoomer
(Hamamatsu, Iwata City, Japan).

Automated multiplex immunofluorescent staining was further
performed using the Ventana Benchmark Discovery (Ventana
Medical Systems Inc.) to determine the markers co-expressed
with pMLKL. In brief, following deparaffinization and heat-
induced antigen retrieval with CC1 (#950-500, Ventana) for 64
minutes at 97°C, the tissue samples were incubated with primary
antibodies at 37°C in a step-by-step manner. The antibody
denature step was performed between every antibody
incubation and visualization using CC2 (#950-123, Ventana) for
20 minutes at 100˚C. pMLKL was incubated for 32 min, detected
with Universal HQ kit (#760-275, Ventana), and visualization
with R6G (#760-244, Ventana) for 4 minutes. CD90 was
incubated for 60 minutes, detected with a Universal HQ kit,
and visualized with DCC (#760-240, Ventana). Fibulin-2 was
incubated for 32 minutes, detected with Universal HQ kit (#760-
275, Ventana), and visualized with Red610 (#760-245, Ventana).
CD45 was incubated for 32 minutes, detected with omnimap anti-
mouse HRP (#760-4310, Ventana), and visualized with Cy5
(#760-238, Ventana) for 4 minutes. CD34 was incubated for 32
minutes, detected with omnimap anti-mouse HRP, and visualized
with FAM (#760-243, Ventana) for 4 minutes. Slides were
incubated in PBS with DAPI for 15 minutes and covered with
an anti-fading medium (DAKO, S3023). Slides were scanned
using the ZEISS Axio Imager 2.0 and analyzed using Qupath.

Information on the antibodies used can be found in Table S2.

Immunohistochemistry Scoring
Immunohistochemistry scoring of pMLKL staining was
performed electronically using the software ImageJ
(imagej.nih.gov/ij) and the whole procedure was shown in
Figure S1A. Considering pMLKL positivity was predominantly
detected in the portal triad, at least 8 high-power fields (200X
magnification) of portal triad areas were blindly selected for each
section from the whole-slide images (representative images are
shown in Figure S1B). The related clinical data belonging to the
images was unknown at that time. After color deconvolution, the
pixel intensity of cytoplasmic pMLKL staining, visualized by
DAB, was automatically determined using the plugin IHC
Profiler (36–38) and ImageJ software, in which high-positive,
moderate-positive, low-positive, and negative zones were
calculated. The threshold assignment was encoded in the plugin
and performed automatically (38). We calculated the H-Score
[scale 0 to 300, exemplified images were shown in Figure S1C)]
for each image based on the generated products of the percentage
contribution of positive zones and the intensity of labeling
Frontiers in Immunology | www.frontiersin.org 451
(0=negative; 1 = weak positive; 2 = moderate positive; 3 = high
positive) using the following equation (36, 37, 39):

H-score= (percentage contribution of high-positive zone×3) +
(percentage contribution moderate-positive zone×2) + (percentage
contribution of low-positive zone)

Median H-scores in the selected fields were designated as the
pMLKL positivity for each section. The pMLKL index for each
graft liver was calculated by dividing the H-score in the T1
sample by the H-score in the T0 sample.

Statistical Analysis
Statistical analysis was performed using SPSS statistics 25 (SPSS
Inc, Chicago, IL, USA) and Prism software (GraphPad Software
Inc., San Diego, USA). Data were presented as the median and
interquartile range (IQR). Group comparisons were performed
using the Mann-Whitney U test or Wilcoxon matched-pairs
signed-rank test for continuous values and the chi-square test
for categorical data. Spearman’s rank correlation test was
conducted to estimate the linear relationship between variables.
To identify risk factors for EAD, a logistic regression model
was applied for multivariate analysis. A p-value of <0.05 was
considered significant.
RESULTS

MLKL Phosphorylation in Rat Hepatic IRI
To determine whether the activation of pMLKL is involved in rat
hepatic IRI, rat liver biopsies were collected after 22 hours of cold
storage and 24 hours of reperfusion or sham operation
(Figure 1A), followed by immunohistochemistry staining of
pMLKL using a validated antibody (27, 40, 41). Compared to
sham-operated rats, a significant increase of serum ALT (1153.0
(441.5-1652.0) vs 10.0 (10.0-17.5), p=0.029) and AST (1294.0
(654.5-1497.0) vs 66.5 (47.0-94.0), p=0.029) levels was observed
in rats after LT (Figure 1B). The pMLKL expression in the liver
after IRI is shown in Figure 1C. No positive staining was
observed in rat liver biopsies incubated with negative isotype
control antibody, confirming the specificity of the pMLKL and
secondary antibodies. As shown in Figure 1D, The pMLKL
positivity was barely observed in rat livers collected after the
sham operation, suggesting that the increased expression of
pMLKL was possibly associated with IRI. Clear pMLKL
expression is detected in the portal triads but not in the liver
parenchyma. As shown in Figure 1E, automated quantification
of the histological score (H-Score) of pMLKL staining showed a
significant increase in the IRI group versus sham group (1.524
(1.80) vs 0.014 (0.01), p=0.029).

Post-Reperfusion pMLKL Score
Correlates With The Development of EAD
After LT
To investigate the expression of pMLKL in human liver grafts, a
retrospective study was performed (Figure 2A). Out of 64
included LT patients, 24 recipients developed EAD (38%).
(Table S1). Representative H&E and pMLKL stained images of
T0 and T1 biopsies are shown in Figures 2B, C. The pMLKL+
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cells mainly had a periportal localization, distributed within the
stroma of the portal triad adjacent to the wall of the portal vein,
hepatic artery, and biliary epithelium. The paired analysis further
showed that pMLKL-T1 was significantly higher than pMLKL-
T0 in recipients that developed EAD (1.88 (0.85- 7.55) vs. 0.70
(0.21-2.97), p=0.008) rather than the non-EAD group (0.75
(0.35- 2.74) vs. 1.14 (0.37-2.78), p=0.289) (Figures 2D, E). The
pMLKL index was significantly higher in the EAD group versus
the non-EAD group (2.77 (1.75-6.65) vs. 0.95 (0.39-1.62),
p<0.0001) (Figure 2F). Interestingly, also a significantly higher
pMLKL index was observed in DCD liver grafts compared to
DBD livers (3.44 (1.06-6.71) vs. 1.10 (0.42-2.21), p=0.019)
(Figure 2G). Moreover, based on the receiver operating
characteristic (ROC) curve, the pMLKL index outperformed
the pMLKL-T1 in predicting the development of EAD
(Figure 2H). We further found an optimal cut-off value of 1.64
of the pMLKL index displaying the most optimized sum of
sensitivity (83.3%) and specificity (77.7%).

Based on the cut-off value of the pMLKL index, 64 grafts were
allocated to a low pMLKL index (<1.64; n=35) and a high
pMLKL index (≥1.64; n=29) group. Demographics of donors
and recipients with low pMLKL index grafts versus high pMLKL
index grafts are shown in Table 1. The high-pMLKL index group
showed a higher trend in the last serum AST of the donor before
procurement. Interestingly, a higher portion of ITBL occurrence
was observed in the high-pMLKL index group though the
difference was not significant. The distribution of the pMLKL
index in high and low groups is shown in Figure 3A. As shown
in Figure 3B, the high pMLKL index group had a significantly
higher serum ALT level at POD1-4 (p<0.05). Also, the AST level
Frontiers in Immunology | www.frontiersin.org 552
at POD1 (Figure 3C, p<0.05), and LDH level at POD1
(Figure 3D, p<0.05) were elevated in this group. Correlation
analysis based on the entire cohort revealed a relatively weak
correlation between serum ALT at POD1 and pMLKL index
(rs=0.400, p<0.01) and between serum AST at POD1 and
pMLKL index (rs=0.312, p<0.05) (data not shown).
pMLKL Index Is a Predictor Factor for EAD
To determine whether the pMLKL-T1 score or pMLKL index are
independent predictors for EAD, we conducted a multivariate
analysis (Table 2). Univariate analysis indicates the EAD risk
factors in this cohort, including higher pMLKL-T1 score (1.88
(0.85- 7.55) vs. 0.75 (0.35- 2.74), p = 0.059), higher pMLKL
index, DCD grafts (38% vs. 18%, p=0.079) and male donors (67%
vs. 45%, p=0.096) (Table S1). On multivariate analysis, only the
high pMLKL index was identified as an independent predictive
factor for EAD (odds ratio = 1.348; 95% CI, 1.066-1.703; p =
0.013). In this model, the discriminative power of the pMLKL
index is indicated as a C-statistics calculation that reached up to
0.932 and was not below 0.705.
Activation of pMLKL in Multiple Non-
Parenchymal Cells in the Portal Triad
Considering periportal non-parenchymal cells seem to be the
major source of pMLKL+ cells, we aim to characterize the
cellular populations in portal triads with pMLKL positivity.
ECM deposition, demonstrated by Picro Sirius Red staining, was
observed mostly in the periportal area, overlapping with pMLKL
A B

D
E

C

FIGURE 1 | Expression of pMLKL in graft livers from the rat LT model. (A) Schematic representation of the timeline. Rat livers were procured and stored in cold preservation
solution for 22 hours and then transplanted. Liver biopsies (n=4) were taken after 24 hours of reperfusion. (B) Serum ALT and AST in recipient rats after 24 hours of
reperfusion were determined. The levels of both ALT and AST increased significantly in the IRI group compared with sham-operated rats. (C) Immunohistochemistry was
performed on collected rat liver after IRI. Serial sections were stained with either pMLKL or a negative isotype control antibody. Shown is a representative microscopic image
(magnification, 100X) confirming the specificity of the pMLKL antibody and the secondary antibody. (D) Representative microscopic images of pMLKL staining on rat livers
undergoing either IRI or sham operation were shown (magnification, 100X). Enlarged images from the boxed area are shown in the bottom panel (magnification, 400X). Clear
pMLKL was detected in the portal triads of rat liver undergoing IRI, but not in the sham-operated rats. (E) The H-Score of pMLKL staining was compared in rat donor liver
undergoing hepatic IRI or sham operation (Mann-Whitney test), in which a significant increase in the IRI group was observed. *p < 0.05.
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positivity (Figure 4A). We reasoned that hepatic IRI might
activate pMLKL predominantly in the myofibroblast after a
short period of reperfusion. To this end, immunohistochemistry
on serial sections for multiple markers was performed to identify
the populations of periportal cells including cholangiocyte
(KRT19), activated myofibroblast [a-smooth muscle actin
Frontiers in Immunology | www.frontiersin.org 653
(a-SMA)], hepatic stellate cells (HSCs) (Desmin), and
macrophage (CD68) (Figure 4B). We found that area positive
for pMLKL partially overlapped with a-SMA+ cells, suggesting
that myofibroblasts might be one of the cell types co-expressing
pMLKL. The absence of Desmin+ cells overlapping with pMLKL
expression reveals that the myofibroblasts co-expressing pMLKL
A

B

D E F G

H

C

FIGURE 2 | Periportal pMLKL expression in human LT biopsies. (A) Human graft livers were procured and stored in cold preservation solution following a
conventional protocol. Liver biopsies were collected at the end of the backbench procedure (T0) and 1 hour after reperfusion (T1). Postoperative serums were
collected in the first 7 post-LT days. (B, C) Representative microscopic images of HE and pMLKL staining on T0 and T1 graft livers that developed post-transplant
EAD were shown (magnification, 100X). Enlarged images from the boxed area are shown in the bottom panel (magnification, 400X). The pMLKL positive cells were
mainly localized at the periportal region, distributed within the stroma of the portal triad adjacent to the wall of the portal vein, hepatic artery, and biliary epithelium.
(D, E) Paired comparison of pMLKL scores at T0 and T1 were performed separately in non-EAD and EAD groups (Wilcoxon matched-pairs signed-rank test).
pMLKL-T1 was significantly higher than pMLKL-T0 in recipients that developed EAD compared to the non-EAD group. (F) pMLKL index were compared in non-EAD
and EAD groups (Mann-Whitney test). The pMLKL index was significantly higher in the EAD group versus the non-EAD group. (G) pMLKL index were compared in
DBD and DCD livers. (Mann-Whitney test). A significantly higher pMLKL index was observed in DCD liver grafts compared to the DBD livers (H) ROC curve showing
the discriminative ability of pMLKL_T0, pMLKL_T1, and pMLKL index in the development of EAD. Data are presented as the median and interquartile range (IQR).
n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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might be not derived from HSCs. Interestingly, part of biliary
epithelial cells labeled with KRT19 also displays positive
staining for pMLKL. CD68 staining further indicated that
macrophages were not the predominant cells comprising the
pMLKL+ population.

To support our findings, we performed multiplex
immunofluorescent staining on the biopsies collected from 3
human donor livers after perfusion to further determine the co-
localization of pMLKL+ cells with periportal cells. Likewise, we
found KRT19+ cholangiocytes constitute a small population of
pMLKL+ cells (5.92 ± 0.88%) (Figures 5A, B). It has been
reported that CD90, CD34, and fibulin-2 represent the critical,
but not exclusive, markers for liver myofibroblast residing near
portal vein during chronic injury (30, 31). The periportal cells
expressing CD90 (36.15 ± 28.4%), CD34 (36.9 ± 29.4%), and
fibulin-2 (29 ± 23.79%) predominantly overlayed with pMLKL+

cells in the portal triad (Figure 5C). Given that CD90 and CD34
could also be expressed on the surface of multiple cell types
separately, such as lymphocytes and bone marrow-derived
fibrocytes, we applied CD45, a leukocyte/hematopoietic
marker, staining to further characterize the subpopulation of
periportal pMLKL+ cells. A large number of pMLKL+ cells co-
expressing CD90, CD34, and Fibulin-2 were accumulated in the
portal triad and designated as PFs (Figure 6A) and exhibited a
fibroblast-like spindle shape. On the other hand, a small number
of pMLKL+ CD90- cells co-expressed CD45 and CD34 were
observed, indicating that these cells might be bone marrow-
derived fibrocytes (30). Notably, we also found a few pMLKL+

CD90+ CD45+ cells which could be separated into two distinct
Frontiers in Immunology | www.frontiersin.org 754
subpopulations including CD34+ fibulin-2+ cells (bone barrow-
derived mesenchymal cells) and CD34- fibulin-2- cells
(leukocytes) (42) (Figure 6B). Collectively, we concluded that
necroptosis executor pMLKL could be activated by hepatic IRI
predominantly in periportal non-parenchymal cells including
PFs, fibrocytes, and a minority of cholangiocytes.
DISCUSSION

In this study, we demonstrated that the pMLKL expression increased
significantly in the portal triads after reperfusion in both human and
rat LT. The pMLKL index based on histological assessment
correlates with early liver injury after LT and is predictive of post-
transplant EAD. We further confirmed that activation of pMLKL
occurs in multiple periportal non-parenchymal cells and
cholangiocytes. To the best of our knowledge, our study is the first
to investigate the clinical relevance of the necroptosis mediator in
human liver transplantation.

Cell death is an eventual event in IRI during liver transplantation
and is strongly linked to the short- and long-term outcomes of
recipients. In the last decades, mitigating cell death represents one of
the most investigated strategies to improve organ functionality and
minimize post-transplant complications (43). In previous studies,
apoptosis has been one of the key targets, but the translation into
clinical practice has been merely lacking. Except for apoptosis, the
emerging role of programmed cell death has been validated in
hepatic IRI, expanding our knowledge of the different cell death
programs during LT. We previously reported that most pMLKL
TABLE 1 | Donors and recipients characteristics of liver grafts with low pMLKL index versus high pMLKL index.

Low pMLKL index (n=35) High pMLKL index (n=29) p value

Donor characteristics
Donor type (DCD) 7 (20%) 9 (31%) 0.234
Age (yr) 60 (26.0) 53 (13.0) 0.235
Sex (male) 18 (51%) 16 (55%) 0.274
BMI (kg/m2) 23.9 (4.3) 23.2 (4.0) 0.952
Last AST (U/l) 41.0 (30.0) 51.0 (35.5) 0.074
Last ALT (U/l) 25.0 (38.0) 34.0 (34.5) 0.395
Donor risk index 2.0 (0.8) 2.0 (3.88) 0.700
warm ischemia time (min) 27.0 (10.0) 26.0 (11.0) 0.787
cold ischemia time (min) 403.0 (118.0) 369 (109.0) 0.187

Recipient characteristics
Age (yr) 46 (21.0) 53 (14.0) 0.040*
Sex (male) 16 (46%) 12 (41%) 0.146
Lab-Meld score 24.0 (7.0) 26.0 (15.0) 0.855
Transplantation indication
-Autoimmune hepatitis 16 (46%) 12 (41%) 0.463
-Alcohol 2 (6%) 4 (14%) 0.250
-Hepatitis B/C 6 (17%) 7 (24%) 0.351
-Hepatocellular carcinoma 3 (9%) 9 (31%) 0.024*
-Other 9 (26%) 5 (17%) 0.306
Anastomosis ductus (Roux-Y) 5 (14%) 8 (28%) 0.140

Post-transplantation complication
EAD 4 (11%) 20 (69%) <0.001*
Hepatic artery thrombosis 4 (11%) 1 (3%) 0.242
Rejection 5 (14%) 6 (21%) 0.364
ITBL 7 (20%) 12 (41%) 0.056
AKI 6 (17%) 4 (14%) 0.454
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positive cells were found in the portal triads in LT biopsies, but were
absent in ischemia-free liver biopsies collected from living donors
grafts, suggesting the involvement of pMLKL-mediated cell death in
hepatic IRI (27). Myofibroblasts are the main effectors of liver
fibrosis (31) and we concluded in this study that myofibroblasts
represent a major cell type with pMLKL activation. In fact, the
periportal expression pattern of pMLKL and its activation in
myofibroblast was barely found in liver biopsies obtained from
patients with end-stage liver diseases, which were generally featured
by severe liver fibrosis and extensively activated fibroblast (27). This
Frontiers in Immunology | www.frontiersin.org 855
discrepancy may imply that the activation of pMLKL during liver
transplantation represents an event with a unique mechanism that
is different from other chronic etiologies. Besides, in this study,
immunostaining on both pre-and post-reperfusion biopsies further
revealed an increase in pMLKL expression at T1 compared to T0.
This suggests that during graft reperfusion extensive pMLKL-
mediated cell death is possibly induced and therefore this might
be the right time to mitigate cell death.

Considering that cells expressing pMLKL were mostly
detected in the portal triad, we only selected the periportal
A B

DC

FIGURE 3 | The histological score of pMLKL correlates with early liver injury after reperfusion. (A) The dichotomy of graft pMLKL index is grouped as low and high.
Recipients were classified into low (≤1.64) versus high (>1.64) pMLKL index. (B, C, D) Levels of serum ALT, AST, and LDH at POD1-7 were compared (median,
two-way ANOVA test followed by Sidak’s multiple comparisons test). The high pMLKL index group had significantly higher serum ALT/AST/LDH levels on POD1.
Data are presented as the median and interquartile range (IQR). *p < 0.05; ***p < 0.001.
TABLE 2 | Univariate and multivariate analysis for risk factors for post-transplant EAD.

Factors OR (95% CI) Univariate Multivariate

p value OR (95% CI) p value C-statistics (low. limit-up. limit)

DCD graft 0.354 (0.111-1.129) 0.079 - 0.473 -
Male donor 0.409 (0.143-1.172) 0.096 - 0.064 -
pMLKL-T1 1.133 (0.995-1.290) 0.059 - 0.472 -
pMLKL index 1.347 (1.067-1.700) 0.012 1.348 (1.066-1.703) 0.013 0.819 (0.705-0.932)
May 2
OR, Odds ratio.
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areas for the analysis. These areas account for a much smaller
portion of the liver tissue compared to the parenchymal regions.
We assume that this method provides a more precise score of
periportal pMLKL expression. Interestingly, the pMLKL score
appears to be associated not only with EAD but also with ITBL
though the difference was not significant. It is well known that
the liver cells, including hepatocytes and cholangiocytes, that are
damaged during hepatic IRI, often direct the onset of EAD or
ITBL. Our previous studies demonstrated that the release of
Frontiers in Immunology | www.frontiersin.org 956
cholangiocyte-derived microRNAs predicted the development of
ITBL (34), while the hepatocyte-derived microRNAs predicted
the occurrence of EAD (32). In this study, we found that during
LT, pMLKL could be activated in cholangiocytes. This might be a
potential cause of biliary injury during LT and possibly
contributes to the high incidence of ITBL in our EAD cohort.
In addition, the pMLKL index correlated with the serum levels of
ALT and AST, often released from necrotic hepatocytes, on
POD1, but not POD7 (data not shown). Given that low levels of
A B

FIGURE 4 | Characterization of periportal cells expressed pMLKL. (A, B) Serial liver sections from T1 biopsies obtained from one donor liver were stained with Sirius
Red, pMLKL, KRT19, a-SMA, Desmin, and CD68 (magnification 100X). Enlarged images from the boxed area are shown in the bottom panel (magnification 400X).
ECM deposition was observed mostly in the periportal area and appeared to overlap with pMLKL positivity. Areas positive for pMLKL overlapped a lot with a-SMA+,
but not Desmin+. Part of KRT19+ cells also displayed positive staining for pMLKL, while few CD68+ were observed to co-express pMLKL.
A B

C

FIGURE 5 | Characterization of periportal cells expressed pMLKL. (A, B) Multiplex immunofluorescent staining was performed on T1 graft livers (n=3) for pMLKL, a-SMA,
KRT19, CD90, CD34, Fibulin-2, and CD45 (magnification, 400X). (C) The composition of pMLKL+ cells (100%) was calculated as the percentage of cells co-expressed with
multiple markers (mean ± SD). The periportal non-parenchymal cells and cholangiocytes predominantly constitute the population co-expressing pMLKL.
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pMLKL expression were observed in the liver parenchyma, we
speculate that the periportal necroptosis in nonparenchymal cells
could have a detrimental effect on hepatocytes indirectly, though
the exact mechanism is still unclear.

We further characterized the pMLKL-expressing cells and
found that next to cholangiocytes, also non-parenchymal cells
such as periportal mesenchymal cells, including PFs and
fibrocytes, were mainly stained with pMLKL. In the adult liver,
myofibroblasts represent the main effectors of fibrous stress
during liver injury by regulating the wound healing response,
including liver repair and regeneration (31). Upon this stress
factor, liver mesenchymal cells, including HSCs, PFs, and
fibrocytes can differentiate into myofibroblasts, depending on
the mechanism of the insults. We speculate that myofibroblasts
that expressed pMLKL, share similar signatures with PFs and
fibrocytes, but not with HSCs. The pMLKL activation in
myofibroblast and its relationship with hepatic IRI has been
poorly investigated. In previous studies, activated PFs have been
reported to contribute to fibrous scar production in chronic
cholestatic fibrosis (30). Besides, a recent retrospective study
revealed that histological scores of collagen deposition in donor
livers at the time of procurement, correlated with an increased
incidence of post-transplant EAD, suggesting an unexpected role
of collagen-producing cells in hepatic IRI (44). Konishi et al. (45)
also reported that fibrotic livers show accelerated recovery and
repair after hepatic IRI compared to the normal liver in
experimental models. Although the precise mechanisms of how
pMLKL was activated in myofibroblasts during LT remain to be
determined, we envision that the massive necroptosis of
myofibroblasts residing in the fibrotic liver before LT, could be
induced by short-time reperfusion, which might lead to an
imbalance of hepatic damage and repair, finally resulting in
Frontiers in Immunology | www.frontiersin.org 1057
“irreversible” IRI in graft liver. This could be led by impairment
of liver regenerative capacity due to myofibroblast depletion or
secondary necroinflammation mediated by necroptotic
myofibroblasts. The interaction among hepatic IRI,
myofibroblasts, and necroptosis is worth further investigation.

It is important to note that the necroptosis mediators, such as
MLKL and RIPK3, could exert multifactorial functions which could
be linked to other types of programmed cell death or even be
independent of cell death (46, 47). For instance, we have previously
reported that nuclear pMLKL was expressed in TNF-a-induced
apoptosis in cholangiocyte organoids (27). Given that cytoplasmic
and membrane translocation of pMLKL is widely regarded as the
major functional form of MLKL for necroptosis execution, the
nucleus-located pMLKL in apoptotic cholangiocyte organoids
might suggest an event possibly serving a unique role
independent of necroptosis. Cao et al. (18) demonstrated that
nuclear MLKL represents a contributor to endoplasmic reticulum
stress-related apoptosis, which might be a potential elucidation. In
the present study, we observed distinct expression patterns of
pMLKL in different liver cell types, in which both cytoplasmic/
membrane and a minority of nuclear pMLKL were confirmed. This
suggests that the increased expression of pMLKL during hepatic IRI
might be invoked by multiple mechanisms and leads to distinct
outcomes. We think it is important to reach a consensus on the
definition of necroptosis, which is still lacking. Given that the
interactions of MLKL with other cell death-dependent or
-independent pathways are emerging, the cytoplasmic/membrane
staining of pMLKL is not enough to define necroptotic cell death.
In addition to pMLKL detection, ultrastructural examination using
transmission electron microscopy analysis might be helpful to
further determine the morphological change of dying cells and
characterize the exact cell death type.
A

B

FIGURE 6 | Representative multiplex immunofluorescent images of distinct subpopulations of pMLKL expressed cells in portal triads (magnification, 2000X). Arrows
indicate the cells with positive staining. The pMLKL+ cells featured by CD90+ CD45- (PFs), CD90- CD45+ (BM-derived fibrocytes) (A), CD90+ CD45+ CD34+ fibulin-2+

(BM-derived mesenchymal cells) and CD90+ CD45+ CD34- fibulin-2- (leukocytes) (B) were shown.
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Our knowledge of the regulated necrosis network, such as
necroptosis, ferroptosis, and pyroptosis is expanded in the last
years. Notably, the expression of the mediators of multiple cell
death programs differs among parenchymal and non-
parenchymal liver cells at the transcriptional and protein
levels, which potentially determines the cell death modalities
in different types of cells upon certain stress factors (15, 48, 49).
In our study, pMLKL was predominantly activated in
cholangiocytes and nonparenchymal (stromal) cells. It has also
been reported that pyroptosis induced in macrophages
aggravates hepatic IRI by promoting an inflammatory response
in experimental models (50, 51). Yamada N et al. demonstrated
that an increase of ferroptosis markers in serum is a risk factor
for human LT, and inhibition of ferroptosis prevents the
infiltration of neutrophils and macrophages in the murine liver
(52). Taken together, the multiple regulated necrosis modalities
may contribute to hepatic IRI in a cell type-specific manner.
Whether these regulated necrosis programs promote hepatic IRI
independently or synergistically remains unclear. Future
investigations should be performed based on human materials
and animal models and using single-cell profiling methods
including both transcriptomes and proteomes.

It is important to note that there are obvious limitations in
our study, mostly because of the relatively small cohort and
limited availability of multiple types of specimens. For instance,
it remains a challenge to characterize the cells co-expressing
pMLKL in clinical biopsies only in a histological manner. In this
retrospective study, we were not able to obtain fresh biopsies to
perform flow cytometry, which is supposed to be a better method
for cellular populations identification. Based on an appropriate
biopsy collection, future prospective studies should be performed
including flow cytometry assessment. Besides, it would be
interesting to further identify the distinct cellular populations
using lineage tracing in experimental IRI models. Moreover,
although we confirmed a significant increase in pMLKL scores
after short-time reperfusion, we also observed strong pMLKL
positivity in a few T0 biopsies, indicating that there might also be
baseline injury or preservation damage in these donor’s livers.
Based on our study, we cannot conclude whether pMLKL has
already been activated before procurement or could be induced
or potentiated by cold preservation. This is obviously due to the
lack of pre-preservation baseline biopsies. To address this,
biopsies obtained at different time points during liver
transplantation should be investigated in the future.

In conclusion, our study reveals that pMLKL expression
increased significantly after reperfusion in both rodent and
human LT. The histological score of pMLKL is predictive of
post-transplant EAD and is associated with early liver injury
Frontiers in Immunology | www.frontiersin.org 1158
after LT. Periportal non-parenchymal cells appear most
susceptible to pMLKL-mediated cell death during hepatic IRI.
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Oxidative stress and excessive inflammatory responses are the two critical mechanisms of
hepatic ischemia-reperfusion injury (HIRI) encountered in many clinical settings, including
following hepatectomy and liver transplantation. Effective anti-inflammatory and anti-
oxidative pharmacological interventions are urgently needed to counter HIRI. The
present study showed that a biocompatible Prussian blue (PB) scavenger with reactive
oxygen species (ROS) scavenging and anti-inflammatory properties might be used a
promising treatment for HIRI. Following intravenous administration, PB scavenger was
mainly distributed in the liver, where it showed excellent ability to alleviate apoptosis, tissue
injury and organ dysfunction after HIRI. PB scavenger was found to protect liver tissue by
scavenging ROS, reducing neutrophil infiltration and promoting macrophage M2
polarization. In addition, PB scavenger significantly reduced oxidative stress in primary
hepatocytes, restoring cell viability under oxidative stress condition. PB scavenger
effectively reduced lipopolysaccharide-stimulated inflammation in RAW 264.7 cells.
These findings indicate that PB scavenger may be a potential therapeutic agent for the
treatment of HIRI, providing an alternative treatment for ROS-associated and inflammatory
liver diseases.

Keywords: prussian blue, liver ischemia-reperfusion injury, inflammation, reactive oxygen species,
macrophage polarization
1. INTRODUCTION

Ischemia-reperfusion injury (IRI) is a pathophysiological condition, in which organs and/or tissue
experience hypoxia damage caused by the impairment of blood flow, followed by exacerbation of
injury due to the restoration of blood circulation and oxygen delivery (1). Acute IRI can occur in
various tissue and organs throughout the body, leading to tissue damage and dysfunction. The liver,
being the largest solid organ in the human body, is likely to experience IRI in patients undergoing
liver transplantation or hepatectomy, or in patients affected by hemorrhagic shock or liver injury
org May 2022 | Volume 13 | Article 891351161
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(2). The process of hepatic IRI involves a series of events, with
inflammation and excessive reactive oxygen species (ROS) being
the most critical factors contributing to apoptosis, tissue injury
and organ dysfunction (3).

At present, the strategies for treatment of HIRI are limited to
ischemic preconditioning (IPC), ischemic post-conditioning
(IPostC) and machine perfusion, with no pharmacological
interventions available to protect the liver from IRI (4–7).
Because the pathophysiology of hepatic IRI involves various
targets and mechanisms, many types of drugs are currently
being tested for their ability to suppress IRI-associated damage
and restore liver function (8).

Nanomaterials have unique properties, making their
biological behaviors significantly different from those of
conventional molecules, showing anti-cancer, anti-infection
and antioxidation properties (9–11). Nanoscale drugs can enter
capillaries, preferentially accumulating in mononuclear
phagocyte systems (e.g., liver, spleen) and being taken up by
Kupffer cells. This increases drug concentrations in injured liver
tissue, enhancing their bioavailability and therapeutic efficacy. In
addition, nanomaterials are more stable than conventional
molecules in the circulatory system, with a longer half-life,
allowing administered doses to be decreased and reducing side
effects while maintaining efficacy. Aiming at the therapeutic
targets of ROS and inflammation, bioactive nanomaterials
including nanoceria (12), carnosic acid nanoparticles (13), and
bilirubin nanoparticles have shown good therapeutic efficacy in
the treatment of HIRI. Despite their efficacy, bioactive
nanomaterials have several drawbacks that hinder their clinical
translation. For example, nanoceria acting as a nano-antioxidant
reduced HIRI injury by scavenging ROS, alleviating
inflammation, and inhibiting activation of monocyte and
macrophage cells (12). However, the biological activities of
nanoceria are sensitive to their size, ratio of Ce3+/Ce4+ and
active crystal surface (14–16), which is still a great challenge
under exploration. In addition, the biosafety and their ROS
scavenging property of nanoceria need further exploration
(17). It is of great significance to develop an alternative
bioactive nanodrug for efficient treatment of HIRI.

Prussian blue (PB) is a bioactive nanomaterial that has shown
good biosafety and been approved by the U.S. Food and Drug
Administration to treat exposure to radioactive/non-radioactive
cesium and/or thallium (18). PB has shown multienzyme-like
activities, including peroxidase (POD), catalase (CAT), and
superoxide dismutase (SOD) activities, and acts as a good ROS
scavenger. The antioxidant properties of PB can be attributed to
its rich variable valence states in the structure of PB (such as Fe3
+/Fe2+, [Fe(CN)6]

3-/[Fe(CN)6]
4-) (19). Furthermore, PB has

shown good preventive and therapeutic efficacy in various
ROS-related diseases, including in the treatment of ischemic
stroke (20, 21) and neurodegeneration (22), the prevention of
vascular restenosis after endovascular interventions (23), in skin
wound healing (24), and in the treatment of inflammatory bowel
disease (25). A biocompatible PB scavenger with ROS-
scavenging and anti-inflammatory properties may show
potential in the treatment of HIRI.
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The present study tested the ability of PB scavengers to protect
livers from IRI based on their outstanding ROS scavenging and
anti-inflammatory properties. PB scavengers were prophylactic
administered to a mouse model of IRI. These scavengers mostly
accumulated in the liver and effectively alleviated IRI-associated
liver damage. These findings indicated that PB scavengers had
excellent ability to manage oxidative stress, as well as having
immunomodulatory activities.
2. MATERIAL AND METHODS

2.1 Materials
Analytical grade Potassium ferricyanide (K3[Fe(CN)6]),
polyvinylpyrrolidone (PVP, K30), and hydrochloric acid (HCl,
36.0%) were purchased from Sinopharm Chemical Reagent
Co., Ltd.

2.2 Synthesis of PB Scavengers
In a typical experiment, K3[Fe(CN)6] (396 mg) and PVP (5 g)
were dissolved and mixed in 1 M HCl (40 mL) at room
temperature. After being stirred until clear, the solution was
transferred to an oven and heated at 80°C for 24 h. The final
product was collected by centrifugation and washed three times
with deionized (DI) water, followed by dispersion in saline or
lyophilization and storage at 4°C.

2.3 Characterization of PB Scavengers
and Instruments
Sample morphology was assessed using a Zeiss Gemini 300
scanning electron microscope (SEM, Oberkochen, Germany).
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were obtained using a JEOL-2100F TEM
(Tokyo, Japan). Hydrodynamic diameters and Zeta potentials
were determined by dynamic light scattering (DLS, Malvern
Zetasizer Nano-Z, Malvern, UK). X-ray diffraction (XRD)
patterns were obtained on an X-ray diffractometer (Bruker D8
Advance, Karlsruhe, Germany). The surface valence of Fe was
evaluated by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, New York, NY, USA). Ultraviolet-visible
(UV-vis) spectra were recorded using a PerkinElmer Lambda
750 spectrophotometer (Waltham, MA USA). Fourier transform
infrared (FTIR) spectra were characterized using a Fourier
Transform Infrared spectrometer (Nicolet iS20, Thermo Fisher
Scientific). Raman spectroscopy was performed using a
Renishaw Raman system (Renishaw inVia, London, UK). PB
concentrations were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a PerkinElmer
Avio 200 system.

