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Kupffer cells and monocyte-derived macrophages are critical for liver repair after acetaminophen
(APAP) overdose. These cells produce promitogenic cytokines and growth factors, and they phago-
cytose dead cell debris, a process that is critical for resolution of inflammation. The factors that
regulate these dynamic functions of macrophages after APAP overdose, however, are not fully
understood. We tested the hypothesis that the fibrinolytic enzyme, plasmin, is a key regulator of
macrophage function after APAP-induced liver injury. In these studies, inhibition of plasmin in mice
with tranexamic acid delayed up-regulation of proinflammatory cytokines after APAP overdose. In
culture, plasmin directly, and in synergy with high-mobility group B1, stimulated Kupffer cells and
bone marrowederived macrophages to produce cytokines by a mechanism that required NF-kB. In-
hibition of plasmin in vivo also prevented trafficking of monocyte-derived macrophages into necrotic
lesions after APAP overdose. This prevented phagocytic removal of dead cells, prevented maturation of
monocyte-derived macrophages into F4/80-expressing macrophages, and prevented termination of
proinflammatory cytokine production. Our studies reveal further that phagocytosis is an important
stimulus for cessation of proinflammatory cytokine production as treatment of proinflammatory,
monocyte-derived macrophages, isolated from APAP-treated mice, with necrotic hepatocytes
decreased expression of proinflammatory cytokines. Collectively, these studies demonstrate that
plasmin is an important regulator of macrophage function after APAP overdose. (Am J Pathol 2019,
189: 1986e2001; https://doi.org/10.1016/j.ajpath.2019.07.003)
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Acetaminophen (APAP) is a commonly used over-
the-counter analgesic and antipyretic that is safe when
taken as directed. Unfortunately, however, thousands of
hospitalizations and hundreds of deaths occur each year due
to either intentional or accidental overdose.1 When taken at
high doses, APAP produces hepatocellular injury that can
rapidly progress to acute liver failure (ALF), a condition
with a high rate of mortality.2 Pharmacologic therapies for
APAP overdose are limited to N-acetyl-cysteine, which is
highly efficacious when administered early after APAP
ingestion.3,4 Unfortunately, many patients do not seek
medical attention until liver injury is extensive and
N-acetyl-cysteine is no longer effective.
stigative Pathology. Published by Elsevier Inc
Monocytes and macrophages play a key role in liver
repair after APAP overdose. Early after the onset of liver
injury, Kupffer cells, the resident macrophages of the liver,
become activated and secrete proinflammatory cytokines
that recruit several immune cell types, including proin-
flammatory monocytes, to the liver.5 The recruited
. All rights reserved.
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Macrophage Regulation by Plasmin
monocytes migrate within the hepatic sinusoids and ulti-
mately traffic into the necrotic lesions, where they produce
cytokines that amplify the immune response and produce
toxic molecules aimed at killing invading pathogens.6e8 On
resolution of the injury, the proinflammatory monocytes
phagocytose dead cells and differentiate into prorepair
macrophages that produce anti-inflammatory cytokines and
proregenerative growth factors.6,8 The mechanisms that
regulate monocyte/macrophage trafficking, cytokine secre-
tion, and phagocytosis in the context of APAP-induced liver
injury are not fully understood. A full understanding of
these mechanisms is important, as recent studies in patients
and in mouse models indicate that cytokine production and
phagocytosis are dysregulated in ALF.9e11 These studies
raise the intriguing possibility that monocyte/macrophage
dysfunction may contribute to failed recovery of liver
function in some APAP overdose patients. Accordingly,
greater insight into the mechanisms that regulate mono-
cyte/macrophage function could provide insight into the
cause of monocyte/macrophage dysregulation and failed
liver regeneration in certain ALF patients.

Several studies have demonstrated that the fibrinolytic
enzyme, plasmin, regulates various monocyte and macro-
phage functions. For instance, plasmin regulates macro-
phage recruitment to the lungs and peritoneum during
inflammatory episodes,12,13 and plasmin stimulates macro-
phage phagocytosis and cytokine production in vitro.14e16

In the liver, deficiency in plasminogen, the zymogen for
plasmin, impairs macrophage recruitment after stab injury
and prevents clearance of dead cells after carbon
tetrachlorideeinduced liver injury.17,18 Although these
studies indicate a key role for plasmin in regulation of
macrophage function, it is not known whether plasmin
regulates macrophage function after APAP overdose.
Accordingly, in the following studies, the hypothesis was
tested that plasmin is critical for regulation of macrophage
function after APAP overdose.

Materials and Methods

In Vivo Treatments

Male C57BL/6 (Jackson Laboratories, Bar Harbor, ME),
annexin A2 knockout, protease-activated receptor-1 (PAR-1)
knockout mice, and hepatocyte-specific high mobility group
box 1 (HMGB1) knockout mice, aged 6 to 12 weeks, were
used for all studies. Annexin A2 knockout [generously pro-
vided by Dr. Russel S. Taichman (University of Michigan,
Ann Arbor, MI)] and PAR-1 knockout mice were described
previously.19,20 Hepatocyte-specific HMGB1 knockout mice
were described previously.21 Mice were housed in a 12-hour
light/dark cycle under controlled temperature (18�C to 21�C)
and humidity. Food (Rodent Chow; Harlan-Teklad, Indian-
apolis, IN) and tap water were allowed ad libitum.

For in vivo treatment, mice were fasted for approximately
16 hours before APAP injection. Mice were injected with
The American Journal of Pathology - ajp.amjpathol.org
300 mg/kg APAP (Sigma-Aldrich, St. Louis, MO) or sterile
saline by i.p. injection, and food was returned immediately
after APAP challenge.

For studies using tranexamic acid, mice were injected
with 1200 mg/kg tranexamic acid (Spectrum Chemical,
New Brunswick, NJ) or endotoxin-free water vehicle
(G Biosciences, St. Louis, MO) beginning 2 hours after
APAP treatment. Tranexamic acid was administered twice
daily after the initial treatment.

