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Abstract

Background: Acetaminophen (APAP) overdose is a leading cause of drug-induced acute

liver failure (ALF). Neutrophil activation has been associated with poor outcomes in

patients with ALF and is proposed to amplify coagulation in this context. However, the

precise role of neutrophils in APAP-induced liver injury is not known.

Methods: We used a dual antibody–mediated neutrophil depletion strategy to deter-

mine the role of neutrophils in mice challenged with different doses of APAP (300 or

600 mg/kg) that produce hepatotoxicity and ALF-like pathology.

Results: Flow cytometry confirmed depletion of neutrophils in whole blood prior to

APAP challenge. Mice given isotype control and challenged with 300 mg/kg APAP

developed marked hepatocellular necrosis and showed an increase in biomarkers of

coagulation cascade activation. Neutrophil depletion (anti-Ly6G) did not affect either

liver injury or coagulation activation in mice challenged with 300 mg/kg APAP. Mice

given isotype control and challenged with 600 mg/kg APAP developed hepatic necrosis

alongside marked hemorrhage and congestion indicative of vascular injury. Interest-

ingly, hepatic neutrophil and platelet accumulation were increased in mice given 600

mg/kg APAP compared with those given the lower APAP dose. Neutrophil depletion

significantly reduced the severity of liver necrosis in mice challenged with 600 mg/kg

APAP, without significantly impacting biomarkers of coagulation activity. Notably,

neutrophil depletion significantly reduced hepatic platelet accumulation in mice chal-

lenged with 600 mg/kg APAP.

Conclusion: The results indicate a role of neutrophils in APAP-induced liver injury that

is dependent on the APAP dose and suggest involvement of neutrophil-platelet in-

teractions in promoting hepatic injury in experimental APAP-induced ALF.
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Essentials

• Acetaminophen (APAP) leads to dose-dependent liver injury in mice.

• We defined the role of neutrophils in liver injury induced by different doses of APAP.

• Neutrophils promote liver injury at APAP doses that cause acute liver failure.

• Neutrophils promote hepatic platelet accumulation in mice with APAP-induced acute liver failure.
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1 | INTRODUCTION

Acute liver failure (ALF) is associated with changes in plasma levels of

both pro- and anticoagulant proteins in plasma [1]. Coagulation

cascade activation is also evident in patients with ALF [2], a major

cause of which is overdose of the common analgesic acetaminophen

(APAP) [3]. Standard APAP overdose in mice (eg, 300 mg/kg)

adequately models the clinical course of most APAP overdose in pa-

tients by producing acute hepatotoxicity, followed by robust liver

repair [4], and this is associated with coagulation cascade activation

[5,6]. Notably, recent studies found that doses of APAP (ie, 600 mg/kg)

that produce indicators of ALF in mice [4] also trigger a marked

coagulopathy not evident in simple APAP-induced hepatotoxicity [7].

It is increasingly appreciated that the mechanisms driving APAP-

induced liver damage change with the intensity of the challenge (ie,

the dose). For example, there is no conclusive evidence that neutro-

phils contribute to liver injury in mice challenged with 300 mg/kg

APAP [8]. In contrast, hepatic neutrophil accumulation is exaggerated

in mice challenged with a larger dose of APAP (600 mg/kg), and

neutralization of the neutrophil chemokine macrophage inflammatory

protein-2 reduced APAP-induced liver injury in mice challenged with

600 mg/kg APAP, but not 300 mg/kg APAP [9]. Interestingly, a recent

study observed that myeloperoxidase (MPO)-DNA complexes, bio-

markers of neutrophil extracellular traps (NETs), were associated with

poor outcomes in patients with ALF, and their role in NET-dependent

coagulation was suggested [10]. These studies suggest that a patho-

logic role of neutrophils emerges in the context of ALF. However, the

connections between neutrophils and coagulation have not been

explored in experimental APAP-induced liver injury.