2.4 Catalase (CAT)-Like Activity
of PB Scavengers
To assess the CAT-like activity of PB scavengers, 1.2 M hydrogen
peroxide (H2O2) and 2.4 ug/mL PB were added to buffers at pH
5.5, 6.8 and 7.4, and the dissolved oxygen concentrations were
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measured for 10 min using a portable dissolved oxygen meter
(INESA JPBJ-609L, China).

2.5 Hydroxyl Radicals (•OH) Scavenging
Capacity of PB Scavengers
The ability of PB scavengers to eliminate •OH was assessed by
electron spin resonance (ESR, Bruker MS5000, Germany)
spectroscopy. Briefly, •OH was generated by mixing FeSO4 (50
mg/ml) and H2O2 (20 mM) and captured by the spin trap agent
5,5-dimethyl-1-pyrroline N-oxide (DMPO). Various
concentrations of PB, DMPO and newly generated •OH were
incubated for 8 min, and their ESR spectra were recorded at an
X-ray microwave power of 10 mW, a modulation frequency of
100 kHz, a scan range of 3300–3450 G, and a modulation
amplitude of 1 G.

2.6 Peroxidase (POD)-Like Activity
of PB Scavengers
The POD-like activity of PB scavengers was tested using the
chromogenic substrate 3,3′,5,5′-tetramethylbenzidine (TMB) in
the presence of H2O2. Briefly, H2O2, TMB and PB scavengers at
various concentrations were added to phosphate buffer saline
(PBS) solutions of various pH. The POD-like behavior of PB was
evaluated by recording the absorbance of oxidized TMB at 650
nm over time using a UV-vis spectrophotometer.

2.7 Animals
Male wild-type (WT) C57BL/6JGpt mice aged 8–10 weeks were
purchased from Shanghai Model Organisms. All mice were
housed under specific pathogen-free conditions in a
temperature-controlled room (22–24°C) with normal light–
dark cycle, and allowed food and water ad libitum. All animal
protocols met the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health [NIH], Bethesda, MD,
USA) and were approved by the Animal Use Board of the School
of Medicine of Shanghai Jiao Tong University.

2.8 Establishment of a Mouse Hepatic
Ischemia/Reperfusion Injury Model
Male WT C57BL/6JGpt mice aged 8–10 weeks were randomly
divided into two groups, a sham treatment and a HIRI group, with
each group subdivided into two groups and pretreated with PBS or
1 mg/kg PB scavenger 24 h before the procedure. To induce partial
hepatic IRI, mice were first anesthetized by intraperitoneal injection
of 1% pentobarbital. After a midline laparotomy, the arterial/portal
vessels to the cephalad lobes were clamped with microvascular
clamps for 90 min. The peritoneum was sealed and covered with
warm saline-soaked sterile gauze to avoid dehydration. Clamps were
removed after 90 min to initiate reperfusion. Mice were sacrificed at
6 hours after reperfusion, and liver and serum samples were
collected for further analysis. Sham groups underwent the same
surgical procedures but without obstruction of blood vessels.

2.9 Serum Analysis
Serum ALT and AST levels were measured by ALT/AST
kit (ThermoFisher, Waltham, MA, USA) according to the
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manufacturer’s instructions. Serum concentrations of TNF-a
and IL-10 were measured using mouse TNF-a and IL-10
ELISA kits.

2.10 H&E Staining and TdT-Mediated
dUTP Nick End Labelling Assay
Formalin-fixed liver tissue samples were dehydrated in graded
alcohol, embedded in paraffin, and sectioned at 5-mm thickness.
After deparaffinization, the sections were stained with
hematoxylin and eosin (H&E) as routine protocols. Apoptotic
cell death in liver tissue was analyzed by TUNEL staining.

2.11 Lipid Peroxidation Assay
Frozen liver tissue was homogenized in RIPA buffer and
centrifuged. The MDA concentration in the homogenate was
determined using a commercially available kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), which
measured thiobarbituric acid (TBA) reactivity. Briefly, the
homogenate was mixed with trichloroacetic acid, the mixture
was centrifuged and TBA was added to the supernatant. Lipid
peroxidation was determined by measuring the red color of the
solution at 532 nm with a spectrophotometer. Other procedures
were performed according to the manufacturer’s protocols.

2.12 Assay of ROS Levels In Vivo
Fresh liver tissue samples (50 mg) were homogenized in 1 mL
buffer, followed by centrifugation of the homogenate at 4°C for
10 minutes. A 190-mL aliquot of each supernatant was incubated
with 10 mL ROS probe (BestBio, China) in each well of a 96-well
plate at 37°C in the dark for 30 minutes. ROS levels were
analyzed using fluorescence microplate reader at an excitation
wavelength of 488 nm and an emission wavelength of 530 nm.

2.13 Real-Time PCR
Total RNAs were isolated with Trizol reagent (Sigma), followed by
synthesis of cDNA using a PrimeScript Reverse Transcription
Reagent Kit (Takara, Otsu, Shiga, Japan). A Step One Plus Real-
Time PCR System (Thermo Fisher Scientific) and Sybr Premix Ex
Taq Kit (Takara) were used for qPCR, with the expression of each
target gene normalized to that of GAPDH. Genes were amplified
using primers for Tnf-a (5′-CCTGTAGCCCACGTCGTAG-3′
[forward] and 5′-GGGAGTAGACAAGGTACAACCC-3′
[reverse]); Il-1b (5′-CTCCATGAGCTTTGTACAAGG-3′
[forward] and 5′-TGCTGATGTACCAGTTGGGG-3′ [reverse]);
Arg-1 (5′-CTCCAAGCCAAAGTCCTTAGAG-3′ [forward] and
5′-GGAGCTGTCATTAGGGACATCA-3′ [reverse]); IL-10 (5′-
CTTACTGACTGGCATGAGGATCA-3′ [forward] and 5′-
GCAGCTCTAGGAGCATGTGG-3′ [reverse]); and GAPDH (5′-
GAAATCCCATCACCATCTTCCAGG-3′ [forward] and 5′-
GAGCCCCAGCCTTCTCCATG-3′ [reverse]). The levels of
expression (fold change) of Tnf-a, Il-1b, Arg-1, and IL-10
mRNAs relative to that of GAPDH mRNA in liver tissue samples
and RAW 264.7 cells were determined by the Ct (DDCt) method.

2.14 MPO Activity Determination
Liver MPO activity was determined using an MPO
Detection Kit (Nanjing Jiancheng Bioengineering Institute,
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China). Briefly, liver tissue was homogenized in 1 ml
phosphate buffer (50 mM, pH 6.0) containing 0.5%
hexadecyltrimethylammonium hydroxide and centrifuged at
12,000 r/min at 4°C for 20 min. A 10-mL aliquot of each
supernatant was transferred to PBS (pH 6.0) containing 0.17
mg/mL 3,3′-dimethoxybenzidine and 0.0005% H2O2. The MPO
activity of the supernatant was determined by measuring the
H2O2-dependent oxidation of 3,3′-dimethoxybenzidine and
normalized by measuring the total protein content in samples
using a BCA protein assay kit.

2.15 Immunofluorescence Staining
Liver sections were deparaffinized, rehydrated, and blocked with
5% bovine serum albumin (BSA) for 1 hour at room
temperature. After washing, the tissue slices were incubated
overnight at 4°C with primary rabbit antibodies against F4/80
(1:5000, Servicebio), CD206 (1:400, Servicebio), and iNOS
(1:200, Servicebio). After washing with PBS, the slices were
incubated at room temperature for 1 h with goat anti-rabbit
secondary antibodies labeled with HRP (1:500, Servicebio) or
Cy3 (1:300, Servicebio). Nuclei were stained with DAPI (Sigma-
Aldrich). Fluorescence images were obtained with a DM6B
microscope (Leica Microsystems, Milan, Italy) and analyzed
by ImageJ.

2.16 Isolation, Culture and Treatment of
Primary Hepatocytes
Primary hepatocytes were isolated from livers as previously
described (26). The isolated cells were cultured on dishes (3 ×
106 cells/6-cm dish), 6-well plates (2 × 105 cells/well) or 96-well
plates (1 x 104 cells/well) in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 1% pen-strep and
10% FBS at 37°C in an atmosphere containing 5% CO2. Cell
viability was tested after treating primary hepatocytes with
various concentrations of PB scavengers. The primary
hepatocytes were also treated with various concentrations of
H2O2 in the presence or absence of 50 mg/mL PB scavengers. Cell
viability was analyzed by MTT assays (Sigma-Aldrich, St. Louis,
MO, USA).

2.17 Assay of Intracellular Ferrous
Iron Level
Intracellular levels of ferrous iron were determined using iron
assay kits (#ab83366, Abcam). Briefly, primary hepatocytes were
collected, washed with cold PBS, and homogenized in iron assay
buffer, followed by the addition of iron reducer to the collected
supernatant. An iron probe was added, and the samples were
mixed and incubated for 1 hour. The optical density of each
solution at 593 nm was immediately measured on a colorimetric
microplate reader.

2.18 Intracellular ROS Measurements
Intracellular ROS generation was assessed using the ROS
sensitive fluorescent probe DCFH-DA (Sigma-Aldrich). Briefly,
primary hepatocytes were incubated with H2O2 (100 mM) for
16 h with or without PB scavengers. The cells were washed and
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incubated with 10 mM DCFH-DA for 30 min, with intracellular
fluorescence visualized using a fluorescence microscope
(TE2000, Nikon, Tokyo, Japan). To analyze the cellular ROS
levels in RAW 264.7 cells, the cells were incubated with 10 mM of
DCFH-DA at 37°C for 45 min in the dark, followed by washing,
resuspension in HBSS and immediate analysis by flow cytometry.

2.19 In Vivo Biosafety of PB Scavengers
Male WT C57BL/6JGpt mice aged 8–10 weeks were randomly
divided into two group, which were intravenously administered
PBS (control group) or 1 mg/kg PB scavengers (PB nanozyme
group) respectively through the tail vein. After 24 h, the mice
were anesthetized and blood was collected from the venous sinus
into an anticoagulant tube containing ethylenediaminetetraacetic
acid (EDTA). The main organs of each mice were harvested,
fixed and stained with hematoxylin and eosin (H&E). Routine
blood tests were performed using standard procedures.

2.20 Statistical Analysis
Data were expressed as mean ± SEM. Results in two groups were
compared by two-tailed t tests, whereas results in multiple groups
were compared by one-way ANOVA. All statistical analyses were
performed using GraphPad Prism software (version 8.0), with
P values <0.05 considered statistically significant.
3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterization
of PB Scavengers
PB scavengers were prepared as described (27, 28), by heating
mixtures of K3[Fe(CN)6] and PVP dissolved in 1 M
hydrochloric acid at 80°C for 24 h. In this synthesis process,
PVP acted as a reducing agent under acidic conditions, as well
as controlling and stabilizing size during lattice growth. The
morphological features of PB scavengers were assessed by SEM
and TEM, which showed that the constructed PB scavengers
were approximately regular microspheres about 80.2 mm in
diameter (Figures 1A and S1). Dynamic light scattering (DLS)
showed that the mode hydrodynamic diameter of PB
scavengers dispersed in various aqueous solutions was ~80
nm (Figure 1B). The crystallographic properties of PB were
assessed by X-ray diffraction (XRD), which showed that the
crystalline structure of PB perfectly matched the standard
JCPDS card (73–0687) (Figure 1C) (29). X-ray photoelectron
spectroscopy (XPS) substantiated the composition of PB The
photoelectron spectroscopy of the Fe 2p orbit in PB. showed
two split binding-energy peaks at 721.48 eV and 708.48 eV
(Figure 1D and S2). PB scavengers showed a characteristic
absorption peak at 700 nm due to the electron transition from
FeII to FeIII (Figure 1E). The chemical structure of PB was
further evaluated by FTIR and Raman analysis. The FTIR
spectrum showed a peak characteristic of a carbon-nitrogen
triple bond (C≡N) at 2089 cm−1 (Figure 1F), whereas the
remain spectrum showed a similar C≡N peak at 2155 cm–1 in
the Raman spectrum (Figure S3). Zeta potentiometry showed
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that the zeta potential of PB was ~-13.7 V (Figure S4),
indicating that the surface of PB scavenger was is negatively
charged. The stability of PB in vitro was also investigated.
Both UV-vis and DLS analyses showed that good dispersion of
Frontiers in Immunology | www.frontiersin.org 565
PB in various aqueous solutions, with no changes over 7 days
of incubation (Figures 1G, S5). Taken together, these
r e s u l t s c onfi rmed tha t PB s c a v eng e r s had be en
successfully synthesized.
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FIGURE 1 | Characterization and multi-enzyme-like activity of PB. (A) SEM image of PB. (B) DLS determination of hydrodynamic diameter distribution. (C) X-ray
diffraction patterns. (D) Fe 2p XPS spectrum. (E) Characteristic UV-vis peak of PB by UV–vis. (F) FT-IR spectra of PB. (G) Effect of incubation in different media for 7
days on the UV–vis absorbance of PB. (H) Rate of generation of dissolved oxygen (Inset: Digital photo of O2 bubbles generated from H2O2 15 min after mixing the
reagents). (I) ESR signal of DMPO/(FeSO4+ H2O2)-generated •OH. (J) ESR analysis of the •OH scavenging effect of different concentrations of PB (R2 = 0.99275).
(K) Schematic representation of the mechanism by which PB scavenges ROS.
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3.2 Ability of PB Scavengers to Scavenge
Multiple ROS
3.2.1 CAT–Like Activity of PB Scavengers
CAT, which is synthesized in response to oxidative stimulation,
is an important intracellular protective enzyme that catalyzes the
decomposition of H2O2 to O2 and H2O (30). Thus, the rate of
oxygen generation can reflect the catalase-like activity of PB
scavengers. Measurements of the concentrations of dissolved
oxygen produced over time by H2O2 and PB and recorded by the
dissolved oxygen electrode showed that PB catalyzed the
decomposition of H2O2 to generate abundant O2 bubbles at
pH 6.8 and pH 7.5, but generated fewer bubbles under acidic
conditions (pH 5.5) ( Figure 1H). By contrast, the control group
without PB displayed no bubble generation. These findings
indicated that PB scavengers exhibited CAT-like behavior
through the decomposition of H2O2.

3.2.2 •OH Scavenging Capacity of PB Scavengers
•OH was produced through the classic Fenton reaction between
FeSO4 and H2O2 and examined by ESR. Because •OH is a
powerful oxidizing agent, it has a short half-life, making it
hard to detect. In this study, •OH was captured with the spin
trap agent DMPO, forming DMPO/•OOH (31).

ESR spectra showed that the characteristic peak intensities of
DMPO/•OH and DMPO/•OOH were markedly decreased with
increasing concentrations of PB (Figure 1I). A linear correlation
was observed between PB concentrations and •OH quenching,
with 25 and 50 mg/mL PB concentrations having •OH quenching
rates of 32.5% and 56.6%, respectively (Figure 1J). These
findings showed that PB scavengers quenched •OH in a
concentration-dependent manner regardless of Fe composition,
showing the good •OH scavenging property. The ROS
scavenging properties of PB scavenger may be ascribed to its
variable valence state.

3.2.3 POD-Like Activity of PB Scavengers
POD is another type of antioxidant enzyme that can detoxify
H2O2 to H2O. H2O2 can oxidize the colorless compound TMB to
the blue-colored oxidized TMB (TMBox) with a maximum
absorbance at ~652 nm (32). The POD-like activity of PB
scavengers was therefore assessed by measuring the absorbance
of TMB. Because the blue color of PB was similar to that of
TMBox (33), UV-vis absorbance was performed to ensure that
the maximum absorption of oxidized TMB at 650 nm would not
be masked by the 20-fold higher concentration of PB (Figure
S6A). PB showed a concentration-dependent increase in catalytic
activity (Figure S6B), with higher catalytic activity at slightly
acidic pH (Figure S6C). To sum up, PB scavengers demonstrated
a remarkable ability to scavenge multiple ROS (Figure 1K).

3.3 PB Scavengers Alleviated Hepatic
Ischemia/Reperfusion Injury in Mice
The therapeutic efficacy of PB scavengers in vivo was assessed
using a murine HIRI model, in which mice were exposed to
ischemia for 90 minutes followed by reperfusion for 6 hours
(Figure 2A). To determine the optimal timing of 1 mg/kg PB
Frontiers in Immunology | www.frontiersin.org 666
scavenger administrations, PB scavengers were administered at
different time points, including 24 hours or 1 hour before the
ischemia procedure and at the beginning of the reperfusion. Only
prophylactic administration of PB scavengers 24 hours before I/
R showed a significant protective effect against tissue damage
caused by HIRI, as indicated by reduced serum ALT and AST
levels (Figures 2B, C, S7). Thus, subsequent experiments were
performed by prophylactically administrating PB scavengers 24
hours before the procedure.

Histopathological analysis of liver tissue by H&E staining was
performed to evaluate damage to liver tissue. The control group
of mice, treated with PBS prior to I/R, showed severe congestion,
vacuolization and hepatic necrosis, whereas the mice treated with
PB before I/R showed only mild or moderate congestion,
vacuolization and hepatocyte necrosis (Figures 2D, E).
Evaluation of hepatocyte apoptosis by TUNEL staining showed
that TUNEL positive areas were mainly distributed around the
large vessels, with much stronger TUNEL staining in the PBS
group than in the PB group after I/R injury, suggesting that PB
scavengers could effectively prevent tissue apoptosis (Figure 2F).
In addition, quantitative analysis confirmed that the area of
apoptotic hepatic tissue was larger in the PBS group than in the
PB group (Figure 2G). Measurement of ROS levels in fresh liver
tissue showed that PB scavengers had excellent ROS scavenging
capacity in vivo (Figure 2H). Because lipid peroxidation is an
indicator of excessive ROS generation resulting from I/R injury,
the levels of MDA, a secondary product of lipid peroxidation,
were measured in liver tissue. The level of MDA was markedly
higher in the PBS group than in the sham group and the PB
group (Figure 2I), indicating that PB scavengers could
significantly alleviate HIRI injury through inhibition of
lipid peroxidation.

3.4 PB Scavengers Promoted Macrophage
Polarization to M2, Reduced Neutrophil
Infiltration and Protected the Liver Against
Inflammatory Damage After I/R
In addition to high ROS generation, inflammatory response is
another strong hallmark of I/R injury. To evaluate the anti-
inflammatory activity of PB scavengers in this mouse model of
HIRI, the levels of expression of TNF-a, IL-1b and IL-10 mRNAs
were measured in the livers of PBS- and PB-treated mice. As
expected, the levels of expression of the pro-inflammatory TNF-a
and IL-1b were significantly higher in PBS- than in sham-treated
mice, but were only slightly higher in PB- than in sham-treated mice
(Figures 3A, B). The expression of the anti-inflammatory IL-10
mRNA was significantly higher in PB-treated than in sham- and
PBS-treated mice (Figure 3C). The anti-inflammatory activity of PB
scavengers was further verified by measuring the serum
concentrations of TNF-a and IL-10 in these mice (Figures 3D, E).
MPO activity is often used as a biomarker of neutrophil recruitment
in liver tissue after I/R injury (34). Although MPO was significantly
higher in PBS-treated mice after I/R injury than in sham-treated
mice, MPO activity after I/R injury was markedly decreased by
treatment with PB scavengers (Figure 3F). Additionally, evaluation
of macrophage activation and polarization in the livers of I/R groups
May 2022 | Volume 13 | Article 891351

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Huang et al. PB Scavenger Protects Hepatic IRI
by immunofluorescence staining with F4/80, a macrophage/Kupffer
cell marker, CD206, an M2 polarization marker and iNOS, an M1
polarization marker, showed that, after the I/R procedure, most of
the Kupffer cells in PBS-treated group were activated and had
Frontiers in Immunology | www.frontiersin.org 767
polarized to M1 type, as indicated by the increased number of F4/
80+iNOS+ cells. In contrast, PB scavenger treatment increased the
number of F4/80+CD206+ cells and reduced the number of F4/
80+iNOS+ cells compared with the PBS-treated group
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FIGURE 2 | PB scavengers significantly alleviated hepatic ischemia/reperfusion injury in mice. (A) Generation of an in vivo hepatic I/R injury model in mice. (B, C) Serum
concentrations of (B) ALT and (C) AST in mice after 90 min of ischemia and 6 h of reperfusion (n = 6). (D) H&E staining of liver tissue harvested from mice administered
different treatments. (E) Histological severity of hepatic IRI graded using Suzuki’s score (n = 6). (F) TUNEL staining of liver sections. (G) Quantification of hepatic apoptotic
areas in TUNEL-stained liver tissue (n = 4). (H) ROS levels of fresh liver tissue from various groups of mice (n = 4). (I) MDA levels of liver sections from various groups of
mice (n = 6). *P < 0.05 versus the sham group; #P < 0.05 versus the PBS + I/R group. All scale bars = 100 mm.
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FIGURE 3 | PB scavengers promoted Kupffer cells polarization to M2, reduced neutrophil infiltration and protected liver against inflammatory damage after I/R.
(A–C) Expression of mRNAs encoding pro-inflammatory (TNF-a, IL-1b) and anti-inflammatory (IL-10) cytokines in mouse liver (n = 6). (D, E) Serum concentration of
(D) TNF-a and (E) IL-10 in mice after various treatments (n = 6). (F) MPO activity in liver sections of mice after various treatments (n = 6). (G, H) Immunofluorescence
staining of liver tissue with F4/80 (green), iNOS/CD206 (red), markers of M1 and M2 macrophages, respectively, and the nucleus (blue) in various groups of mice.
*P < 0.05 versus the sham group; #P < 0.05 versus the PBS + I/R group. All scale bars = 100 mm.
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(Figures 3G, H). These results suggested that PB scavengers might
reduce neutrophil recruitment and promote M2 polarization of
macrophages, thereby protecting liver tissue against inflammatory
damage during I/R.

3.5 PB Scavengers Showed Promising
Cytoprotective Effect on Oxidative Stress
Injury in Primary Hepatocytes
The cytoprotective effects of PB scavengers were also evaluated in
primary hepatocytes. At concentrations <100 mg/mL, PB scavengers
showed no significant cytotoxicity (Figure 4A). Because PB
scavenger is an iron-based compound, intracellular iron levels
were measured as an indicator of PB uptake by hepatocytes.
Intracellular iron concentration increased as PB concentration
increased, with intracellular iron peaking at 24 hours of
incubation (Figure 4B). Primary hepatocytes with or without 50
mg/mL PB scavengers were subsequently treated with various
concentrations of H2O2 to stimulate ROS generation. As expected,
Frontiers in Immunology | www.frontiersin.org 969
increasing H2O2 significantly reduced cell viability in the absence of
PB scavengers, whereas treatment with PB scavengers restored
hepatocyte viability (Figure 4C). To determine whether the
cytoprotective effect of PB scavenger was due to its ROS
scavenging ability, intracellular ROS generation in primary
hepatocytes exposed to 100 mM of H2O2 with or without 50 mg/
mL PB scavengers was evaluated using DCFH-DA, an ROS-
sensitive fluorescent probe. The intracellular fluorescence signal,
which was high in the H2O2 treated hepatocytes, was markedly
reduced by PB scavengers, indicating that the latter were efficient
scavengers of ROS (Figure 4D).

3.6 PB Scavengers Alleviated LPS-Induced
Inflammation In Vitro
The in vitro anti-inflammatory properties of PB scavengers were
tested using LPS-activated RAW 264.7 macrophage cells.
Treatment of LPS-stimulated RAW 264.7 cells with PB
scavengers increased the levels of expression of the anti-
A B
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FIGURE 4 | Cytoprotective effect of PB scavengers against oxidative stress injury in primary hepatocytes. (A) Viability of primary hepatocytes after treating with different
concentrations of PB scavengers for 24 hours (n = 5). (B) Intracellular iron levels in primary hepatocytes treated with various concentrations of PB scavengers (n = 4).
(C) Effect of various concentrations of H2O2 on the viability of primary hepatocytes in the absence or presence of PB scavengers (50 mg/mL) (n = 5). (D) Fluorescence
microscopy imaging of intracellular oxidative stress in primary hepatocytes after treatment with H2O2 (100 mM) for 16 h with or without PB scavengers (50 mg/mL). *P <
0.05 versus control group. ***P < 0.001 versus non-PB-protected groups. All scale bars = 100 mm.
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inflammatory genes IL-10 and ARG-1, but did not affect the
expression of the pro-inflammatory genes TNF-a and IL-1b,
compared with control cells, indicating that PB scavengers have
anti-inflammatory effects on macrophages (Figures 5A–D). In
addition, cells treated with LPS and PB scavengers showed
significantly reduced levels of expression of TNF-a and IL-1b
and increased levels of expression of IL-10 and ARG-1 compared
with cells treated with LPS alone (Figures 5A–D). Evaluation of
the secretion of TNF-a and IL-10 by ELISA showed that TNF-a
concentrations were lower and IL-10 concentrations were higher
in the supernatants of cells treated with PB scavengers plus LPS
than in cells treated with LPS alone (Figures 5E, F). Because LPS
Frontiers in Immunology | www.frontiersin.org 1070
stimulation of macrophages increased the generation of ROS,
which contributed to inflammation, and the over-expression of
pro-inflammatory genes may increase the further production of
ROS (35), flow cytometry analysis was performed to assess LPS-
induced ROS generation in RAW 264.7 cells. As expected, the
level of intracellular ROS was higher in LPS-treated than in
control cells, whereas PB scavengers reduced the level of LPS-
induced ROS (Figures 5G, H).

3.7 Biosafety of PB Scavengers In Vivo
The in vivo biosafety of PB scavengers was assessed byH&E staining
of various mouse organs. Evaluation of the heart, lungs, liver, spleen
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FIGURE 5 | PB scavengers alleviated LPS-induced inflammation in RAW 264.7 cells. (A–D) Effect of PB scavengers on the expression of mRNAs encoding the
proinflammatory (TNF-a, IL-1b) and anti-inflammatory (IL-10, ARG-1) cytokines in LPS activated RAW 264.7 cells (n = 5). (E, F) Secretion of TNF-a and IL-10 by LPS
activated RAW 264.7 cells treated with or without PB scavengers (n = 5). (G) Flow cytometry analysis of intracellular oxidative stress in the RAW 264.7 cells after
LPS activation in the absence or presence of PB scavengers (50 mg/mL). (H) Quantitative representation of the flow cytometry results in G (n = 4). *P < 0.05 versus
control group; #P < 0.05 versus the LPS-activated group.
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and kidneys of PBS or PB-nanozyme treated mice showed no
significant tissue abnormalities 24 hours after injection (Figure 6A).
In addition, PB scavengers had no obvious effects on blood or
biochemical indices in these mice (Figure 6B).

3.8 Discussion
The present study found that PB scavengers have promising
therapeutic effects on hepatic ischemia reperfusion injury. HIRI
injury model mice pretreated with PB scavengers experienced
significantly less tissue damage than their positive controls.
These nanoparticles with ROS scavenging and anti-
inflammatory properties protected the liver of these mice by
reducing oxidative stress in hepatocytes, by decreasing
neutrophil infiltration, and by promoting macrophage M2
polarization (Scheme 1). To our knowledge, the present study
is the first to report that systemic prophylactic administration of
PB scavengers could protect the liver from acute injury and that
systemic use of PB scavengers showed great biocompatibility.

The main strategies presently available to improve outcomes of
IRI include reducing oxidative stress in the liver parenchyma and
alleviating inflammatory damage (36). Although several drug
delivery nanosystems have been designed to target HIRI (37),
most are inapplicable clinically because of their poor liver
targeting ability or their severe side effects (38, 39). PB scavengers,
however, may be effective in the treatment of HIRI. PB itself is an
Frontiers in Immunology | www.frontiersin.org 1171
FDA approved drug with high biosafety. Moreover, systemically
administered PB scavengers were found to accumulate mostly in the
liver and spleen, with little or no obvious tissue damage in the liver,
heart, lungs, spleen and kidneys. PB scavenger is nonspecifically
taken up by mononuclear phagocyte systems (e.g., liver, spleen),
remove these particles from the circulation and resulting in the
delivery of a sufficient dose of nano-antioxidants to the liver. In
addition to protecting against acute liver injury, PB scavengers have
been shown to have good therapeutic effects in ischemic stroke (21),
wound healing (24) and inflammatory bowel disease (25),
indicating its great potential for treating ROS-associated and
inflammatory diseases. Evaluations of its mechanisms of action
suggest that PB scavengers reduce intracellular ROS in hepatocytes
and macrophages treated with various stimuli, suggesting that these
may be critical mechanisms underlying the cytoprotective and anti-
inflammatory properties or PB scavengers. ROS are important
regulatory signal factors for the M1 polarization of macrophages
via the downstream NF-kB signal. Suppressing ROS expression can
switch polarization from M1 to M2 type (40, 41). PB scavengers
were shown to switch macrophage polarization from the pro-
inflammatory M1 type to the anti-inflammatory M2 type in the
liver, as well as effectively reducing LPS-induced ROS generation in
RAW 264.7 cells in vitro. These findings indicate that PB scavengers
may scavenge intracellular ROS in activated macrophages and
Kupffer cells, promoting their M2 polarization. This strategy also
A

B

FIGURE 6 | In vivo biosafety of PB scavengers (A) H&E staining of the major organs of mice administered different treatments. (B) Hematological assays of mice
24 h after intravenous injection of PB scavengers (n = 4). All scale bars = 100 mm.
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offers clues to the application of nanozyme therapy to other liver
diseases, such as fatty liver disease and drug-induced liver injury. PB
scavengers have also shown other advantageous characteristics,
including stability in blood, biocompatibility, biodegradability, and
low cytotoxicity. In addition, they are easy to prepare and at low
cost; have adjustable morphology and size and have high catalytic
activity. These characteristics of PB scavenger can overcome some
of the drawbacks of other clinically relevant antioxidants, such as
poor solubility, insufficient target specificity, and systemic toxicity.
Additional studies are needed to determine the optimum
concentration for PB scavenger treatment and methods
improving the targeting of PB scavengers to the liver. In addition,
PB scavengers may act as drug carriers, combining with other drugs
to achieve greater therapeutic effect in ROS-associated and
inflammatory diseases.
4. CONCLUSION

This study described the synthesis of a biocompatible ROS
scavenger using FDA-approved components. The synthesized
PB scavengers effectively protected the liver from IRI by
Frontiers in Immunology | www.frontiersin.org 1272
scavenging ROS in hepatocytes and macrophages, reducing
apoptosis and alleviating inflammatory damage. Pretreatment
with PB scavengers not only improved cell viability under high
oxidative stress conditions but promoted macrophages
polarization to M2 type and reduced the infiltration of
neutrophils. PB scavengers may become a viable and effective
treatment option for diseases associated with ROS stress
and inflammation.
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Ischemia-reperfusion injury (IRI) is considered an inherent component involved in liver
transplantation, which induce early organ dysfunction and failure. And the accumulating
evidences indicate that the activation of host innate immune system, especially hepatic
macrophages, play a pivotal role in the progression of LIRI. Inflammasomes is a kind of
intracellular multimolecular complexes that actively participate in the innate immune
responses and proinflammatory signaling pathways. Among them, NLRP3
inflammasome is the best characterized and correspond to regulate caspase-1
activation and the secretion of proinflammatory cytokines in response to various
pathogen-derived as well as danger-associated signals. Additionally, NLRP3 is highly
expressed in hepatic macrophages, and the assembly of NLRP3 inflammasome could
lead to LIRI, which makes it a promising therapeutic target. However, detailed
mechanisms about NLRP3 inflammasome involving in the hepatic macrophages-related
LIRI is rarely summarized. Here, we review the potential role of the NLRP3 inflammasome
pathway of hepatic macrophages in LIRI, with highlights on currently available
therapeutic options.

Keywords: inflammasome, NLRP3, ischemia reperfusion injury, hepatic macrophage, liver transplantation
INTRODUCTION

The innate immunity acts as the first line of defense that recognizes and eradicates pathogens in
human. It is implemented in the presence of pathogen-associated molecular patterns (PAMPs)
(such as bacteria, viruses and parasites) or damage-associated molecular patterns (DAMPs) through
pattern recognition receptors (PRRs) (1–4). In the past decades, various kinds of PRRs
(inflammasomes) were discovered in succession, such as Nod-like receptor protein 1 (NLRP1),
NLRP2, NLRP3, absent in melanoma 2 (AIM2) and NLR family CARD domain containing 4
(NLRC4) (5, 6). As the most well studied inflammasome, NLRP3 has been confirmed to be a critical
component that mediates caspase-1 activation and cleavage of gasdermin D (GSDMD) in response
to microbial infection and specific endogenous danger-related stimuli (7–11). Activated GSDMD
org June 2022 | Volume 13 | Article 905423175
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facilitate the formation of pore in the plasma membrane and
trigger the pyroptotic cell death and enhance the secretion of
inflammatory cytokines including IL-1b and IL-18 (12).

At present, liver transplantation (LT) is widely used as the
most effective and definitive treatment for end-stage liver
diseases, hepatic malignancies, acute fulminant hepatic failure,
and metabolic disorders (13). During the LT surgery, the cell
death in donor liver was exacerbated following the restoration of
oxygen delivery. This special pathological disorder is concepted
as liver ischemia reperfusion (I/R) injury (LIRI) (14). Due to the
molecular characteristics, liver I/R could be categorized into two
distinct stages. Followed by reopening of the spontaneous shunts,
hepatocytes are deprived suddenly of oxygen and nutrient
interruption. And this period is called ischemia stage. Then
extended ischemia duration would lead to substantial
parenchymal cell death. The other stage is reperfusion stage, in
which the innate immunity and sterile inflammatory response
are intensified. The macrophages in liver such as Kupffer cells
(KCs) can be activated and play an important role in the context
of LIRI (15). Recent studies have demonstrated that blocking the
local inflammatory response in liver could effectively reduce
LIRI. Thus, it is necessary to explore the potential strategies to
prevent the innate immunity and inflammatory response
activation during LIRI.

This review summarizes the recent advances in our
understanding of the activation and regulation of the NLRP3
inflammasome activation, as well as its role in LIRI with
highlights on the prevention of LIRI by inhibiting NLRP3
inflammasome aberrant activation.
THE NLRP3 INFLAMMASOME

The NLRP3 inflammasome complex consists of an amino-
terminal pyrin domain (PYD), a central nucleotide-binding
and oligomerization domain (NOD), and a C-terminal leucine-
rich repeat (LRR) domain (7, 16, 17). The pyrin domain of
NLRP3 frequently referred to apoptosis-associated speck-like
protein (ASC), which initiates the assembly of inflammasome.