Sample Collection

Mice were anesthetized using Fatal-Plus Solution (Vortech
Pharmaceuticals, Dearborn, MI). Blood was collected from
the inferior vena cava, and serum was collected. The
activity of alanine aminotransferase was measured in the
serum by using the Infinity ALT (GPT) Liquid Reagent
(Thermo-Fisher Scientific, Waltham, MA). The livers were
removed, and a portion was fixed in 10% neutral-buffered
formalin. The tissues were embedded in paraffin, and
sections of liver were stained with hematoxylin and eosin,
proliferating cell nuclear antigen, or lymphocyte antigen
6G (Ly6G antibody). The area of necrosis was quantified,
as described by us previously.22 Additional pieces of liver
were homogenized in TRIzol Reagent (Thermo-Fisher
Scientific) for RNA isolation.

Isolation and Culture of Cells

To isolate Kupffer cells, livers from C57BL/6 mice were
perfused and digested with collagenase (Collagenase H;
Sigma-Aldrich), as described previously.23 After removal of
hepatocytes by centrifugation, the nonparenchymal cells
were centrifuged at 300 � g for 10 minutes. A total of
1 � 108 nonparenchymal cells were resuspended in 60 mL
of MACS Buffer (2.5 g bovine serum albumin, 0.416 g
EDTA, and 500 mL phosphate-buffered saline) containing
12 mL biotinylated anti-F4/80 antibody (Miltenyi Biotec,
Bergisch Gladbach, Germany). The cell suspension was
incubated for 10 minutes at 4�C and then washed by adding
10 mL of MACS buffer and centrifugation (300 � g for 10
minutes). Streptavidin microbeads (Miltenyi Biotec), diluted
1:10 in 60 mL of MACs buffer, were added to the non-
parenchymal pellet. Cells were resuspended and incubated
at 4�C for 10 minutes and then washed by adding 10 mL of
MACS buffer and centrifugation (300 � g for 10 minutes).
The pellet was resuspended with 500 mL MACS buffer and
applied to MACS LS columns (Miltenyi Biotec). The col-
umn was rinsed three times with 3 mL MACS buffer.
Kupffer cells were collected by removing the column from
the midiMACS Separator (Miltenyi Biotec) and rinsing the
column with 5 mL of MACS buffer.

For generation of bone marrowederived macrophages
(BMMs), bone marrow was isolated from the femurs of
mice and cultured in RPMI 1640 medium containing
10% fetal bovine serum, penicillin/streptomycin, and 10
ng/mL recombinant mouse macrophage colony-stimulating
1987
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factor (BioLegend, San Diego, CA). On day 4 of culture, the
medium was replaced with fresh plating medium. Cells were
harvested 7 days after plating.

Kupffer cells and bone marrowederived macrophages
were plated in serum-free RPMI 1640 medium. The cells
were treated with 100 nmol/L mouse plasmin (Hemato-
logic Technologies, Essex Junction, VT) or human
plasma-derived plasminogen [R&D Systems, Minneapolis,
MN; <1.0 endotoxin unit (EU) per mg of protein]. For
studies in which cells were cultured with both plasmin and
HMGB1, cells were treated with plasmin for 10 minutes,
followed by addition of 100 ng/mL recombinant human
HMGB1 (R&D Systems; <1.0 EU per mg of protein). For
in vitro studies with tranexamic acid, cells were treated
with 1 mmol/L tranexamic acid, followed by treatment
with plasmin. For inactivation of plasmin, plasmin was
incubated with 1 mmol/L D-Val-Phe-Lys chloromethyl
ketone (Sigma-Aldrich) for 30 minutes at 37�C before
addition to cells.

Ly6Chi monocytes were isolated from the livers of mice
treated with 300 mg/kg APAP for 24 hours. After removal
of hepatocytes, nonparenchymal cells were centrifuged at
300 � g for 10 minutes. ACK Buffer (Lonza, Basel,
Switzerland) was used to lyse red blood cells. The non-
parenchymal fraction was centrifuged at 300 � g for 5
minutes and resuspended in 60 mL of biotin-labeled anti-
Ly6C mouse antibody (Miltenyi Biotec) diluted 1:10 in
MACs buffer and incubated at 4�C for 10 minutes. Next, the
cells were rinsed using 10 mL MACs buffer and centrifuged
at 300 � g for 10 minutes. Streptavidin microbeads (Mil-
tenyi Biotec), diluted 1:10 in 60 mL of MACs buffer, were
added to the nonparenchymal cell pellet. Cells were resus-
pended and incubated at 4�C for 10 minutes. After incu-
bation, the cells were added to MACS LS columns, as
described above. Ly6Chi monocytes, collected from the
column, were cultured in serum-free Williams’ Medium E
(Sigma-Aldrich) containing penicillin/streptomycin.

Hepatocytes were isolated from the livers of C57BL/6
mice, as described by us previously.23 The cells were diluted
to 2.5 � 105 in serum-free Williams’ Medium E and then
made necrotic by three cycles of freeze-thaw at �80�C. Cell
lysis was confirmed by trypan blue staining and was 100%.
Limulus Amebocyte Lysate Assay

Endotoxin was measured in the plasmin, RPMI 1640 me-
dium (Sigma-Aldrich), and phosphate-buffered saline
(Sigma-Aldrich) by using the limulus amebocyte lysate
assay, following the manufacturer’s recommendations
(Thermo-Fisher Scientific). The following concentrations of
endotoxin were measured: RPMI 1640 medium, 0.16 EU/
mL; phosphate-buffered saline, 0.11 EU/mL; plasmin, 0.13
EU/mL. These concentrations of endotoxin are below those
needed to stimulate up-regulation of tumor necrosis factor-a
(TNF-a) in monocytes and macrophages.24
1988
Immunohistochemistry