Prior studies have routinely used neutrophil depletion as an

approach to define the role of these cells in APAP-induced liver injury.

The results obtained are mixed, explained in part by lack of antibody

specificity for neutrophil epitopes, challenges in confirming neutrophil

depletion, and indirect effects of neutrophil depletion that may impact

APAP hepatotoxicity [8,11]. Here, we sought to define the contribution of

neutrophils to liver injury and coagulation in mice with APAP hepato-

toxicity (ie, 300 mg/kg) and APAP-induced ALF (ie, 600 mg/kg) using a

recently described dual-antibody approach that induces robust and spe-

cific neutrophil depletion [12].
2 | METHODS

2.1 | Mice

Male C57Bl/6J wild-type mice between the ages of 8 and 10 weeks

were purchased from The Jackson Laboratory. Mice were provided
standard rodent diet (Teklad 2918) and drinking water ab libitum and

were housed under a 12-hour light/dark cycle. All animal procedures

were approved by the Institutional Animal Care and Use Committee

of Michigan State University (MSU).
2.2 | Neutrophil depletion and detection of

neutrophils and platelets in blood

A dual-antibody strategy was used to induce durable neutrophil

depletion in blood, as described previously [12]. Twenty-four hours

prior to APAP challenge, mice were treated with 50 μg of anti-Ly6G

isotype antibody (clone 1A8; BioXCell, #BE0075-1) or 50 μg isotype

control antibody (clone QA3; BioXCell, #BE0089) via intraperitoneal

(i.p.) injection with saline as the vehicle. Two hours later, the mice were

treated with 100 μg of antirat IgGk (clone MTA, #BE0122, i.p., saline as

vehicle). Whole blood was collected from the retro-orbital venous

plexus into a heparinized microcapillary tube and an EDTA-spray

coated tube 22 hours after anti-Ly6G antibody administration to

confirmneutrophil depletion byflow cytometry. Red blood cells in 50 μL

of blood were lysed using RBC Lysis Buffer (BioLegend). Following Fc

receptor blocking, blood was incubated with rat anti-CD11b, anti-F4/

80, anti-Ly6C, anti-CD45, and anti-CD115 conjugated to unique fluo-

rophores and 4’,6-diamidino-2-phenylindole to assess viability

(Supplementary Table S1). Cells were analyzed on a Cytek Aurora

Spectral flow cytometer (Cytek Biosciences) in the MSU Flow Cytom-

etry Core Facility. Neutrophil (SSChigh CD11b+ F4/80− CD115− Ly6c-
mid) percentage was calculated as a percentage of live CD45+

leukocytes (gating strategy is outlined in Supplementary Figure S1).

Flow cytometric analysis was performed using FCS Express (De Novo

Software, version 7.18). In some studies, segmented neutrophil

(manual) and platelet (automated) counts in EDTA-anticoagulated

whole blood were determined by the MSU Veterinary Diagnostic Lab

(https://cvm.msu.edu/vdl).
2.3 | Neutrophil and platelet immunohistochemistry

Neutrophil immunohistochemistry was performed on formalin-fixed

paraffin-embedded liver sections using an anti-Ly6G antibody (clone

1A8; BioXCell, #BE0075-1) and rat-on-mouse HRP (Biocare Medical)

by the MSU Investigative Histopathology Laboratory. Platelet immu-

nohistochemistry was performed on formalin-fixed paraffin-embedded

liver sections after heat retrieval at pH 9.0 using a recombinant rabbit

monoclonal anti-CD41 antibody (Abcam, [EPR17876], ab181582) and

rabbit on rodent HRP Polymer (Biocare Medical) incubated for 30

https://cvm.msu.edu/vdl
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minutes. Reaction development used the Romulin AEC Kit (Biocare