The NLRP3 inflammasome can be activated by a wide range
of stimuli that include Candida albicans, bacteria that produce
pore-forming toxins such as Staphylococcus aureus and Listeria
monocytogenes, viruses (such as influenza virus) (5, 18).
Moreover, it is identified that host-derived molecules
(including extracellular ATP, hyaluronan, fibrillar amyloid-b
peptide, extracellular glucose, monosodium urate (MSU)
crystals, and uric acid etc.) are involved in the NLRP3
inflammasome activation (18). On the basis of structural and
chemical differences between these stimuli, it is suggested that
NLPR3 senses common cellular events induced by its stimuli, but
does not directly bind to it. However, there is still no strong
evidence to support this hypothesis. Currently, a two-signal
model has been proposed for NLRP3 inflammasome
activation. The first signal is responsible for initiating the
NLRP3 inflammasome, which including microbial components
or endogenous cytokines. The second signal from pore-forming
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toxins, extracellular ATP, or particulate matter activates the
NLRP3 inflammasome.

The excessive molecular and cellular signaling events have
been clearly recognized as the major consequences of NLRP3
stimuli, compromising reactive oxygen species (ROS),
mitochondrial dysfunction, lysosomal damage, and ionic flux
(10, 19). Proposed as the common signal for NLRP3
inflammasome activation, it is observed that the level of ROS
increased after the NLRP3 stimuli treatment. Lysosomal
NADPH oxidase is deemed to be the origin of ROS generation,
and the accumulation process of ROS may be caused by
respiratory function, which is closely related to the activation
of inflammasome. Furthermore, it is illustrated that
mitochondrial ROS (mtROS) is also a kind of production in
dysfunctional mitochondria (20). As an essential element,
mtROS can be continuously increased with the release of LPS
and ATP and mitochondrial DNA (mtDNA) into the cytoplasm.
This process is important for the mtROS-dependent manner of
NLRP3 inflammasome activation. Furthermore, some kinds of
particulate matter (such as MSU, alum, silica, asbestos, amyloid-
b, cholesterol crystals, and calcium crystals) induces NLRP3
inflammasome activation in macrophages. Moreover,
lysosomal damage after phagocytosis results in the leakage of
lysosomal contents into the cytosol. However, the mechanism
involves in lysosomal disruption to NLRP3 inflammasome
activation remains unclear. Lysosomal acidification, leakage of
active lysosomal enzymes such as Cathepsins B, L, C, S, and X
may account for NLRP3 inflammasome activation. The ionic flux
events, such as K+ efflux, Ca2+ mobilization, Cl− efflux, and
Na+ influx, could all be accelerated by NLRP3 stimuli, which are
implicated in maintaining the NLRP3 inflammasome
activity (Figure 1).
HEPATIC MACROPHAGE PARTICIPATING
IN LIRI

Hepatic macrophages play an important role in the pathogenesis
of LIRI and have been proposed as the primary cells for NLRP3
activation (15). Recent studies have revealed that hepatic
macrophages are a heterogeneous population of innate
immune cells. According to the molecular characteristics,
hepatic macrophages can be categorized into liver-resident
(KCs and liver capsular macrophages (LCMs)) and non-
resident (monocyte-derived and peritoneal macrophages)
cells (15).

KCs account for 20%∼35% of all non-parenchymal cells in the
liver and 80%∼90% of tissue macrophages presented in the body.
KCs are marked as CD45+F4/80highCD11blowCLEC4F+ cells in
mice (21). Analyzing the single-cell RNA-sequencing data, the
researchers identified two distinct subtypes of KCs in liver: the
immunoregulatory KCs and the pro-inflammatory KCs (22).

Act as the microenvironment sensor, KCs resides at the
luminal side of the hepatic sinusoidal endothelium. They are
essential for maintaining local homeostasis, such as clearance of
pathogens of systemic and gut origin, and regulation of iron
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metabolism. KCs play a vital role in the liver homeostasis by
utilizing followed functions: (i) clearance of metabolic waste and
cellular debris (22–24); (ii) preservation of iron homeostasis via
engulf of red blood cells and the subsequent recycling of iron
(25–28); (iii) regulation of cholesterol metabolism through the
production of cholesteryl ester transfer proteins (29); (iv)
mediation of antimicrobial defense (30, 31) and (v) promotion
of immunological tolerance.

LCMs are newly identified murine liver-residents of the
CD11b+F4/80+CX3CR1+MHC II+ phenotype. LCMs do not
express classic Kupffer cell (TIM4 and CLEC4F) or monocyte-
derived macrophage (Ly6C) markers and form a contiguous
cellular network in the hepatic capsule (23). LCMs sense
peritoneal bacteria and promote recruitment of neutrophil into
the capsule. When LCMs populated in the hepatic sinusoids, they
are responsible for monitoring the expand of intra-peritoneal
bacteria. In order to avoid the exhaustion of LCMs, blood
monocytes could supply and mature LCMs in the steady-state.
Despite the growing recognition of the importance of LCMs in
hepatic pathogen defense, whether LCMs play a role in LIRI-
induced sterile inflammation in the liver remains unclear and
needs to be further addressed.
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Monocyte-derived macrophages (MoMfs) are differentiated
from bone marrow (BM) CX3CR1+CD117+Lin− progenitor
cells-derived circulating monocytes. In mice, MoMfs are
CD11b+, F4/80intermediate (int), Ly6C+ and CSF1R+ while
KCs are CD11blow, F4/80high and Clec4F+ (21, 24). Hepatic
MoMfs could be classified into two main subpopulations on
the basis of Ly6C expression: Ly6C high and Ly6C lowMoMfs in
mouse models of liver diseases,

Based on the recent single-cell RNA-sequencing results, it is
illustrated that CD68+MARCO+ KCs, CD68+MARCO−

macrophages, and CD14+ monocytes are specifically enriched in
the liver microenvironment (26). Through the further integrative
analysis, it is also found that CD68+MARCO+ KCs could be
recognized by immune tolerance (e.g., VSIG4) and inflammation
inhibiting (e.g., CD163 and HMOX1) related genes.
CD68+MARCO− macrophages as recruited proinflammatory
macrophages have a similar transcriptional profile (e.g., C1QC,
IL-18, S100A8/9). However, peripheral CD14+ monocytes show
significantly proinflammatory responses than both CD68+

MARCO− macrophages and hepatic CD14+ monocytes.
In the steady environment, KCs self-renew via homeostatic

repopulation (27). Under cellular stress, the self-renewal of KCs
FIGURE 1 | Basic structure of NLRP3 inflammasome and its two-step process of priming and activation. The NOD-like receptor family pyrin domain containing 3
(NLRP3) inflammasome complex consists of NLRP3 monomers, apoptosis-associated speck-like protein containing a CARD (ASC) and the pro casepase-1. When
inflammatory stimuli such as lipopolysaccharide (LPS) sensed by Toll-like receptors (TLRs) (e.g., TLR4) and cytokine receptors, the downstream singling adaptors such
as MyD88 cooperatively contribute to the priming process, which upregulate the transcription of NLRP3 and IL1b/IL18, accumulate cytoplasmic pro-IL1b/pro-IL18. In
addition, NEK7, one of the serine/threonine kinases, is also required for the activation of NLRP3 inflammasome. In the second step, pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) trigger cellular events including reactive oxygen species (ROS) release, endoplasmic reticulum
stress, mitochondrial dysfunction, lysosomal damage, and ionic flux such as K+ efflux, Cl- efflux and Ca2+ influx. These facilitate the cleavage of pro casepase-1 into
active form casepase-1, and in turn the maturation and release of IL1b/IL18, consequently leading to the inflammatory cell death known as pyroptosis.
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would be hampered, which results in the suppression of their
homeostatic repopulation. Sterile inflammation (such as LIRI)
decrease KC numbers, which would be replaced by bone marrow-
derivedmonocytes replacing in a mouse LIRI model (28). Notably,
infiltrating Ly6Chigh-CCR2high-CX3CR1low monocyte-derived
macrophages (MoMFs) show great plasticity maintaining
phenotype and functions. In mouse models after depletion of
Kupffer cell by diphtheria toxin receptor (DTR), MoMFs
accumulate the hepatic macrophage differentiated towards
functional and self-renewing KCs (21).

Since their depletion promotes liver inflammation, KCs
undergoing cell death in response to LIRI may affect homeostasis
and activate inflammatory macrophage in mice (28). Being in
contact with DAMPs produced by dead or moribund LIRI-
stressed cells, KCs are activated through sensing early organ
damage via PRRs (Figure 2). Then these activated KCs secrete
cytokines and chemokines that recruit circulating monocytes,
neutrophils and T cells to promote liver injury (29). Liver sterile
inflammation recruits new populations of extrahepatic macrophages
(emergency repopulation) such as MoMFs and peritoneal
macrophages. These monocytes consist of a bone marrow-derived
pro-inflammatory Ly6ChighCCR2highCX3CR1low subset and an anti-
inflammatory Ly6ClowCCR2lowCX3CR1high subset in mice (27).
Human monocytes are similarly defined as CX3CR1low

CD14+CD11bhighCD11c+CD62L+-CD16low or CX3CR1high

CD14lowCD16+CD11b+CD11chigh subsets. In summary, the above
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hepatic macrophages play a proinflammatory effect after sensing
DAMPs and mediate pathogenesis in LIRI.
THE NLRP3 ACTIVATION OF LIVER
MACROPHAGES IN LIRI

Constant monitoring for infection or non-infectious threats to
tissue integrity is one of the major immune functions of liver-
derived KCs (30). During hepatic injury, KCs can promote
inflammasome formation while recognizing DAMPs or
PAMPs that bind to PRRs such as NLRs. In the early stage of
LIRI, ischemic injury leads to hypoxia in hepatocytes, which
further causes pH changes and ATP depletion. These changes
can increase the liver’s dependence on glycogen for energy
production. At the same time, these events mentioned above
promote the release of ROS, increase the intracellular calcium
concentration, and exacerbate organelle damage, ultimately
leading to cell damage or death.

Reperfusion after liver transplantation can enhance the
inflammatory cascade, thereby aggravating liver injury.
Furthermore, the destruction and death of hepatocytes and
sinusoidal endothelial cells can trigger the release of DAMPs
such as ATP and HMGB1. These DAMPs potentially activate
hepatic macrophages such as KCs to awaken innate
inflammatory responses, which may assemble the NLRP3
FIGURE 2 | The characterization of hepatic macrophages. The hepatic macrophages based on their origin and molecular features can be classified into liver-resident
cells such as Kupffer cells (KCs) and liver capsular macrophages (LCMs), and non-resident cells such as monocyte-derived and peritoneal macrophages (PMs).
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inflammasome and activate pyroptosis-regulated signaling
pathways (31). These macrophages are critical in the mediation
of LIRI, not only for recognizing damage-associated molecules to
initiate inflammation and recruit immune cells, but also to help
end inflammation and repair tissue damage.

The potential role of NLRP3 inflammasome activation
pathway in LIRI has been investigated both in vitro and in vivo
(32–34). Through the experiments, it was confirmed that the
activation of NLRP3 inflammasome play a vital part in followed
inflammatory response (33, 35). But utilizing the NLRP3
inflammasome inhibitors may mitigate hepatic inflammation
through different signaling pathway.

Since both NLRP3 and caspase-1 knockout attenuated the
inflammatory response in the LIRI mouse model, and these two
genes are upregulated during injury. Thus, it is thought that
NLRP3 activation is critical for LIRI progression (32, 33). The
knockdown of NLRP3 in model mice decreased the serum
alanine aminotransferase levels, lowered the secretion of
proinflammatory cytokines (such as IL-1b, IL-18, TNF-a, and
IL-6) and inhibited the release of HMGB1. Overall, NLRP3
knockdown decreased the infiltration of inflammatory cells and
protected the liver from I/R injury. Furthermore, depletion of
myeloid cell-specific GSDMD suppressed warm LIRI, suggesting
that macrophage and neutrophil pyroptosis have a driving role
during hepatic ischemic stress (36). In the further study, some
studies discovered that NLRP3 is highly expressed in
macrophages and monocytes while downregulated in
hepatocytes and stellate cells, which also indicating that
macrophages are the main effectors (37–39). Liver I/R stimuli
upregulates NLRP3, but not ASC that containing a caspase
recruitment domain. This suggests a feed-back pathway of
NLRP3 inflammasome activation exists in LIRI, and it might
be exploited for therapeutic purpose (35).

It is reported that aged liver receivers are sensitive to the liver
I/R injury. Using integrative analysis, Zhong et al. showed that
the STING-NLRP3 pathway is responsible for the
proinflammatory response of aged macrophages in elderly
patients (40). Additionally, aggravated liver I/R injury was
found in db/db mice with increased ROS expression. N-Acetyl-
L-cysteine (NAC) treatment significantly inhibited hepatocyte
NLRP3 inflammasome activation and pyroptosis in db/db mice
after I/R, suggesting that ROS plays an important role in
mediating hepatocyte pyroptosis in the diabetic setting (41).

Studies have shown that both exosomes and pyroptosis play a
role in LIRI and are essential in neuronal death. In the LIRI rat
model, the NLRP3 inflammasome is activated and caspase-1-
dependent pyroptosis occurs in the hippocampus and cortex.
Serum-derived exosomes from LIRI-challenged rats not only
penetrated the blood-brain barrier (BBB) but also caused
neuronal cell pyroptosis. Furthermore, in the exosome challenge
group, ROS and malondialdehyde (MDA) production were
induced, while the NLRP3 inhibitor (MCC950) attenuated LIRI-
mediated pyroptosis of hippocampal and cortical neurons (42).

Robust activation of the NLRP3 inflammasome was
demonstrated in KCs during LIRI (33). Huang et al. showed
that during liver I/R, endogenous extracellular histones activate
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the NLRP3 inflammasome in KCs through TLR9-dependent
production of ROS. Activation of the NLRP3 inflammasome
can also regulate neutrophils and inflammatory monocytes
infiltrating the liver after I/R. However, loss of NLRP3
provides a stable innate immune environment. Also, the
numbers of DCs, neutrophils and inflammatory monocytes
remained unchanged compared to liver I/R. Sham KO mice.
These data suggest that depletion of the NLRP3 inflammasome
downregulates the innate immune response by reducing the
influx of innate immune cells in the ischemic lobe after liver I/
R (33). Inhibition of the NLRP3 inflammasome also attenuates I/
R-mediated hepatocyte injury and prevents several pro-
inflammatory cytokines such as IL-1b, IL-18, HMGB1 and IL-
6 by preventing the stimulation of caspase-1, and the release of
NF-kB pathway. Inoue et al. found that NLRP3(-/-) neutrophils
reduced the concentration of keratinocyte-derived chemokine-
induced intracellular calcium, ROS activation, and actin
assembly formation, resulting in impaired migratory activity.
NLRP3 can regulate chemokine-mediated functions and
neutrophil recruitment, leading to liver I/R injury independent
of the inflammasome. These discoveries reveal a novel role for
NLRP3 in the pathophysiology of LIRI (35).

Activation of NLRP3 in LIRI is regulated by various signaling
pathway. The heat shock factor 1 (HSF1)-b-catenin axis
mediates the activation of NLRP3 by regulating the X-box
binding protein 1 (XBP1) signaling axis. HSF1 activation
promoted b-catenin expression, which in turn inhibited XBP1,
resulting in NLRP3 inactivation and LIRI mitigation (43).
Recently, dexmedetomidine was reported to show therapeutic
potential by repressing the activation of NLRP3 inflammasome
and alleviating LIRI via the miR- 494/JUND/PI3K/AKT/Nrf2
axis (44).

Thioredoxin-interacting protein(TXNIP) is an oxidative
sensor that in homeostasisand is released after ROS
stimulation (45)., TXNIP interacts with NLRP3 to promote its
activation. Hypothermic oxygenated perfusion (HOPE) may
modulate the TXNIP/NLRP3 inflammasome pathway from
which liver injuries were reduced and liver function
improved (46).

Autophagy, characterized by conserved autophagy,
contributes to the degradation of intracellular components
such as dysfunctional organelles, macromolecular complexes,
long-lived cytoplasmic proteins, and foreign bodies. Recent
studies have shown that autophagy negatively regulates the
activation of the NLRP3 inflammasome during LIRI. Xue et al.
reported that the antioxidant lycopene, elevated autophagosomes
and increased protein levels of LC3B in KCs, and the autophagy
inhibitor 3-methyladenine blocked the inhibitory effect of
lycopene on the NLRP3 inflammasome in KCs (47). It is
further demonstrated that lycopene promoted Nrf2/heme
oxygenase 1 (HO-1) pathway activation and suppressed the
NLRP3 inflammasome activation via enhancing KC autophagy
(47). The expression of V-ATPase D2 subunit (ATP6V0D2) in
liver macrophages was upregulated after LIRI which can
promote the formation of autophagolysosomes to increase
autophagy flux to limit the activation of liver inflammation
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(48). Eva-1 homologous gene A (EVA1A) is a kind of lysosomal
and endoplasmic reticulum-related protein that has been found
to be involved in regulating autophagy and apoptosis (49).
Knockdown of EVA1A in KCs inhibits the formation of
autophagosomes through inhibiting formation of ATG5/
ATG12 complex in I/R process. suppressed combined action
with Atg16L1. Knockdown of transient receptor potential
melastatin 2 (TRPM2) also prevents LIRI by inhibiting
autophagy activation and NLRP3 inflammasome pathway,
which is via the exogenous upregulation of LC3-II (50).

Abundant regulators inhibit NLRP3 inflammasomes
activation to alleviate LIRI by regulating different pathways
(51–62). Zarpou et al. found that Silibinin ameliorated
inflammatory liver tissue injuries, including neutrophil and
macrophage infiltration, hepatocyte degeneration, cytoplasmic
vacuolation, vascular endothelial damages, and sinusoid dilation
observed in the I/R group (51). Bruton’s tyrosine kinase (BTK) is
mainly expressed on KCs and sinusoidal endothelial cells, and
BTK inhibitor ibrutinib effectively attenuates liver I/R injury by
suppressing activation of the NLRP3 inflammasome in KCs (52).
T3 and fisetin suppressed I/R liver injury-dependent AMPK
pathway (63, 64). While the 12-hours fasting exerted beneficial
effects on the prevention of LIRI by increasing serum b-
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hydroxybutyric acid (BHB), thus up regulated forkhead box
transcription factor O1 (FOXO1) and HO-1, and by reducing
the inflammatory responses and apoptotic cell death via the
down-regulation of NF-kB and NLRP3 inflammasome (65). SET
domain-containing protein 8 (SET8) negatively regulates liver I/
R-mediated inflammatory response and ameliorates LIRI by
suppressing microtubule affinity-regulating kinase 4 (MARK4)/
NLRP3 inflammasome pathway (66). Docosahexaenoic acid
(DHA) ameliorated I/R-induced injury by inhibiting pyroptosis
of hepatocytes induced in liver I/R injury in vivo and in vitro
through the PI3K/Akt pathway, providing a potential therapeutic
option to prevent LIRI (67). The histone deacetylase Sirtuin-1
(SIRT1) inhibits the downstream XBP1/NLRP3 inflammatory
pathway by activating miR-182, thus alleviating LIRI in mice
(Figure 3) (68).

Isoflurane preconditioning significantly relieved liver IRI in
mice and LPS-induced inflammation in liver macrophages by
reduced intracellular Ca2+ levels, NF-kB translocation, and
NLRP3 inflammasome activation in LPS-induced macrophages
(69, 70). Iisoflurane pretreatment also inhibited caspase-11
expression and noncanonical pyroptosis-related production of
cytokines (IL-1beta and IL-18). These findings suggest that
isoflurane could be a pharmacological agent for liver IRI
FIGURE 3 | The schematic diagram of NLRP3 inflammasome activation pathway of hepatic macrophages in liver ischemia–reperfusion injury (LIRI). The release
of caspase-1 and following cell death of pyroptosis mediated by NLRP3 inflammasome activation pathway frequently occurs in hepatic macrophages including
Kupffer cells (KCs), liver capsular macrophages (LCMs), monocyte-derived and peritoneal macrophages (PMs). These hepatic macrophages regulate on another
and modulate the progression of LIRI-related NLRP3 inflammasome activation through the release of inflammatory cytokines such as IL1b, IL18 and TNF-a. In
RAW 264.7 cells (mice macrophages), SET domain-containing protein 8 (SET8) negatively regulate LIRI inflammatory responses and ameliorate liver injury through
the inhibition of MARK4/NLRP3 inflammasome activation pathway. Eva-1 homologous gene A (EVA1A) is upregulated in inflammatory responses of LIRI in Kupffer
cells (KCs), in which its overexpression induces more formation of autophagosomes. Whereas EVA1A silencing can promote ASC activation and increase the
cleavage of caspase 1 and IL1b by activating autophagy. Liver kinase B1 (LKB1) alleviates LIRI by inhibiting the activation of NLRP3 inflammasome and NF-kB.
Additionally, this inhibitory effect could be mediated through the forkhead box protein O1 (FOXO1).
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prevention and thus deserves more attention and further
investigation (71).
CONCLUSION

Recent advances continue to improve our understanding of the
mechanisms involved in activation of NLRP3 inflammasome in
LIRI. The KCs play a main part in the process. However, the
pathological sequences of other macrophages such as recently
identified LCM and other macrophages need to be further
investigated. The advance in the subject also will improve the
development of clinical strategies against LIRI and prevention of
liver transplantation failure.
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Ischemia-Reperfusion Injury of
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Portsmouth, Portsmouth, VA, United States, 4 Department of Oncology, Lombardi Comprehensive Cancer Center,
Georgetown University Medical Center, Washington, DC, United States, 5 Department of Pathology, MedStar Georgetown
University Hospital, Washington, DC, United States, 6 Departments of Anesthesiology and Medicine, Beth Israel Deaconess
Medical Center, Harvard Medical School, Boston, MA, United States

Innate lymphoid cells (ILCs), the most recently described family of lymphoid cells, play
fundamental roles in tissue homeostasis through the production of key cytokine. Group 1
ILCs, comprised of conventional natural killer cells (cNKs) and type 1 ILCs (ILC1s), have
been implicated in regulating immune-mediated inflammatory diseases. However, the role
of ILC1s in nonalcoholic fatty liver disease (NAFLD) and ischemia-reperfusion injury (IRI) is
unclear. Here, we investigated the role of ILC1 and cNK cells in a high-fat diet (HFD)
murine model of partial warm IRI. We demonstrated that hepatic steatosis results in more
severe IRI compared to non-steatotic livers. We further elicited that HFD-IRI mice show a
significant increase in the ILC1 population, whereas the cNK population was unchanged.
Since ILC1 and cNK are major sources of IFN-g and TNF-a, we measured the level of ex
vivo cytokine expression in normal diet (ND)-IRI and HFD-IRI conditions. We found that
ILC1s in HFD-IRI mice produce significantly more IFN-g and TNF-a when compared to
ND-IRI. To further assess whether ILC1s are key proinflammatory effector cells in hepatic
IRI of fatty livers, we studied both Rag1−/− mice, which possess cNK cells, and a
substantial population of ILC1s versus the newly generated Rag1−/− Tbx21−/− double
knockout (Rag1-Tbet DKO) mice, which lack type 1 ILCs, under HFD IRI conditions.
Importantly, HFD Rag1-Tbet DKO mice showed significant protection from hepatic injury
upon IRI when compared to Rag1−/− mice, suggesting that T-bet-expressing ILC1s play a
role, at least in part, as proinflammatory effector cells in hepatic IRI under
steatotic conditions.

Keywords: Type 1 innate lymphoid cells, T-bet, ischemia-reperfusion injury, fatty liver disease, liver transplantation,
phasor fluorescence lifetime imaging, innate lymphoid cells, natural killer cells
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INTRODUCTION

Ischemia-reperfusion injury (IRI) is an unavoidable consequence of
organ transplantation that can contribute to early allograft failure
and increases the risk for subsequent allograft rejection (1). Hepatic
steatosis has been identified as an independent risk factor for greater
severity in ischemia-reperfusion injury (2). Unfortunately, given the
increasing demand for liver transplantation and relative lack of
available organs, marginal allografts, including those with hepatic
steatosis, are being considered for use, given careful donor to
recipient matching. This has led to significant research efforts to
identify modifiable immunemediators to minimize IRI within these
marginal organs.

Innate lymphoid cells (ILCs) are the most recently described
family of lymphoid cells and are known to play fundamental
roles in the first-line defense of epithelial barriers (3, 4), tissue
homeostasis, and immune regulation through the activation of
host-derived cytokine expression (5, 6). Specifically, Group 1
ILCs are a subset of ILCs that include Type 1 ILC (ILC1s) and
conventional natural killer (cNK). Both ILC1s and cNK cells
potently secrete TNF-a and IFN-g (7) in a T-bet transcription
factor-dependent manner; Eomesodermin (Eomes) is required
only for the maturation of cNK, not ILC1 (8, 9). Moreover, T-bet
expression is required for cNK cell maturation in stages, which
are elicited by changes in the expression of CD27 and CD11b (8,
9). In this regard, CD11b− CD27+ NK cells are the most
immature NK cells, whereas mature CD11b+CD27+ (double
positive, DP) NK cells differentiate into terminally mature NK
(CD11b+CD27−) cells. Further, while cNK cells are known to
circulate throughout the body to eradicate deformed cells in a
cytotoxic manner, ILC1s reside predominately within liver tissue
(3, 6, 10) and elicit a variety of functions. It has previously been
noted that ILC1s can serve a protective function through the
production of IFN- g, and upregulation of Bcl-xL, however, it is
also known that these immune cells are prone to overactivation
and dysregulation, contributing to autoimmune disorders (11).
Additionally, recent work in hepatocellular carcinoma (HCC)
using human tissue has associated ILC composition with HCC
outcome, specifically denoting plasticity of cNK cells into tumor
ILC1 (12).

While the activation of cNK cells has been associated with
hepatic IRI (13), the role of ILC1s remains largely understudied.
Given the resident and innate nature of ILC1s, the contribution
to autoimmune disease, and plasticity of cNK cells to ILC1, we
hypothesized that ILC1s are contributors to hepatic IRI,
specifically in the setting of hepatic steatosis. In this present
work, we utilized a high-fat diet (HFD) murine model of partial
warm ischemia-reperfusion injury to elicit the presence of ILC1s
in hepatic IRI. We then classified the function of ILC1 in
comparison to cNK cells in IRI using Rag1−/− single knockout
mice, which lack T and B cells but retain full ILC1 and cNK
function versus Rag1−/− Tbx21−/− double knockout (Rag1-Tbet
DKO) mice, which lack T and B cells as well as T-bet-dependent
ILC1 cells but have retained Eomes+ cNK cells. Taken together,
we report that ILC1s are a proinflammatory effector subset,
driving IRI through the release of IFN-g and TNF-a.
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MATERIALS AND METHODS

Mice
C57BL/6, Rag1-/- and Tbx21-/- (formal gene name Tbx21) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME).
Rag1-Tbet DKO mice were obtained through crossbreeding of
Rag1−/− mice with Tbx21−/− mice. Genotyping for Rag1-Tbet
DKO was performed by Transnetyx. Mice were fed either
standard chow (normal diet, ND) or a lard-based high fat diet
(HFD). The ND, consisting of 4.09 kcal/gram,13.4% kJ/fat, was
purchased from Lab Diet (St. Louis, MO). The HFD, consisting
of 5.10 kcal/gram, 60% kJ/fat, was purchased from TestDiet (St.
Louis, MO). ND was started at week four of life and maintained
for 12-15 weeks for the ND group. For the HFD group
experiment, HFD feeding was started between weeks five and
seven of life. HFD continued for 12 weeks. All mice were bred
and maintained within a pathogen-free facility in the Division of
Comparative Medicine at Georgetown University Medical
Center, with a standard 12-hour light-dark cycle. All
procedures on animal subjects were fully approved by the
Georgetown University Institutional Animal Care and Use
Committee (protocol #2016-1351).

Partial Warm Ischemia-Reperfusion
Injury Model
Mice were anesthetized using 2% isoflurane and oxygen
inhalation. After a midline laparotomy, an atraumatic micro
clip was applied to the hepatic hilus. Mice were subjected to 45
min of partial warm hepatic ischemia, which closely corresponds
to the average warm ischemia time during human liver
transplantation at our institution and others. After 45 min of
hepatic ischemia, the clip was removed to initiate liver
reperfusion, and the peritoneum was reapproximated with
sutures and skin closed with staples. After completion of the
operation, the mice were returned to their cage. All analysis was
performed after 24 hours of reperfusion. Whole blood was
collected by direct cardiac puncture as a terminal procedure.
The left lobe of the liver and the whole spleen were collected.
Control mice were subjected to anesthesia with 2% isoflurane
and oxygen inhalation and subjected to midline laparotomy,
whole blood collection via cardiac puncture, and collection of the
entire liver.

Histology and Immunohistochemistry
Hematoxylin and eosin (H&E) staining was performed on five-
micron sections from formalin-fixed paraffin-embedded liver
tissues that were de-paraffinized with xylenes and rehydrated
through a graded alcohol series. H&E staining was completed,
followed by rehydration through a graded alcohol series using
Autostainer XL (Leica Biosystems). Gr1 staining was performed
using an ImmPRESS Goat anti-rat (Mouse absorbed IgG)
Polymer Detection Kit (peroxidase) from Vector laboratories
(MP-7444) according to the manufacturer’s instructions.
Additional slides were subsequently stained for CD68 using a
horseradish peroxidase-labeled polymer from Dako (K4003)
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according to the manufacturer’s instructions. Both Gr1 and
CD68 staining were quantified by viewing slides on an
Olympus BX41 light microscope. The cells stained for the
antibody were counted manually in five high-power field
sections at 20x magnification in a blinded manner.

Measurement of Serum Alanine
Aminotranferase and Aspartate
Aminotransferase
ALT and AST levels were measured using a multichannel
analyzer, Alfa Wassermann Vet Axcel, from the clinical
diagnostics laboratory of VRL Maryland, LLC.

Cell Preparation and Flow Cytometry
The specified liver tissues were collected into RPMI-1640 culture
medium (Gibco). Liver tissues were passed through a 70-mm cell
strainer (Fisher Scientific), and leukocyte fractions were isolated
via Percoll (Cytiva) density gradient. After Percoll gradient
centrifugation at 1000xg (25°C), without brake for 20 min, the
upper layer, including cell debris, was carefully discarded.
Leukocyte layer was washed and resuspended in 1X PBS
(Gibco). Liver leukocytes were stained with the following
antibodies for flow cytometry analysis: PE-conjugated anti-
CD49b (BioLegend), APC-conjugated anti-CD49a (BD
Biosciences), Brilliant Violet 605™-conjugated anti-NK-1.1
(BioLegend), Alexa Fluor® 700-conjugated CD45 (BioLegend),
PerCP-eFluor 710-conjugated anti-EOMES (eBioscience), PE/
Dazzle™ 594-conjugated anti-T-bet (BioLegend), Brilliant Violet
510™-conjugated anti-CD11b (BioLegend), BrilliantViolet 711™-
conjugated anit-CD107a (BioLegend), Brilliant Violet 650™-
conjugated anti-CD27 (BioLegend), APC-conjugated anti-
Perforin (BioLegend) and PE/Cyanine7-conjugated anti-
Granzyme B (BioLegend). The lineage cocktail for mouse cells
consisted of FITC-conjugated anti-CD3, CD5, CD19, Ly-6C, and
CD11c (BioLegend). For ILC3, PE/Dazzle™ 594-conjuated anti-
CD-127 (BioLegend), PE-Cyanine7-conjuated anti-NKp46
(eBioscience) and Alexa Fluor® 647-conjuated anti-RORgt (BD
Biosciences). Data were acquired using a BD FACSAria III
Cytometer (BD Biosciences) at our Flow Cytometry & Cell
Sorting Shared Resource (FCSR). Any samples with the viability
of 60% or lower (as determined by staining with live dead marker
Zombie NIR™, BioLegend) were excluded from all analyses.
Fluorescence minus one (FMO) controls were used for analysis
of cell surface staining, isotype controls were used for T-bet and
Eomes transcription factor staining, and unstimulated controls
(absence of PMA/ionomycin restimulation) were used for all
intracellular cytokine staining (Supplementary Figure 1A).
Cytokine Stimulation and Intracellular
Cytokine Staining
Intracellular staining for the detection of cytokines was carried
out from liver leukocytes. Approximately 1x106 cells/ml RPMI
supplemented with 10% FBS, 1% Penicillin Streptomycin, and
0.5% Gentamycin were cultured for 20 hours at 37°C in a cell
culture flask. Recombinant mouse cytokine concentrations used
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were 10 ng/ml IL-12, 50 ng/ml IL-18, and 50 ng/ml IL-15 (R&D
Systems). Cells were stimulated for 4 hours with Cell Activation
Cocktail containing phorbol-12-myristate-13-acetate (PMA,
50ng/ml) and ionomycin (BioLegend) in the presence of 5 mg/
ml brefeldin A (BioLegend). Following stimulation, the cells were
stained with the following antibodies to detect cytokines:
Brilliant Violet 650™-conjugated anti-IFN-g (BD Biosciences)
and Brilliant Violet 605™-conjugated anti-TNF-a (BioLegend).
Cells were fixed (IC Fixation buffer, Invitrogen) and
permeabilized (Permeabilization buffer, Invitrogen) according
to manufacturer’s instructions.

Real-Time PCR Array
Mouse liver specimens were stored in Allprotect Tissue Reagent
(Qiagen). Total RNA was extracted using the RNeasy Mini kit with
RNase-free DNase set (Qiagen). cDNA was synthesized utilizing
RT² First Strand kit (Qiagen) followed by polymerase chain reaction
(PCR) amplification and quantification using RT² Profiler™ PCR
array for Mouse Cytokines & Chemokines (PAMM-150ZC-12,
Qiagen). A total of 1.25μg RNA was pooled from at least three
separate mice livers in an equal proportion to PCR profiler array.
For the StepOnePlus (Applied Biosystems) thermocycler, the qPCR
cycling conditions were 95°C for 10 minutes for 1 cycle, followed by
40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Raw Ct
values were analyzed to determine fold change and fold regulation
using the GeneGlobe web tool (https://geneglobe.qiagen.com/us/).
Non-IRI and IRI groups were tested separately for clustering
analysis, considering IRI surgery-based changes in the Ct values
for the housekeeping genes. Unsupervised hierarchical clustering for
the 2-DCt values was performed using the ClustVis (14) (https://biit.
cs.ut.ee/clustvis) web tool to identify gene clusters specifically in
non-IRI and IRI groups under two different diet regimens in
Rag1−/− and Rag1-Tbet DKO mice and normalized using Actb
and Hsp90ab1 as housekeeping genes. IRI-mediated genotype- and
diet-specific fold regulation in gene expression was computed using
respective ND (non-IRI) as a baseline and normalized using a
housekeeping gene panel (Actb, Hsp90ab1, Gapdh) for Rag1−/−

mice and automatically selected reference genes from the entire
cataloged array (Nodal, IL-9, and Csf1) for Rag1-Tbet-DKO mice.
Phasor-FLIM Imaging for
Steatosis Calculation
Autofluorescence from 5 μm thick liver sections was imaged
using the homebuilt DIVER (Deep Imaging via Enhanced
Recovery) microscope (15, 16). The details of this microscope
have been described elsewhere (16–19), and it is a homebuilt
modified detector based on an upright configuration. DIVER is
connected to a FastFLIM (ISS, Champaign, IL) acquisition card
that calculates the fluorescence decay from each pixel of decay
and transforms them to the phasor plot (20–22). Signals in the
blue part of the fluorescence spectra were collected using a
custom filter (400 – 500 nm) in combination with two BG39
filters that constitute the incoming and outgoing window of the
filter. The phasor plot is calibrated using Rhodamine 110 in
water with a mono-exponential lifetime of 4.0 ns.
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Steatosis calculation is based on identifying lipid droplets and
then plotting the sizes. The position of long lifetime species (LLS)
in the phasor plot was selected using the red circle (19, 21, 23)
(Figure 2B), and the FLIM images were colored accordingly. LLS
is a signature that can only be found in lipid droplets. Very small
LLS areas can be caused by a lower signal-to-noise ratio of the
acquired fluorescence photons, increasing the spread of the
phasor plot. A lower threshold value of connected pixels of
size 40 pixels were used to eliminate this misidentification. The
individual droplet size distribution from each sample were
calculated, and the average size of the droplets were plotted to
see changes between sample groups.