Immunofluorescence was used to detect F4/80 and CD68, as
described by us previously.22 Briefly, frozen liver sections
(8 mm thick) were fixed in 4% formalin for 10 minutes,
followed by blocking in 10% goat serum. The sections were
then incubated with rat anti-F4/80 antibody (Bio-Rad,
Hercules, CA) diluted 1:500 or rat anti-CD68 antibody
(Bio-Rad) diluted 1:500. The sections were then incubated
with goat anti-rat secondary antibodies conjugated to Alexa
Fluor 488 or 594 (diluted 1:500; Thermo-Fisher Scientific).
Immunofluorescence was also used to detect Ly6C (green)

and F4/80 (red) in cultured Ly6Chi F4/80neg monocytes. The
cells were fixed in 10% formalin, followed by incubation
with Fc blocking buffer (BD Biosciences, San Jose, CA;
diluted 1:20) for 10 minutes at 4�C. The cells were then
incubated overnight at 4�C with either anti-Ly6C antibody
conjugated to Alexa 488 or anti-F4/80 antibody conjugated
to Alexa 594 antibodies (diluted 1:50; BioLegend).
Neutrophils were detected in sections of formalin-fixed,

paraffin-embedded liver by detecting Ly6G (clone 1A8;
BioXCell, West Lebanon, NH). Proliferating hepatocytes
were quantified by detecting proliferating cell nuclear anti-
gen antibody from Abcam (Cambridge, UK).

Western Blot Analysis

Macrophages were lysed with radioimmunoprecipitation
assay buffer. Protein was separated onto a 4% to 20% poly-
acrylamide gel (Bio-Rad) and transferred to a polyvinylidene
difluoride membrane. The membranes were incubated with
antiephosphorylated (phospho) p38, antietotal p38,
antiephosphoeextracellular signal-regulated kinase 1/2,
antietotal extracellular signal-regulated kinase 1/2,
antiephospho-IkB, antietotal IkB, antiephosphoec-Jun N-
terminal kinase (JNK), antietotal JNK, antiephospho-AKT,
or antietotal AKT using the recommended dilutions (all
antibodies from Cell Signaling Technology, Danvers, MA).
Membranes were incubated with secondary antibody conju-
gated with horseradish peroxidase (Sigma-Aldrich), and
protein bands were detected using Clarity Western ECL
Substrate (Bio-Rad) on a LI-COR Odyssey Fc (LI-COR
Biosciences, Lincoln, NE).

Flow Cytometry

Nonparenchymal cells and purified Ly6Chi monocytes were
isolated using protocols described above. After isolation,
cells were washed and resuspended with FACS buffer
(phosphate-buffered saline, 1% fetal bovine serum;
BioLegend). The cells were then incubated with Fc
blocking buffer (BD Biosciences; diluted 1:20) for 10 mi-
nutes at 4�C. Next, cells were rinsed and centrifuged at 300
� g for 5 minutes to pellet. The cells were then incubated
with anti-F4/80/Alexa Fluor 488 and anti-Ly6C/
phosphatidylethanolamine for 30 minutes at 4�C. In a
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Macrophage Regulation by Plasmin
separate study, the cells were incubated with anti-CD45/
phosphatidylethanolamine/Cy7, anti-CD68/Alexa Fluor
594, and anti-F4/80/Alexa Fluor 488 for 30 minutes at 4�C.
All antibodies were purchased from BioLegend. After in-
cubation, cells were washed twice and fixed in formalin
(Sigma-Aldrich) for 15 minutes at 4�C. After cells were
fixed, they were washed twice and resuspended using FACS
buffer. The fluorescence was then detected using an Attune
NxT flow cytometer from Life Technologies (Carlsbad,
CA), and the signal was quantified using Attune NxT soft-
ware version 3.1 (Life Technologies).

Real-Time PCR

RNAwas isolated from liver samples using TRIzol Reagent or
from cell culture samples by using the E.Z.N.A. Total RNA
Kit I (Omega Bio-Tek, Norcross, GA), according to manu-
facturer’s instructions. Real-time PCR was performed, as
described by us previously.23 The following primer sequences
were used: TNF-a, 50-AGGGTCTGGGCCATAGAACT-30

(forward) and 50-CCACCACGCTCTTCTGTCTAC-30

(reverse); Cxcl1, 50-TGGCTGGGATTCACCTCAAG-
30 (forward) and 50-GTGGCTATGACTTCGGTTTGG-30

(reverse); Cxcl2, 50-CTCAGACAGCGAGGCACATC-30

(forward) and 50-CCTCAACGGAAGAACCAAAGAG-
30 (reverse); chemokine (C-C motif) ligand (Ccl) 2, 50-
CCTGCTGTTCACAGTTGCC-30 (forward) and 50-
ATTGGGATCATCTTGCTGGT-30 (reverse); and 60S ribo-
somal protein L13a, 50-GACCTCCTCCTTTCCCAGGC-30

(forward) and 50-AAGTACCTGCTTGGCCACAA-30 (reverse).

Luminex Immunoassay

Protein levels were measured in cell culture supernatants and
serum samples by using the Bio-Plex Pro Assay Kit (Bio-
Rad). The samples were analyzed on a Luminex 200 System
(Luminex Corp., Austin, TX).

Statistical Analysis

Results are presented as the means þ SEM. Data were
analyzed by a one- or two-way analysis of variance, where
appropriate. Data expressed as a percentage were trans-
formed by arcsine square root before analysis. Comparisons
among group means were made using the Student-Newman-
Keuls test. The criterion for significance was P < 0.05 for
all studies. A minimum of an n Z 5 per group was used for
in vivo studies. In vitro studies were repeated a minimum of
three times with cells isolated from separate groups of mice.

Results

Plasmin Inhibition Suppresses Early Cytokine
Induction after APAP Overdose

To investigate the role of plasmin in regulation of monocyte
and macrophage function after APAP overdose, plasmin
The American Journal of Pathology - ajp.amjpathol.org
was inhibited with the US Food and Drug
Administrationeapproved plasmin inhibitor, tranexamic
acid. Mice were treated with tranexamic acid beginning 2
hours after APAP administration to prevent interference with
APAP metabolism. Treatment of mice with APAP and
vehicle caused a time-dependent increase in serum alanine
aminotransferase activity that was unaffected by cotreatment
with tranexamic acid (Figure 1A). By 8 hours after treatment
with APAP, mRNA levels of the proinflammatory cytokines
and chemokines, TNF-a, Cxcl1, and Cxcl2, were increased
(Figure 1, BeD). Cotreatment with tranexamic acid
completely prevented up-regulation of all three cytokines/
chemokines (Figure 1, BeD). Similarly, serum levels of Ccl2
protein, a monocyte/macrophage chemokine, were lower in
mice treated with APAP and tranexamic acid (Figure 1E).