Medical). Quantification of CD41 and neutrophil (Ly6G) labeling was

performed using QuPath (version 0.4.3) [13] by assigning and thresh-

olding 3,3′-diaminobenzidine color and quantifying positive pixels

occupied by 3,3′-diaminobenzidine labeling within the entire left lateral

lobe (ie, approximately 120 mm2).
2.4 | Acetaminophen challenge and quantification

of liver injury

Male mice were fasted overnight (12-16 hours) prior to administration

of 300 mg/kg or 600 mg/kg APAP (Sigma Aldrich, A7085, i.p., 10 mg/

mL in warm sterile saline). This experimental setting and the use of

male mice were selected following guidance from a prior study char-

acterizing responses to each dose of APAP in male mice [4]. Twenty-

four hours after the APAP challenge, liver and plasma were collected

under deep surgical isoflurane anesthesia. Blood was collected from

the vena cava into sodium citrate (final, 0.38%) and centrifuged at

4000 ×g for 10 minutes. Liver pieces were snap-frozen and stored

at −80 ◦C, and the left lateral lobe was fixed in 10% formalin for 4

days. Formalin-fixed liver sections were stained with hematoxylin and

eosin by MSU Investigative Histopathology Laboratory, and the area

of hepatocellular necrosis was quantified as described previously [14].

Serum alanine-transaminase (ALT) activity was measured using com-

mercial reagents (Pointe Scientific ALT, SGPT).
2.5 | RNA isolation and quantitative polymerase

chain reaction

Frozen liver tissue (�100 mg) was homogenized in TRI reagent (Mo-

lecular Research Center), and RNA was isolated using Direct-zol RNA

MiniPrep Kit (Zymo Research). RNA (1 μg) was then converted to

cDNA with a High Capacity cDNA Reverse Transcription Kit (Applied

Biosystems; Ribolock RNase inhibitor from Thermo Fisher Scientific).

Primers from Integrated DNA Technologies were designed to mea-

sure messenger RNA expression of metallothionein 1 (Mt1), metal-

lothionein 2 (Mt2), GAPDH, and HPRT (Supplementary Table S2).
2.6 | Measurement of coagulation biomarkers

Plasma thrombin-antithrombin (TAT) concentration was measured us-

ing a commercial enzyme-linked immunosorbent assay (Enzygnost TAT

Micro Kit, Siemens Healthcare Diagnostics). Plasma fibrinogen con-

centration was determined by enzyme-linked immunosorbent assay, as

previously described [7] using 2 distinct polyclonal antifibrinogen an-

tibodies. Hepatic fibrin(ogen) levels were determined in insoluble pro-

tein extracts, and the levels of α, β, and γ polypeptides were quantified

using capillary Western blotting, as described previously [15] (Wes
platform, ProteinSimple) using antibodies selective for each fibrinogen

chain (20645-1-AP, 16747-1-AP, 15841-1-AP, respectively) [16].
2.7 | Western blotting

Snap-frozen liver was homogenized in physiological lysis buffer with

protease inhibitors, as described previously [17]. Soluble proteins

were subjected to reducing conditions in 1× Laemmli Sample Buffer

(Bio-Rad) containing 2.5% 2-mercaptoethanol and heat denatured at

95 ◦C for 10 minutes prior to separation on precast Criterion 4% to

12% Bis-Tris Protein Gels (Bio-Rad) in 1× XT MOPS Running Buffer

(Bio-Rad) for CD41 detection. CD41 was detected with a recombinant

rabbit monoclonal anti-CD41 antibody (Abcam, [EPR17876],

ab181582). For detection of citrullinated histone H3 (H3-Cit) in

citrated plasma samples, plasma was diluted 4× with Novex Tricine

SDS Sample Buffer (1× final concentration) with NuPAGE Reducing

Agent (Thermo Fisher Scientific). Samples were heat denatured at 85

◦C for 2 minutes and then separated on a 10% Novex Tricine Gel

(Thermo Fisher Scientific) and transferred to a polyvinylidene fluoride

membrane. H3-Cit was detected using recombinant rabbit monoclonal

anti-H3-Cit antibody (ERP20358-13) (Ab219406). HRP-conjugated

goat antirabbit secondary antibody was used for detection, and Eco-

Bright West Pico Reagent (Innovative Solutions) chemiluminescence

was detected using an iBright instrument (Thermo Fisher Scientific)