Statistical Analysis
Mann–Whitney U test statistics and Multiple t-tests were
performed using Prism Software (GraphPad, Inc. San Diego).
All graphs show mean ± SEM unless stated otherwise. All p
values presented were two-sided, and p<0.05 was considered
statistically significant. The statistical difference between the
samples in steatosis calculation using phasor-FLIM was
calculated using student’s t-test and Origin software
(OriginLab Corporation, Northampton, MA).
RESULTS

HFD-IRI Mice Have Significant Increases
in ILC1 Frequencies and Produce More
IFN-g and TNF-a When Compared to
ND-IRI Mice
C57BL/6 wild-type high fat diet (HFD) mice gained significantly
more body weight (averaging 47.7g versus 26.8g at age 20 weeks;
p<0.0001) than normal diet (ND) mice. In the first set of
experiments, circulating alanine transaminase (ALT) activities
were used as indicators of hepatocellular injury. The serum ALT
levels of HFD mice were higher (p<0.05) than those of mice fed a
ND (Figure 1A). Compared to normal diet IRI (ND-IRI) mice,
the ALT levels of high-fat diet IRI (HFD-IRI) mice were
significantly increased (p<0.01), as shown in Figure 1A. IRI-
mediated hepatocellular inflammation was then determined
using CD68 and Gr1 immunohistochemistry staining
(Supplementary Figure 1B). The numbers of infiltrating
CD68+ macrophages and Gr1+ neutrophils in HFD-IRI mice
were significantly increased when compared to ND-IRI mice
(Figure 1B), indicating that HFD mice exhibited exacerbated
liver injury under IRI conditions.

Given the critical role of group 1 ILCs in regulating hepatic
immune responses in liver inflammation, we then investigated
the role of ILC1 and cNK cells in naïve non-IRI and IRI livers of
HFD mice compared to ND mice via polychromatic
flow cytometry (Figure 1C). We did not observe any
significant difference in frequencies of ILC1s (defined as
Lin−NK1.1+CD49a+CD49b−Tbet+Eomes−) or cNKs (defined as
Lin−NK1.1+CD49a−CD49b+Tbet+Eomes+) in naïve non-IRI
livers of HFD mice compared to ND mice (Figures 1D, E).
However, HFD-IRI mice showed a significant increase in
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frequencies of ILC1s (Figure 1D) but not of cNKs
(Figure 1E). In line with this, the absolute cell numbers of
ILC1s were significantly increased in the HFD-IRI mice when
compared to ND-IRI mice (Supplementary Figure 2A), while
the absolute cell numbers of cNKs were not different
(Supplementary Figure 2B).

Having demonstrated that ILC1s are a dominant innate cell
population in the livers of HFD-IRI wild-type mice, we speculated
that they are also a major source of proinflammatory IFN-g and
TNF-a. To validate this, we restimulated hepatic lymphocytes ex
vivowith IL-12, IL-15, and IL-18 and found that ILC1s fromHFD-
IRI mice produced significantly more IFN-g (p=0.01) and TNF-a
(p=0.03) when compared to cells isolated from ND-IRI mice
(Figures 1F, G), indicating that ILC1s play a potentially
important role as proinflammatory effector cells in fatty liver
IRI. We did not observe a significant difference in the cytokine
production from cNKs (Figures 1F, H).

HFD Rag1−/− and Rag1-Tbet DKO Mice
Develop Comparable Levels of Hepatic
Steatosis and Are a Novel Model for
Studies of Group ILC1s
To assess whether ILC1s are truly key proinflammatory effector
cells in hepatic IRI of fatty livers, Rag1−/− mice were utilized,
which are known to lack T cells and B cells and have functional
ILC and NK cell compartments. We further established a HFD
murine model within these mice by subjecting them to HFD for
12-15 weeks (HFD Rag1−/−) and compared them to Rag1−/− on
ND (ND Rag1−/−) for 12-15 weeks. Importantly, HFD Rag1−/−

mice demonstrated significantly more weight gain than ND
Rag1−/− mice at 15 weeks (33.30g vs. 23.69g, p=0.0002).

Moreover, to validate that ILC1s are true effector cells in
hepatic IRI of fatty livers, Rag1-Tbet DKO mice were generated
through crossbreeding of Rag1−/−mice with Tbx21−/−mice, which
in addition to T and B cells also lack T-bet dependent ILC1s but
still possess Eomes+ cNKs. A HFD murine model was again
created by subjecting Rag1-Tbet DKO mice to HFD for 12-15
weeks (HFD Rag1-Tbet DKO) and compared to Rag1-Tbet DKO
mice, which received ND (ND Rag1-Tbet DKO). Importantly,
HFD Rag1-Tbet DKO also showed significantly more weight gain
than ND Rag1-Tbet DKO at 15 weeks (30.53g vs. 23.45g,
p=0.0015). There was no statistically significant difference in
body weights between Rag1-Tbet DKO and Rag1−/− mice under
both ND and HFD conditions (averaging 23.5g and 23.7g for ND
groups, p=0.853; and averaging 30.53g and 32.36g for HFD
groups, p=0.346, respectively; Supplementary Figure 3A),
confirming that ILC1-deficient Rag1-Tbet DKO mice possess a
comparable HFD-phenotype to Rag1−/− mice.

To corroborate this at a microscopic level, we next utilized
Phasor-FLIM (Fluorescence lifetime imaging microscopy) to
characterize hepatic steatosis in both Rag1−/− and Rag1-Tbet
DKO mice undergoing IRI. For this, we subjected all mice to our
45-minute partial warm IRI model and evaluated snap-frozen liver
tissue from the affected left lobe. Selection of the phasor signature of
LLS (red circles, Figure 2B, as mentioned in Method 2.8) was then
utilized to identify lipid droplets (Figure 2A) and calculate lipid
June 2022 | Volume 13 | Article 899525
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FIGURE 1 | ILC1s are elevated in the liver of C57B/6 wild-type HFD-IRI mice and produce IFN-g and TNF-a. C57B/6 wild-type mice were fed either standard chow
(normal diet, ND) or a lard-based high fat diet (HFD). HFD was started at five-to-seven weeks of age and maintained for 12 weeks. All mice were 17-23 weeks of age
at the time of experimentation. A 45-minute partial warm ischemia time was used for IRI experiments. All analysis was performed following 24 hours of reperfusion.
(A) Serum alanine aminotransferase (ALT), the indicator of liver damage, was measured (n=3-7 mice). (B) Numbers of the infiltration of inflammatory cells (i.e., CD68+

and Gr1+) in the ND and HFD mice after IRI were quantified (n=9-10). (C) Gating strategy of ILC1s and cNKs from the hepatic lymphocytes: lineage- negative (Lin-)
NK1.1+ cells expressing CD45 were identified as ILC1s and cNKs by expression of CD49a, CD49b, T-bet, and Eomes. Representative flow plots showing ILC1 and
cNK subsets in ND-IRI and HFD-IRI. The percentages of ILC1s (D) and NKs (E) in ND and HFD mice after non-IRI or IRI (n=7-16 mice). (F) Representative flow plots
showing intracellular cytokine production (IFN-g+ and TNF-a+ cells) in ND-IRI and HFD-IRI. Fresh hepatic lymphocytes were stimulated with PMA/ionomycin for 4
hours in the presence of IL-12, IL-15, and IL-18. FACS plots gated on live, CD45+, Lin-, NK1.1+, CD49a+ and CD49b- for ILC1s and CD45+, Lin-, NK1.1+, CD45a+

and CD45b+ for cNKs. The percentage of cytokines from ILC1 gated (G) and NK gated (H) cells in ND-IRI and HFD-IRI mice (n=5 mice per group). Significance was
determined using Mann Whitney Test. *p<0.05; **p<0.01; ns, not significant.
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droplet size (Figure 2A, bottom) based on a 40-pixel lower limit to
avoid the appearance of this signature in low signal-to-noise (S/N)
ratio areas of the image. As expected, our data demonstrated that
HFD Rag1−/− mice IRI and HFD Rag1-Tbet mice DKO IRI mice
both had significantly larger lipid droplets and distributions than
their ND IRI counterparts. Moreover, lipid droplet morphologies
were similar between ND Rag1−/− IRI and ND Rag1-Tbet DKO
mice (p= not significant; ns) as well as between HFD Rag1−/− IRI
and HFD Rag1-Tbet DKO mice (p=ns), confirming comparable
Frontiers in Immunology | www.frontiersin.org 689
levels of hepatic steatosis between both mouse strains under HFD-
IRI conditions at a microscopic level (Figures 2C, D).

HFD Rag1-Tbet DKO but Not Rag1−/− Mice
Lack ILC1s and Are Protected From IRI in
the Setting of Hepatic Steatosis
Next, we evaluated the severity of IRI between both ND and HFD
Rag1−/− and Rag1-Tbet DKO mice. HFD Rag1−/− mice had
significantly higher ALT levels than ND Rag1−/− mice upon
A

B

D

C

FIGURE 2 | Steatosis quantification using long lifetime species of phasor-in Rag1-/- and Rag1-Tbet DKO hepatic IRI mouse model. HFD was started at five-to-seven
weeks of age and maintained for 12 weeks. All mice were 17-19 weeks at time of evaluation. (A) Fluorescence lifetime images were color mapped for long lifetime
species (LLS) present in lipid droplets, and their size distribution was calculated using a custom ImageJ script (droplet map is shown in Figure 2A, bottom). (B) The
LLS signal was selected based on the phasor-FLIM map (red circle). The calculated average lipid droplet sizes (C) and the individual droplet size distributions are
plotted (D). The excitation wavelengths used were 740 nm. Significance was determined using Mann Whitney Test. *p<0.05; ns, not significant. Each dot represents
the value for a single mouse.
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IRI (p=0.03, Figure 3A). Importantly, we did appreciate
significantly higher ALT levels in HFD Rag1−/− mice than in
HFD Rag1-Tbet DKO mice (p=0.002, Figure 3A). We also
observed that HFD Rag1−/− mice had significantly higher AST
levels than HFD Rag1-Tbet DKO mice (Supplementary
Figure 3C). However, there was no statistical difference
in ALT levels between ND and HFD Rag1-Tbet DKO mice,
suggesting a relative protective IRI phenotype in HFD Rag1-Tbet
DKO mice when compared to their HFD Rag1−/− counterparts.

We next utilized Gr1 and CD68 tissue staining to evaluate the
influx of neutrophils and macrophages following IRI, respectively.
Interestingly, the overall macrophage influx was similar between all
mouse groups as indicated by CD68 immunostaining (Figure 3B).
Critically, while there were no significant differences in frequencies
of Gr1+ neutrophils as determined by Gr1 immunostaining between
ND and HFD Rag1−/− mice or ND and Rag1-Tbet DKO mice,
respectively, there was a significantly higher influx of neutrophils in
Rag1−/− mice when compared to Rag1-Tbet DKO mice under both
ND and HFD conditions, (Figure 3C, Supplementary Figure 3B).
These findings further corroborate the increased protection against
IRI afforded to Rag1-Tbet DKO mice, particularly, under hepatic
steatosis conditions.

Given the greater degree of IRI demonstrated in HFD Rag1−/−

mice, we next examined the existence of ILC1 and cNK cells in both
ND and HFD Rag1−/− and Rag1-Tbet DKO mice following IRI
(Figure 3D). Notably, the frequencies and absolute numbers of
ILC1s were nearly absent in Rag1-Tbet DKO mice of both ND-IRI
and HFD-IRI groups (Figures 3E, F), confirming a previous report
(24). Interestingly, the frequencies of cNKs in Rag1-Tbet DKOmice
were significantly higher compared to Rag1−/− mice (Figure 3E),
whereas their absolute cell numbers were not significantly altered
(Figure 3F). Finally, we studied T-bet-dependent ILC3 phenotype
to character ize the ILC3 populat ions (defined as
Lin−CD127+CD117+NK46+) present in our model. However, we
did not observe any differences in the frequencies and absolute cell
numbers of ILC3 between Rag1−/− and Rag1-Tbet DKO mice
(Supplementary Figures 4B, C). Combined, these data confirm
the presence of a substantial population of ILC1s in Rag1−/− mice,
which may exacerbate IRI under HFD conditions.

ILC1s Are Producers of IFN-g in Rag1−/−

Mice With Hepatic Steatosis
Undergoing IRI
Thus, we then assessed the distinct contributions of ILC1s vs
cNKs to IRI-induced inflammation in our HFD model by
comparing their respective cytokine production in Rag1−/− and
Rag1-Tbet DKO mice upon IRI. First, we determined the
production of IFN-g and TNF-a by ILC1s from Rag1−/− mice
after IRI. Importantly, IFN-g levels in ILC1s from HFD-IRI
Rag1−/− mice were significantly higher than from ND-IRI
Rag1−/−mice, while TNF-a levels were similar between both
groups (Figures 4A, B). We also analyzed the IFN-g and TNF-
a production by cNKs from both Rag1−/− and Rag1-Tbet DKO
mice after IRI and did not observe significant differences in
cytokine production between groups (Figure 4C). Notably, we
found that, in HFD-IRI Rag1−/− mice, ILC1s produced higher
levels of IFN-g than cNK cells indicating that hepatic ILC1s are a
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critical source of IFN-g in HFD Rag1−/− mice, thereby
contributing to exacerbated hepatic IRI of steatotic livers.

Rag1−/− ND and HFD Mice Have Similar
cNK Cells Maturation Characteristics,
Whereas cNK Maturation and Perforin
Frequencies Are Significantly Altered in
Rag1-Tbet DKO Mice
Given that the T-bet transcription factor is required for cNK cell
maturation (25) and our observation that the cNK frequencies
and absolute cell numbers were similar in both Rag1−/− and
Rag1-Tbet DKO mice, we next investigated the maturation
phenotype and cytotoxic function present within our model
contingent on HFD status and IRI. We utilized a CD11b and
CD27 gating strategy to further differentiate NK1.1+/Lin−/
CD49b+ cNK for immature CD11b-CD27+ (iNK), mature
double positive CD11b+CD27+ (DP) cells, and terminally
mature CD11b+CD27- (mNK) cells (Figure 5A).

When comparing the ND and HFD Rag1−/− and Rag1-Tbet
DKO, we demonstrated that these mice lack mNK cells in
comparison to Rag1−/−mice, while they have significantly
higher frequencies of iNK and DP positive cells. However,
there were no significant differences in iNK, DP, or mNK cell
populations between Rag1−/− ND and HFD groups or the Rag1-
Tbet DKO ND and HFD groups, respectively (Figure 5B).

We then studied the expression of degranulation and
cytotoxic markers in NK cells under IRI and HFD conditions
in our model, given that T-bet has been shown to promote the
transcription of genes including perforin and granzyme B to
activate NK cell cytotoxicity (9). We found that there were no
significant differences in degranulation, as indicated by CD107a
staining, and there were no differences in intracellular granzyme
B staining (Figures 5C, D). However, we did find a significantly
lower expression of perforin by cNK cells in the livers of Rag1-
Tbet DKO mice when compared to Rag1−/− mice (Figure 5E)
under IRI conditions in both the ND and HFD model.
Interestingly, there was no difference in perforin expression
between ND and HFD Rag1−/− mice under IRI conditions.

Rag1-Tbet DKO Mice Show Altered
Expression of ILC1-Associated Genes
Following IRI
Having established higher levels of ILC1-derived IFN-g in HFD-
IRI Rag1−/− mice, we validated ILC1 function within Rag1−/−mice
and defined the relative contributions to immune signaling
following IRI using the RT2 Profiler qPCR cytokine/chemokine
array. To identify diet-specific gene clusters in Rag1−/−and Rag1-
Tbet DKO mice, we performed the unsupervised hierarchical
clustering approach for IRI (Figure 6) and non-IRI
(Supplementary Figure 5) groups. We observed a pronounced
ILC1-specific gene cluster in HFD Rag1−/− mice liver involving
IFNG, tumor necrosis factor ligand superfamily member 10
(TNFSF10, also known as TNF-related apoptosis-inducing
ligand TRAIL) and Fas ligand (FasL) and genes encoding ILC1-
stimulatory cytokines such as IL12B and IL15 in both non-IRI and
IRI Rag1−/− mice but not in Rag1-Tbet DKO mice.
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FIGURE 3 | Absence of ILCs lead to increased liver protection to IRI. HFD was started at five-to-seven weeks of age and maintained for 12 weeks. All mice were 17-19
weeks at time of evaluation. A 45-minute partial warm ischemia time was used for IRI experiments. All analysis was performed following 24 hours of reperfusion. (A)
Serum alanine aminotransferase (ALT) was measured in ND-IRI and HFD-IRI between Rag1−/− and Rag1-Tbet DKO mice (n=5-7). The numbers of CD68+ (B) and Gr1+

(C) in the ND-IRI and HFD-IRI mice were quantified (n=9-10). (D) Representative flow plots show that the frequencies of ILC1s were nearly absent in Rag1-Tbet DKO.
Data in Figure (D) are representative of ND IRI Rag1−/− or Rag1-Tbet DKO mice. (E) Percentage (F) and the absolute number of ILC1s and cNKs in Rag1−/− or Rag1-
Tbet DKO mice following ND-IRI and HFD-IRI (n=5-7). Significance was determined using Mann Whitney Test. *p<0.05; **p<0.01; ns; not significant.
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We then analyzed the fold-change differences between ND-IRI
and HFD-IRI liver tissues in Rag1−/− (Figure 6B) and Rag1-Tbet
DKO (Figure 6C) mice compared to respective non-IRI groups.
Upon IRI, we observed higher expression of proinflammatory
cytokines encoding genes including IFNG, TNF, and CSF2 (GM-
CSF) in both ND and HFD Rag1−/−mice (Figure 6B) compared to
ND and HFD Rag1-Tbet DKO mice (Figure 6C), except IL-2,
suggesting loss of Tbet-expressing ILC1s led to reduction in ILC1-
derived effector cytokines. In a diet-independent manner, we also
observed upregulation of the gene encoding TRAIL in Rag1−/−mice
Frontiers in Immunology | www.frontiersin.org 992
as opposed to in Rag1-Tbet DKOmice. ILC1 cells can produce IFN-
g under the stimulation of IL-12, IL-15, and IL-18 (26). In IRI liver
tissues, we observed an upregulation of IL12b, IL15, and IL18 genes
in Rag1−/−mice while there was downregulation of the same genes in
HFD Rag1-Tbet DKO mice (Figure 6B).

DISCUSSION

Recent studies have shown the intricate interplay between ILC1s
and their environment in regulating immune-mediated liver
A

B

C

FIGURE 4 | ILC1s produce higher IFN-g in HFD-IRI. (A) Representative flow plots showing intracellular cytokine production (IFN-g+ and TNF-a+ cells) in ND-IRI and
HFD-IRI Rag1−/− mice. FACS plots gated on live, CD45+, Lin-, NK1.1+, CD49a+ and CD49b- for ILC1s and CD45+, Lin-, NK1.1+, CD45a- and CD45b+ for cNKs. (B)
Percentage of cytokines from ILC1 gated cells in ND-IRI and HFD-IRI Rag1−/− mice. (C) Percentage of cytokines from cNK gated cells in Rag1−/− and Rag1-Tbet
DKO mice (n=3-5 mice per group). Significance was determined using Mann Whitney Test. *p<0.05; ns, not significant.
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disease through the secretion of IFN-g. However, little is known
about the phenotype and function of ILC1s in the setting of
hepatic ischemia-reperfusion injury, specifically in liver
transplantation using “marginal” allografts. In this study, we
utilized a HFD murine model in wild-type and genetically
modified mice to help investigate the role of ILC1 in a partial
warm ischemia-reperfusion injury model.
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We first analyzed the ILC1 and cNK cell frequencies, and
associated proinflammatory cytokine secretion, in wild-type
mice following IRI. Our flow cytometric analysis distinguished
significantly greater enrichment of IFN-g and TNF-a producing
ILC1s, compared to cNK cells, in HFDmice following IRI. This is
consistent with our previous work in human intestinal
transplantation, demonstrating increased ILC1 populations in
A

B

C D E

FIGURE 5 | Lack of T-bet leads to a decrease in mNK cells and lower expression of perforin. (A) Gating strategy of cNKs from the hepatic lymphocytes: lineage-
negative (Lin-) NK1.1+ cells expressing CD45 were identified as cNKs by expression of CD49a and CD49b. Immature NK (CD11b− CD27+), Double Positive
(CD11b+CD27+, DP) and mature NK (CD11b+CD27−) were identified by CD11b and CD27 expression, as shown. Representative flow plots (A) from ND-IRI Rag1−/−

compared with ND-IRI Rag1-Tbet DKO mice and bar graph (B) showing NK cell developmental stages in IRI Rag1−/− compared with IRI Rag1-Tbet DKO mice. n=4
mice per group. (C) The frequency of CD107a staining of cNK cells from ND-IRI and HFD-IRI mice. Fresh hepatic lymphocytes were cultured for 4 h in the presence
of anti-CD107a and Brefeldin (A) MFI of granzyme B (D) and perforin (E) staining in cNK cells from ND-IRI and HFD-IRI mice. n=4 mice per group. Significance was
determined using Mann Whitney Test. *p<0.05. **p<0.01; ns, not significant.
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A B

C

FIGURE 6 | Cytokine and chemokine gene expression array for mice liver IRI. (A) Clustergram represents unsupervised hierarchical clustering analysis of RT2 qPCR
profiler array for ND Rag1−/− HFD Rag1−/−, ND Rag1-Tbet DKO, and HFD Rag1-Tbet DKO pooled, post-IRI mice liver tissues. Comparative fold regulation analysis of
post-IRI cytokines and chemokines with at least 2-fold or more up-and down-regulation between (B) ND and HFD Rag1−/− and (C) ND and HFD Rag1-Tbet DKO
mice liver tissues relative to the respective ND non-IRI control. Dotted vertical lines mark up-and down-regulation of the gene expression. All data are represented as
a gene expression of at least three pooled bulk mouse liver tissues.
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intestinal allografts 24 hours after reperfusion (27). Further
studies in human samples have demonstrated that the
proportion of ILC1s is increased in chronic hepatitis B patients
compared to healthy controls, indicating a potential
proinflammatory role of ILC1s (28) in liver diseases. This has
also been alluded to using comparative studies of inflammation
in both lung and kidney murine models. Specifically, the ILC1
population has been demonstrated to be higher in kidney specific
IRI (29) and the overall ILC populations are higher in mice
exposed to cigarette smoke than in control mice (30). Taken
together, our initial data distinguishes the potential
proinflammatory role of ILC1s in hepatic IRI under
steatotic conditions.

While we hypothesized that ILC1s have a proinflammatory
effect in our model, there have also been reports of a potential
protective role of ILC1s in other models. Specifically, Nabekura
et al. utilized a carbon tetrachloride (CCl4)-mediated liver injury
model to show that activated ILC1s secrete IFN-g, which
subsequently promotes hepatocyte survival (11). This
potentially alludes to the importance of ILC plasticity, as
previously demonstrated (12). Cuff et al. demonstrated the
plasticity of ILC1s showing a conversion of NK (defined as
Lin-negative NK1.1+CD49a−CD49b+) cells into ILC1-like cells
(CD200r1+ CD49a+) in mice with non-alcoholic fatty liver
disease (31), thus indicating that cNKs could also differentiate
into proinflammatory ILC1s in our HFD IRI model thereby
exacerbating hepatocellular injury via IFN-g upon IRI in the
setting of hepatic steatosis, where the same degree of injury may
not be appreciated in non-steatotic livers.

To further investigate and characterize the role of ILC1s in IRI,
we utilized Rag1−/− mice that have substantial frequencies of cNK
cells and ILC1s but lack T and B cells, in comparison to Rag1-Tbet
DKO mice which additionally also lack T-bet-dependent ILC1s
but retain Eomes-expressing cNK cells. We first demonstrated that
HFD Rag1−/− mice have a more severe IRI than ND Rag1−/− and
all Rag1-Tbet DKO mice by ALT levels and Gr1 (neutrophil) cell
counts. This is an important finding, as it is well known that
neutrophils contribute to IRI by inducing hepatic apoptosis and
fibrosis (32, 33). Conversely, the number of CD68 positive cells
(macrophages) was not significantly altered (Figure 3B) between
HFD Rag1−/− and HFD Rag1-Tbet DKOmice after IRI. This is not
surprising, as macrophages have a dual proinflammatory and anti-
inflammatory role characterized by intrinsic polarization into
either type 1 or type 2 macrophages (34–37).

We then noted that the frequencies of Eomes+ cNK-derived
IFN-g levels in Rag1−/− mice were comparable with Rag1-Tbet
DKO mice. While the cytotoxic role of IFN-g secreting liver
resident cNK cells has been previously described (38, 39), and it
is known that CD39 ablation is correlated with reduced IFN-g-
dependent responses by NK cells (13), our results did not
correlate to clinical phenotype noted in our Rag1−/− HFD IRI
model. Specifically, it is notable that there were no significant
differences in absolute cell numbers of cNK cells or in the iNK,
DP, and mNK cell populations between Rag1−/− ND and HFD
groups, despite more severe IRI in the HFD Rag1−/− than in the
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ND Rag1−/− mice. This further supports that ILC1s have a
contributory, proinflammatory role in IRI in the setting of
hepatic steatosis. However, it is known that T-bet is a key
transcription factor which results in the differentiation of iNK
cells to mNK cells (9, 25), and it has been demonstrated that
perforin-deficient mice develop less fibrosis in a model of non-
alcoholic fatty liver disease, suggesting that reduction in cNK cell
cytotoxicity is protective in the steatotic liver (31). To this regard,
it remains possible that cNK cells and the apparent differences in
perforin between the Rag1−/− and Rag1-Tbet DKO mice may
contribute to the cytotoxicity of IRI in our model, as it has
previously been demonstrated in a model of renal IRI (40).
Moreover, given the emerging evidence supporting plasticity
between cNK cells and ILC1, these cell types could be an
intermediate phenotype in the differentiation from cNK to
ILC1. More investigation is warranted to fully address whether
this plasticity is present under HFD and IRI conditions.

We then evaluated the ILC1 frequency and associated ILC1
dependent IFN-g production, which demonstrated significantly
higher levels of ILC1s in Rag1−/−mice, as compared to the cNKs.
This ultimately indicates that ILC1 is a major source of IFN-g. It
has been described that IFN-g-deficient mice are significantly
protected against liver injury and hepatic fibrosis in a model of
non-alcoholic steatohepatitis (41), and it has further been
demonstrated that anti-IFN-g treatment results in lower ALT
levels and hepatocellular injury following 48 hours of reperfusion
in a model of 60-minute partial warm ischemia (42). However,
the exact role of IFN-g as secreted by ILC1 remains unknown.
While our results suggest a proinflammatory role, additional
invest igat ions are warranted to truly evaluate the
proinflammatory function of IFN-g from ILC1s, for instance,
through the use of a Rag1-/- IFN-g-/- deficient HFD mouse model.

We finally correlated this finding using our qPCR array to
demonstrate the dynamic interplay of cytokines and chemokines
in hepatic IRI. This highlighted the ILC1-specific elevated
expression of TRAIL and CSF2 in Rag1−/− mice (Figure 6B)
compared to Rag1-Tbet DKO mice (Figure 6C) independent of
the diet regimens. Interestingly, our data also shows upregulation
of FasL only in HFD Rag1−/− IRI but not in ND Rag1−/− IRI. FasL
and TRAIL co-expression is more cytotoxic in hepatic ILC1 than
the intestinal ILC1 (24). At the same time, independent studies in
both mouse liver and kidney show that antibody-mediated
inhibition of FasL is protective from liver failure (43) and
ischemic acute kidney injury (44), respectively. Future
investigation will be needed to identify the influence of hepatic
steatosis on FasL-dependent immunomodulation and the
exacerbation of liver injury.

Collectively, our findings indicate that hepatic ILC1s are, at
least in part, an innate inflammatory effector subset, particularly
in steatotic livers. Our findings provide deeper insights into the
mechanisms of ILC1 and cNK cell function in IRI as well as
identify further areas of interest in cNK cell to ILC1 plasticity and
IFN-g production in the setting of IRI and allow for additional
translational studies in the use of “marginal allografts” in
liver transplantation.
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The innate immune system plays an essential role in the response to sterile inflammation
and its association with liver ischemia and reperfusion injury (IRI). Liver IRI often manifests
during times of surgical stress such as cancer surgery or liver transplantation. Following
the initiation of liver IRI, stressed hepatocytes release damage-associated molecular
patterns (DAMPs) which promote the infiltration of innate immune cells which then initiate
an inflammatory cascade and cytokine storm. Upon reperfusion, neutrophils are among
the first cells that infiltrate the liver. Within the liver, neutrophils play an important role in
fueling tissue damage and tumor progression by promoting the metastatic cascade
through the formation of Neutrophil Extracellular Traps (NETs). NETs are composed of
web-like DNA structures containing proteins that are released in response to inflammatory
stimuli in the environment. Additionally, NETs can aid in mediating liver IRI, promoting
tumor progression, and most recently, in mediating early graft rejection
in liver transplantation. In this review we aim to summarize the current knowledge of
innate immune cells, with a focus on neutrophils, and their role in mediating IRI in mouse
and human diseases, including cancer and transplantation. Moreover, we will investigate
the interaction of Neutrophils with varying subtypes of other cells. Furthermore, we will
discuss the role and different treatment modalities in targeting Neutrophils and NETs to
prevent IRI.

Keywords: neutrophil, ischemia reperfusion (I/R) injury, neutrophil extracelluar traps, cancer liver,
liver transplantation
INTRODUCTION

Liver ischemia and reperfusion injury (IRI) often presents in various surgical procedures such as
cancer surgery or liver transplantation (1, 2). Orthotopic liver transplantation (OLT) is the current
standard of care for patients with end-stage liver disease and selected hepatic malignancies. Early
graft failure is common with an incidence of approximately 25% and a major contributor to
morbidity and mortality (3). IRI is one of the leading causes of early graft dysfunction and a major
factor for acute and chronic rejection (4). IRI also plays an important role in the setting of liver
cancer surgery (2). Here, studies have shown that prolonged IRI promotes the growth of micro
metastatic disease within the liver from primary or metastatic cancer (5). Prolonged IRI is strongly
associated with early disease recurrence and decreased survival.
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Prolonged IRI leads to a lack of oxygen and nutrient supply
for cells within the liver parenchyma. During this time
hepatocytes and Kupffer cells undergo anaerobic metabolism,
reactive oxygen production, and subsequent cell death along with
the release of damage associated patterns (DAMPs). Upon
reperfusion, DAMPs are flushed into the circulation and a
complex cascade of inflammatory mediators that promote
tissue damage is initiated.

Although the reperfusion phase of the liver is the principal
driver of tissue injury, the pretransplant cold storage itself can
trigger organ damage (1, 6, 7). Studies have shown that several
apoptosis inducing kinases are activated in parenchymal liver
cells following cold-induced tissue injury, which subsequently
promote cell death upon reperfusion 1. Reducing the cold
ischemia time and limiting the damage of reperfusion are
important targets in order to reduce graft dysfunction
and rejection.

Liver damage is mostly caused during reperfusion when host
cells are in metabolic anaerobic distress and excess infiltration of
innate immune cells occurs. Neutrophils are among the first cells
to arrive within the liver following IRI (5, 8, 9). There is
overwhelming evidence that excessive neutrophil infiltration
contributes to the pathogenesis of IRI. Neutrophil-induced
liver injury is a multistep process that starts with neutrophil
activation, recruitment of these cells to site of injury via
transmigration, interaction with hepatic host and other
immune cells (10).
Frontiers in Immunology | www.frontiersin.org 299
In this review, we will discuss the current advances in
understanding the role of neutrophils in cold and warm liver
IRI, with a specific focus on the role and function of activated
neutrophils and their interaction with liver parenchymal host
and infiltrating immune cells. We will furthermore discuss non-
pharmacological and pharmacological treatment options to limit
IRI and/or decrease NET formation in the liver (Figure 1).
THE ROLE OF LIVER RESIDENT CELLS IN
LIVER I/R AND THEIR ROLE IN
NEUTROPHIL RECRUITMENT

IRI results in tissue and cellular necrosis which are the main
contributors to liver damage following transplantation or cancer
surgery (11). Even in the absence of microbial pathogens,
excessive activation of a sterile inflammatory response
following the restoration of blood flow can result in further
dysfunction. The signaling events contributing to local
hepatocellular damage are diverse and complex, and involve
the interaction between hepatocytes, liver sinusoidal endothelial
cells (LSEC), Kupffer cells (KC), and hepatic stellate cells (HSC),
all leading to neutrophil activation and formation of neutrophil
extracellular traps (NETs) (10, 12). During organ procurement
and transplantation, the liver undergoes two insults classified as
cold storage and warm IRI. During cold storage, organs are
FIGURE 1 | The Role of Neutrophils in Ischemia-Reperfusion Injury. A simplified schematic representation of the roles of Neutrophils in liver IRI. Following IRI liver
parenchymal cells promote the recruitment, activation, and phenotypic differentiation of neutrophils. LSECs increase the production of NETs via IL-33 signaling, in
addition they upregulate adhesion markers to facilitate Neutrophil transmigration, extravasation and NET formation. Similarly, both HSCs and Kupffer cells secrete
cytokines to increase Neutrophil homing. Within the tumor microenvironment (TME), NETs promote the exhaustion of T cells leading to increased tumor burden.
Several, both non-pharmacological and pharmacological therapies have been described to decrease liver IRI.
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deprived of blood flow and placed on ice to preserve their
function and limit cellular metabolism. This is followed by
warm IRI upon reperfusion of the liver. During cold and warm
IRI, LSECs undergo varying alterations including nuclear
membrane vacuolization and structural shifting towards a
rounded shape. In addition, LSEC exhibit marked increased
levels of reactive oxygen species (ROS) that decrease LSECs
viability (12). The role of LSECs in liver injury has been
reported in many experimental studies including: 1.
Upregulation of surface adhesion molecules 2. Deregulation
and disassembly of cell structure due to an increment in
calcium-derived calpain activity 3. Apoptosis of LSEC to
elastase-mediated paracrine interactions with leucocytes (13, 14).