Plasmin Stimulates Proinflammatory Cytokine
Production by Kupffer Cells and Bone MarroweDerived
Macrophages

To determine the mechanism by which plasmin stimulates
cytokine induction after APAP overdose, we first investi-
gated whether plasmin directly increases expression of cy-
tokines in macrophages. To investigate this, Kupffer cells
and BMMs were isolated from wild-type C57BL/6 mice and
treated with 100 nmol/L plasmin. This concentration of
plasmin is pathologically relevant as the plasma concen-
tration of plasminogen, the zymogen for plasmin, is
approximately 1.4 mmol/L in mice. Treatment of Kupffer
cells (Figure 2, AeC) and BMMs (Figure 2, E and F) with
plasmin increased expression of TNF-a, Cxcl1, and Cxcl2.
In addition, plasmin increased production of Ccl2 protein by
BMMs (Figure 2G) and stimulated the formation of exten-
sive pseudopodia, a characteristic of activated macrophages
(Figure 2D). Up-regulation of cytokines (Figure 2, H and I)
and formation of pseudopodia (data not shown) were
inhibited by the plasmin inhibitors, D-Val-Phe-Lys chlor-
omethyl ketone (Figure 2H) and tranexamic acid
(Figure 2I), indicating a need for plasmin enzyme activity.
Similar to plasmin, plasminogen caused a dose-dependent
increase in cytokine mRNA levels (Figure 2, JeL).

Activation of Signal Transduction Pathways in
Plasmin-Treated Macrophages

Plasmin activated p38, extracellular signal-regulated kinase
1/2, and Jnk in BMMs at 2 hours (Figure 3A). Furthermore,
plasmin treatment increased phosphorylation of IkB, indi-
cating activation of NF-kB (Figure 3A). Interestingly,
plasmin decreased Akt phosphorylation in BMMs
(Figure 3A). Pretreatment of BMMs with the IkB kinase 2
inhibitor, TPCA1, completely prevented up-regulation of
TNF-a by plasmin (Figure 3B). By contrast, inhibition of
p38 signaling (SB203580) (Figure 3C), Jnk signaling
(SP600125) (Figure 3D), or extracellular signal-regulated
kinase 1/2 signaling (PD98059) (Figure 3E) did not affect
1989
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Figure 1 Mice were treated with 300 mg/kg acetaminophen (APAP), followed by treatment with tranexamic acid, as detailed in Materials and Methods. A:
Alanine aminotransferase (ALT) activity was measured at the indicated times. BeD: mRNA levels of tumor necrosis factor (TNF)-a (B), Cxcl1 (C), and Cxcl2 (D)
were measured 8 hours after APAP treatment. E: Chemokine (C-C motif) ligand (Ccl2) protein was measured in the serum. Data are expressed as means � SEM
(AeE). n Z 5 mice per group (AeE). *P < 0.05 versus vehicle.
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induction of TNF-a by plasmin. Similar results were
observed for Cxcl1 and Cxcl2 (data not shown).

Studies have indicated that plasmin may stimulate
signaling in cells by activation of either annexin A2 or
PAR-1.25,26 To investigate this in macrophages, BMMs
were isolated from either annexin A2 or PAR-1 knockout
mice. Neither loss of annexin A2 nor PAR-1 affected up-
regulation of cytokines by plasmin (Figure 3, FeK).

HMGB1 Enhances Activation of Macrophages by
Plasmin

Recent studies have revealed that the damage-associated
molecular pattern molecule, HMGB1, contributes to macro-
phage activation in the liver after APAP overdose.27 To
examine this further, Kupffer cells and BMMs were isolated
and treated with either recombinant HMGB1 or necrotic
primary mouse hepatocytes, which contain HMGB1. Neither
HMGB1 nor necrotic hepatocytes increased expression of
TNF-a in Kupffer cells or BMMs (Figure 4, A and B). As
demonstrated earlier, however, plasmin increased expression
of TNF-a in both cell types. Next, Kupffer cells were treated
with increasing concentrations of HMGB1. Concentrations of
HMGB1 as high as 500 ng/mL did not increase expression of
TNF-a (Figure 4C). By comparison, blood levels of HMGB1
are approximately 4 ng/mL in APAP-induced ALF patients
and approximately 175 ng/mL in mice treated with a high
1990
dose of APAP (530 mg/kg).28 Because of the apparent
importance of both plasmin and HMGB1 in macrophage
activation in vivo, the hypothesis that these two mediators
interact to fully activate macrophages was tested. Plasmin
increased TNF-a and Cxcl1 mRNA levels, whereas HMGB1
alone did not (Figure 4, D and E). Interestingly, HMGB1
synergistically enhanced up-regulation of these cytokines by
plasmin, supporting an interaction between these inflamma-
tory mediators. In addition to mRNA levels, Ccl2 protein
levels were synergistically increased by the combination of
plasmin and HMGB1 (Figure 4F). Similar to recombinant
HMGB1, necrotic hepatocytes from wild-type mice, which
did not activate macrophages directly (Figure 4, A and B),
enhanced up-regulation of proinflammatory cytokines by
plasmin, whereas necrotic hepatocytes from hepatocyte-
specific HMGB1 knockout mice did not (Figure 4, GeI).
Because NF-kB activation was required for up-regulation of
cytokines by plasmin, it was investigated whether it was also
required for the interaction between plasmin and HMGB1.
TPCA1 substantially prevented up-regulation of TNF-a by
the combination of plasmin and HMGB1 (Figure 4J).