and no-stain total protein reagent (Thermo Fisher Scientific). Molec-

ular weight was determined using PageRuler Plus Prestained Protein

Ladder, 10 to 250 kDa (Thermo Fisher Scientific).
2.8 | Statistical analysis

Comparison of 2 groups was performed using Student’s t-test. Com-

parison of 3 or more groups was performed using two-way analysis of

variance and Tukey post hoc test. Results were log-transformed if not

normally distributed. Differences were considered significant when

the P value was <.05. Analysis was performed using GraphPad Prism

(version 9, GraphPad Software).
3 | RESULTS

3.1 | Effective depletion of neutrophils in mice using

a dual-antibody approach

A prior study described an approach to deplete neutrophils specifically

and efficiently in C57Bl/6J mice [12]. We treated mice with rat anti-

mouse Ly6G IgG (clone 1A8) or isotype control (BioXCell, 50 μg, i.p.)

and then 2 hours later with antirat kappa immunoglobulin light chain

(clone MAR 18.5, BioXCell, 100 μg i.p.). Neutrophil depletion was

confirmed by flow cytometry in EDTA-anticoagulated whole blood

collected retro-orbitally 22 hours after administration of the anti-

mouse Ly6G antibody. Neutrophils, defined as SSChigh CD11b+ F4/



F I GUR E 1 Confirmation of neutrophil

depletion using flow cytometry and impact

of neutrophil depletion on liver injury

induced by 300 mg/kg acetaminophen

(APAP) challenge. Male C57Bl/6J mice were

treated with 50 μg of anti-Ly6G or isotype

control antibody and then 2 hours later with

100 μg of anti-rat IgGk. (A) Anticoagulated

whole blood was collected 22 hours after

anti-Ly6G antibody administration to

confirm neutrophil (SSChigh CD11b+ F4/80−

CD115− Ly6cmid) depletion by flow

cytometry. Neutrophils, determined as a

percentage of singlet, live, CD45+ cells, are

shown (A). Mice were challenged with 300

mg/kg APAP 24 hours after administration

of anti-Ly6G antibody. Twenty-four hours

after APAP challenge, (B) plasma alanine-

transaminase (ALT) activity and (C) hepatic

necrosis were determined (see Methods).

(D) Representative photomicrographs

depicting hepatocellular necrosis in

hematoxylin and eosin–stained liver

sections. N = 9 to 12 mice per group. Data

points for individual mice are shown, and the

results are expressed as mean ± SEM.

****P < .001.
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80− CD115− Ly6cmid events, were calculated as a percentage of live

CD45+ leukocytes (Figure 1A). Similar results were obtained by

manual quantification of segmented neutrophils in blood smears

(Supplementary Figure S2A). These results confirm that sequential

administration of antibodies in the previously published method [12]

induces robust neutrophil depletion.
3.2 | Neutrophil depletion does not affect

hepatotoxicity, coagulation activation, or hepatic

platelet accumulation induced by 300 mg/kg APAP

challenge

Hepatocellular injury induced by APAP challenge (300 mg/kg) was not

affected by neutrophil depletion, indicated by similar plasma ALT ac-

tivity (Figure 1B) and area of hepatocellular necrosis (Figure 1C, D) in

mice after pretreatment with either isotype control or anti-Ly6G

antibody. Next, the impact of neutrophil depletion on coagulation

activation was determined after APAP challenge. Notably, plasma TAT

complexes were elevated in APAP-challenged mice (normal concen-

tration, �5-10 ng/mL), but this was not affected by neutrophil

depletion (Figure 2A). Plasma fibrinogen concentration after APAP

challenge was unaffected by neutrophil depletion (Figure 2B). Hepatic

deposition of fibrin(ogen) is a hallmark of APAP-induced liver injury

[6]. Neutrophil depletion did not affect insoluble hepatic fibrin(ogen)
accumulation (Figure 2C) or accumulation of high-molecular-weight