Our group has previously reported that in a murine surgical
model of in situ warm IRI (1h ischemia followed by 6h
reperfusion time), increased activation of endothelial cell
prompts the release of Interleukin 33 (IL-33) resulting in
increased neutrophil cell activation and NET formation. The
response to IL-33 signaling is determined by the expression of its
surface receptor ST2 on the target cell which in humans are
located on chromosome 11p14.3-p12. We were among the first
group to show that mouse bone marrow-derived neutrophils
express ST2 and that its expression is markedly increased by IL-
33 stimulation. In addition, human data reveals that increased
IL-33 serum levels are strongly associated with post-operative
NET formation in individuals undergoing liver resection for
hepatic malignancies (15).

In tandem with LSEC, activated Kupffer cells (KCs), resident
macrophages in the liver, play an important role in the
homeostatic response to IRI. Jaeschke et al. have shown that rat
KCs when treated with high dose of retinol or propionibacterium
acnes-activated KCs significantly upregulated plasma glutathione
disulfide and ROS production (GSSG, an index for oxidative
stress), while treatment with methyl palmitate or gadolinium
chloride lead to formation of inactivated KCs leading to
significant decrease in plasma GSSG levels. Inactivated KCs
significantly protected the liver from IRI (16). Similarly, a study
published by Dai et al. showed significant increase in the
production and release of ROS and proinflammatory cytokines
following IRI (17). Of the cytokines released by KCs, TNF-a has
been shown to induce intraluminal expression of adhesion
molecules such as ICAM-1 and P-selectin that facilitates
adhesion of circulating neutrophils through a rolling and
binding motion and further facilitates cell extravasation (18, 19).
Since activated KCs also play a role in neutrophil chemotaxis, both
TNF-a and IL-1 that are released from KCs upregulate MAC-1
adhesion protein on the neutrophil surface and promote the
synthesis of IL-8 (20). In addition, Su et al. reported that KCs
derived TNF-a promotes hepatocyte chemokine CXCL1
induction through the NF-kB pathway to mobilize neutrophils
towards injured areas (21).

HSCs have been well studied in their role of IR. HSCs are
quiescent, however during liver injury they release retinoids and
can undergo differentiation into a myofibroblast-like phenotype.
This activation is associated with loss of GFAP and the
expression of alpha-smooth muscle actin (a-sma). A recent
Frontiers in Immunology | www.frontiersin.org 3100
publication by Hwang et al. has shown that activated HSCs
promote liver fibrosis via transfer of retinol form HSCs to
hepatocytes via STRA6 (Stimulated by retinoic acid 6). This
finding was confirmed in the liver of cirrhotic patients showing
high expression of STRA6 compared to normal liver controls
(22). While HSCs have been noted to directly communicate with
immune cells inside sinusoids following endothelial cell damage,
there is still much to investigate regarding their capacity in their
ability to recruit immune cells along with regulation of sinusoidal
inflammation, especially in the context of I/R injury (23). Puche
et al. developed a model for depleting HSCs to investigate its
properties in liver I/R injury. They utilized transgenic mice that
expressed herpes simplex virus Thymidine Kinase gene (HSV-
Tk) and treated them with carbon tetrachloride for 10 days to
promote proliferation and subsequent making them susceptible
to cell killing by treating them with ganciclovir. Approximately,
70% of HSCs were depleted and intrahepatic neutrophil
infiltration was significantly decreased. Furthermore, they
reported that expression of TNF-a, CXCL1, and endothelin-A
receptor were also attenuated. According to these findings, HSCs
are implicated in hepatic CXCL1 synthesis and contribute to
neutrophil recruitment and microcirculatory failure caused by
endothelin-A receptor stimulation (24, 25).
THE ROLE OF NEUTROPHILS IN I/R
INDUCED INFLAMMATION

Neutrophils, an essential component of IRI, are one of the first cell
types to be recruited from the bloodstream to sites of injury.
Neutrophils are recruited to ischemic sites via DAMPs, which are
produced by intracellular organelles and the extracellular matrix of
damaged cells (26). DAMPs, such as HMGB1, S100 proteins, heat
shock proteins, circulating RNA/DNA all trigger a broad variety of
inflammatory responses that promote the secretion of pro-
inflammatory cytokines and chemokines. These circulating
mediators promote the upregulation of adhesion molecules on
the endothelium, acute inflammation and the recruitment of
neutrophils to the site of injury (27). Within the liver,
Neutrophil induced inflammation is further maintained via
CXC chemokines, generated by hepatocytes. Within the
ischemic tissue, neutrophils form hydrogen peroxide and
myeloperoxidase (MPO) (28). Hydrogen peroxide induces
intracellular oxidant stress by direct diffusion into hepatocytes.
MPO uses hydrogen peroxide to create hypochlorous acid, which
enters target cells and causes damage. Neutrophil elastase secreted
by activated neutrophils has been shown to inhibit PGI2
production. PGI2 is a vasodilator that is released from
endothelial cells and is protective during hepatic IRI by
maintaining proper hepatic circulation. When activated
neutrophils release neutrophil elastase, the protective effect of
PGI2 is inhibited, and hepatic injury ensues (29, 30).

Complement induced recruitment of neutrophils plays an
important role in liver IRI. The complement system is part of the
innate immune system and can be activated by one of three
pathways. These pathways include the classical pathway, which is
July 2022 | Volume 13 | Article 887565
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antibody dependent, the alternative pathway and the mannose-
binding lectin pathway. In IRI, the complement cascade is
activated by detecting cellular contents that were released into
the extracellular space as a result of ischemia. Complement
activation leads to the formation of the soluble bioactive
peptides, C3a and C5a, and the membrane attack complex,
which results in the recruitment of inflammatory cells. C5a,
from the complement system, stimulates Kupffer cell activation,
which produces TNF-alpha, IL-1 and ROS. This ultimately leads
to neutrophil recruitment and influx into liver sinusoids to
promote further inflammation (31).

Another major contributing factor of neutrophil-induced
inflammation is the formation of neutrophil extracellular traps
(NETs). NETs are net-like structures, composed of a meshwork of
chromatin fibers that contain enzymes such as MPO, neutrophil
elastase, and cathepsin G. NET release from neutrophils is believed
to happen via two different mechanisms. The first method, termed
NETosis, is through the release of chromatin and granular
contents into the extracellular space as the plasma membrane
dissolves. Although similar to apoptosis, neutrophils appear to not
be cleared by phagocytic cells after undergoing NETosis because
they do not display apoptotic signals and therefore remain alive.
The second method of NET release is via DNA/serine protease
released from intact neutrophils (32). NETs have also been shown
to activate the complement system and thereby further contribute
to inflammation. NETs stimulate components necessary for the
formation of C3bBb, which is eventually necessary for membrane
attack complex formation (33).

In vitro studies have shown that Neutrophils increase the
death of hepatocytes and KCs and thereby promote the release of
more proinflammatory cytokines and DAMPs such as HMGB1
and histones. These DAMPs then further promote the
stimulation of NETs through Toll-like receptor (TLR4)- and
TLR9-MyD88 signaling pathways (34, 35).

Neutrophils tend to have relatively short lifespans, surviving for
less than 24 hours in the bloodstream before undergoing apoptosis
and clearance by macrophages. During periods of inflammation,
numerous factors have been shown to inhibit neutrophil apoptosis
and prolong their survival. It has been shown that hepatic IRI
upregulates OX40, a costimulatory molecule that is constitutively
expressed in human peripheral neutrophils. Increased OX40 levels
promote neutrophil survival, prolonging the neutrophil release of
proinflammatory factor (36). Myeloid cell leukemia-1 (MCL-1), an
anti-apoptotic member of the Bcl-2 family, has been shown to
downregulate neutrophil apoptosis, and promote its survival. MCL-
1 has been shown to be upregulated in in models of cerebral IRI,
which promote neutrophil survival (37). Other factors including
DAMPs, lipid mediators, hormones, chemokines, and cytokines
have been described as neutrophil survival factors (38, 39).

NETs play an important role in hepatic IRI in the context of
acute rejection. Liu et al. have shown in their study that HMGB1
upon liver transplantation contributes to the development of acute
liver rejection. It has been very well characterized that HMGB1
through TLR4 and RAGE receptor can activate neutrophils and
promote NET formation. The authors observed increased NET
levels in the serum of transplanted patients which negatively
Frontiers in Immunology | www.frontiersin.org 4101
corelated with immediate postoperative liver function. In
addition, both HMGB1 and NET levels correlated positive in
the serum following transplantation. They further show that
hepatic Kupffer cells where the main source of HMGB1
production and were polarized to M1 phenotype through NETs.
Furthermore, a combination of TAK-242 (a TLR-4 inhibitor) as
well as rapamycin reduced the damaging effects of acute rejection
after liver transplantation more efficiently than either of them
alone (40).
NEUTROPHIL EXTRACELLULAR TRAP
AND ITS INTERACTION WITH PLATELETS

Accumulating evidence shows that patients that underwent liver
surgery are hypercoagulable in the immediate post-operative
setting (41). The mechanism of this pro-coagulation state in the
postoperative period is still under investigation. We have
previously shown within a murine model of liver IRI, induction
of NETs can activate platelets resulting in systemic immune-
thrombosis and distant organ injury (42, 43). Our data showed
that 1-hour of ischemia followed by 6 hours of reperfusion
significantly activated platelet and increased platelet-neutrophil
aggregation. This led to increased NET-platelet rich micro-
thrombi in the microvasculature after liver IRI. When NETs
were blocked by DNase-1 therapy, immunological thrombi and
organ damage were significantly reduced. In addition, we observed
a significant decrease in the NET induced platelet activation in a
TLR4 depleted platelets. Furthermore, when compared to control
mice, platelet-specific TLR4 KO animals showedmuch less distant
organ damage, with lower circulating platelet activation and
platelet-neutrophil aggregates following liver I/R.
NEUTROPHILS CROSSTALK WITH
ADAPTIVE IMMUNE CELLS IN THE
TUMOR MICROENVIRONMENT

Recent studies have shown that Neutrophils have bidirectional
interactions with B- and T-lymphocytes subsets. In vitro, human
Neutrophils have been shown to secrete cytokines that are crucial
in the survival and maturation of B-lymphocytes. These cytokines
include B‐cell‐activating factor of the tumor necrosis factor family
(BAFF) and A Proliferation‐Inducing Ligand (APRIL). These
findings have been substantiated by the discovery of pro-helper
Neutrophils in the perifollicular area of the spleen in humans,
these Neutrophils were therefore named B-cell helper neutrophils.
These Neutrophils secrete higher amounts B cell stimulating and
attracting factors such as CD40L, interleukin-21 and CXCL12.
Interestingly, human splenic Neutrophils have been shown to lose
their selective perifollicular topography and start to infiltrate the
germinal centers of splenic follicles under systemic inflammatory
stress (44). Tumor associated Neutrophils (TANs) have been
shown to promote B cell chemotaxis to the tumor by secretion
of TNFa thereby playing a role in tumor progression (45).
July 2022 | Volume 13 | Article 887565
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During liver IRI, Neutrophils can stimulate the recruitment
and activation of CD8+ T cells through varying cytokines and
chemokines expressed within the chromatin of activated
Neutrophils (46). In addition, Neutrophils can serve as antigen-
presenting cells to CD4+ T cells and cross-presenting cell to CD8+
T cells (44, 47). Several studies have shown important crosstalk
between neutrophils and liver-resident lymphocytes (48). Recent
studies by our laboratory have shown that NETs can directly
promote the exhaustion of T cells that are found within the liver
following IRI. NETs harbor the immunomodulating protein
program-death ligand 1 (PD-L1) which binds PD-1 on activated
T cells to render them non-functioning and exhausted. This
discovery represents a novel finding with possible clinical
implications to overcome T cell exhaustion and tumor growth
by targeting neutrophils and NETs (9, 49).
NON-PHARMACOLOGICAL METHODS TO
TARGET NEUTROPHIL MEDIATED LIVER
ISCHEMIA-REPERFUSION INJURY

There is broad epidemiologic and observational evidence that
regular physical exercise reduces the risk of cancer, slows tumor
progression, and improves outcomes when combined with other
oncologic treatment strategies. A variety of trials have shown that
regular exercise can improve cancer prognosis and therefore
should be seen as an important adjunct to conventional
treatments. Over the last decade, a lot of emphasis has been
placed on preoperative rehabilitation of frail patients who have
any impairment in activities of daily living. The role of pre-
habilitation is to optimize functional status in frail patients
undergoing major surgery. Pre-operative exercise in the non-
frail patients can have several effects that are postulated to be
secondary to changes in the immune system resulting in changes
in immune cell subsets, infiltration of immune cells to the site of
injury, as well as secretion of inflammatory mediators (50).

We have shown that 1 hour of daily exercise for 4 weeks
confers sustainable protection against IRI in a murine model.
Exercise-trained mice (ExT) that underwent IRI showed a
decrease in liver necrosis, significantly diminished hepatic
chemokine levels, and fewer infiltrating innate immune cells.
Interestingly, we observed that ExT conditioned neutrophils
(isolated from circulation or bone marrow) showed decreased in
NET formation when stimulated with phorbol myristate acetate
(PMA). We also found that exercise reduced the inflammatory
cytokine storm and decreased neutrophil adhesion and migration
by downregulating endothelial adhesion molecules and increased
the infiltration ofM2 phenotypic anti-inflammatorymacrophages.
Furthermore, ExT suppressed tumor metastatic growth when
injected through splenic vein 4 weeks after training and
enhanced NK cell infiltration to the tumor. This is of interest,
since M2 phenotypic macrophages generally known to be anti-
inflammatory but pro-tumorigenic in nature. In our model of
preconditioning mice with ExT, the anti-inflammatory state that
developed over a 4-week period lead to increased infiltration of
NK cells into the liver which attenuated the growth of
Frontiers in Immunology | www.frontiersin.org 5102
micrometastatic disease. We believe that the ratio of M1/M2
macrophages in the liver of ExT mice is important to determine
the actual effect on the tumor, however the presence of NK and
other adaptive immune cells dictates the anti-tumor immunity
within the TME. Further single-cell experience will need to be
carried out in ExT vs. sedentary mice to fully delineate the type of
immune cells infiltrating the liver.

However, the mechanism of ExT in preventing IRI and
thereby reducing the effect on cancer growth is an important
and novel observation. This finding of aerobic ExT as a
nonpharmacological therapy before liver surgery might provide
a rationale to extend these studies to other clinical scenarios of
liver IRI such as transplantation (19).
TARGETING OF NEUTROPHIL
EXTRACELLULAR TRAPS TO PREVENT
LIVER ISCHEMIA-REPERFUSION INJURY

Oxidative stress is the inevitable feature of liver IRI. Excessive
levels of superoxide (O2-) generated through hypoxanthine and
xanthine oxidase can promotes proinflammatory milieu. Several
studies, by utilizing antioxidant therapy, has shown to reduce
liver IR injury in animal models (51). We have previously shown
that superoxide stimulates neutrophils to release NETs through
the TLR4/NOX signaling pathways. Our findings have shown
that treating mice with allopurinol (superoxide inhibitor) in
combination with diphenyleneiodonium (NOX inhibitor)
attenuated NET formation and significantly decreased liver
injury (52).

Similarly, using a mathematical model of Dynamic Network
Analysis (DyNA) in a mouse model of warm in situ liver IRI we
have previously shown that the inflammatory cytokine IL-17 plays
a central role in mediating and sustaining a pro-inflammatory
environment promoting I/R induced injury (53). The injury was
reversed when an IL-17 neutralizing antibody was administered
prior to IR injury. In addition, increase in the serum levels of IL-17
directly corresponded with the increase of intrahepatic neutrophil
infiltration and NET formation suggesting IL-17 as a potent NET
inducer. Similarly, in a mouse model of renal IRI, it was observed
that infiltrating neutrophils were the major source of IL-17
production which further facilitated neutrophil transmigration.
Furthermore, Lin et al. has shown that IL-17 positive neutrophils
that are abundantly present in the human psoriasis lesions can
release IL-17 through the induction of NETs. Hence targeting IL-
17 using IL-17 neutralizing antibody can decrease IR induced
injury via decreasing NET formation (54).

More recently, in a liver transplantation model, use of
recombinant thrombomodulin (TM) has been shown to target
NET formation and subsequently decreased liver injury in rat
models. TM is a glycoprotein that is highly expressed by
endothelial cells and has shown to play a protective role against
liver IRI in both mouse and rat models. A study published by
Yanyao et al. observed a significant decrease in neutrophil
infiltration and NET formation by pretreating rats with
recombinant TM (5mg/kg) intravenously 1h before the
July 2022 | Volume 13 | Article 887565
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transplantation. They further show that recombinant TM
suppressed TLR-4 activity and its downstream extracellular
signal (kinase/c-Jun NH2 terminal kinase and NADPH/reactive
oxygen species/PAD4) signaling pathways, mostly regulated by
stressed released DAMPs (55).

NETs harbor a wide variety of proinflammatory cytokines
and chemokines within the NET chromatin. Protein arginine
deiminase 4 (PAD4) is a key mediator of NET formation. PAD4
facilitates histone citrullination to promote chromatin
decondensation and the expulsion of chromosomal DNA.
Studies have shown that global PAD4 knockout mice have
diminished NET production and decreased primary and
metastatic cancer growth compared to wild-type mice. Similar
effects have been shown by targeting neutrophil elastase (NE) or
using specific MPO-inhibitors in murine models. These studies
were carried out by injecting a colorectal cancer cell line (MC-38)
in subcutaneous or intra-splenic fashion into wildtype or PAD4
KO animals. Wildtype animals were further treated with a NE
inhibitor (56-58). PAD4KO or wildtype animals treated with NE
inhibitor showed significant smaller tumors with less neutrophil
infiltration and NETs compared to wildtype animals.

Another important target is the destruction of NET
chromatin within the tumor. DNA, the backbone of NETs can
be targeted using DNase-I. In fact, DNase-I treatment has shown
promising results in preclinical murine cancer models as well as
clinical trials in patients with lupus nephritis, rheumatoid
arthritis or cystic fibrosis. DNAse-I has a very short half-life
within the circulation and therefore requires multiple injections
to achieve effective concentrations. Several inhibitors of NE and
PAD4 showed decreased tumor growth when tested in the tumor
burdened animal models. Several pre-clinical trials in non-cancer
patients using these targets have been performed, it is therefore
reasonable that these inhibitors could be beneficial and improve
clinical outcomes in cancer patients alike (59-62).
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In addition, blocking the direct crosstalk of NETs with adjacent
cancer cells in the tumor microenvironment has shown promising
results in reducing the NET effect on cancer cells. As previously
described, NETs have many effects on cancer cells including
enhancing their ability to invade into tissue, in addition they can
alter their metabolism and subsequently increase their metastatic
potential and growth. Several mediators of cancer-NET
interaction have been identified including TLR4-NE, tumor-
specific integrins, and most recently a surface protein called
CCDC25 (35, 56, 63). Targeting these receptors using specific
antagonist or knockouts have shown promising results in
decreasing tumor cell migration, metastatic niche formation, and
growth in murine models (35, 56).
CONCLUSION

Liver ischemia and reperfusion injury (IRI) is an important
inducer of inflammation. This review discusses the importance
of IRI and Neutrophils in mediating tissue damage and transplant
rejection. IRI promotes the recruitment of Neutrophils to the liver
which can in turn promote transplant rejection and tumor
progression of micro metastatic disease. Within the liver
Neutrophils/NETs can directly interact with Kupffer cells,
macrophages and T cells in the transplanted liver and the TME.
Taken together, this review provides an overview of the many roles
of Neutrophils and NETs following liver damage via IRI.
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61. Martıń Monreal MT, Rebak AS, Massarenti L, Mondal S, Šenolt L, Ødum N,
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Liver ischemia-reperfusion injury (IRI) is a major complication of liver trauma,

resection, and transplantation. IRI may lead to liver dysfunction and failure, but

effective approach to address it is still lacking. To better understand the cellular

and molecular mechanisms of liver IRI, functional roles of numerous cell types,

including hepatocytes, Kupffer cells, neutrophils, and sinusoidal endothelial

cells, have been intensively studied. In contrast, hepatic stellate cells (HSCs),

which are well recognized by their essential functions in facilitating liver

protection and repair, have gained less attention in their role in IRI. This

review provides a comprehensive summary of the effects of HSCs on the

injury stage of liver IRI and their associated molecular mechanisms. In addition,

we discuss the regulation of liver repair and regeneration after IRI by HSCs.

Finally, we highlight unanswered questions and future avenues of research

regarding contributions of HSCs to IRI in the liver.
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Introduction

Liver diseases have become one of the leading causes of death worldwide in the past

few decades. It was estimated that over two million deaths were attributed to major liver

diseases, such as cirrhosis and liver cancer (1), highlighting the demand for liver

transplantation, which is currently the optimal treatment for end-stage liver diseases.

Upon restoration of blood supply after interruption, the liver subjects to further injury

that aggravates the initial injury caused by ischemia. This pathophysiological process is

called liver ischemia-reperfusion injury (IRI) (2). Liver IRI can be classified into warm

and cold IRI, which share similar mechanisms with differences mainly in the clinical

settings (3). Warm IRI, initiated by hepatocellular damage, develops in situ during liver

trauma and transplantation where hepatic blood flow falls transiently. Cold IRI, initiated

by liver sinusoidal endothelial cells (LSECs) damage and microcirculatory disruption,

occurs ex vivo during cold storage of the liver before transplantation surgery (4). Liver

IRI is a critical complication in several clinical settings including liver trauma, resection,
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and transplantation (5–7). The degree of liver IRI depends on

the period, methods of ischemia, and baseline liver condition (8).

Continuous occlusion as short as 5 min can still lead to liver

damage 1 d postoperatively in rat model of liver IRI, and IRI is

much exacerbated in steatotic liver (9). IRI is an important cause

of liver dysfunction (10), yet no reliable treatment option has

been discovered. A better understanding of the cellular and

molecular mechanisms of liver IRI may lead to improvements to

clinical outcomes of liver disease patients, particularly those

undergoing liver transplantation.

Substantial knowledge has been accumulated in regard to

mechanisms underlying hepatic ischemic injury due to success

of animal models. It is proposed that liver IRI consists of initial

and late phases with distinct pathophysiological characteristics.

Initial phase of liver IRI occurs 1-3 h after reperfusion (11–13),

and manifests as rapid Kupffer cell activation after reperfusion

(11, 14). Reactive oxygen species (ROS) is released by Kupffer

cells, leading to oxidative stress and liver injury. Subsequently,

the early liver injury triggers the release of a series of pro-

inflammatory cytokines, such as TNF-a and IL-1b, inducing
immune cell recruitment and more severe liver injury (15). The

late phase of liver IRI, which occurs at 6-24 h after reperfusion

(11, 12), is characterized by the recruitment of neutrophils to the

liver and subsequent damage to hepatocytes (14).

Multiple cell types, including hepatocytes, liver sinusoidal

endothelial cells (LSECs), Kupffer cells, hepatic stellate cells

(HSCs) extrahepatic macrophages, neutrophils, and platelets,

are involved in the progression of liver IRI (14, 16). Hepatocytes

and LSECs are the main cell types subject to IRI induced cell

death (17). Extensive studies indicate that Kupffer cells play a

critical role in regulating IRI by promoting inflammatory injury

mediated by cytokines and chemokines (2, 17). Neutrophils act

as the main actor of cell injury during liver IRI following their

recruitment to the liver regulated by Kupffer cells releasing of

chemokines. Upon migration and infiltration to the liver,

neutrophils respond to signals released by injured hepatocytes,

inducing release of ROS and degranulation to cause further

injury (17, 18). HSCs, which reside in the perisinusoidal space of

liver and are known for their essential function of regulating

hepatic fibrosis (19), has not been long investigated in liver IRI.

As more recent studies shed light in the role of HSCs in liver IRI,

we aimed to summarize the effects of HSCs on regulation of liver

IRI in both injury and repair/regeneration stages, their

intercellular communications with other cell types during IRI,

and the associated molecular mechanisms.
Quiescence and activation of
HSCs in liver IRI

HSCs are localized in the subendothelial space of Disse

between hepatocytes and LSECs and comprise approximately
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15% of total cells in human liver (20). Due to anatomic features,

intercellular crosstalk can occur between adjacent cell types

including hepatocytes, Kupffer cells, bone marrow-derived

macrophages, LSECs, infiltrating leukocytes, and nerve cells (20,

21). HSCs are identified by expression of both mesenchymal and

neuronal markers including desmin, vimentin, nestin, and glial

fibrillary acidic protein (GFAP) (22). Under physiological

circumstance, HSCs sustain a non-proliferative and quiescent

phenotype with angular, rounded cell bodies, extended

cytoplasmic processes, and unique vitamin A storage in lipid

droplets (23). In normal liver, HSCs contribute to liver

regeneration, regulation of sinusoidal circulation, and vitamin A

storage and release (24–26). HSCs are important sources of

myofibroblasts during liver damage (27). When liver injury

occurs, however, HSCs become activated and transdifferentiate

into proliferative, contractile, and inflammatory myofibroblasts,

which are characterized by secretion of extracellular matrix

(ECM) molecules (28, 29). In this condition, HSCs are marked

by expression of a-smooth muscle actin (a-SMA) (30). Activated

HSCs secrete endothelin-1 (ET-1), which is a molecule with

potent vesoconstricting effect, promoting proliferation and

fibrogenesis, and thus is supposed to contribute to portal

hypertension (31, 32). HSCs have been identified as a critical

driver offibrosis in liver injury (19, 33). It is postulated that during

liver IRI, HSCs are activated by TNF-a, IL-6, and nitric oxide

(NO), followed by transdifferentiation into myofibroblast

phenotype (17). Activation of HSCs results in secretion of

matrix metalloproteinases (MMPs), cytokines, and chemokines,

leading to ECM destruction, further activation of HSC, and

infiltration of neutrophils and platelets (17). These effects imply

HSCs can play an important role in regulating hepatic

inflammation during IRI.
Effects of HSCs on liver IRI

Functional roles of HSCs in injury stage of hepatic IRI has

received much less attention than Kupffer cells, partly because

functional inhibitor of Kupffer cells, gadolinium chloride, has

enabled direct manipulation of these cells in experimental

models (34). HSCs as a whole promote liver damage in the

early phase of IRI, but they may mediate protective effect upon

some pharmacological interventions or external stimuli as well.

Thus HSCs may be regulated by specific signaling to combat IRI

in the liver. Figure 1 summarizes the molecular mechanisms of

liver IRI mediated by HSCs, which are discussed below.

The involvement of HSCs in liver IRI was proposed based on

preliminary observational studies. For instance, Takeda et al.

found that heparin diminished serum levels of ET-1, aspartate

transaminase (AST) and recovered hepatic IRI induced

disturbance of oxidized and deoxidized hemoglobin after 1 h

of IRI in rabbit model. Interestingly, electron microscopy
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revealed that IRI induced structural alteration of HSCs, which

were target cells for ET-1, was normalized upon administration

of heparin (35). These results suggested that HSCs mediated

liver protective effect of heparin via microcirculation regulatory

molecule ET-1. Further studies supported HSC’s role in hepatic

IRI was partly mediated by regulation of microcirculation. HSCs

play a key role in regulating hepatic microcirculation. In

response to some stimuli, HSCs can contract or relax

themselves, thus enlarging or shrinking the diameter of the

sinusoidal lumen (36). Rho family of small GTPases regulates

cell structure and motility mainly via rearrangement of actin

cytoskeletons (37, 38). Rho-associated coiled-coil forming

protein serine/threonine kinase (ROCK) was identified as one

of the critical regulators of HSCs motility (39). In contrast to the

scenario where HSCs appear to protect hepatocytes against IRI,

HSCs drive liver injury mediated partly by ROCK.

Administration of a specific inhibitor of ROCK named Y-

27632 in rat attenuated IRI induced liver dysfunction

manifested as increased deoxidized hemoglobin, decreased

cytochrome oxidase, and elevated transaminase 1 h after

reperfusion (40, 41). Consistently, Y-27632 resulted in

relaxation of HSCs even in the presence of ET-1 in vitro (41).

Liver protective effect of ROCK inhibition on IRI was also

confirmed by another study in rat with steatotic liver. Kuroda

et al. demonstrated that suppressing ROCK with specific

inhibitor fasudil ameliorated IRI induced increase in portal

perfusion pressure and liver damage at early stage of IRI in

steatotic liver (42). In particular, Rho/ROCK signaling in HSCs

from steatotic livers was activated and the activation was related

to increased contractility and ET-1, making it more vulnerable to
Frontiers in Immunology 03
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IRI (42). Specificity of the effect of ROCK regulator on HSCs was

further supported by the findings that HSCs targeting inhibition

of ROCK by vitamin A-coupled liposomes suppressed HSC

activation, hepatic blood supply, portal perfusion pressure

during early hepatic IRI, and improved survival rate after the

damage in rat steatotic liver (43).

A more clear landscape of functions of HSC in liver IRI is

delineated by specific manipulating approaches for HSCs in vivo.

Functional experiments in rodent model suggest that HSCs

exacerbate injury during hepatic IRI mediated by TNF-a and

ET-1. Exploiting genetically engineered mice expressing HSV-

thymidine kinase under the GFAP promoter coupled with

ganciclovir and CCL4 to eliminate actively proliferating HSCs,

a seminal research by Stewart et al. showed that hepatic injury in

both IRI and endotoxemia scenarios was attenuated in HSCs

depleted mice (approximately 70%) (44, 45). The decreased

injury was accompanied by significantly reduced hepatocyte

pro-inflammatory cytokine TNF-a, neutrophil expression of

chemoattractant CXCL1 and endothelin-A receptor (45). Of

note, liver IRI and endotixin-induced acute injury might share

similar cellular pathogenesis via HSC regulated inflammation.

However, the time to evaluate the liver damage, mRNA and

protein expression was not mentioned in this study, making it

not feasible to infer whether HSCs regulate early or late liver IRI.

Pharmacological approach alone has also been found to deplete

HSCs in vivo. Gliotoxin induces apoptosis in both human and

rat HSCs in vitro, and rat HSCs in vivo leading to resolution of

fibrosis (46–48). Liver IRI in early phase was significantly

reduced and sinusoidal perfusion was recovered by

pretreatment with gliotoxin in HSCs decreased rat, suggesting
FIGURE 1

Cellular and molecular mechanisms by which HSCs modulate liver IRI. Solid arrows indicate positively regulatory effect with supporting
experiment data, whereas dash arrows indicate putative positively regulatory effect. KC, Kupffer cell; TC, T cell; HSC, hepatic stellate cell; MMPs,
matrix metalloproteinases; ROCK, Rho-associated coiled-coil forming protein serine/threonine kinase; ET-1, endothelin-1.
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HSCs exerted exacerbating effect on the magnitude of early liver

ischemic injury (49).

Matrix metalloproteinases (MMPs) are a family of zinc-

dependent proteases which are essential in the degradation of

ECM to enable cellular movement and tissue reorganization (50).

MMP activation and release are involved in liver IRI due to their

profound effects on tissue integrity (51). It has been asserted that

prolonged or over expression of MMP exerts harmful effects on

the liver (52). Kupffer cells and HSCs are main sources of MMPs

in the liver, although LSECs and leukocytes can also secreteMMPs

(50, 53, 54). The involvement of MMPs in liver IRI is

demonstrated by their concomitant expression and functional

effects. HSCs contribute to MMP-9 production in the liver (55,

56). MMP-9 is increased 6 h after hepatic IRI in the steatotic rat

orthotopic liver transplantation (OLT) model, and serumMMP-9

is elevated significantly 7 d post IRI in human OLT (57, 58).

Furthermore, several MMPs, including MMP-9, are induced

during early phase of liver IRI, and blocking MMPs with

specific inhibitors reduces liver IRI and the release of

proinflammatory cytokines (12, 59). MMP-9 deficiency and

anti-MMP-9 neutralizing monoclonal antibodies also result in

protection against damage during early phase of liver IRI in

mice (60).

Despite the in-vivo data indicating HSCs exacerbate damage

during IRI collectively, they may aid in or mediate liver

protection via distinct signals. ROS have been proposed as key

initiators of IRI response in the liver by causing direct cellular

damage and inducing inflammatory response via high mobility

group box‐1 (HMGB1) and NF-kB (61–63). An in-vitro study

suggested that HSCs protected hepatocytes against ROS injury

(64). In addition, pretreating mice with HSCs ameliorated liver

IRI at 12 h after reperfusion in a regulatory T cells (Tregs)-

dependent manner (65). It should be noted that, however, the

HSCs administered were primary cell lines not subject to

activation following hypoxia/reoxygenation (H/R) stress, which

could largely explain the differences with HSC depletion results

in-vivo. Post-conditioning with the volatile anesthetic drug

sevoflurane protected the liver from IRI 1 d post reperfusion

in a randomized controlled trial, and in-vitro study suggested

that HSC might be the effector of the protection by reducing

apoptosis of hepatocytes (66, 67). More specifically, supernatants

of HSCs previously exposed to H/R induced apoptosis of

hepatocytes, but this effect was attenuated with sevoflurane

postconditioning (67). Fibroblast growth factor 10 (FGF10)

belongs to the fibroblast growth factor (FGF) family, whose

members play crucial roles in organ development, homeostasis,

and repair (68). FGF10 binds to fibroblast growth factor receptor

2b (FGFR2b) and this signaling controls hepatoblast survival

and liver size (69, 70). Li et al. demonstrated that HSCs secreted

fibroblast growth factor 10 (FGF10) in vitro, which ameliorated

inflammation and necrosis, and protected hepatocytes from

apoptosis during early phase of liver IRI in vivo (71). These
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results elucidated the protective effects of FGF10 in early liver

IRI, and strongly implied these effects were modulated by HSCs.
HSCs in liver repair and regeneration
after IRI

The liver has a large regenerative capacity following physical

or functional loss, with the potential of hepatocyte proliferation

to sustain liver function. Necrotic tissue in the postischemic liver

is cleared and remodeled by phagocytes, HSCs, and other cells,

followed by hepatocyte regeneration and reconstruction of

functional liver architecture (14). Far less is elucidated about

the mechanisms of these processes compared with the

mechanisms of hepatic IRI. Particularly, the role of HSCs in

the process of liver repair after IRI is not clear (72).