Plasmin Inhibition Prevents Removal of Necrotic Cells
from the Liver after APAP Overdose

Next, the impact of plasmin inhibition was determined
on macrophage function at later times after APAP overdose.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 AeC and EeG: Kupffer cells (AeC) and bone marrowederived macrophages (BMMs; EeG) were treated with 100 nmol/L plasmin. mRNA levels of the
indicated cytokines were measured 6 hours later. D: Photomicrographs of BMMs treated with vehicle or plasmin for 18 hours. H and I: BMMs were treated with 100
nmol/L plasmin in the presence or absence of D-Val-Phe-Lys chloromethyl ketone (D-Val; H) or tranexamic acid (TA; I). Tumor necrosis factor (TNF)-amRNA levels
were quantified. JeL: BMMs were treated with vehicle or the indicated concentration of plasminogen. mRNA levels of the indicated cytokines were measured 6
hours later. Data are expressed as means� SEM (AeC and EeL). nZ 3. *P< 0.05 versus control; yP< 0.05 versus vehicle. Original magnification,�400 (D). Ccl,
chemokine (C-C motif) ligand.

Macrophage Regulation by Plasmin
In mice treated with APAP and vehicle, necrotic cells
were cleared from the liver between 48 and 72 hours
(Figure 5, A, B, and E). Few necrotic cells remained in the
liver 72 hours after treatment with APAP and vehicle
(Figure 5B). In striking contrast, inhibition of plasmin with
tranexamic acid prevented clearance of necrotic cells from
the liver at 72 hours, as indicated by extensive necrosis
remaining in the liver (Figure 5, CeE). Interestingly, despite
the impact on clearance of necrotic cells, the numbers of
proliferating cell nuclear antigenepositive hepatocytes were
not affected (Figure 6).

It was previously reported that the complement system is
needed for removal of necrotic cells from the liver after
carbon tetrachloride.29 Accordingly, it was determined
whether inhibition of plasmin affected complement deposi-
tion in the liver. Fragments of C3 cleavage were deposited in
necrotic regions of liver after APAP overdose (Figure 7, A
and C). By 72 hours, the complement-coated necrotic cells
were completely removed from the liver (Figure 7, B and E).
In mice treated with APAP and tranexamic acid, C3 cleavage
The American Journal of Pathology - ajp.amjpathol.org
products deposited in necrotic regions similar to mice treated
with APAP and vehicle, indicating no role for plasmin in
activation of the complement system. By contrast, however,
the complement-coated necrotic cells were not removed
from the livers of mice treated with APAP and tranexamic
acid (Figure 7, D and E).

Plasmin Inhibition Prevents Trafficking of
Macrophages into Necrotic Lesions after APAP
Overdose

By 48 hours after treatment of mice with APAP and vehicle,
CD68-positive monocytes/macrophages filled the necrotic
lesions (Figure 8A). In mice treated with APAP and tra-
nexamic acid, however, few CD68-positive mono-
cytes/macrophages trafficked into the necrotic lesions
(Figure 8B). In these mice, CD68-positive mono-
cytes/macrophages remained at the periphery of the necrotic
lesions. Quantitatively, however, there was no difference in
the numbers of CD68-positive monocytes/macrophages in
1991

http://ajp.amjpathol.org


Type -Type -Type

-Type-Type-Type

A B C

D E

HGF

I J K

Total lκB

Figure 3 A: Bone marrowederived macrophages (BMMs) were treated with plasmin for 1 hour. Various signaling pathways were quantified by Western blot
analysis. BeE: BMMs were treated with the indicated inhibitor or dimethyl sulfoxide (DMSO), followed by treatment with plasmin 30 minutes later. Tumor
necrosis factor (TNF)-a mRNA levels were measured 6 hours later. FeK: BMMs were isolated from wild-type and annexin A2 knockout mice (FeH) or wild-type
and protease-activated receptor-1knockout mice (IeK) and treated with plasmin. mRNA levels of the indicated cytokines were measured 6 hours later. Data are
expressed as means � SEM (BeK). n Z 3. *P < 0.05. Erk, extracellular signal-regulated kinase.
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the livers of mice treated with either APAP and vehicle or
APAP and tranexamic acid (Figure 8C).

F4/80-positive macrophages were primarily located
outside of the necrotic lesions at 48 hours after treatment with
1992
either APAP and vehicle or APAP and tranexamic acid
(Figure 8, D and E). By 72 hours after treatment with
APAP and vehicle, macrophages within the necrotic le-
sions began to express F4/80 (Figure 8F). By contrast, at
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 A and B: Bone marrowederived macrophages (BMMs; A) and Kupffer cells (B) were treated with necrotic hepatocytes, 100 ng/mL high mobility
group box 1 (HMGB1), or 100 nmol/L plasmin for 6 hours. Significantly different from control cells. C: BMMs were treated with the indicated concentrations of
HMGB1. Tumor necrosis factor (TNF)-a mRNA was measured by real-time PCR. DeF: BMMs were treated with plasmin in the presence or absence of HMGB1 for 6
hours. Cytokine mRNAs and chemokine (C-C motif) ligand (Ccl2) protein were quantified. GeI: BMMs were treated with plasmin, followed by treatment with
necrotic hepatocytes from wild-type (WT) or hepatocyte-specific HMGB1 knockout mice. J: BMMs were treated with TPCA1 or dimethyl sulfoxide (DMSO) for 30
minutes, followed by treatment with plasmin with and without HMGB1. TNF-a mRNA was measured. Significantly different from cells treated with TPCA1. Data
are expressed as means � SEM (AeJ). n Z 3 (AeJ). *P < 0.05 versus control (A and B); yP < 0.05 versus vehicle (CeJ). ND, not detected.

Macrophage Regulation by Plasmin
72 hours after treatment with APAP and tranexamic acid,
no macrophages expressing F4/80 were detected within
necrotic lesions (Figure 8, G and H). To confirm these
findings, flow cytometry was used to quantify F4/80 on
CD68þ macrophages. For these studies, liver non-
parenchymal cells were isolated from livers and stained
for CD45, CD68, and F4/80. F4/80 was quantified on
liver nonparenchymal cells that were positive for CD45
and CD68 (Figure 9). Both the intensity of F4/80
staining and the percentage of F4/80þ cells were lower
in the CD45þ CD68þ population of macrophages in the
livers of mice treated with APAP and tranexamic acid
when compared with mice treated with APAP and
vehicle (Figure 9).
The American Journal of Pathology - ajp.amjpathol.org
Effect of Plasmin Inhibition on Neutrophil
Accumulation after APAP Overdose

Because plasmin inhibition impacted the accumulation of
macrophages into the necrotic lesions, it was determined
whether this impacted accumulation of another immune cell
type, neutrophils. Neutrophil accumulation into necrotic
lesions was not affected by inhibition of plasmin (Figure 10).