crosslinked fibrin(ogen) complexes (Figure 2D, E) in the APAP (300

mg/kg)-injured liver. Multiple studies report that hepatic platelet

accumulation accompanies APAP-induced hepatotoxicity. Interactions

between neutrophils and platelets can exacerbate tissue injury in

some contexts [18,19], and hepatic platelet accumulation promotes

APAP (300 mg/kg)-induced liver injury [20–22]. Notably, hepatic

CD41 levels, reflecting hepatic platelet accumulation, were unaffected

by neutrophil depletion in mice challenged with 300 mg/kg APAP

(Figure 2F and Supplementary Figure S3). The results indicate that

neutrophils do not contribute to acute liver injury and related changes

in coagulation and platelet accumulation in mice challenged with a

standard hepatotoxic dose of APAP.
3.3 | Neutrophils contribute to liver injury after

challenge with 600 mg/kg APAP

Our laboratory recently uncovered dramatic hemostatic changes

and coagulopathy associated with high-dose (600 mg/kg) APAP

challenge, not recapitulated at lower doses [7]. Recent studies in

patients with ALF linked neutrophil-derived mediators to poor

outcomes [10]. Therefore, in a separate experiment, mice were

challenged with 300 mg/kg or 600 mg/kg APAP following neutrophil

depletion. Liver sections from APAP-challenged mice treated with



F I GUR E 2 Impact of neutrophil

depletion on coagulation in mice challenged

with 300 mg/kg acetaminophen (APAP).

Male C57Bl/6J mice were treated with 50

μg of anti-Ly6G or isotype control antibody

and then 2 hours later with 100 μg of anti-

rat IgGk. Mice were challenged with 300

mg/kg APAP 24 hours after administration

of anti-Ly6G antibody. Twenty-four hours

after APAP challenge, (A) plasma thrombin-

antithrombin (TAT) complexes, (B) plasma

fibrinogen, (C) hepatic insoluble fibrinogen

(Fib)β chain, and (D) high-molecular-weight

(HMW) crosslinked insoluble Fibα (>250

kD) chain and (E) Fibγ chain (>100 kD) levels

were determined (see Methods). (F) Hepatic

CD41 levels were measured using Western

blot (chemiluminescence, film), and total

protein (Revert 700, Licor) was quantified

and expressed as a ratio. N = 8 to 12 mice

per group. Data points for individual mice

are shown, and the results are expressed as

mean ± SEM.
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the isotype antibody were stained with the anti-Ly6G antibody, and

neutrophil accumulation in the livers of mice challenged with 600

mg/kg APAP increased (P = .069) compared with mice challenged

with 300 mg/kg APAP (Figure 3A, B), in agreement with recent

studies [9]. Neutrophil depletion did not impact liver injury in mice

challenged with 300 mg/kg APAP (Figure 3C, E), which is in

agreement with the initial in vivo studies (Figure 1). Interestingly, at

the 600 mg/kg APAP dose, plasma ALT activity was reduced

(Figure 3C) in mice subjected to anti-Ly6G antibody neutrophil

depletion compared with the isotype control treatment. Although

not statistically significant (P = .06), these findings were further

supported by a significant reduction in liver necrosis observed in
neutrophil-depleted mice challenged with 600 mg/kg APAP