MMPs derived from HSCs may promote liver repair after

IRI in the liver, although they have been shown to promote

damage by destruction of ECM and recruitment of leukocytes

(73). Specifically, reduction in liver damage at 24 h after

reperfusion and significant delay of liver repair after 72 h of

reperfusion were observed in MMP-9 knockout mice, compared

with wild type mice (74). MMP-9 was found to increase TGF-b
activation after IRI. In-vitro study showed that MMP-9 activated

TGF-b secreted by HSCs, indicating involvement of HSC in liver

repair (74). A recent study exquisitely examined pathology of

liver fibrosis during the repair process after IRI and highlighted

involvement of HSC and MMPs. Konishi et al. found that the

number of activated HSCs increased along the damaged areas 1

wk after IRI (72). Liver fibrosis took place at the interface

between necrotic site and regenerating liver associated with

HSCs during the reparative process after IRI, and noticeably,

the number of HSCs decreased shortly after resolution of injury

and restoration of disrupted liver structure. They also

investigated the expression of several MMPs related to

degradation of extracellular matrix components and reported

that the expression of MMP-2 and MMP-9 increased at 1 wk

after liver IRI and diminished thereafter. In contrast, MMP-13

expression remained at low level 1 wk after IRI but significantly

elevated after 2 wk and the trend was stable up to 8 wk post IRI.

The trends of MMP-2 and MMP-9 expression were associated

with resolution of liver fibrosis and concomitant increase and

decrease thereafter in the number of activated HSCs (72). Akin

to MMP-9, MMP-13 is expressed in and produced by HSCs (75,

76). In relation to the injury stage, MMP-9 plays both deleterious

and protective roles in hepatic IRI, which is dependent on the

timing (74). It can be inferred from the pathological findings and

source of MMPs that HSCs participate in the reparative process

after liver IRI.

Recent innovative works involving Yes-associated protein

(YAP) also underline the critical role of HSC in liver repair and

regeneration after IRI. YAP and transcriptional coactivator with
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PDZ-binding motif (TAZ) are downstream effectors of the

Hippo signalling pathway, which have been identified as

essential regulators controlling cellular proliferation and organ

size (77). Marked activation and proliferation of HSCs was

observed at both injury and repair/regeneration phases after

liver IRI in mice, with concurrent selective activation of YAP and

TAZ and expression of their target genes. Inhibiting YAP and

TAZ after injury phase significantly diminished HSC and

hepatocyte proliferation, suggesting the dependence of liver

repair and regeneration after IRI on HSC (78). Liu et al.

demonstrated that YAP inhibition prior to ischemia and

reperfusion operation delayed liver repair and increased

hepatic fibrosis at 7 days after IRI. These changes were

associated with enhanced HSC stimulation manifested as

fibrogenic and contractile characteristics in-vitro (79). This

study indicated HSC might serve as a regulator of liver repair

and fibrogenesis in an YAP dependent manner.

HSCs contribute to liver fibrosis during reparative process

after IRI. ECM accumulation generated by HSCs potentiates at

the boundary between necrotic and hepatocyte regenerating

region. Resolution of liver fibrosis is associated with decreased

activation of HSC (72). In fibrotic liver, HSCs may also promote

liver repair after IRI. Fibrotic liver shows more severe injury

but more rapid repair and regeneration compared with

nonfibrotic liver in mice, which are accompanied by

prominent accumulation of HSCs in fibrotic liver in early

reparative phase (80).
Intercellular communications
involving HSCs in liver IRI

The signaling cascades leading to hepatic damage are various

and complex, involving interactions between hepatocytes, Kupffer

cells, HSCs, LSECs, recruited neutrophils, macrophages, and

platelets (81). HSCs are highly versatile cells with complex

crosstalk with residential hepatic cells and circulating immune

cells, including hepatocytes, Kupffer cells, LSECs, natural killer

cells (NK cells), T cells, and B cells (26, 27, 82, 83). This notion is

demonstrated with enormous evidence mainly in the context of

chronic hepatic injury leading to hepatic fibrosis, such as viral

infection and alcoholic liver disease, but only a few works

elucidate the crosstalk involving HSCs in liver IRI. As

mentioned above, Kupffer cells are fundamental drivers of the

early hepatic IRI. The crosstalk between Kupffer cells and HSCs

were validated by in-vitro model (84, 85). This crosstalk was

mediated by H2O2 and IL-6 (84). Furthermore, Kupffer cells can

activate HSCs in vitro and in vivo mediated by IL-1 and TNF

during fibrogenesis (86). It is believed that TNF-a and IL-6

released by Kupffer cells activate HSCs in the early phase of

liver IRI (17). As liver fibrosis is a component of liver repair after

IRI (72), Kupffer cells may induce activation and proliferation of
Frontiers in Immunology 05
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HSCs in the recovery of IRI. In the scenario of liver fibrosis

following chronic liver injury, activation and proliferation of

HSCs are induced by TNF-a, IL-6, TGF-b, platelet-derived
growth factor (PDGF), and ROS secreted by Kupffer cells (87,

88). CD4+ T cells are essential in promoting pro-inflammatory

immune response in the liver and play an important role in

hepatic IRI (89–91). Reifart et al. reported that CD4+ T cells

interacted with HSCs along their migration to the liver in vivo.

Depletion of HSCs diminished CD4+ T cell recruitment to the

postischemic tissue and protected the liver from IRI (92). LSECs

form the vascular wall of the liver sinusoid and play crucial

protective roles in vascular homeostasis, and inflammation.

LSECs are prominently vulverable to IRI, making them one of a

key factors leading to hepatic IRI (81). LSECs suffering from

ischemic challenge decrease production of NO, and together with

elevated ET-1 production, contribute to contraction of HSCs.

These events lead to narrowing of the sinusoidal lumen and

microcirculatory dysfunction (81, 93). Cellular and molecular

mechanisms by which HSCs regulate hepatic IRI are shown

in Figure 1.
Conclusion and future direction

Despite decades of research into the development of liver IRI

and its intervention, liver IRI is still a major cause of mortality and

morbidity after hepatic surgery and transplantation. Much less

attention has been focused on the roles of HSCs in liver IRI

compared to other cell types involved. HSCs become activated and

proliferate in response to IRI, likely through signals from Kupffer

cells. HSCs promote early phase hepatic IRI by constraining

hepatic microcirculation mediated by ROCK, effects of ET-1

signalling, and pro-inflammatory cascades initiated by TNF-a.
MMPs derived from HSCs may also increase damage by

destruction of ECM and recruitment of leukocytes. HSCs can

mediate hepatic protective effect via external stimuli such as

sevoflurane, and FGF10. During the repair and regeneration

stage, HSCs play an fundamental role in potentiating liver

recovery. Molecular mechanisms involve activation of TGF-b
signalling pathway by MMP-9, activation of YAP and TAZ.

During the reparative stage of liver IRI, HSCs also regulate

fibrogenesis, the extent of which may be critical to functional

recovery of the liver.

Future research regarding involvement of HSCs in liver IRI

can be aimed at three directions to aid in better understanding of

the pathophysiology of IRI and development of novel therapeutic

interventions. Intercellular communications between HSCs and

other cell types should be studied using in vivo visualization

techniques and cell-type specific genetic animal models.

Furthermore, it is clinically useful to identify HSCs derived

biomarkers predictive of transplantation outcomes with less

expensive modern multi-omics technologies. It is of paramount
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importance to screen and identify novel agents to ameliorate

hepatic IRI, given that clinical trials of many drugs targeting HSCs

for anti-fibrosis are completed or under way (26). An update of

the clinical trials and drugs is shown in Table 1 (94–99). Because

HSCs contribute to damage and repair of liver IRI, it is likely that

anti-fibrotic drug has an effect on combating IRI.
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ILC2s expanded by exogenous
IL-33 regulate CD45+CD11b
+F4/80high macrophage
polarization to alleviate hepatic
ischemia-reperfusion injury

Hai-Ming Zhang1,2†, Xiao-Jie Chen1,2†, Shi-Peng Li1,2,
Jin-Ming Zhang1,2, Jie Sun1,2, Liu-Xin Zhou1,2,
Guang-Peng Zhou1,2, Bin Cui1,2, Li-Ying Sun1,2,3*

and Zhi-Jun Zhu1,2*

1Liver Transplantation Center, National Clinical Research Center for Digestive Diseases, Beijing
Friendship Hospital, Capital Medical University, Beijing, China, 2Clinical Research Center for
Pediatric Liver Transplantation of Capital Medical University, Beijing, China, 3Department of
Critical Liver Disease, Liver Research Center, Beijing Friendship Hospital, Capital Medical University,
Beijing, China
Hepatic ischemia-reperfusion injury (IRI) is an adverse consequence of

hepatectomy or liver transplantation. Recently, immune mechanisms

involved in hepatic IRI have attracted increased attention of investigators

working in this area. In specific, group 2 innate lymphoid cells (ILC2s), have

been strongly implicated in mediating type 2 inflammation. However, their

immune mechanisms as involved with hepatic IRI remain unclear. Here, we

reported that the population of ILC2s is increased with the development of

hepatic IRI as shown in a mouse model in initial stage. Moreover, M2 type CD45

+CD11b+F4/80high macrophages increased and reached maximal levels at 24

h followed by a significant elevation in IL-4 levels. We injected exogenous IL-33

into the tail vein of mice as a mean to stimulate ILC2s production. This

stimulation of ILC2s resulted in a protective effect upon hepatic IRI along

with an increase in M2 type CD45+CD11b+F4/80high macrophages. In

contrast, depletion of ILC2s as achieved with use of an anti-CD90.2 antibody

substantially abolished this protective effect of exogenous IL-33 and M2 type

CD45+CD11b+F4/80high macrophage polarization in hepatic IRI. Therefore,

this exogenous IL-33 induced potentiation of ILC2s appears to regulate the

polarization of CD45+CD11b+F4/80high macrophages to alleviate IRI. Such

findings provide the foundation for the development of new targets and

strategies in the treatment of hepatic IRI.

KEYWORDS

ischemia-reperfusion injury (I/R), group 2 innate lymphoid cells (ILC2s), Kupffer cells
(KCs), M2 polarization, IL-4
frontiersin.org01
114

https://www.frontiersin.org/articles/10.3389/fimmu.2022.869365/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.869365/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.869365/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.869365/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.869365/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.869365&domain=pdf&date_stamp=2022-07-29
mailto:sunxlx@outlook.com
mailto:zhu-zhijun@outlook.com
https://doi.org/10.3389/fimmu.2022.869365
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.869365
https://www.frontiersin.org/journals/immunology


Zhang et al. 10.3389/fimmu.2022.869365
Introduction

Impairments in liver function resulting from ischemia-

reperfusion injury (IRI) in liver transplantation or partial

hepatectomy represent a significant adverse factor that not

only affects the recovery, but may also contribute to the high

morbidity and mortality rates associated with this procedure.

With IRI, there exist numbers of possible sources of damage

including that from oxidative stress, apoptosis, autophagy and

pyroptosis, all of which can play important roles in occurrence

and development of these adverse effects (1, 2). In addition,

activities of immune cells can also affect hepatic IRI process. For

example, tissue-resident macrophages in liver, play essential

roles in hepatic IRI. As based on differences in their

phenotypes and functions, activated macrophages can be

divided into either M1 or M2 groups. During the initial stages

of IRI, M1 macrophages produce reactive oxygen species (ROS)

and proinflammatory factors (TNF-a, IL-1, IL-6) which can

instigate this liver damage (3, 4). In contrast, in the later stages of

IRI, polarized M2 macrophages secrete anti-inflammatory

factors (Arg-1, IL-10, TGF-b, HO-1) to alleviate hepatic IRI

(5, 6). However, these polarization mechanisms of M2

macrophages in hepatic IRI remain unclear.

Results from recent studies have shown that phenotypic

changes in macrophages may be affected by group 2 innate

lymphoid cells (ILC2s) (7). ILC2s, which are mainly found in

lung, intestine, skin and liver, are tissue-resident cells derived from

lymphoid progenitors (8). They can be activated by alarmins such

as IL25, IL-33 after tissue damage (9, 10) and play crucial roles in

metabolic homeostasis, parasite infection and tissue repair through

inducing type 2 inflammation (11). In asthma, the number of ILC2s

have been shown to be positively correlated with the number of M2

macrophages in induced sputum from asthmatic patients (12), and

the expression of M2 macrophage related genes can be induced in

co-cultures of ILC2s and Alveolar Macrophages (13). ILC2s can be

found in various locations and exert a number of different roles

depending on their current surroundings. For example, in bone

marrow, ILC2s potentiate an IL-33 down-regulation of RANKL

expression and transform bone marrow-derived monocytes/

macrophages into M2 macrophage like cells through the

production of granulocyte macrophage colony stimulating factor

(GM-CSF) and IL-13 (14). As shown in studies related to

inflammatory injuries, ILC2s also play a key role in tumor

immunity and ILC2s proliferation can promote the pathogenesis

of cancer by inducing M2 Macrophage polarization (15–17).

Moreover, results from a recent report have indicated that ILC2s

are involved in the repair process of damaged organs (18). Despite

all this evidence regarding the immune mechanisms of ILC2s, such

mechanisms as related to liver IRI have yet to be established.

Exogenous IL-33 is a potent stimulator of ILC2 proliferation

(19), and a role for IL-33 in mouse models of hepatic IRI has

been previously described. Li Shu et al. demonstrated that
Frontiers in Immunology 02
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pretreatment with exogenous IL-33 reduced warm hepatic IRI

in mice, and that this protective effect of IL-33 on hepatic IRI

was mainly due to a Th1 to Th2 type shift (20). However, it

remains unclear as to which group of cells are mainly involved in

this effect. Further evidence for a protective effect of exogenous

IL-33 on hepatic IRI was provided by Sakai et al (21). In contrast

to these demonstrations of IL-33-induced protection, Yazdani

reported that exogenous IL-33 exacerbated hepatic IRI by

amplifying the neutrophil extracellular trap formation (22),

and while Barbier (23) also reported a deleterious effect of

endogenous IL-33 on liver IRI. Accordingly, this effect of IL-

33 on hepatic IRI clearly warrants further study.

Work within our laboratory has indicated that levels of

intrahepatic ILC2s vary as a function of the stage of IRI. Here,

we reported that in the initial stages of IRI, as the time of

reperfusion injury gradually progresses, ILC2s demonstrate a

continuous upward trend, reaching peak levels at 12 h post-

reperfusion. Interestingly, during this IRI period, there is a

positive correlation between these changes in ILC2s and the

proportion of M2 type CD45+CD11b+F4/80high macrophages.

With a potentiation of ILC2s, as can be achieved with an

exogenous administration of IL-33, intrahepatic IL-4

expression is also significantly increased followed by an

increase in the proportion of M2 CD45+CD11b+F4/80high

macrophages. Hepatocyte injury is dramatically mitigated in

response to this IL-33 administration, while ILC2s depletion, as

achieved with use of the anti-CD90.2 antibody, substantially

abolished this protective effect of exogenous IL-33 and M2 CD45

+CD11b+F4/80high macrophage polarization in hepatic IRI.

When collating these findings, we found that ILC2s expanded

by exogenous IL-33 alleviated hepatic IRI by promoting the M2

polarization of CD45+CD11b+F4/80high macrophages. Such

findings provide the impetus for the development of new

treatment strategies involving use of exogenous IL-33 and

ILC2s in the treatment of IRI.
Results

Intrahepatic ILC2s vary as a function of
hepatic IRI stage

As an approach to determine whether liver-resident ILC2s

change as a function of IRI stage, we established a mouse hepatic

IRI model. Compared with that observed in the sham group, the

main manifestations of hepatic IRI included hepatocyte edema,

hepatic vessel congestion and necrosis. Mild edema and

congestion were the main lesions present at 6 h post-IRI. At

12 h post-IRI, there was a progression of this damage with the

gradual presence of punctate necrosis and inflammatory cell

infiltration, while at 24 h, flake coagulation necrosis can be seen,

but edema and congestion were reduced (Figure 1A). Quantified
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assessment of this hepatic IRI with use of Suzuki’s Scores

demonstrated that the liver injury induced by ischemia-

reperfusion was clearly time-dependent, with scores showing a

gradual increase as a function of reperfusion time, reaching

maximal levels at 24 h post-reperfusion (Figure 1B, P<0.001

versus sham). Results of Western blotting of Caspase-3, BAX

and Bcl-2 in liver tissue indicated that hepatocyte apoptosis

gradually increased over the initial 12 h period, but decreased

thereafter (Figures 1D, E). Moreover, results of this assay also

showed a similar trend for serum ALT and AST, which increased

immediately after reperfusion and peaked at 12 h (Figure 1C,

P<0.001 versus sham).

Furthermore, the proportion of ILC2s on CD45+ cells in the

liver were analyzed using multicolor flow cytometry. After pre-

gating on single and live cells, CD45+cells were gated to exclude

non-hematopoietic cells, such as hepatocytes. In this way,

lineage-CD90.2+ST2+CD25+ cells could now be delineated as

intrahepatic ILC2s (the Gating strategy is presented in

Supplementary Figure 1A). We found that there was an

increase in the ratio of ILC2s among CD45+ cells as hepatic

IRI progressed, peaking at 12h post-IRI (Figures 1F, G P<0.05).
Frontiers in Immunology 03
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Moreover, the number of ILC2s per gram of liver tissue

gradually increased after reperfusion (Figure 1G). Based on

these findings we propose that ILC2s may be critically

involved in the regulation of hepatic IRI.
M2 CD45+CD11b+F4/80high
macrophages vary as a function of
IRI progression

During hepatic IRI, we not only observed changes in levels of

liver intrahepatic ILC2s, but also in CD45+CD11b+F4/80high

macrophages, especially in proportions of the M2 type. To further

evaluate these findings, we first determined expressions of CD206

in response to hepatic IRI using immunohistochemistry. CD206

expression gradually increased, showing a slight increase at 12 h

after reperfusion and then a significant increase at 24 h

(Figures 2A, B). Results from flow cytometry analysis revealed

that a similar trend was observed for M2 CD45+CD11b+F4/

80high CD206+ macrophage ratios (increases in the proportion of

CD206+ cells were assumed to represent aM2 polarization among
B

C D E

F G

A

FIGURE 1

Intrahepatic ILC2s vary as a function of hepatic IRI stage. (A) HE staining of formalin fixed paraffin embedded liver tissue after ischemia followed by
reperfusion at 6, 12 or 24 h and Sham controls (×200). (B) Suzuki’s scores for IR-induced liver injury among the four groups (n = 6 per group). (C)
Serum ALT and AST levels were assessed in Sham and IRI groups at different post-reperfusion time periods. (D, E) western blot and semi-quantification
of BAX, Bcl-2 and Caspase3 from liver tissue of Sham and IRI groups at different post-reperfusion time periods. (F) Proportion of ILC2s within the
different IRI Groups. (G) Histograms of percent of ILC2s in CD45+cells and ILC2s per gram of liver tissue (n = 5 per group). (ns P>0.05, *P<0.05,
***P<0.001 versus sham).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.869365
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2022.869365
CD45+CD11b+ F4/80high cells), increasing slightly at 6 h, then

decreasing at 12 h and finally reaching maximal levels at 24 h

(Figures 2E, F P<0.001 versus sham). Moreover, we also detected

mRNA and serum protein levels of IL-1b and IL-10 in these

macrophages, with IL-1b being significantly increased at 6 h after

IRI, then gradually decreasing to minimal levels at 24 h. In

contrast, the M2 CD45+CD11b+F4/80high macrophage related

cytokine, IL-10, showed a slight increase at 6 h, followed by a

marked rise at 24 h (Figures 2C, D; P<0.001 versus sham).

Chronologically, M2 CD45+CD11b+F4/80high macrophage

ratios increased after that of ILC2s, leading us to speculate that

the polarization of M2 may be promoted by the increases

in ILC2s.
ILC2s alleviate hepatic IRI by increasing
the proportion of M2 CD45+CD11b+F4/
80high macrophages

To determine whether ILC2s could alleviate hepatic IRI, we

performed manipulations in which ILC2s levels were either
Frontiers in Immunology 04
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increased or decreased in a mouse model (Recombinant

mouse IL-33 for 5 consecutive days before IRI to stimulate

ILC2s and anti-CD90.2 on day -4 and -1 before IRI to deplete

ILC2s Figure 3B). In mice receiving recombinant mouse IL-33

there was a substantial increase in intrahepatic ILC2s, while

these levels were markedly decreased in those receiving IL33

+anti-CD90.2 (Figure 3A). HE staining, as performed in the

harvested liver of these IRI mice at 12 h after reperfusion,

revealed little, if any, observation of liver necrosis in mice

injected with IL-33, while a considerable amount of necrosis

was observed in the PBS and IL33+antiCD90.2 group. However,

mild hepatocyte edema and small vessel congestion were present

in sections from the IL-33 injected group as compared with

sham mice (Figure 3C). Results from Suzuki’s Scores indicated

that liver injuries within the IL-33 group were less than that

observed in the PBS group after reperfusion and, there were

more serious damage in IL33+antiCD90.2 groups than IL-33

Group (Figure 3D), suggesting that ILC2s had a protective effect

on hepatic IRI. In order to further verify the protective effect of

ILC2s upon hepatic IRI, the extent of hepatocyte apoptosis was

determined in these mice at 12 h after reperfusion. As shown in
B

C D

E F

A

FIGURE 2

Proportion of M2 CD45+CD11b+F4/80high macrophages varies as a function of hepatic IRI stage. (A) Immunohistochemistry assay results
demonstrating the changes in CD206 as a function of IRI time. (B) Semi-quantification of CD206 expression. (C) Relative gene expressions of
IL-1b and IL-10 in macrophages purified from mice liver at 6,12 or 24 h post-IRI and sham controls. (D) Serum IL-1b and IL-10 levels in Sham
and IRI groups at different post-reperfusion time periods. (E) Representative FACS analysis showing the percent of M2 CD45+ CD11b+ F4/
80high macrophages in sham, IRI6h, IRI12h, IRI24h. (An CD206+ increase in proportion was assumed as a M2 polarization among CD45+CD11b
+ F4/80high cells) (F) Histograms of the percent of M2 CD45+CD11b+F4/80high macrophages (n = 5 per group). (ns P>0.05, *P<0.05,**P<0.01,
***P<0.001 versus sham).
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Figure 3E, results from our immunofluorescent assay revealed

that a large proportion of hepatocyte nuclei were stained red

(TUNEL) and the cytoplasm green (Caspase-3) in mice injected

with PBS or IL33+antiCD90.2, indicating that a substantial

amount of hepatocyte apoptosis was present. In contrast, the
Frontiers in Immunology 05
118
percent of TUNEL and Caspase-3 positive cells were

significantly decreased in the IL-33 injection group (Figure 3F;

P<0.001). We also found that following ILC2s proliferation, as

achieved with an exogenous injection of IL-33, a marked

increase in M2 CD45+CD11b+F4/80high macrophages was
B

C D

E F

G H

I

A

FIGURE 3

ILC2s protect liver from IRI by increasing the proportion of M2 CD45+CD11b+F4/80high macrophages (A) Representative FACS analysis showing that
exogenous IL-33 administration significantly increased the proportion of ILC2s in liver as compared with PBS controls and IL-33 receiving anti-CD90.2
administration, which significantly depleted ILC2s. (B) Sketch map of medicine administration and IRI surgery. Mice were treated with exogenous IL-33
daily for 5 consecutive days as well as anti-CD90.2 antibody twice before IRI surgery. Mice were euthanized 12 h after reperfusion. (C) HE staining of
Sham, PBS, IL-33 and IL33&anti-CD90.2 groups as determined at 12 h after reperfusion (×200). (D) Suzuki’s Scores resulting from IR-induced liver injury in
Sham, PBS, IL-33 and IL33&anti-CD90.2 groups (n=6 per group). (E) Representative cell apoptosis immunofluorescence of the 4 groups as determined at
12 h post-reperfusion. Cell apoptosis was measured using TUNEL (red) and Caspase3 (green). Apoptotic cells display a red nucleus (TUNEL) and green
cytoplasm (Caspase-3) while normal cells show blue nuclei (DAPI) (×400). (F) Histograms of quantitative analysis of TUNEL-positive cells (n = 6 per group).
(G) Representative FACS analysis showing the proportion change of M2 CD45+CD11b+F4/80high macrophages. (An CD206+ increase in proportion was
assumed as a M2 polarization among CD45+CD11b+ F4/80high cells) (H) Quantitative analysis of percent of M2 CD45+CD11b+F4/80high macrophages
(n = 5 per group). (I) Relative gene expressions of IL-1b, iNOS, HO-1, FIZZ1 and IL-10 in macrophages purified from mice liver in different groups.
(***P<0.05, ***P<0.001).
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observed in these mice when compared with that in the PBS

group, as based on FACS analysis (Figures 3G, H). In order to

determine the relative proportion of M1 versus M2 CD45

+CD11b+F4/80high macrophages, these were isolated from

liver tissue and their cytokine contents were assessed. As

shown in Figure 3I, the pro-inflammatory factor IL-1b and

iNOS decreased significantly in the IL-33 treated group, while

the anti-inflammatory factors HO-1, FIZZ1 and IL-10 were

significantly increased. Such results suggest that exogenous IL-

33 modulates CD45+CD11b+F4/80high macrophage

polarization in vivo. However, with ILC2s depletion, as

achieved with the administration of anti-CD90.2, these

alterations in CD45+CD11b+F4/80high macrophages were

substantially attenuated. Therefore, we hypothesized that the

protective effect of ILC2s in IRI may, in part, result from the

promotion of M2 polarization of CD45+CD11b+F4/

80high macrophages.
Frontiers in Immunology 06
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Macrophage depletion attenuates the
protective effects of exogenous IL-33 in
hepatic IRI

In order to determine whether CD45+CD11b+F4/80high

macrophages are essential for the protective effect of exogenous

IL-33 in hepatic IRI, we assessed the effects of macrophages

depletion in this mouse model. This was achieved with an

administration of Clodronate Liposomes (CL). As shown in

Figure 4A, there was a significant reduction in CD45+CD11b

+F4/80high macrophages in response to this CL treatment. We

euthanized mice 12 hours after hepatic IRI to detect hepatic

structural and functional injury. With this depletion of

macrophages, the protective effects of exogenous IL-33 on

hepatic IRI were no longer present and serum ALT and AST

levels of mice treated with IL-33+CL were significantly greater

than that in mice treated with IL-33+Control (Figure 4B).
B

C D
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FIGURE 4

Macrophages depletion prevents protective effects of exogenous IL-33 on hepatic IRI (A) Representative FACS analysis showing depletion
of macrophages following administration of Clodronate Liposomes (CL). (B) Serum ALT and AST levels of mice in PBS+control, PBS+CL,
IL33+control and IL33+CL groups 12 h after IRI. (C) Histopathological changes in livers within the different treatment groups 12 h after IRI.
(D) Suzuki’s Scores quantifying the capacity for CL to attenuate the protective effects of exogenous IL-33 against hepatic IRI (n=6 per group)
(mice were Euthanized 12h after IRI). (E) Histochemistry of caspase3 and PCNA in the four groups (mice were euthanized 12h after IRI).
(*P<0.05, **P<0.01).
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Results from our histological analysis corroborated these

findings, as mice injected with IL-33 showed significantly less

necrosis as compared with that of the other groups, while severe

necrosis, hepatocyte edema and vessels congestion were

observed in mice treated with IL-33+CL (Figure 4C). Suzuki’s

Scores of the IL33+CL group were significantly greater than that

of the IL33+Control group, indicating that macrophages

depletion weakened the protection of exogenous IL-33 against

hepatic IRI (Figure 4D). Similarly, when assessing apoptosis, we

found that IL-33 treatment significantly reduced the proportion

of Caspase-3 positive cells while remarkably increasing PCNA

positive cells, indicating that IL-33 administration reduced liver

apoptosis and promoted liver regeneration in hepatic IRI. When

compared with that of the IL-33 group, the number of Caspase-3

positive cells in the IL-33+CL group was significantly increased

while PCNA positive cells remarkably decreased, implying that

the depletion of macrophages severely attenuated the ability for

ILC2s to resist apoptosis and promote regeneration in hepatic

IRI (Figure 4E).
IL-4 polarizes CD45+CD11b+F4/80high
macrophages to the M2 type via the
JNK/Stat3 pathway

ILC2s mainly exert their effects by secreting Th2 cytokines

such as, IL-4, IL-5 and IL-13 (24). To determine which cytokine

may be critical for the M2 phenotype transformation mediated

by ILC2s, we examined mRNA levels of these cytokines within

the liver. As expected, IL-4 and IL-13 expression levels in liver

tissue increased after IL-33 injections, and IL-4 was clearly

greater than that of IL-13 (Figure 5A). Moreover, in IL-33

+antiCD90.2 group, the increase of IL-4 decreased

significantly. Therefore, we considered that IL-4 may serve as

the cytokine through which ILC2 regulates phenotypic changes

in CD45+CD11b+F4/80high macrophages. To test this

hypothesis, primary macrophages were extracted from C57BL/

6 mice and treated with IL-4 or an IL-4+Stat3 inhibitor

NSC74859 (abbreviated as NSC). When IL-4 was added to the

culture medium for 24 h prior to hypoxia and reoxygenation (H/

R), the proportion of M2 macrophages was significantly

increased. However, this trend for M2 macrophage

polarization was clearly reduced when NSC was combined

with IL-4 (Figure 5B). In addition, cells treated with IL-4 had

reduced expressions of M1 macrophage markers, including IL-

1b, iNOS, and enhanced expressions of M2 macrophage

markers, including IL-10, FIZZ1 and HO-1 (Figure 5C). From

the level of protein assessment, as performed using western blot,

IL-4 administration was shown to upregulate the expressions of

p-Stat3 and p-JNK, while treatment with the IL4+Stat3 inhibitor

downregulated these expressions (Figure 5D). Finally, we co-

cultured hepatocyte AML12 cells with macrophages treated with

IL4 or IL4+Stat3 inhibitor and then analyzed the degree of
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apoptosis within these AML12 cells using flow cytometry

analysis. As shown in Figure 5E, after 1 h of hypoxia and 12 h

of reoxygenation, AML12 cells showed a considerable degree of

apoptosis, while those co-cultured with IL4-treated macrophages

demonstrated a significant reduction in hepatocyte apoptosis.

However, when co-cultured with macrophages treated with IL-4

+NSC, the apoptosis within these hepatocytes was significantly

increased (P<0.001) (Figure 5F).

Taken together, the findings are consistent with the hypothesis

that ILC2s alleviate hepatic IRI by promoting M2 polarization of

CD45+CD11b+F4/80high macrophages through the IL-4/JNK/

Stat3 pathway. Whether other cells are involved in the release of

IL-4 awaits further research. Such findings provide the foundation

for the development of novel strategies to alleviate hepatic IRI as

achieved through modulation of ILC2.
Discussion

Hepatic IRI, represents a significant risk factor affecting the

prognosis of hepatectomy or liver transplantation (25). The

mechanisms of hepatic IRI are complex, involving oxidative

stress, apoptosis, autophagy, pyroptosis and immune factors (26,

27), and it is also certain that resident liver macrophages, play an

important role in this liver injury process (28–30). According to the

different functions exerted bymacrophages, they can be divided into

M1 macrophages that promote or M2 macrophages that inhibit

inflammation (31). A number of studies have focused on

procedures involved with increasing the proportion of M2

macrophages as an approach to reduce IRI (6, 32, 33). Our

current results show that with an exogenous administration of IL-

33, ILC2s are increased along with a proportional increase in M2

CD45+CD11b+F4/80high macrophages, effects which are

accompanied with a reduction in IRI. Such effects can be

attenuated following ILC2s depletion, as achieved with anti-

CD90.2. Accordingly, it appears that ILC2s proliferation can

alleviate IRI through the promotion ofM2macrophage polarization

While the results of our present study provide the first

evidence for a role of ILC2s in hepatic IRI, the role of

exogenous IL-33 in hepatic IRI has been described previously

by Li and his colleagues (20). They demonstrated that the effects

of exogenous IL-33 in hepatic IRI were associated with a Th1 to

Th2 cytokine type shift and, in this way, exogenous IL-33 may

suppress inflammation of hepatic IRI by inducing IL-4, IL-5 and

IL-13 release. Interestingly, ILC2s represent a heterogeneous

group of immune cells which can be activated by IL-33 and IL-25

and mainly mediate type 2 inflammation by releasing IL-4, IL-5

and IL-13 (34–36). Such a cascade of events most likely serves as

a medium for IL-33 to play its role in hepatic IRI.

Endogenous IL-33 is immediately released during liver IRI

and contributes to early tissue injury as an alarmin (23).

Discrepant effects of exogenous IL-33 on hepatic IRI have

been reported. Yazdani demonstrated that exogenous IL-33
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exacerbates liver IRI by amplifying a neutrophil extracellular

trap formation causing excessive sterile inflammation (22),

However, it has also been reported that exogenous IL-33

significantly reduces hepatocellular injury in IRI and liver

neutrophil accumulation (21). Such variations in results may

be attributable to differences in doses and/or the timing of

exogenous IL-33 administration. Yazdani used a high dose (up

to 10 ug) which was administered at 1 h before or immediately

after ischemia, while in our study a low dose, long-course

pretreatment of IL-33, consisting of a daily dose of 0.3 ug for

5 consecutive days, was administered prior to IRI surgery. With

our protocol, a milder effect was achieved, enabling this

pretreatment sufficient time for the immune system to alter

the proportion and phenotype of ST2-expressing cells,

particularly ILC2s, to prepare for the future injury. It is also

possible that this exogenous IL-33 pretreatment may alter other

cells expressing ST2 in vivo, such as, regulatory T (Treg) cells,
Frontiers in Immunology 08
121
TH1 cells, CD8+ T cells, natural killer (NK) cells (37) and iNKT

cells (38). Notably, Ngo reported that an exogenous injection of

IL-33 induced a remarkable increase of Th2 associated cytokines

accompanied with an accumulation of Tregs and ILC2s in the

colon, which could play a protective role in severe acute colitis

(39). Our findings suggest a specific role for ILC2s, as depletion

with the anti-CD90.2 antibody substantially reduced the

protective effect of exogenous IL-33 on IRI. Such results

strongly suggest that the IL-33 induction of ILC2s was the

critical component for this protective role in hepatic IRI.