Impact of Plasmin Inhibition on Expression of
Cytokines Late after Acetaminophen Overdose

Studies have suggested that phagocytosis of dead cells by
proinflammatory macrophages decreases expression of
1993
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Figure 5 Mice were treated with 300 mg/kg acetaminophen, followed by treatment with tranexamic acid, as detailed in Materials and Methods. AeD:
Photomicrographs of sections of hematoxylin and eosinestained liver sections. E: Area of necrosis was quantified in sections of liver. Data are expressed as
means � SEM (E). n Z 5 mice per group (E). *P < 0.05 versus tranexamic acid. Original magnification, �100 (AeD).
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proinflammatory cytokines, a step that is critical for reso-
lution of inflammation.6,30e32 Because there was a failure
of monocytes/macrophages to phagocytose dead cells in
mice treated with APAP and tranexamic acid, it was
determined whether there was a similar failure to terminate
inflammatory cytokine production. In mice treated with
APAP and vehicle, mRNA levels of TNF-a and Ccl2 were
substantially increased in the liver by 24 hours after treat-
ment (Figure 11). By 72 hours, mRNA levels of both
cytokines returned to baseline levels (Figure 11). In mice
treated with APAP and tranexamic acid, mRNA levels of
TNF-a and Ccl2 were elevated at 24 hours and remained
elevated at 72 hours (Figure 11). Similar results were
observed for blood levels of Ccl2 protein (Figure 11).
A B

Figure 6 Mice were treated with 300 mg/kg acetaminophen (APAP), followed
Methods. A and B: Proliferating cell nuclear antigen (PCNA) was detected in live
tranexamic acid (B). Positive staining appears brown in the photomicrographs. C: T
as means � SEM (C). n Z 5 mice per group (C). Original magnification, �200 (
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Necrotic Hepatocytes Decrease Cytokine Expression in
Proinflammatory Monocytes

The studies above demonstrated that tranexamic acid pre-
vented phagocytosis of dead cells and prevented down-
regulation of proinflammatory cytokines (Figures 5
and 11). This suggested that phagocytosis may be a stim-
ulus for decreasing cytokine expression in proinflammatory
monocytes. To investigate this further in vitro, immuno-
magnetic bead purification was used to isolate proin-
flammatory monocytes (Ly6Chi F4/80low) from the livers of
APAP-treated mice. Proinflammatory monocytes rapidly
infiltrate the liver after APAP overdose, and studies indi-
cate that these cells are responsible for the clearance of
C

-
(p

er

by treatment with tranexamic acid for 48 hours, as detailed in Materials and
r sections from mice treated with either APAP and water (A) or APAP and
he number of PCNA-positive hepatocytes was quantified. Data are expressed
A and B).
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Figure 7 Mice were treated with 300 mg/kg acetaminophen, followed by treatment with tranexamic acid, as detailed in Materials and Methods. C3b/iC3b/
C3c was detected by immunofluorescence. AeD: Representative photomicrographs of sections of hematoxylin and eosinestained liver sections. E: Area of
C3b/iC3b/C3c immunostaining was quantified in sections of liver. Data are expressed as means � SEM (E). n Z 5 mice per group (E). *P < 0.05
versus tranexamic acid. Original magnification, �200 (AeD).

Macrophage Regulation by Plasmin
dead cells.6 To isolate these cells, an antibody against
Ly6C, which is expressed at high levels on the surface of
proinflammatory monocytes,33 was used. These cells were
isolated from the livers of mice treated 24 hours earlier
with APAP, a time when cytokines are highly expressed
(Figure 11) and a time before phagocytosis of dead cells
begins (Figure 5). Using antieLy6C-labeled immuno-
magnetic beads, Ly6Chi F4/80low proinflammatory mono-
cytes were enriched by approximately 92% from liver
homogenates (Figure 12, A and B). Immunocytochemistry
confirmed that these cells expressed Ly6C but not F4/80
(Figure 12, C and D). Treatment of these cells with hepa-
tocytes made necrotic by three cycles of freeze-thaw
decreased expression of the proinflammatory mono-
cyte/macrophage marker, inducible nitric oxide synthase,
and decreased expression of the proinflammatory cyto-
kines, TNF-a and Ccl2 (Figure 12, EeG).
Discussion

Macrophages perform several key functions in the liver after
APAP overdose, including production of immunomodulatory
cytokines, phagocytosis of dead cell debris, and production
of promitogenic growth factors. Proper regulation of these
pathways is critical for repair of the liver and restoration of
liver function. Studies over the past two decades have indi-
cated that macrophage dysregulation occurs in a subset of
ALF patients, leading to aberrant cytokine production and,
potentially, multiorgan failure.9,10 Similarly, in an animal
The American Journal of Pathology - ajp.amjpathol.org
model of ALF, there is evidence that macrophage-dependent
clearance of dead cells from the liver is impaired.11 Collec-
tively, these studies highlight the importance of understand-
ing the pathways that regulate macrophage function after
ALF. Our studies indicate that plasmin is a central regulator
of macrophage function after APAP overdose and that
plasmin not only stimulates macrophage activation during the
inflammatory phase, but it also stimulates resolution of
inflammation during the regenerative phase.