(Figure 3D, E). These results indicate that neutrophils contribute to

liver injury in an experimental setting of high-dose APAP-induced

ALF (ie, 600 mg/kg APAP challenge).
3.4 | Neutrophil depletion does not impact

coagulation activation in mice challenged with 600

mg/kg APAP

Administration of a direct thrombin inhibitor reduced liver damage in

mice challenged with 600 mg/kg APAP [7]. Neutrophils are linked to



F I GUR E 3 Impact of neutrophil

depletion on liver injury in mice challenged

with different doses of acetaminophen

(APAP). Male C57Bl/6J mice were treated

with 50 μg of anti-Ly6G or isotype control

antibody and then 2 hours later with 100 μg
of anti-rat IgGk. Mice were challenged with

300 or 600 mg/kg APAP 24 hours after

administration of anti-Ly6G antibody. Liver

and plasma samples were collected 24 hours

after APAP challenge. (A) Representative

photomicrographs showing liver sections

stained for neutrophils (Ly6G) and (B)

quantification of Ly6G area, expressed as a

percentage of positive area to total area. (C)

Plasma alanine aminotransferase (ALT) and

(E) area of hepatic necrosis were determined

as described (see Methods). (D)

Representative photomicrographs depicting

hepatocellular necrosis in hematoxylin and

eosin–stained liver sections. N = 5 mice per

group. Data points for individual mice are

shown, and the results are expressed as

mean ± SEM.
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coagulation cascade activation and are proposed to contribute to pa-

thology in ALF by driving coagulation activation [10,23]. Thus, we

determined if neutrophils contribute to exaggerated coagulation in mice

challenged with 600 mg/kg APAP. Neutrophil depletion did not have a

statistically significant effect on plasma TAT complex concentration (ie,

biomarker of thrombin generation) or fibrinogen concentration in mice

challenged with either dose of APAP (Figure 4A, B). Moreover, hepatic

insoluble fibrin(ogen) accumulation and formation of crosslinked high-

molecular-weight fibrin(ogen) were not impacted by neutrophil deple-

tion (Figure 4C–E). The results indicate that neutrophils do not drive

exaggerated coagulation in mice challenged with 600 mg/kg APAP.
3.5 | Impact of neutrophil depletion on hepatic

platelet accumulation in mice challenged with 600 mg/

kg APAP

First, we determined if hepatic platelet accumulation increases in a

dose-dependent manner in APAP-challenged mice. Hepatic CD41

levels were significantly increased in mice challenged with 600 mg/kg

APAP compared with those challenged with 300 mg/kg APAP

(Figure 5A, B). Neutrophil depletion did not affect blood platelet count

in unchallenged mice (Supplementary Figure S2B). We also used

immunohistochemistry to stain liver sections for CD41 (ie, platelets).



F I GUR E 4 Impact of neutrophil

depletion on coagulation in mice challenged

with different doses of acetaminophen

(APAP). Male C57Bl/6J mice were treated

with 50 μg of anti-Ly6G or isotype control

antibody and then 2 hours later with 100 μg
of anti-rat IgGk. Mice were challenged with

300 or 600 mg/kg APAP 24 hours after

administration of anti-Ly6G antibody.

Twenty-four hours after APAP challenge, (A)

plasma thrombin-antithrombin (TAT)

complexes, (B) plasma fibrinogen, (C) hepatic

insoluble fibrinogen (Fib)β chain, and (D)

high-molecular-weight (HMW) crosslinked

insoluble Fibα chain (>250 kD) and (E) Fibγ
chain (>100 kD) levels were determined

(see Methods). N = 5 mice per group. Data

points for individual mice are shown, and the

results are expressed as mean ± SEM.

*P < .05.
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This revealed a marked increase in platelet accumulation in livers of

isotype-treated mice challenged with 600 mg/kg APAP compared with

isotype-treated mice given 300 mg/kg APAP. Platelets were particu-

larly evident in the sinusoids in and around necrotic lesions (Figure 5E).

Notably, hepatic platelet accumulation tended to increase in

neutrophil-depleted mice challenged with 300 mg/kg APAP, whereas

hepatic platelet accumulation was significantly reduced in neutrophil-

depleted mice challenged with 600 mg/kg APAP (Figure 5C, D).