It appears that the in vivo regulation of liver resident

macrophage polarization by IL-33 is critically dependent on

ILC2s. Previously, we have directly treated liver resident

macrophages with recombinant mouse IL-33 in vitro and

failed to observe any of the production changes in

inflammatory factors which could be observed when

recombinant mouse IL-33 is administered in vivo. Similar
B

C D
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FIGURE 5

IL-4 polarizes CD45+CD11b+F4/80high macrophages to M2 type via the JNK/Stat3 pathway (A) Relative expression levels of IL-4 and IL13 mRNA in
liver tissue of mice treated with IL-33 and IL-33+antiCD90.2 at 12 h following IRI. (B) Representative FACS analysis showing M2 CD45+CD11b+F4/
80high macrophages proportion changes of treated with IL-4 or IL-4+Stat3 inhibitor NSC74859 (abbreviated as NSC) at 12 h following hypoxia and
reoxygenation. (An increase CD206+ in proportion was assumed as a M2 polarization among CD45+CD11b+ F4/80high cells) (C) IL1b, iNOS, HO-1,
IL-10 and FIZZ-1 mRNA expression levels in macrophages within the different groups were determined using quantitative PCR. (D) Stat3, p-Stat3,
JNK and p-JNK protein levels were assessed using western blot in RAW264.7 cells at 12 h after hypoxia and reoxygenation in the presence or
absence of IL-4 or Stat3 inhibitor. (E) Apoptosis of AML12 cells after co-culture with different macrophages. (F) Histograms of quantitative analysis of
7AAD and Annexin V double positive cells. (**P<0.01, ***P<0.001).
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results were reported by Li and Sakai et al (20, 21), who found

that ST2, the receptor for IL-33, was not expressed by liver

resident macrophages, thereby demonstrating that endogenous

IL-33 exerts a hepatoprotective effect as a result of increased NF-

kB and Bcl-2 expression in hepatocyte and is independent of

KCs. However, results from several studies have indicated that

IL-33/ILC2s regulate M2 polarization of macrophages (40–42)

and that IL-33 can stimulate ILC2 proliferation (19, 43, 44),

leading to the conclusion that although IL-33 is capable of

regulating the polarization of macrophages in vivo, this ability

is reliant on ILC2s. Our findings, as described above, suggest that

the protective effects of ILC2s in hepatic IRI may rely on

exogenous IL-33. In the ILC2s depletion group, the

pathological damage observed within liver tissue was

essentia l ly the same as that of the control group

(Supplementary Figure 1B) and Suzuki’s Score between the

two groups were not significantly different (Supplementary

Figure 1C). In this way, in the absence of exogenous IL-33,

ILC2s may be redundant in the hepatic ischemia-reperfusion

injury. Such a phenomenon has been observed in renal IRI (45).

In our hepatic IRI model, IL-4 increased significantly at 12 h

after reperfusion, which represents an important stimulatory

component for shifting of the macrophage phenotype to the M2

type. However, the major sources for IL-4 remain unclear. In

addition to ILC2s (46), there exist several types of cells capable of

producing IL-4, such as CD4+Th cells, Treg cells (39) and iNKT

(38). Any of these cells may provide a source for IL-4 in the liver IRI

model. Instead of individually screening IL-4 producing candidate

cells, we eliminated the effects of ILC2s with use of a monoclonal

antibody. The reduction in IL-4 after CD90.2 administration

suggests that ILC2 could produce the IL-4 necessary for

promoting this change to the M2 phenotype of macrophages.

However, it should be noted that ILC2s are not the only source

of IL-4, as iNKT cell-derived IL-4 could also be involved in

promoting M2-like macrophages during hepatic IRI as reported

by Goto et al (47). Accordingly, whether other cells are involved in

this release of IL-4 will require further investigation.

Intravenous injection with Clodronate Liposomes depleted

macrophages in organs where liposomes had an unhindered

access to. When macrophages in the liver are depleted, those in

the spleen are also cleared, thereby alleviating the potential for

macrophage recruitment to the liver after IRI. However, with an

administration of IL-33, the ratio of M2 type macrophages both

in the liver and spleen are increased. These “protective”

macrophages would then be available for recruitment from the

spleen to the liver in response to hepatic IR. In this way, the

existence of “protective” macrophages as induced by IL-33 may

not only involve the liver but also the spleen as a very

likely source.

In conclusion, we have demonstrated that the proliferation

of ILC2s, as stimulated by exogenous IL-33, can alleviate hepatic

IRI, primarily by inducing the polarization of CD45+CD11b

+F4/80high macrophages to the M2 type. The possible
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molecular mechanisms for this process may, in part, involve

the secretion of IL-4 by ILC2s via regulation of the JNK/Stat3

pathway in CD45+ CD11b+ F4/80high macrophages. These

findings demonstrating the immune mechanisms of ILC2s in

the alleviation of hepatic IRI can serve as the foundation for the

development of new targets and strategies to prevent the injuries

in liver function that accompany liver surgery.
Materials and methods

Animals

Male C57BL/6 mice (8-10 weeks old, 23 ± 2g) were

purchased from the SiPeiFu (Beijing) Biotechnology Co., LTD

[license SYXK (Beijing) 2017-0010] and were housed under

specific pathogen-free condition with free access to water and

food. The animal welfare and use protocol was approved by the

Animal Ethics Committee of the Beijing Friendship Hospital of

Capital Medical University.
Mouse model and treatment

The segmental (70%) hepatic ischemia model was employed

in these experiments as described previously (48). Briefly, after a

midline abdominal excision, the hepatic pedicle was carefully

exposed and arterial and portal venous blood supplies to the

cephalad lobes were clamped for 1 h using a nontraumatic sterile

clamp. After this ischemic period, the clamps were released to

induce reperfusion. Animals were euthanized at 6, 12 or 24 h

post-reperfusion. Mice in the sham group were subjected to an

identical procedure, except for the vascular occlusion.

For exogenous IL-33 administration, 0.2 ug of mouse

recombinant IL-33 (Absin, abs04085) was injected through caudal

vein daily for 5 consecutive days prior to the IRI treatment (43).

Control animals received PBS only. Macrophages depletion was

induced by administration of 10 mg/kg Clodronate Liposomes

(LIPOSOMA C-005) via caudal vein injection as administered

once at 24 h prior to IRI treatment. Anti-CD90.2 antibody

(Biolegend, 105352) was injected into teil vein at -4 and -1 day

before IRI surgery.
Intrahepatic lymphocytes and
macrophages isolation

Intrahepatic lymphocytes and macrophage extraction was

performed as described in previous studies (43, 49). Briefly,

intrahepatic lymphocytes were obtained with use of in vitro

collagenase type IV (Sigma, USA) digestion and discontinuous

density gradient centrifugation by Ficoll (GE, 17-5442-02).

Macrophages were isolated from the liver by in situ
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collagenase type IV digestion and discontinuous density

gradient centrifugation by 25%-50% Percoll. Then, anti-F4/80

MicroBeads UltraPure, (Miltenyi Biotec, Germany, 130-110-

443) were used to sort macrophages for further culturing or

RNA extraction.
Histology, immunohistochemistry and
immunofluorescence

Formalin fixed and paraffin embedded liver tissue was cut

into 4 mm-thick sections and stained with H+E to evaluate the

degree of liver damage. Suzuki’s Scores were calculated to

quantify the damage. To identify apoptosis and regeneration

of hepatocytes resulting from hepatic IRI, Caspase 3 (1:200,

ab109201; Abcam), PCNA (1:200, ab92552; Abcam) and CD206

(1:200, ab252921; Abcam) rabbit antibodies were used for

immunohistochemical staining. Image J was used to semi-

quantitative analysis. Terminal deoxynucleotidyl transferase

dUTP nick-end labeling (TUNEL) reaction was performed

using an In Situ Cell Death Detection Kit, TMR red to assess

apoptosis. The mean number of TUNEL-positive cells in five

different fields (400×) were averaged for quantification.
Serology detection

Serum ALT, AST and cytokine levels of IL-4, and IL1b were

assayed by ELISA according to instructions of the manufacturer

(all ELISA kits were purchased from R&D Systems). All samples

were measured in duplicate.
Cell culture and treatments

RAW264.7 and AML12 cell lines were purchased from the

Procell Life Science and Technology Co., Ltd. (cat no.: CL-0190;

Wuhan, China). Primary macrophages extracted from C57BL/6

mice were cultured with DMEM medium containing 10% FBS

and 1% Penicillin+ Streptomycin mixture. AML12 cell lines were

cultured with DMEM/F12 medium containing the same

concentration of FBS and antibiotics as described above.

RAW 264.7 cells were plated in 6-well plates at a density of

4×105 cells/well and were divided into 3 groups: 1) Hypoxia and

reoxygenation (H/R) - cells were immersed in paraffin oil for 1 h

to produce an anoxic environment and then cultured in DMEM

or DMEM/F12 for 12 h to induce hypoxia and reoxygenation

injuries, 2) H/R+IL-4 - cells were treated with 20 ng/ml mouse

recombinant IL-4 (CST, 5208SC) for 24 h before the H/R

procedure and 3) H/R+IL-4+Stat3 inhibitor - cells were treated

with 100 mM NSC 74859 (S3I-201) (MedChemExpress, HY-

15146.) for 24 h following the H/R procedure. AML12 were co-

cultured with RAW264.7 cells from the different groups during
Frontiers in Immunology 10
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hypoxia and reoxygenation and then remained in these co-

cultures for 12 h.
Flow cytometry analysis

ILC2s were defined as lineage negative (Lineage: TCRb,
TCRg/d, CD4, CD11c, CD5, CD8a, NK1.1, CD11b, ly-6G (Gr-

1), TER-119, CD45R (B220), CD3e) and CD45, CD90.2 (Thy1),

ST2, CD25 positive cells. Macrophages were suspended as single

cells and stained with antibodies to CD45 (30-F11) Rat mAb

(FITC Conjugate), CD11b/ITGAM (M1/70) Rat mAb (PE

Conjugate), F4/80(BM8) Rat mAb (AF700 Conjugate) or

CD20 6 (C0 68C2 ) R a t mAb (BV71 1 Con j u g a t e ) .

(Supplementary Table 1) All antibodies were purchased from

CST or BioLegend. Cells were analyzed on an Attune NxT flow

cytometer (Thermo Fisher). CD206 was regarded as a marker for

M2 macrophages. FlowJo software (Tree Star Inc., Ashland, OR,

USA) was used to analyze the results. Annexin V (FITC

Conjugated) and 7AAD (PE Conjugated) were used to test

apoptosis conditions.
QRT-PCR

Total RNA was extract from liver tissue or RAW264.7 cells

or purified macrophagess using TRIzol (absin, abs60154)

according to operation steps of the instructions. Total RNA

(1500ng) was then reversed with use of a TRUEscript 1st Strand

cDNA Synthesis Kit (PC1802; Aidlab). Real-time PCR assays

were performed on the ABI7500 Fast system (Applied

Biosystems) using SYBR mastermix (Invitrogen) according to

manufacturers’ instructions.
Western blotting

Protein samples from liver tissue and RAW264.7 cells were

extracted using RIPA buffer with a protease inhibitor (P0013B;

Beyotime, Shanghai, China). Protein samples were separated via

8–12% SDS-PAGE (Bio-Rad, Redmond, WA, USA),

electroblotted onto polyvinylidene difluoride membranes

(Billerica, MA, USA), and then incubated with primary anti-

Caspase-3 (1:2000, ab184787; Abcam), anti-BAX (1:2000,

ab182733; Abcam), anti-Bcl2 (1:2000, ab182858; Abcam), anti-

Stat3 (1:2000, #30835; CST), anti- phosph-JNK (1:2000,

ab239886; Abcam) or anti-b-actin (1:2000, #4970; CST) rabbit

antibodies at 4°C overnight. Horseradish-peroxidase-conjugated

anti-rabbit IgG was used as the secondary antibody (1:3000; Cell

Signaling Technology). Antibody binding was detected using a

chemiluminescence system (Tanon-5200 Multi; Shanghai,

China). Image J was used to semi-quantitative analysis.
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Statistical analysis

Data are shown as Means ± SEMs. Differences among

groups (≥3) were performed by one-way ANOVA with the

post-hoc Tukey test used for pairwise comparisons of

subgroups. A student’s t-test was used to compare data

between two groups. The SPSS 19.0 was used for conducting

these analyses. P < 0.05 was required for results to be considered

as statistically significant.
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Oral N-acetylcysteine
decreases IFN-g production
and ameliorates ischemia-
reperfusion injury in
steatotic livers

Jedson R. Liggett1,2†, Jiman Kang1,3†, Suman Ranjit3,4*†,
Olga Rodriguez5,6, Katrina Loh1, Digvijay Patil 1, Yuki Cui1,
Anju Duttargi6, Sang Nguyen5, Britney He5, Yichien Lee5,6,
Kesha Oza1, Brett S. Frank1, DongHyang Kwon7, Heng-
Hong Li6, Bhaskar Kallakury7, Andrew Libby8, Moshe Levi3,
Simon C. Robson9, Thomas M. Fishbein1, Wanxing Cui1,3,
Chris Albanese5,6,10, Khalid Khan1 and Alexander Kroemer1*

1MedStar Georgetown Transplant Institute, MedStar Georgetown University Hospital and the Center
for Translational Transplant Medicine, Georgetown University Medical Center, Washington,
DC, United States, 2Department of Surgery, Naval Medical Center Portsmouth, Portsmouth,
VA, United States, 3Department of Biochemistry and Molecular & Cellular Biology, Georgetown
University, Washington, DC, United States, 4Microscopy & Imaging Shared Resource, Georgetown
University, Washington, DC, United States, 5Center for Translational Imaging, Georgetown
University Medical Center, Washington, DC, United States, 6Department of Oncology, Lombardi
Comprehensive Cancer Center, Georgetown University Medical Center, Washington, DC, United
States, 7Department of Pathology, MedStar Georgetown University Hospital, Washington, DC,
United States, 8Division of Endocrinology, Metabolism, & Diabetes, University of Colorado Anschutz
Medical Campus, Aurora, CO, United States, 9Departments of Anesthesiology and Medicine, Beth
Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, United States, 10Department
of Radiology, MedStar Georgetown University Hospital, Washington, DC, United States
Type 1 Natural Killer T-cells (NKT1 cells) play a critical role in mediating hepatic

ischemia-reperfusion injury (IRI). Although hepatic steatosis is a major risk

factor for preservation type injury, how NKT cells impact this is understudied.

Given NKT1 cell activation by phospholipid ligands recognized presented by

CD1d, we hypothesized that NKT1 cells are key modulators of hepatic IRI

because of the increased frequency of activating ligands in the setting of

hepatic steatosis. We first demonstrate that IRI is exacerbated by a high-fat diet

(HFD) in experimental murine models of warm partial ischemia. This is evident

in the evaluation of ALT levels and Phasor-Fluorescence Lifetime (Phasor-FLIM)

Imaging for glycolytic stress. Polychromatic flow cytometry identified

pronounced increases in CD45+CD3+NK1.1+NKT1 cells in HFD fed mice

when compared to mice fed a normal diet (ND). This observation is further

extended to IRI, measuring ex vivo cytokine expression in the HFD and ND.

Much higher interferon-gamma (IFN-g) expression is noted in the HFD mice

after IRI. We further tested our hypothesis by performing a lipidomic analysis of

hepatic tissue and compared this to Phasor-FLIM imaging using “long lifetime

species”, a byproduct of lipid oxidation. There are higher levels of
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triacylglycerols and phospholipids in HFD mice. Since N-acetylcysteine (NAC)

is able to limit hepatic steatosis, we tested how oral NAC supplementation in

HFD mice impacted IRI. Interestingly, oral NAC supplementation in HFD mice

results in improved hepatic enhancement using contrast-enhanced magnetic

resonance imaging (MRI) compared to HFD control mice and normalization of

glycolysis demonstrated by Phasor-FLIM imaging. This correlated with

improved biochemical serum levels and a decrease in IFN-g expression at a

tissue level and from CD45+CD3+CD1d+ cells. Lipidomic evaluation of tissue

in the HFD+NAC mice demonstrated a drastic decrease in triacylglycerol,

suggesting downregulation of the PPAR-g pathway.
KEYWORDS

NKT (natural killer T) cell, hepatic steatosis, IFN-gamma, ischemia-reperfusion injury
(IRI), N-acetylcysteine (NAC), phasor-FLIM, gadoxetate disodium, liver transplantation
Introduction
Hepatic ischemia-reperfusion injury (IRI) remains a

significant complication in both surgical liver resection and

liver transplantation. IRI is a complex and incompletely

understood process that leads to the disruption of cellular

integrity with the release of damages-associated molecular

patterns and subsequent innate immune system activation (1),

though identification of key mediators remains the point of

ongoing research. In liver transplantation, the degree of IRI is

more profound in the setting of hepatic steatosis and has

historically been shown to increase the risk of primary non-

function, dysfunction, and reduce graft and patient survival (1).

Unfortunately, due to the increasing demand for liver

transplantation and a lack of transplantable livers, “marginal”

allografts, including those with hepatic steatosis, are being

considered despite an elevated risk of IRI.

Currently, there are few available therapeutic options in the

prevention and treatment of IRI, and N-acetylcysteine (NAC), a

thiol-containing synthetic compound, remains a mainstay in the

treatment. While the efficacy of NAC has been established in the

treatment of acetaminophen toxicity and has shown some efficacy

against IRI and fulminant liver failure, its mechanisms,

optimization of treatment, and impact on long-term survival

remain understudied (2). Given the limited treatment options for

IRI and the increasing demand for liver transplantation, significant

research efforts are required to not only identify key mediators and

therapeutic options for IRI, but also accurately evaluate donor

allografts for high-risk stigmata in order to safely utilize these

“marginal” organs while decreasing the associated risk.

While no standard exists, donor allograft biopsy is

frequently performed to aid in allograft selection, and greater
02
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than 30% hepatic macro steatosis is often a deterrent for allograft

use. However, a recent study by Patel et al. has shown that

steatotic allografts can be successfully utilized with appropriate

recipient selection (3). To aid in the selection process, advanced

methods to investigate the integrity and function of the allograft

may be essential for the use of marginal allografts. Both

Magnetic Resonance Imaging (MRI) and Phasor Fluorescence

Lifetime Imaging (FLIM) are promising modalities to evaluate

liver function and injury. T2 mapping by MRI has previously

been shown as a feasible, non-invasive technique in assessing

acute liver injury (4), while FLIM has been demonstrated to assess

for liver injury more accurately via the evaluation of steatosis,

fibrosis (5), and glycolytic activity (6) in experimental models.

Invariant natural killer T (NKT) cells are a unique group of

cells that can recognize both self and lipid antigens that are

presented to them by MHC class I-like CD1d molecules (7).

Type I invariant Natural Killer T-cells (NKT1 cells) not only

express CD1d, but also express markers of both T-cells (CD3+)

and conventional NK cells (NK1.1+) and can potently secrete

IFN-g and TNF-a (8–10). NKT1 cells have emerged as key

mediators in hepatic IRI (10, 11) and have been shown to worsen

this process in a NAFLD murine model, despite lower baseline

populations (1). Interestingly, it is also known that NKT1 cells

express a wide variety of activating antigens including endogenous

lipid antigens such as phosphatidylcholine (12–15), which may

lead to an enhanced response to IRI. Thus, preventing activation

of NKT1 cells following IRI in NAFLDmay aid in developing new

therapeutic approaches that merit further investigation. In

addition to the known benefits in IRI, NAC has also been

demonstrated to alter metabolism and have benefits in the

treatment of metabolic syndrome, in addition to the known

benefit in IRI. However, the immunomodulatory capacity of

NAC in liver injury remains understudied.
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Given the activation of NKT1 cells by lipid antigens and

potential roles of NKT1 cells in hepatic IRI, we hypothesized that

NAC supplementation would ameliorate IRI in a high-fat diet

(HFD) murine model via decreased activation of NKT1 cells. In

our present work, we utilize advanced Phasor-FLIM imaging to

interrogate tissue following IRI and further evaluate the innate

immune response to IRI. This study successfully identifies NKT1

cells and IFN-g as mediators in IRI in the setting of hepatic

steatosis and shows an improved clinical phenotype following

NAC supplementation at least in part secondary to reduced

NKT1 cell activation.
Materials and methods

Diets

The normal diet (ND), #5001, was purchased from Lab Diet,

St. Louis MO, (4.09 kcal/gram,13.4% kJ/fat). The high-fat diet

(HFD), 58Y1 blue, was purchased from TestDiet, St. Louis, MO

(5.10 kcal/gram, 60% kJ/fat). HFD was stored in refrigerated

conditions at 4°C. NAC was purchased from Sigma, St. Louis,

MO and was added to the treatment group drinking water in a

concentration of 10 gram/liter.
Animals

All animal procedures in this study were fully approved by

the Georgetown University Institutional Animal Care and Use

Committee under protocol number 2016-1351. C57BL/6 mice

were obtained at five to six weeks of age from Charles River

Laboratories and The Jackson Laboratory, Bar Harbor, ME. The

mice were maintained in the Division of Comparative Medicine

at Georgetown University Medical Center, with a standard 12-

hour light-dark cycle. Male mice were used for all experiments.

Food and water were provided ab libitum in the four

experimental groups: ND, ND + NAC, HFD, and HFD +

NAC. The ND diets were administered at the beginning of the

study and maintained for 19-23 weeks. The HFD was started at

six to seven weeks of age and continued for 19-23 weeks. NAC

drinking water was administered to the ND + NAC and HFD +

NAC groups following three weeks of ND or HFD and

maintained for 16-20 weeks. The NAC-supplemented drinking

water was changed weekly. Consumption of the HFD and

individual animal weights were measured weekly. Additional

C57BL/6 mice were purchased at 25 weeks of age from The

Jackson Laboratory, Bar Harbor, ME on a ND, #5K52 from Lab

Diet (3.50 kcal/gram, 16.6% fat), for supplemental use in

select groups.
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Partial warm IRI model

All procedures performed on C57BL/6 mice were fully

approved by the Georgetown University Institutional Animal

Care and Use Committee under protocol number 2016-1351.

Mice were anesthetized with 2% isoflurane and oxygen

inhalation. A midline laparotomy was performed, and an

atraumatic micro clip was placed across the hepatic hilus,

which interrupted the blood supply to the left and median

lobes of the liver. The abdomen was temporarily closed with

skin staples, and the mice remained anesthetized. A 45-minute

ischemic time was utilized to represent a clinically relevant

model, more closely corresponding to the average warm

ischemia time in human liver transplantation. This also

prevented excess animal death under anesthesia, given the

metabolic changes associated within the HFD model.

Following 45 minutes of partial hepatic ischemia, the clip was

removed to initiate hepatic reperfusion. The abdominal wall was

closed with sutures, the skin was reapproximated with staples,

and the animals were returned to their cage. All mice undergoing

Magnetic Resonance Imaging following IRI, had their

abdominal wall and skin reapproximated with sutures. After

24 hours of reperfusion, mice were anesthetized and underwent

a second laparotomy. Whole blood was obtained via direct

cardiac puncture as a terminal procedure. The left lobe of the

liver and the whole spleen were collected. Sham controls

underwent the same procedure but without vascular occlusion.
Magnetic resonance imaging

Magnetic resonance imaging (MRI) was performed in the

Georgetown-Lombardi Preclinical Imaging Research Laboratory

on either a 7T/20 Avance III/ParaVision 5 or a 7T/30 USR

Avance NEO/ParaVision 360 (S10 OD025153) scanner. The

mice were anesthetized (1.5% isoflurane in a gas mixture of

30% oxygen and 70% nitrous oxide) and placed on a custom-

manufactured (ASI Instruments, Warren, MI) stereotaxic

device, with built-in temperature and cardio-respiratory

monitoring as described (B, C), and compatible with a 40 mm

Bruker mouse body volume coil.

Adipose tissue. MRI of abdominal and liver fat was

performed with a three-dimensional rapid acquisition with

rapid enhancement (3D-RARE) sequence in the coronal

orientation with the following parameters: TR: 2855 ms, TE:

12 ms, RARE Factor: 4, Matrix: 220 x 220, FOV: 50 mm x

40 mm, Averages: 4, Slice thickness: 0.75 mm, Slices: 50 and

respiratory gating Quantification of visceral fat depots in the

imaging datasets was performed by thresholding and voxel-

counting with ImageJ software (NIH), as previously described

(16–18). We used a maximum intensity projection algorithm of
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the 3D-reconstructed image with an intensity threshold

intended to segment fat only. The abdominal region analyzed

was defined by superior and inferior anatomical landmarks, that

is, the proximal border of the left kidney and the convergence of

the left and right common iliac veins, respectively. The lateral

landmark was the abdominal wall, avoiding subcutaneous fat.

The percentage area corresponding to fat depots within the

abdomen was calculated via the sum of the visceral fat voxels

versus total abdominal voxels. Mouse liver fat was measured by

quantifying the mean intensity of the region of interest (ROI)

localized on the mouse liver placed in homogenous areas,

avoiding structures such as large vessels and ducts. ROIs on

three separate slices were selected and averaged for each mouse.

For imaging of the nuchal fat, a 3-D T1-weighted RARE

sequence in the sagittal orientation was run with TR: 2437 ms,

TE: 15 ms, FA: 74.1, Matrix: 256 x 256, FOV: 40 mm x 40 mm,

Slice thickness: 0.5 mm, Averages: 4, Slices: 35. The mean

intensity of nuchal brown adipose tissue (BAT) and white

adipose tissue (WAT) was measured by localizing ROIs on the

BAT and the WAT. ROIs on three separate slices were selected

and averaged for each mouse.

Dynamic Contrast-Enhanced MRI (DCE-MRI) using

Gadoxetate Disodium (Eovist®, Bayer). DCE-MRI was

performed with a T1-weighted RARE protocol in the coronal

orientation, without respiratory gating, with TE: 8.2 ms, TR:

400 ms, slice thickness: 1 mm, matrix: 128 x128, FOV: 40 mm x

40 mm, rare factor: 2, fat suppression and a duration of 25 s.

Ten baseline (pre-contrast) scans were run, followed by

subcutaneous parenteral administration of 0.025 mmol/kg

Eovist. Immediately after injection, 60 MRI scans were

acquired repetitively over approximately 30 minutes, and the

uptake and excretion of contrast was measured over time.

Relative liver enhancement (RLE) was used to quantify

hepatic function. Briefly, the mean intensity of regions of

interest (ROI) localized in homogenous areas of the liver

were quantified in baseline and post-injection images. Liver

function was calculated using the formula RLE = (SILiver enh –

SILiver unenh)/SILiver unenh x 100. The area-under-the-curve

(AUC) and the slope were derived from the corresponding

RLE data. The slopes were measured for the first 20 minutes

post-injection, where after this time point, the curves reached

their plateau. Both the AUC and the slopes were calculated

with a 95% confidence interval.

T2 mapping A two-dimensional multi-echo multi-slice

sequence in the axial orientation was used for T2 mapping

with TR: 2000 ms, Flip Angle: 180 deg, Averages: 2, and the

following echo times, TE: 10, 20, 30, 40, 50, 60, 70 and 80 ms,

with respiratory gating. In order to measure T2 relaxation times,

we used the Paravision360 Image Sequence Analysis tool to

generate T2-fit and T2-maps. ROI were localized on the left and

right liver areas in four slices per mouse, excluding non-

homogenous structures such as large hepatic vessels or ducts,

after which T2 values were quantified and averaged.
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Measurement of alanine
aminotransferase (ALT)

Whole blood was obtained by direct cardiac puncture as a

terminal procedure. ALT levels were measured using a

multichannel analyzer, Alfa Wassermann Vet Axcel, from the

clinical diagnostics laboratory of VRL Maryland, LLC.
Histology and immunohistochemistry

Hematoxylin and eosin (H&E) and immunohistochemical

staining was performed on five-micron sections from formalin-

fixed paraffin-embedded liver tissues. H&E staining was

completed, and samples were then rehydration through a

graded alcohol series using the Autostainer XL (Leica

Biosystems). Gr-1 and CD68 staining was performed using the

ImmPRESS Goat anti-rat Polymer Detection Kit (peroxidase)

(Vector laboratories, MP-7444) and horseradish peroxidase-

labeled polymer from (Dako, K4003) for Gr-1 and CD68

respectively. Gr-1and CD68 cell counts were performed

manually in five high-powered field sections of 20x

magnification using an Olympus BX41 light microscope. Cell

counting was performed in a blinded manner.
Fluorescence lifetime imaging and
second harmonic generation imaging

Instrumentation. The autofluorescence lifetime images of

the liver sections (5 μm thick) were measured using a modified

Olympus FVMPERS (Waltham, MA) microscope equipped

with a Spectra-Physics Insight X3 (Milpitas, CA) laser and

FastFLIM (ISS, Champaign, IL) acquisition card. The samples

were excited with the 740 nm laser line using a 20X air

objective (LUCPLFLN 0.45NA, Olympus) applying a two-

photon excitation scheme. The fluorescence was collected

using the DIVER (Deep Imaging Via Enhanced Recovery)

detector (19–21) assembly and recorded using a FastFLIM

card (ISS, Champaign, IL). The pixel dwell time for the

acquisitions was 20 μs, and the images were taken with sizes

of 256x256 pixels with a field of view of 318.8 μm (Zoom =2X).

To obtain a high signal-to-noise ratio, 16 frames were

collected for each area. The data from each pixel were

recorded and analyzed using the SimFCS software

(Laboratory for Fluorescence Dynamics, University of

California, Irvine, CA). The FLIM data were collected using

the passive mode, where the raster scanning was done using

the Olympus software, and the images were collected using the

FLIMBox/FastFLIM system, and the scanning parameters

were matched to ensure proper image acquisition. SHG and

FLIM images were obtained using two separate filter
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assemblies in DIVER and further separated based on their

lifetime and phasor position.

Phasor Fluorescence Lifetime Imaging (FLIM) Methodology.

The Phasor approach to FLIM is a fit free method of analysis

where fluorescence decay information collected at each pixel of

an image is transformed to the phasor plot and designated a

coordinate based on the lifetime (22–25). Being a fit free method,

phasor is a much faster analysis method and is used increasingly

in biological fluorescence imaging with a large data set. The

phasor transformation results in the formation of a heat map in

the phasor plot where each pixel of an image is represented by a

single phasor point and segmentation and filtering methods and

of image analysis can be applied without loss of image definition

of the original intensity images. Recent advances in analysis

techniques allow us to quantify the contribution of multiple

components and this is applied in this work (26–29).

A brief description of the method follows below. A much

more detailed description of the method, along with individual

analysis schemes, flowcharts, and assumptions for both phasor-

FLIM quantification and SHG analysis is explained in the

supplemental information. FastFLIM (ISS, Champaigne, IL) is

a frequency domain FLIM imaging instrument. In frequency-

domain fluorescence lifetime measurements, the transformation

to the phasor plot uses the following relations,

gi,j wð Þ = mi,j · cos fi,j
� �

3

si,j wð Þ = mi,j · sin fi,j
� �

4

where, gi,j(w) and si,j(w) are the X and Y coordinates of the

phasor plot, respectively, andmi,j and fi,j are the modulation and

phase of fluorescence signal at the image pixel i, j. The longer

lifetime is represented by the larger phase angle in the Phasor

plot – movement towards S=0, G=0 around universal semi-

circle. The distribution of phasor points originating from FLIM

measurements appears on (for mono-exponential decays) or

inside (for multi-exponential decays) the universal circle (please

refer to SM1 in the phasor supplemental methods). The linear

combinations are shown by the blue. If each component has a

multi-exponential decay, its location will be represented by

phasors not in the universal circle, but the principle of linear

combination remains valid. More details can be found in the

phasor section of the supplemental methods.

According to this principle, if a pixel of an image has multiple

components originating from multiples species, then the position

of the corresponding phasor point is inside the polygon whose

vertices are occupied by the Phasor points originating from the

individual components. The distance of the image phasor point

from any of the vertices is reciprocal to the fractional intensity

component of that particular component. The higher the

fractional intensity contribution of that particular species

towards the total intensity of the image pixel, the closer the

phasor point of that image pixel is to the corresponding
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component phasor position (24, 30, 31). For a three

component system, an algebraic solution of this system exists,

and this allows the breakdown of a Phasor cloud from an image

to the individual fractional intensity components (28). Our recent

work created a framework where the phasor clouds originating

from multiple components can be quantitatively resolved, and

their individual fractional intensities can be calculated (26, 28,

29). For a system where the quantum yield can be assumed based

on their lifetimes or can be quantified – the fractional intensity

ratios can be modified to molar fraction ratios. Please see

supplemental methods for additional details of the analysis and

stepwise processes.

In this work, the positions of the three original phasor

positions were selected based on previously published work.

Free and protein bound NADH have a lifetime of 0.4 ns and ~3.4

ns, respectively, and their positions are on universal semicircle

(32), and are shown by the blue and green circles, respectively

(Figure 3A). The line joining the two cursors is named metabolic

trajectory (33). The long lifetime species (LLS) has a lifetime of

~8ns, and the corresponding phasor position is selected by the

red circle (26, 27, 33, 34). In the presence of LLS, the

autofluorescence FLIM phasor in the NADH channel shifts

away from the metabolic trajectory and inside the triangle

whose vertices are occupied by the central positions of red,

green, and blue circles. As mentioned above and in supplemental

methods (Phasor section) – we have used multiple component

analysis to obtain the quantitative information about the

concentration ratio of free and protein-bound NADH and

fractional intensity of NADH.
Targeted lipidomic profiling

Snap-frozen liver tissue was dissolved in 300 μL of extraction

buffer (IPA) and subjected to two cycles of freezing and rapid

thawing into a 37°C water bath or 90 seconds. Then, tissue

samples were sonicated at 30 kHz for 30 seconds and mixed with

100ml of ice-chilled isopropyl alcohol (IPA) with internal

standards (IS). Upon 30 minutes of incubation on ice and

additional incubation at −20°C for 30 minutes, the tissue in

suspension was spun down at 14000xg at 4°C for 20 minutes to

collect the supernatant. Targeted LCMS-MS was performed

using Xbridge Amide 3.5 mm, 4.6 × 100 mm column

(Phenomenex) online with a triple quadrupole mass

spectrometer (5500 QTRAP, SCIEX) equipped in the multiple

reaction monitoring (MRM) modes. Each metabolite,

declustering potential, collision energies, cell exit potential, and

entrance potential were optimized to acquire maximum ion

intensity using Analyst 1.6.3 software (SCIEX, United States).

To ensure the most intense precursor and fragment ion pair

selection, for the MRM-based quantitation, we ranked individual

analyte signal intensities for all MRM Q1/Q3 ion pairs of that

specific analyte. To obtain metabolite ratio, we used normalized
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peak area of endogenous metabolites within samples with

normalized IS for every class of lipid molecule. Appropriate

measures were taken to randomize sample queue and to assess

sample carryover. Pooled quality control (pooled QC) samples

were injected periodically to check for instrumental variation

and National Institute of Standards (NIST) plasma samples were

injected for lipidomic data analysis. Data normalized to QC

variance. MultiQuant 3.0.3 (Sciex) software was used to obtain

QC normalized data and imputed MRM data. To determine

relative quantification values of analytes, the ratio of peak areas

of sample transitions normalized to the peak area of the IS

specific for every class was computed. Data post-processing

statistical analysis including heatmap, volcano plot, and

ANOVA was conducted with the software MetaboAnalyst

(35). Product numbers for all reagents are listed in

Supplemental Table 1.
Cell preparation and polychromatic flow
cytometry

The left lobe of the liver was collected into RPMI-1640

culture medium (Gibco). Liver tissues were harvested, passed

through a 70-mm cell strainer (Fisher Scientific), and leukocyte

fractions were isolated via Percoll (Cytiva) density gradient.