Gao et al34 recently demonstrated that plasmin activity
is increased in the liver within 6 hours after APAP
treatment. At this time, Kupffer cells, the resident mac-
rophages of the liver, become activated and secrete
proinflammatory cytokines that recruit various immune
cell types to the liver.5 Several recent studies have
revealed that plasmin is critical for induction of cytokines
and initiation of inflammation in the peritoneum, lungs,
and brain.35e37 On the basis of these findings, it was
examined whether plasmin is similarly required for early
cytokine induction after APAP overdose. Our studies
revealed that inhibition of plasmin prevented up-
regulation of TNF-a, Cxcl1, Cxcl2, and Ccl2 by 6
hours after APAP treatment. Interestingly, this effect was
lost by 24 hours after APAP treatment, indicating that
additional factors maintain cytokine production at later
times. Alternatively, it is possible that plasmin-dependent
activation of Kupffer cells produces the initial wave of
cytokines, whereas proinflammatory monocytes recruited
to the liver at later times maintain cytokine production, an
effect that may occur independent of plasmin.
1995
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Figure 8 Mice were treated with 300 mg/kg acetaminophen, followed by treatment with tranexamic acid, as detailed in Materials and Methods. A and B:
CD68 was detected by immunofluorescence. The necrotic lesions are demarcated by dashed lines. C: Area of CD68 fluorescence was quantified in sections of
liver. DeG: F4/80 was detected by immunofluorescence. H: Area of F4/80 immunostaining was quantified in sections of liver. Data are expressed as
means � SEM (C and H). n Z 5 mice per group (C and H). *P < 0.05 versus vehicle. Original magnification, �200 (A, B, and DeG).
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Studies using RAW264.7 cells and monocyte-derived
macrophages have revealed that plasmin directly stimulates
macrophage activation.26,38,39 On the basis of these find-
ings, we tested the hypothesis that plasmin directly activates
Kupffer cells. Treatment of Kupffer cells or bone
marrowederived macrophages with plasmin increased
production of several cytokines. Up-regulation of these
cytokines required NF-kB and plasmin enzyme activity,
similar to what was reported in monocyte-derived macro-
phages.38 By contrast to monocyte-derived macrophages,26

however, this occurred independent of annexin A2, a pu-
tative receptor for plasmin. Although it is not fully clear
why this difference exists, it is possible that the mechanism
by which plasmin activates macrophages may depend on the
source of macrophages. Studies have also suggested that
PAR-1 is activated on macrophages by plasmin.25 Our
studies revealed, however, that PAR-1 was dispensable for
macrophage activation by plasmin after APAP overdose. In
addition to annexin A2 and PAR-1, the receptors enolase-1
and plasminogen receptor (KT) bind to plasmin and
1996
facilitate signaling in macrophages.13,40e42 It is possible that
plasmin stimulates production of proinflammatory cytokines
after APAP overdose through activation of one of these
receptors.
It has been proposed that HMGB1 is critical for triggering

macrophage activation after tissue injury. In support of this,
deficiency in HMGB1 reduces proinflammatory cytokine
induction in the liver after ischemia-reperfusion or APAP
overdose.27 Surprisingly, however, in our studies, treatment
of bone marrowederived macrophages or Kupffer cells with
recombinant HMGB1, ranging in concentration from 50 to
500 ng/mL, or necrotic hepatocytes did not increase
expression of TNF-a. These concentrations of HMGB1 are
within or above the range reported in vivo. Blood levels of
HMGB1 are approximately 4 ng/mL in APAP-induced
acute liver failure patients and approximately 175 ng/mL
in mice treated with a high dose of APAP (ie, 530 mg/kg).28

It is possible that HMGB1 concentrations are higher in the
liver, where Kupffer cells reside, and that the concentrations
tested in our studies were below this level. Studies have
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 Mice were treated with 300 mg/kg acet-
aminophen (APAP), followed by treatment with tranexa-
mic acid (TA), as detailed in Materials and Methods. After
72 hours, the livers were digested and CD45, CD68, and
F4/80 were detected in the nonparenchymal cell fraction
by flow cytometry. A: The gating strategy used for flow
cytometry. B and C: The intensity of F4/80 staining within
the CD45þCD68þ population was quantified. D and E: The
percentage of F4/80low and F4/80hi macrophages within
the CD45þCD68þ population was quantified. Data are
expressed as means � SEM (CeE). n Z 3 mice per group
(CeE). *P < 0.05 versus APAP þ vehicle.

Macrophage Regulation by Plasmin
shown that HMGB1 activates macrophages in the mg/mL
range.43,44 Alternatively, it is possible that specific post-
translational modifications occur on HMGB1 that modify
its potency after APAP overdose. Studies have shown that
the oxidation-reduction status of HMGB1 heavily dictates
the bioactivity of this protein.45 Furthermore, studies have
demonstrated that HMGB1 can be acetylated and
A B

Figure 10 Mice were treated with 300 mg/kg acetaminophen (APAP), followed
Materials and Methods. A and B: Ly6Gþ neutrophils were detected in liver sections
and tranexamic acid (B). The necrotic lesions are demarcated by dashed lines. I
arrows. C: The number of neutrophils was quantified. Data are expressed as means
B, main images); �400 (A and B, insets).

The American Journal of Pathology - ajp.amjpathol.org
phosphorylated.46 These aspects of HMGB1 biology were
not investigated in our studies. An additional possibility,
revealed by our studies, is that HMGB1 synergistically
enhances activation of Kupffer cells by plasmin, and that
both mediators are needed to fully activate macrophages.

The studies described above showed that plasmin acti-
vation of macrophages was greatly enhanced by
C

F, n
P

H

by treatment with tranexamic acid (TA) for 24 and 48 hours, as detailed in
from mice treated 24 hours earlier with either APAP and water (A) or APAP
nsets show images are higher magnification, with neutrophils indicated by
� SEM (C). n Z 5 mice per group (C). Original magnification: �100 (A and
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Figure 11 Mice were treated with 300 mg/kg acetaminophen, followed by treatment with tranexamic acid, as detailed in Materials and Methods. A and B:
Tumor necrosis factor (TNF)-a and chemokine (C-C motif) ligand (Ccl2) mRNAs were quantified in the liver. C: Ccl2 protein was quantified in the serum. Data are
expressed as means � SEM (AeC). n Z 5 mice per group (AeC). *P < 0.05 versus acetaminophen þ vehicle.
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concentrations of HMGB1 that were without effect alone.
Similar to our studies, it was reported that HMGB1 syner-
gistically enhances lipopolysaccharide-induced cytokine
production by macrophages.47,48 In this context, HMGB1
delivers extracellular lipopolysaccharide to the cytosol of
cells, where it stimulates pyroptosis by a caspase-
11edependent manner.21 Similarly, HMGB1 interacts with
extracellular DNA and CXCL12 to enhance signaling
through toll-like receptor 9 and C-X-C chemokine receptor
type 4, respectively.49,50 Our studies did not fully elucidate
the molecular mechanism by which HMGB1 enhances
activation of macrophages by plasmin. One intriguing pos-
sibility, however, is that plasmin cleaves HMGB1, which
1998
modifies its potency. It was previously reported that plasmin
cleaves HMGB1; however, whether this affected its ability
to activate either toll-like receptor 4 or receptor for
advanced glycation endproducts was not investigated.51