Collectively, the results indicate that neutrophils enhance hepatic

platelet accumulation at a dose of APAP that causes ALF.
4 | DISCUSSION

Although multiple prior studies have examined the role of neutrophils

in APAP-induced liver injury in mice, a unified conclusion on the

precise role of neutrophils is only now emerging. Indeed, the role of

neutrophils in APAP-induced liver injury appears to depend on the

magnitude of the challenge (ie, the dose of APAP). Neutrophils are

posited to be bystanders or even to play a proresolution role at lower

APAP doses [9,24]. In contrast, our findings in this study suggest that

neutrophils contribute to experimental APAP-induced ALF, an



F I GUR E 5 Role of neutrophils in hepatic

platelet accumulation after challenge of

mice with different doses of acetaminophen

(APAP). Male C57Bl/6J mice were

challenged with 300 or 600 mg/kg APAP or

vehicle (saline), and hepatic CD41 levels

were measured by Western blotting 24

hours after APAP challenge. (A) CD41

Western blot (chemiluminescence) and (B)

total protein (no-stain total protein) were

visualized and quantified using iBright

software. N = 5 mice per group. (C and D)

Male wild-type mice were treated with 50

μg of anti-Ly6G or isotype control antibody

and then 2 hours later with 100 μg of anti-

rat IgGk. Mice were challenged with 300 or

600 mg/kg APAP 24 hours after

administration of anti-Ly6G antibody. (C)

Representative photomicrographs showing

immunohistochemical staining for CD41

(brown) that was quantified (D) using

QuPath (see Methods). N = 4 to 5 mice per

group. Data points for individual mice are

shown, and the results are expressed as

mean ± SEM.
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observation aligned with that of other recent studies [9]. Using a

recently described dual-antibody approach to magnify neutrophil

depletion with an anti-Ly6G antibody [12], we observed that neutro-

phil depletion significantly reduced liver injury induced by 600 mg/kg

APAP without impacting liver damage induced by a lower dose of

APAP (ie, 300 mg/kg). This result fully aligns with observations from

published studies using both male and female mice deficient in the

neutrophil chemokine macrophage inflammatory protein-2 [9]. The

results corroborate prior studies [9] and strongly suggest that neu-

trophils play a pathologic role in experimental liver injury in doses of

APAP that produce ALF-like features in mice [4]. The precise mech-

anisms driving neutrophils to acquire a proinjury role at larger doses

of APAP require additional experimentation but may relate simply to

increased chemokine induction at larger APAP doses.
Multiple studies have used antibody-mediated depletion strate-

gies to define the role of neutrophils in APAP-induced liver injury [24].

There are unique caveats and challenges to each approach, and our

approach sought to address these challenges. Initial studies used an

anti-Ly6C/Ly6G antibody (Gr-1) [25] that lacks specificity for neu-

trophils, as monocytes are also targeted with this strategy [26].

Administration of the Gr-1 antibody also increases hepatic expression

of Mt [11], which reduces APAP hepatotoxicity [27]. Use of an anti-

Ly6G antibody confers neutrophil selectivity and, paired with an

antirat IgGk antibody, induces durable and more specific neutrophil

depletion [12]. Using this approach, we observed robust neutrophil

depletion in the absence of hepatic induction of Mt1 or Mt2 expres-

sion (Supplementary Figure S2). It is possible that the anti-Ly6G

antibody elicits protective effects independent of neutrophil
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depletion, such as baseline effects on coagulation, complement con-

sumption, etc. These changes would be likely to reduce liver injury at

both doses of APAP, but we did not observe an effect of neutrophil

depletion on liver injury in mice challenged with 300 mg/kg APAP.