Samples were centrifuged at 1000g (25°C), without brake for

20 minutes, and the upper layer was carefully discarded. The

leukocyte layer was washed and resuspended in 1x PBS (Gibco).

Liver leukocytes were stained with the following antibodies

(BioLegend, San Diego, CA) for flow cytometry analysis: Alexa

Fluor700 conjugated CD45, Brilliant Violet 510 conjugated CD

4, Brilliant Violet 421 conjugated CD8, Brilliant Violet 605

conjugated NK1.1, PE-CD1d-tetramer (NIH Core Tetramer

Facility), and Fluorescein isothiocyanate-conjugated CD3. Data

were acquired using a BD FACSAria III Cytometer (BD

Biosciences) at our Flow Cytometry & Cell Sorting Shared

Resource. Any samples with viability of 60% or lower (as

determined by staining with live dead marker Zombie NIR™,

BioLegend) were excluded from all analyses. FlowJo v10 (BD,

Franklin Lakes, NJ) was used for all subsequent data analyses.

Product numbers for all reagents are listed in Supplemental Table 1.
Cytokine stimulation and intracellular
cytokine staining

Intracellular staining for the detection of cytokines was

carried out from liver leukocytes. Approximately 1x106cells/ml

RPMI supplemented with 10% FBS, 1% Penicillin Streptomycin,

and 0.5% Gentamycin were cultured for 20 hours at 37°C in a

cell culture flask. Recombinant mouse cytokine concentrations

used were 10 ng/ml IL-12, 50 ng/ml IL-18, and 50 ng/ml IL-15

(R&D Systems). Cells were stimulated for 4 hours with Cell
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Activation Cocktail containing phorbol-12-myristate-13-acetate

(PMA, 50 ng/ml) and ionomycin, (BioLegend) in the presence of

5 mg/ml brefeldin A (BioLegend). Following stimulation, the

cells were stained with the following antibodies to detect

cytokines: Brilliant Violet 650™-conjugated anti-IFN-g (BD

Biosciences) and Brilliant Violet 605™-conjugated anti-TNF-a
(BioLegend). Cells were fixed (IC Fixation buffer, Invitrogen)

and permeabilized (Permeabilization buffer, Invitrogen)

according to the manufacturer’s instructions.
Real-time polymerase chain reaction

To assess the effect of IRI on mouse-specific cytokines and

chemokines, we used the SYBR-green based RT² Profiler™

Polymerase Chain Reaction (PCR) Array Mouse Cytokines &

Chemokines (PAMM-150ZC-12, Qiagen) to evaluate the gene

expression of 84 different cytokines and chemokines. For this

experiment, mice liver specimens collected 24 hours-post sham

and IRI surgeries and stored in the Allprotect Tissue Reagent

(Qiagen) were used for the total RNA extraction. All tissues were

lysed using 1.0 mm Zirconia/Silica beads (BioSpec Products) in

FastPrep 24 Tissue Homogenizer (MP Biomedical). We

extracted total mouse liver RNA as instructed in the RNeasy

Mini kit with RNase-free DNase set (Qiagen). RNA quality and

quantity were assessed using 2100 Agilent Bioanalyzer, and RNA

samples with RNA integrity number (RIN) ≥ 7 were used for the

PCR arrays.

For each RT² Profiler™ PCR Array, 1.25 μg of total RNA

was pooled from at least three separate mice livers in an equal

proportion. We performed standard procedures to eliminate

mouse genomic DNA, synthesize first-strand and set up RT2

profiler PCR array for cytokines and chemokines. Raw Ct values

from the array were analyzed using the GeneGlobe web tool

(https://geneglobe.qiagen.com/us/) to check the quality of the

PCR arrays, normalize threshold cycle (Ct) values using Beta-2-

Microglobulin (B2m) as a housekeeping gene and estimate fold

regulation with ND (Sham) as a control group. Unsupervised

hierarchical clustering for the 2-DDCt was performed using

ClustVis (36) to identify gene clusters specific to sham and IRI

groups under two different diet regimens. Venn diagrams for

genes with fold upregulation ≥ 2 were created using Venny (37)

to identify common genes among all the IRI groups and

exclusively diet-specific gene signatures. Product numbers for

all reagents are listed in Supplemental Table 1.
Statistical analysis

All data are expressed as mean ± standard error of the mean

(SEM). Comparison between groups was performed by a Mann-

Whitney U test unless otherwise mentioned in the figure legend.

Statistical significance was established at p<0.05 with all p-values
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being two-sided and stratified in the following order: “*” 0.05 to

0.01, “**”0.01 to 0.001, “***” 0.001 to 0.0001, and “****” <0.0001.

Prism Software (GraphPad, Inc. San Diego) was used for all

statistical analyses.
Results

NAC supplementation clinically reduced
hepatic steatosis and facilitated Eovist®

uptake during hepatic MRI

To establish the efficacy of our HFD murine model, we first

examined trends in body weight and food consumption within

our model. HFD mice gained significantly more weight than ND

mice and this effect was significantly reduced with oral NAC

supplementation (Supplemental Figure 1A). There were no

statistically significant differences in food consumption

between HFD and HFD + NAC, although HFD + NAC mice

had a trend of higher food consumption. The average NAC

water consumption was 139 mL/week/cage of five mice in the

HFD + NAC mice and there was no significant difference as

compared to ND + NAC water consumption. We further

assessed blood glucose measurements; HFD mice had

significantly higher blood glucose measurements starting at

twelve weeks of age compared to HFD + NAC mice (p<0.05)

(Supplemental Figure 1B).

We next assessed the adiposity of the liver, the abdomen, and

the nuchal areas of mice from each group, in vivo, using 3D-

RAREMRI. HFDmice presented with a significant accumulation

of hepatic steatosis and visceral abdominal fat and accumulation

of white adipose tissue (WAT) in the nuchal region. NAC

treatment prevented the development of hepatic steatosis and

supported the transformation of WAT into brown adipose tissue

(BAT) (Supplemental Figure 2). We then correlated these

findings with H&E-stained liver sections evaluated by an expert

pathologist. Consistently, hepatic steatosis varied between both

ND and ND + NAC when compared to HFD mice, with HFD

mice demonstrating 80% hepatic steatosis on average (p<0.0001).

This difference was significantly reduced in mice on NAC

supplementation, which resulted in a 50% reduction in hepatic

steatosis (Supplemental Figure 3).

Given the profound reduction of hepatic steatosis in the

HFD + NAC mice, we next assessed the baseline liver function

of our HFD murine model by performing DCE-MRI with

Eovist®. HFD fed mice showed a significant decrease in

relative liver contrast enhancement as compared to ND mice

(Figure 1). These data, expressed as AUC analyses, correlated

strongly with other imaging parameters such as in vivo and ex

vivo liver fat content. Corresponding contrast enhancement

slopes were calculated during the first 20 minutes post-

injection, which represents the transitional phase before the
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contrast levels begin to plateau during the hepatobiliary phase.

These data were strongly correlated with the AUC and overall

hepatic relative liver enhancement values, where the rates of T1

enhancement in the HFD group were slower and failed to

achieve the signal intensity levels observed in the ND mice.

However, the HFD + NAC mice exhibited contrast uptake

comparable to that observed in ND mice. It is important to

note, that the differences in mean intensity between HFD and

all the other groups (ND, ND + NAC and, HFD + NAC) were

significant at 18- and 30-minutes post-injection. Collectively,

these data indicate the deficits in Eovist uptake in the HFD

mice are restored in HFD + NACmice to a level consistent with

ND mice.
Hepatic ischemia-reperfusion injury in a
HFD model is attenuated following oral
NAC supplementation

Partial warm IRI was induced in mice from all groups. Both

ND and HFD groups experienced a significant elevation in

serum ALT levels as compared to sham-operated mice

(p<0.0001 and p=0.0009, respectively). However, HFD mice

experienced a significantly sharper rise in serum ALT

following IRI than did ND mice (79 u/L vs. 408 u/L,

p<0.0001), suggesting a higher degree of injury. We then

evaluated the role of NAC supplementation in the prevention

of IRI and demonstrated a significant reduction in serum ALT

following IRI in HFD + NAC mice as compared to HFD mice

alone (201.5 u/L vs. 408 u/L, p<0.0001), and in fact, there was no

significant difference between ND IRI and HFD + NAC IRI

groups, suggesting a normalization of injury (Figure 2A).

Representative mice from each group were subjected to

T2-weighted MRI prior to the terminal procedure to assess

the magnitude, distribution, and bilaterality of hepatic edema

and associated inflammation, and pre-and post-IRI T2 maps

were generated. Specifically, baseline T2 mapping of the liver

was performed on ND and HFD, with and without NAC.

Twenty-four hours after partial hepatic IRI surgery, the mice

again underwent T2 mapping. The T2 maps were generated,

and the T2 values quantified. Pre-IRI T2 values were similar

between ND mice and ND + NAC mice, while the T2 values

trended towards a slight increase in the livers of mice on HFD

(Figure 2B). Ischemia-reperfusion injury exposure did not

affect the T2 values of either the ND or ND + NAC livers.

Conversely, the hepatic T2 values of mice on HFD were

noticeably elevated after IRI, while the T2 values of HFD +

NAC were comparable to those observed with ND, both

before and after IRI. It is important to note that baseline

and post-IRI T2 values were not significantly different

between the right and left liver lobes in any group. Overall,

the T2 maps enabled the quantification and visualization of
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hepatic edema and inflammation resulting from IRI in HFD

mice, which demonstrated an increase in hepatic T2

relaxation times in HFD as compared to ND mice. NAC

ameliorated the impact of IRI in HFD mice, making T2 values

comparable to those seen in the ND + NAC mice.

We further evaluated the liver tissueusing immunohistochemistry

to evaluate for neutrophil (Gr-1+) andmacrophage (CD68+) influx in

mice treated with NAC and underwent IRI. We have previously

demonstrated that there is a significant increase in Gr-1 and CD68

positive cells in HFD IRI mice compared to ND IRI mice (38). We

furtherestablishedthatHFD+NACIRImicehaveanaverageofa45%

reduction in Gr-1+ cell counts (p<0.0001) and an average of a 35%

reduction in CD68 cells following IRI (p<0.0001) (data not shown).

Representative immunohistochemical stained images are shown in

Supplemental Figure 3C.

Phasor-FLIM imaging reveals marked
differences in glycolysis, successfully
corresponding to the degree of
hepatic IRI

Given recent advances in Phasor FLIM and SHG imaging of

steatotic human and mouse liver tissue (39), we sought to

employ this methodology to evaluate the differences in liver
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tissue following IRI as a novel approach to evaluate liver injury.

Samples were examined for glycolysis and lipid oxidation based

on the Phasor-FLIM signatures. A higher ratio of free to protein-

bound NADH is indicative of increased glycolysis (25, 40–43)

and a larger amount of long lifetime species (LLS) is indicative of

higher lipid peroxidation (33, 34). The FLIM images (Figure 3A)

were colored according to the three cursor positions for bound

NADH (green), free NADH (blue), and the LLS (red) selected

using the phasor map (Figure 3B).

We first evaluated the models for increased glycolysis, as

demonstrated by free NADH (blue). Visually, there is

increasing blue color present in all groups following IRI,

while the ND, ND + NAC and HFD + NAC groups show

more green color, thus more bound NADH. These data, when

converted to the concentration ratio of free/bound NADH

(Figure 3C), establish that the ratio increases in HFD mice

compared to ND mice and this is further exacerbated following

IRI, again demonstrating a greater ratio of free/bound NADH

ratio in HFD IRI mice compared to ND IRI mice. This

increasing ratio correlates to higher glycolytic stress, thus a

greater degree of IRI. Importantly, glycolytic stress is

significantly reduced in the HFD + NAC IRI mice compared

to the HFD IRI mice, suggestive of a protective effect of NAC in

the HFD group.
B C D

A

FIGURE 1

Effects of HFD on liver function as assessed by DCE-MRI with the contrast agent Gadoxetate Disodium (Eovist® Bayer). (A) Representative
images of 26-30 week old male mice undergoing DCE-MRI, showing T1-weighted images performed before Eovist® injection and at 4, 12 and
20 minutes post-injection (P-I). The yellow circle denotes a typical region of interest used to measure mean intensity. (B) Time course of
relative liver enhanced T1 signal intensities after Eovist® injection, comparing mice on ND (n=4), ND + NAC (n=5), HFD (n=5), and HFD + NAC
(n=5). The differences in mean intensity between HFD and all the other groups (ND, ND + NAC and, HFD + NAC) were significant at 18- and
30-minutes post-injection. (C) Area under the curve (AUC) calculated from the data in (B). (D) The slope of T1 signal intensity increase for each
group shown, corresponding to the rates of change within the first 20 min after Eovist® injection. Statistical significance was established using a
one-way ANOVA multiple comparisons test. “*” 0.05 to 0.01.
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LLS was then evaluated for differences in lipid oxidation

between the samples. There was a noticeable increase in LLS in

the HFD, as seen by the increasing red color of images, as

compared to the ND mice. We then quantified this fractional

intensity of LLS (Figure 3D), as described in the supplemental

methods. HFD and HFD IRI mice both demonstrate statistically

significant higher quantifications of LLS compared to ND and

ND IRI mice, respectively.
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LLS imaging demonstrates a reduction of
lipid droplet size in HFD + NAC mice,
which corresponds to a significant
reduction of triacylglycerols

Upon establishing that a higher degree of IRI is present on a

background of hepatic steatosis, as demonstrated by

biochemical, MRI, and glycolytic analysis, we next sought to
B

A

FIGURE 2

HFD Mice are prone to more severe IRI, which is significantly improved with NAC supplementation. (A) Serum ALT level following 24 hours of
reperfusion. Number of mice per group is as follows: ND=11, ND (IRI)=13, ND + NAC= 5, ND + NAC (IRI)=10, HFD=5, HFD (IRI)=15, HFD + NAC,
HFD + NAC (IRI)=8. (B) Representative images of baseline T2 mapping of mice on i) ND, iii), ND + NAC, v) HFD and vii) HFD + NAC.
Representative images of T2 mapping twenty-four hours after IRI surgery of ii) ND, iv) ND + NAC, vi) HFD and viii) HFD + NAC. Blue represents
liver parenchyma while green denotes edema. Graphical representation (xi) of the average of the T2 relaxation times of ROIs placed on the right
and left areas of the corresponding livers (n=3-5 per group). “*” 0.05 to 0.01, “***” 0.001 to 0.0001, and “****” <0.0001.
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quantify hepatic steatosis more accurately within our samples.

Phasor FLIM imaging allows us to quantifiably calculate

steatosis based on the accumulation of the LLS (27). Selection

of the phasor signature of LLS (long lifetime species, red circle in

Figure 4A), enables the identification of the lipid droplets in

autofluorescence FLIM images, where they are mapped

according to the color of the selection (red here). Steatosis is

then quantified by calculating the size of the droplets occupying

the image. Our data show that droplets are much smaller or are

nonexistent in ND diet mice and are much larger in HFD diet
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mice, both in the IRI and sham samples, which correlates to

pathological evaluation of H&E staining. Note that the Y axis is

in log scale and shows that exceptionally large droplets are seen

in HFD livers in both sham and IRI mice as compared to ND

mice. Importantly, while the average size of the lipid droplets

increases in both HFD and HFD IRI mice, this is visibly reduced

in HFD + NAC and HFD + NAC IRI mice (Figures 4B–D). It is

further notable that, while not statistically significant, there is a

visible and quantifiable increase in lipid droplet size in ND IRI

and HFD IRI mice when compared to the respective ND and
B

C

D

A

FIGURE 3

IRI results in a higher degree of glycolytic stress in HFD mice. (A) Color mapped Phasor FLIM images of the ND and HFD liver samples in the
absence (left) and presence (right) of NAC supplementation. The top row shows the sham samples, and the bottom row shows the IRI samples.
More green, blue and red color represents more protein-bound NADH, free NADH and long lifetime species (LLS), respectively. (B) Phasor plot
of autofluorescence FLIM in liver samples – the three colored circles represent the lifetime position of the three components: free and bound
NADH, and LLS. (C) The concentration ratio of free to bound NADH was calculated from each mouse. The higher value represents more
glycolytic stress. There is a higher level of glycolytic stress in HFD and HFD (IRI) samples. This is reduced in the HFD + NAC (IRI) samples, but
not the HFD + NAC samples, respective to their HFD counterparts. (D) The fractional intensity of LLS calculated using three-component
calculations to show the increasing LLS in high fat liver and how that increases with IRI (n=5-7 mice per group for both analyses). “*” 0.05 to
0.01.
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FIGURE 4

NAC treatment significantly reduced hepatic steatosis in HFD mice. (A) The fluorescence intensity image, the LLS mapped image, the calculated
size distribution maps, and the corresponding phasor plot. The red cursor was used to select the LLS lifetime signature originating from the
intensity image and the LLS image was colored according to that phasor signature. The size map was created to show the distribution of the
droplets. (B, C) The size map was created to show the distribution of the droplets. (B, C) The size distribution plots for Control (B) and NAC (C)
treatment. The Y axis is shown in logscale to exemplify the increasing size as a function of diet and IRI. The distribution shows HFD and IRI
induce the large lipid droplets and (especially above 10000 pixels) are lower in number in HFD + NAC, groups. (n=5-7 mice per group). (D) The
average size distribution of lipid droplets from the livers of the animals in different feeding regimen. “*” 0.05 to 0.01, “**”0.01 to 0.001.
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HFD counterparts. It is important to note that upon evaluation

of the individual distributions of lipid droplet within each

sample (Supplemental Figure 4), it demonstrated that a large

degree of variation in lipid droplet sizes is seen in each sample.

Prepared snap-frozen liver tissue from sham mice was

subsequently subjected to metabolomic profiling of 21 classes

of lipid metabolites. We identified significant changes in lipid

composition between the tissues, as visible in the heat map

(Figure 5A). Of the 21 classes analyzed, triacylglycerols

(TAG) were significantly upregulated in HFD mice as

compared to normal diet (0.222 normalized intensity vs.

6 . 783 normal i z ed in t ens i ty , p<0 .0001) . Th i s was

significantly decreased in the HFD + NAC mice, as

demonstrated in the volcano plots showing differences in

upregulated lipid profile in HFD vs. ND and HFD + NAC vs.

HFD mice (Figure 5B). Interestingly, the HFD + NAC mice

had a statistically reduced composition of TAG, as compared

to HFD mice (6.281 normalized intensity vs . 2.681

normalized intensity, p<0.0001; Figure 5C). The reduction

of TAG species demonstrated with NAC supplementation

was largely global, affecting 149 of the 277 species evaluated.

There were no statistically significant reductions in the HFD

+ NAC mice for the remaining 20 classes of lipids.
IRI results in specific genetic
upregulation in HFD mice

In order to identify specific transcriptomic changes that

occur in the liver following IRI, we performed array-based

PCR transcriptional profiling using the RT2 profiler PCR

array for 84 distinct Chemokine and Cytokines (Qiagen,

Germantown, MD). Utilizing an unsupervised hierarchical

clustering analysis, we demonstrated a distinct difference in

gene expression patterns between HFD mice and those mice

that underwent IRI (Figure 6A). We then identified both

shared and discrete genes with a minimum of two-fold

upregulation amongst the mouse groups that underwent

IRI (Figure 6B).

We identified 45 genes of interest that were upregulated

within the collective specimens. Among these genes, seven were

uniformly upregulated in both ND IRI and HFD IRI groups,

including CSF3, CXCL1, CCL17, CCL19, TNFSF13b (TNF

Superfamily Member 13b), IL-6 and IL17a. Uniquely, HFD IRI

mice exhibited an exclusive upregulation of five genes: TGFb-2,
Pf4 (Platelet Factor 4), IL-1b, IL-10, and IFN-g. In comparison,

HFD + NAC mice that underwent IRI exhibited significantly

lower expression levels of the genes that were exclusively

upregulated in HFD IRI and shared between ND IRI and HFD

IRI mice.
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IFN-g producing CD3+/NK1.1+ and CD3
+/CD1d+ cells drastically contribute to
hepatic IRI and are mitigated with NAC
treatment

Given the significant upregulation of IFN-g and its related

genes shown by RT-PCR array analysis and the variations in

lipidomic analysis, specifically TAGs, we next aimed to

specifically evaluate the role of IFN-g producing NKT cells in

hepatic IRI by polychromatic flow cytometry. We first evaluated

this using NKT1 cell surrogate markers defined as CD45+/CD3

+/NK1.1+ cells. Utilizing this strategy, we first evaluated the

sham mice from each group. ND mice harbored NKT cells at an

average frequency of 13.65%. This was significantly higher than

the HFD mice (6.97%, p=0.004). Interestingly, while there was

no significant difference between the HFD and HFD + NAC

groups, the ND + NAC mice were shown to harbor a larger

frequency of CD45+/CD3+/NK1.1+ cells as compared to ND

mice (27.5%, p=0.017).

We then elicited hepatic IRI and evaluated for CD45+/CD3

+/NK1.1+ cell changes. ND IRI mice had a significant rise in the

percentage of CD45+/CD3+/NK1.1+ cells as compared to the

ND sham mice (p=0.0095). There were no significant differences

in NKT cells frequencies amongst ND + NAC IRI mice or the

ND + NAC sham mice, despite the increased frequencies in ND

+ NAC mice, as previously demonstrated. Interestingly,

following reperfusion injury, HFD IRI mice underwent a

drastic rise in CD45+/CD3+/NK1.1+ cells as compared to

HFD sham mice (28.9%, p=0.0079), which was statistically

similar to that seen in the ND IRI group (Figures 7A, C). This

effect was ameliorated following NAC treatment in HFD mice.

The HFD + NAC IRI mice showed no significant differences in

NKT cell populations as compared to the HFD SHAM

counterparts; however, the frequency of NKT cells was

drastically reduced when compared to both HFD IRI and ND

IRI groups.

We next employed ex vivo cell stimulation with PMA from

samples obtained from all IRI groups to identify the level of IFN-

g and TNF-a produced from CD45+CD3+ NK1.1+NKT cells, as

demonstrated in Supplemental Figure 5. While the level of IFN-g
produced was similar between ND IRI and ND + NAC IRI mice,

there was a significantly greater frequency of IFN-g produced by

HFD IRI mice (Figures 7B, D), corresponding to the previously

demonstrated cell populations (p=0.0177). This rise in IFN-g
production was ameliorated in the HFD + NAC IRI mice as

compared to the HFD IRI mice (p=0.0001). The levels of TNF-a
were significantly higher in the ND IRI than the HFD IRI mice,

and there was no significant difference between HFD IRI and

HFD + NAC IRI mice (Supplemental Figure 6).

Finally, we validated our findings by evaluating the effect of

NAC supplementation on the IFN-g production from CD1d
frontiersin.org

https://doi.org/10.3389/fimmu.2022.898799
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liggett et al. 10.3389/fimmu.2022.898799
B

C

A

FIGURE 5

NAC treatment in HFD mice significantly altered the lipid profile within the liver. (A) Heat map demonstrating the alterations in lipid composition
with the respective tissue. (B) Volcano plots demonstrating the differences in upregulated lipid species in HFD vs. ND and HFD vs. HFD + NAC
mice, ultimately revealing changes TAG composition within these tissues. (C) Histogram representing quantitative differences in TAG
composition between the treatment groups. “****” <0.0001.
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FIGURE 6

IRI induced specific genetic upregulation in HFD mice. RT2 profiler PCR array for cytokines and chemokines was utilized to examine differences
in genetic regulation among treatment groups. Each group represents a single pooled sample from at least three separate liver-tissue
specimens. (A) Heat map of cytokine and chemokine PCR analysis. (B) Venn Diagram demonstrating genes that are upregulated in HFD (IRI) and
those shared amongst ND (IRI) and HFD (IRI).
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FIGURE 7

IFN-g producing Hepatic CD3+/NK1.1+ cells are contributors following IRI and successfully ameliorated with NAC supplementation. (A)
Representative contour plots of the percentage of CD45+/CD3+/NK1.1+ NKT1 cells within Hepatic Mononuclear cells. Number of mice per
group is as follows: ND=6, ND (IRI)=5, ND + NAC= 5, ND + NAC (IRI)=11, HFD=5, HFD (IRI)=5, HFD + NAC=5, HFD + NAC (IRI)=10. (B)
Representative contour plots of the percentage of IFN-g producing CD45+/CD3+/NK1.1+ NKT cells after IRI. Number of mice per group is as
follows: ND (IRI)=5, ND + NAC (IRI)=5, HFD (IRI)=7, HFD + NAC (IRI)=10. (C) Histogram demonstrating the percentage of NKT1 cells illustrated
in (A). (D) Histogram demonstrating the percentage of NKT1 cells illustrated in (B). “*” 0.05 to 0.01, “**”0.01 to 0.001, “***” 0.001 to 0.0001.
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bound NKT cells (CD45+/CD3+/CD1d+ cells). HFD IRI mice

had a significantly higher frequency of IFN-g from CD45+/CD3

+/CD1d+ cells as compared to ND IRI mice (p=0.017). This

effect was significantly reduced in the HFD + NAC IRI mice

(p=0.0012) (Figures 8A, B). There were no significant differences

in TNF-a production from these cells in the HFD IRI and

HFD + NAC IRI mice (Supplemental Figure 6).
Discussion

Nonalcoholic Fatty Liver Disease (NAFLD) remains a

significant problem in liver transplantation. Not only can

NAFLD progress to cirrhosis/liver failure (44) and contribute

to the development of hepatocellular carcinoma (both

indications for liver transplantation), but it also affects the

potential donor population. In this regard, steatotic allografts

experience a greater degree of IRI upon reperfusion, which

increases the risk of poor clinical outcomes in decompensated

recipients. A key component towards increasing the potential

donor population involves effectively preventing, diagnosing,

and treating IRI. As such, reliable animal models for the study

of hepatic steatosis and the innate immune system response to

IRI are paramount. In this work, we demonstrated the

effectiveness of a HFD murine model and primary treatment

group to highlight novel and noninvasive methods of
Frontiers in Immunology 16
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investigating liver injury, as well as identify a key immune

regulatory strategy in the prevention of IRI.

The efficacy of a diet induced-obesity murine model is well

established (1, 45). However, potential therapeutics are limited.

Intravenous (IV) NAC has previously been successful in the

treatment of IRI, both clinically and experimentally, with a well-

established role in the reduction of reactive oxygen species (2,

46–48). Recently, oral NAC supplementation was investigated

for its use in the treatment of metabolic disorders and was shown

to decrease hepatic steatosis via a PPAR-g dependent

mechanism and stimulation of thermogenic gene expression

(45). Our work has expanded upon these findings, as we have

demonstrated that oral NAC treatment decreased hepatic

steatosis and increased BAT as detected by T1 weighted MRI.

In this sense, BAT is characteristic of high metabolism and

thermogenic capacity (49), which supports that NAC alters

thermogenic gene expression. We were further able to

correlate the decreased hepatic steatosis with improved liver

functional capacity using Eovist® DCE MRI, which has emerged

as a useful hepatobiliary contrast agent that clinically, and non-

invasively, allows for stratification of steatotic liver damage (50).

We demonstrated a stark difference in contrast uptake in HFD

mice in comparison to the ND mice, which was normalized with

NAC supplementation, especially at 18 and 30 minutes post-

injection of Eovist®. While the mechanisms by which NAC

improves Eovist® uptake in the HFD mice are presently
BA

FIGURE 8

IFN-g producing hepatic CD3+/CD1d+ cells are contributors following IRI and successfully ameliorated with NAC supplementation. (A)
Representative contour plots of the percentage of IFN-g producing CD45+/CD3+/CD1d+ NKT cells after IRI. Number of mice per group is as
follows: ND (IRI)=5, ND + NAC (IRI)=5, HFD (IRI)=7, HFD + NAC (IRI)=10. (B) Histogram demonstrating the percentage of IFN-g producing CD45
+/CD3+/CD1d+ NKT cells illustrated in (A). “*” 0.05 to 0.01, “**”0.01 to 0.001.
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unknown, previous work in cirrhotic rats suggests alterations in

the expression of associated membrane proteins may be a key

factor (51), although alternations in hepatic perfusion cannot be

ruled out and additional studies are warranted to establish these

relationships. Overall, these findings collectively established this

HFDmodel with NAC treatment group as an effective method to

study IRI mitigation.

Despite the known effect of IV NAC in IRI, to our

knowledge, this is the first study to address the effectiveness of

oral NAC supplementation in the prevention of IRI. Utilizing

our clinically relevant model, we demonstrated improvement of

IRI in HFDmice on NAC supplementation as compared to HFD

only using serum ALT and T2 MRI mapping. Interestingly, T2

relaxation times, which correlate with hepatic edema and

inflammation (52), show a similar effect in all lobes of the

liver. This demonstrates the scope of full liver sequelae

following segmental injury in HFD mice, which is significantly

reduced in HFD + NAC mice. Previous work has demonstrated

the vasodilatory effects of NAC in models via Nitric Oxide

dependent (46, 47) and Vascular Endothelial Growth Factor

(VEGF)/VEGFR2 (47, 48) dependent mechanism, which may

offer insight into the reduced edema visualized in our samples.

However, this does not provide insight into the key roles of

innate immune system cytokine generation and metabolic

changes at a cellular level which occur following IRI.

While it is known that NAFLD is associated with significant

modulation of metabolic pathways involved in glycolysis (53, 54)

and lipid oxidation (55), the alterations in these pathways

following IRI are the subject of ongoing research. To elicit

some insight into this area, we employed Phasor-FLIM and

SHG imaging as a novel approach in the evaluation of hepatic

IRI, where we demonstrated increased glycolytic stress and lipid

oxidation within our HFD murine model that was worsened

following IRI. This is consistent with known requirements of

NADPH and FAD metabolism (43). We further determined that

NAC supplementation decreased glycolytic stress in HFD mice

following IRI, correlating to a less severe degree of injury and

inflammation that was corroborated by our previous findings in

serum ALT and T2 mapping. Interestingly, we did not

appreciate the same changes in lipid oxidation. Additionally,

utilizing LLS imaging of lipid droplets, we further appreciate a

visual reduction in lipid droplet size in our HFD + NAC mice

when compared to HFD mice. However, when an average value

was calculated for total image, this resulted in loss of

dimensional information and the inherent, visually depicted

heterogeneity (Supplemental Figure 4). The actual distribution

of the fractional intensity of LLS (red) and free NADH (blue)

demonstrate that embedded spatial information is a key

component phasor-FLIM auto fluorescent image analysis. This

is demonstrated in the composite image of LLS, free and bound

NADH and the individual species distribution (Supplemental

Figures 4C-F), which demonstrates how different parts of the

image have a differential amount of each species. The cumulative
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graphs from 3 samples show that along with a shift of LLS in

HFD IRI samples, there may also be broadening of these

distributions. In case of broadening, e.g. HFD + NAC vs. ND

– the central position of the distribution may not shift

appreciably, however more metabolic heterogeneity is seen in

the HFD + NAC samples than in the ND diet samples, which is

apparent. Further, while previous work had shown a

downregulation of genes involved in lipid oxidation in obesity

induced mice on NAC supplementation (45), this was not

apparent on LLS imaging for lipid oxidation. Importantly, LLS

is a complex and incompletely understood representation of

lipid oxidation byproducts that depends greatly on the different

pathways of oxidation. Thus, absence of changes in LLS does not

confidently correlate to a lack of lipid oxidation throughout the

tissue (56), which is the subject of ongoing research.

To further classify metabolic changes occurring with NAC

supplementation, we performed a quantitative lipid profile

analysis of whole liver tissue. To our knowledge, this is first

time a full lipidomic profile has been generated from liver tissue

of HFD mice on NAC supplementation. This demonstrated

significant downregulation of TAGs species when compared to

mice on HFD alone. TAG synthesis is known to be regulated via

a PPAR-g dependent pathway (57), and previous studies have

demonstrated that PPAR-g activity is downregulated as a result

of NAC supplementation (45, 58). Recently, PPAR-g has also

been identified as a key mediator in the synthesis of CD1d (59),

which serves a crucial function in priming of NKT cells. This

expands on work that previously demonstrated NKT cell

activation occurs secondary to lipid excess (7, 14, 60), which

has been linked to CD1d expression on adipocytes. It has further

been demonstrated that NKT cell activation is secondarily

decreased in ApoE -/- mice (61). Further work by Downs et al.

demonstrated that NAC supplementation can abolish

Va14iNKT cells and IFN-g signaling in fulminant liver failure

(62). Taken together, our findings further suggest that NAC

treatment could prevent NKT cell activation by preventing lipid

excess and downregulating CD1d.

Our subsequent experiments were formulated around

determination of NKT cell activity. RT-PCR array for cytokine

and chemokine expression was performed from liver tissue in

the maximally affected left lobe. This ultimately eluded to

significant upregulation in HFD IRI mice that was not

established elsewhere, specifically IFN-g and its related genes,

including IL-12. Upon further analysis, we appreciated

significantly upregulated in genes that have been linked to the

NF-kB pathway—CXCL1 (63, 64) and CXCL10 (63, 65). This is

in line with previous reports that the NAC treatment results in a

downregulation of NF-kB (45, 66), and also furthered our

suspicion that NKT cells were in fact mediators in the model,

as IFN-g (67) and, more specifically, TCR-b both result in direct

activation of the NF-kB pathway (68, 69). Further, IFN-g also

results in NF-kB activation by means of JAK/STAT activation

pathways. Finally, we elicited a complete downregulation of
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these associated genes in HFD + NAC IRI mice. This ultimately

alludes to an injurious effect of IFN-g that can be, at least

partially, alleviated by NAC supplementation. However, we

cannot fully exclude other mechanisms, and additional studies

will be needed to confirm our findings.

While our flow cytometry findings suggest that NKT cell

activation and cytokine production are affected by NAC,

additional studies using a CD1d deficient mouse model and

adoptive transfer experiments of IFN-gamma-deficient NKT

cells into Ja18-/- mice are needed within our HFD NAC model

for definitive confirmation. Moreover, we observed a significant

upregulation of IL-17 within our HFD IRI mice that was

subsequently ameliorated by NAC. We have previously

demonstrated that IL-17 produced by unconventional RORgt
T-cells contribute to hepatic ischemia reperfusion injury (70).

More recently, IL-17 producing NKT cells have been described

and implicated in inflammatory diseases (71) and may also play

a critical role in IRI. Further comparative studies will be needed

to identify the role of NAC in IL-17 reduction and the degree of

injury prevention, as compared to IFN-g.
Overall, our work utilized novel methods of hepatic injury

identification to demonstrate the effectiveness of oral NAC

supplementation in preventing IRI. We further identified

potential downstream pathways and targets for future research

into the prevention of hepatic IRI. Further work will be required

to definitively establish mechanism behind the protective effect

of oral NAC supplementation.
Conclusion

Oral N-acetylcysteine supplementation can ameliorate IRI in

a HFD mouse model. IFN-g pathways and NKT cells are largely

implicated in this observed effect.
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