Others have identified proteases that cleave HMGB1;
however, in these instances, cleavage of HMGB1 decreased
its activity.52e54

Paradoxically, although plasmin was critical for early
cytokine induction, it was also important for resolution of
inflammation at later times. A similarly important role for
plasmin was recently reported in a mouse model of perito-
nitis, in which plasmin was critical for induction of the anti-
inflammatory protein, annexin A1.16 Our studies suggest that
Figure 12 Mice were treated with 300 mg/kg acet-
aminophen (APAP). After 24 hours, Ly6Chi F4/80neg

monocytes were isolated from the livers of mice by using
immunomagnetic beads. A and B: Nonparenchymal cells
(A) and purified Ly6Chi F4/80neg cells (B) were analyzed
by flow cytometry. C and D: Immunofluorescence was
used to detect Ly6C (green; C) and F4/80 (red; D) in
cultured Ly6Chi F4/80neg monocytes. EeG: Ly6Chi F4/80neg

cells were treated with control media or media containing
necrotic hepatocytes. Data are expressed as means � SEM
(EeG). n Z 3 (EeG). *P < 0.05 versus control. Original
magnification, �400 (C and D). Ccl, chemokine (C-C
motif) ligand; iNOS, inducible nitric oxide synthase; TNF-
a, tumor necrosis factor-a.
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plasmin stimulated resolution of inflammation after APAP
overdose indirectly through the modulation of macrophage
trafficking. After APAP treatment, necrotic lesions fill with
CD68þ monocytes/macrophages by 48 hours (Figure 8A).
Although the inhibition of plasmin did not affect accumula-
tion of these cells in the liver, it prevented trafficking of these
cells into the necrotic lesions. This was reported previously in
plasminogen knockout mice subjected to a stab wound in the
liver.18 One possible explanation for failed trafficking of
macrophages is that fibrin, localized within the lesions, pro-
duces a physical barrier that prevents macrophage penetra-
tion into the lesion. It was recently demonstrated, however,
that fibrinogen-deficient mice show a similar defect in the
removal of necrotic cells from the liver after APAP overdose,
suggesting that impaired clearance of fibrin is not the cause of
impaired macrophage trafficking.55 Another possible expla-
nation is that plasmin activates matrix metalloproteinases
(MMPs) that are needed for macrophage migration through
the cellular debris and extracellular matrix within necrotic
lesions. Plasmin activates several MMPs, including MMP2,
MMP9, andMMP12; and the hepatic activity of these MMPs
is increased in APAP-treated mice.35,56,57 Furthermore, it
was previously shown by Gao et al34 that excessive plasmin
activity after APAP overdose in mice results in compromised
sinusoidal vascular integrity through the detachment of si-
nusoidal endothelial cells. This was prevented by inhibition
of plasmin with tranexamic acid.34 It is possible that the loss
of sinusoidal integrity is important for trafficking macro-
phages into the necrotic lesions and for the direct physical
interaction between macrophages and necrotic hepatocytes.
Interestingly, although macrophage trafficking was impaired,
neutrophil trafficking into the necrotic lesions was unaffected
by plasmin inhibition.

Diminished trafficking of monocytes/macrophages into the
lesions prevented phagocytic clearance of dead cell debris,
which our results indicate allowed for the persistence of
proinflammatory monocytes/macrophages. After APAP
overdose, proinflammatory monocytes are rapidly recruited to
the liver. As necrotic cell debris are removed from the liver,
these cells mature into Ly6Clow F4/80hi macrophages that
express reduced levels of proinflammatory cytokines.
Although the factors that stimulate differentiation of proin-
flammatory monocytes into Ly6Clow F4/80hi macrophages in
the liver after APAP overdose are not known, our studies
suggest that phagocytosis of necrotic hepatocytes stimulates
this process. In support of this, incubation of Ly6Chi F4/80low

monocytes, isolated from the livers of APAP-treated mice,
with necrotic hepatocytes was sufficient to decrease expres-
sion of proinflammatory cytokines. This would explain the
lack of F4/80 induction on macrophages and the persistence
of cytokine expression in mice cotreated with APAP and the
plasmin inhibitor, tranexamic acid. In other words, when
plasmin was inhibited, monocytes were incapable of entering
the lesions and phagocytosing dead cell debris, which pre-
vented maturation of these cells into F4/80-expressing mac-
rophages that express reduced levels of cytokines.
The American Journal of Pathology - ajp.amjpathol.org
As mentioned, several studies have indicated that macro-
phage dysfunction occurs in ALF, which, in patients, leads to
sustained cytokine production, and in animal models, leads to
the failed clearance of necrotic cells.9e11 Interestingly, it was
recently reported that plasminogen deficiency occurs in pa-
tients with ALF.58 On the basis of our findings, it is possible
that plasminogen deficiency could explain, in part, sustained
cytokine production and failed phagocytosis in ALF.
Therefore, restoration of plasminogen levels in these patients
may restore macrophage function, leading to enhanced
phagocytosis and diminished cytokine production. Addi-
tional studies are needed, however, to test this possibility.

Collectively, our studies indicate that plasmin not only
stimulates cytokine production by Kupffer cells, but it also
promotes resolution of inflammation after APAP overdose.
It promotes resolution of inflammation by promoting traf-
ficking of monocytes/macrophages into necrotic lesions,
where these cells phagocytose dead cell debris, a process
that stimulates their maturation and differentiation.
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