Additionally, the same anti-Ly6G antibody clone used to deplete

neutrophils is often used in assays to confirm efficacy of neutrophil

depletion, with epitope masking potentially being confused for com-

plete neutrophil depletion [12]. To circumvent this potential issue, we

used established flow cytometric analysis gating strategies (SSChigh

granulocyte population gated as CD11b+ F4/80− CD115− Ly6cmid

surface expression phenotype) that avoid the use of anti-Ly6G anti-

bodies for neutrophil detection [12] to confirm neutrophil depletion

prior to APAP challenge. Our results highlight the utility of a novel

dual antibody–mediated depletion approach to evaluate mechanisms

of liver injury.

Mice challenged with 600 mg/kg APAP exhibit hepatic necrosis

alongside evidence of hepatic dysfunction, failed repair, profound

cytokine elevation, and indicators of hepatic encephalopathy

[4,7,28,29]. Moreover, challenging mice with 600 mg/kg APAP in-

duces more robust hepatic neutrophil accumulation and coagulation

cascade activation [7,9]. Notably, recent studies suggesting a link

between neutrophils (ie, NETs) and poor outcomes in ALF hypoth-

esized that one connection may be exaggerated activation of

coagulation activity [10]. We were not able to detect an obvious

neutrophil-dependent increase in H3-Cit in plasma of APAP-

challenged mice (Supplementary Figure S4), in agreement with

prior studies, which also did not readily detect markers of NETs in

the APAP-injured liver [30,31]. Routinely used biomarkers of NET

formation, including cell-free DNA and MPO-DNA complexes, may

also be complicated to interpret in the context of neutrophil-

dependent hepatocellular necrosis, where DNA liberated from

dying hepatocytes is thought to drive hepatic injury [30]. Given the

connection between MPO-DNA complexes and outcomes in patients

with ALF, a potential role of NETs should not be excluded. Notably,

neutrophil depletion did not significantly alter plasma concentra-

tions of TAT or plasma fibrinogen, suggesting that neutrophils do

not play a major role in driving coagulation activity after APAP

challenge. However, one limitation of this experiment is that

analyzing these biomarkers near peak of liver injury may miss a

contribution of neutrophils to coagulation activation during devel-

opment of hepatotoxicity.

Platelets accumulate in the APAP-injured liver. Several studies

suggest a pathologic role of platelets in the APAP-injured liver, and

thrombocytopenia predicts poor outcomes in patients with ALF

[20–22,32]. Notably, there are multiple mechanisms driving platelet-

neutrophil interaction, and the formation of these cellular com-

plexes has been shown to be an important driver of thromboin-

flammation [18]. We found that hepatic platelet accumulation was

significantly increased in livers of mice challenged with 600 mg/kg

APAP compared with those of mice challenged with lower dose of

APAP and that hepatic platelet accumulation was reduced by

neutrophil depletion. This suggests that neutrophils play a key role in

promoting hepatic platelet accumulation in experimental APAP-
induced ALF. Extensive interaction between neutrophils and plate-

lets has been identified [33], and it is conceivable that each cell type

reciprocally recruits the other to the APAP-injured liver. At present, it

is unclear whether neutrophils contribute to the thrombocytopenia

observed in mice after APAP challenge. This could be particularly

intriguing and extend to observations in patients with ALF, where

both MPO-DNA complexes and thrombocytopenia predict poor

outcomes.

In summary, we found that antibody-mediated neutrophil deple-

tion significantly attenuated liver damage in an experimental setting

that resembles features of APAP-induced ALF in patients. Neutrophil

depletion did not reduce liver injury induced by a standard hepato-

toxic dose of APAP. These results agree with recent studies showing

that neutrophil chemokine deficiency confers protection from APAP-

induced liver injury only at large APAP doses. Notably, neutrophil

depletion had minimal effect on coagulation cascade activation but

substantially reduced hepatic platelet accumulation after APAP chal-

lenge. Defining the precise link between platelets and neutrophils in

experimental APAP-induced ALF may uncover a mechanistic obser-

vation for clinical observations connecting these 2 cell types to out-

comes in patients with ALF.
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