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Abstract

Background: Posthepatectomy liver failure (PHLF) represents a life-threat-

ening complication with limited therapeutic options. Neutrophils play a critical

and dynamic role during regeneratory processes, but their role in human liver

regeneration is incompletely understood, especially as underlying liver

disease, detectable in the majority of patients, critically affects hepatic

regeneration. Here we explored intrahepatic neutrophil accumulation and

neutrophil extracellular traps (NETs) in patients with PHLF and validated the

functional relevance of NETs in a murine partial hepatectomy (PHx) model.

Methods: We investigated the influx of neutrophils, macrophages, eosino-

phils, and mast cells and the presence of their respective extracellular traps

in liver biopsies of 35 patients undergoing hepatectomy (10 patients with

PHLF) before and after the initiation of liver regeneration by fluorescence

microscopy. In addition, NET formation and neutrophil activation were con-

firmed by plasma analysis of 99 patients (24 patients with PHLF) before and

Abbreviations: ALF, acute liver failure; ALT, alanine aminotransferase; AUC, area under the curve; CitH3, citrullinated histone H3; CTAD, citrate, theophylline,
adenosine, and dipyridamole; EMBP, Eosinophil major basic protein; ISGLS, International Study Group of Liver Surgery; MFI, median fluorescence intensity; MPO,
myeloperoxidase; NE, neutrophil elastase; NETs, neutrophil extracellular traps; PCNA, proliferating cell nuclear antigen; PHLF, posthepatectomy liver failure; PHx,
partial hepatectomy.

Supplemental Digital Content is available for this article. Direct URL citations are provided in the HTML and PDF versions of this article on the journal's website,
www.hepcommjournal.com.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article distributed under the Creative Commons Attribution License 4.0 (CCBY), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Association for the Study of Liver Diseases.

Correspondence
Alice Assinger, Department of Vascular
Biology and Thrombosis Research, Centre of
Physiology and Pharmacology, Medical
University of Vienna, Schwarzspanierstrasse
17, Vienna A-1090, Austria.
Email: alice.assinger@meduniwien.ac.at

Patrick Starlinger, Department of Surgery,
Division of Hepatobiliary and Pancreatic
Surgery, Mayo Clinic, Rochester, MN, MN
55905 USA.
Email: starlinger.patrick@mayo.edu

Received: 22 August 2023 | Accepted: 13 October 2023

DOI: 10.1097/HC9.0000000000000348

Hepatology Communications. 2024;8:e0348. www.hepcommjournal.com | 1

http://www.hepcommjournal.com
http://creativecommons.org/licenses/by/4.0/
mailto:starlinger.patrick@mayo.edu
mailto:starlinger.patrick@mayo.edu
http://www.hepcommjournal.com


up to 5 days after surgery. Furthermore, we inhibited NETs via DNase I in a

murine PHx model of mice with metabolically induced liver disease.

Results: We detected rapid intrahepatic neutrophil accumulation, elevated

levels of myeloperoxidase release, and NET formation in regenerating

human livers, with a significantly higher increase of infiltrating neutrophils

and NETs in patients with PHLF. Circulating markers of neutrophil activation,

including elastase, myeloperoxidase, and citrullinated histone H3, correlated

with markers of liver injury. In a murine PHx model, we showed that the

inhibition of NET accelerated hepatocyte proliferation and liver regeneration.

Conclusions: Patients with PHLF showed accelerated intrahepatic neutro-

phil infiltration and NET formation, which were associated with liver damage.

Further, we identified postsurgical myeloperoxidase levels as predictive

markers for adverse outcomes and observed that blocking NETs in a murine

PHx model accelerated tissue regeneration.

INTRODUCTION

Due to environmental and lifestyle factors as well as
increased life expectancies, a dramatic increase in
patients experiencing persistent liver injuries, with
hepatic scarring, cirrhosis, and ultimately liver cancer,
occurred during the past decades, making liver cancer
the most rapidly increasing tumor entity.[1] The liver
bears the unique capacity to regenerate after injuries.[2]

Therefore, liver resection often represents an attractive
curative treatment option in patients with primary liver
cancer or liver metastasis. However, underlying liver
disease complicates liver regeneration processes lead-
ing to postsurgical liver dysfunction and consequent
liver failure remains a frequent sequel after hepatic
resection, causing morbidity and mortality.[3] Curative
treatment options of posthepatectomy liver dysfunction
are limited and the discovery of new therapeutic
interventions is crucial to improving postsurgical organ
function.[4]

Upon injury, hepatocytes release various damage-
associated molecular patterns (DAMPs) which together
with rheological changes foster the recruitment of
neutrophils.[5] Infiltrating neutrophils aid pathogen
removal and repair of the liver tissue after hepatic
resection. Hemodynamic changes after liver resection,
which increase the presence of cytokines, growth factors,
platelets, and leukocytes in the liver, can trigger
neutrophil extracellular trap (NET) formation,[6] a neutro-
phil-related programmed cell death, characterized by
web-like structures with antimicrobial proteins such
as myeloperoxidase (MPO) and neutrophil elastase
(NE). NETs entrap circulating bacteria,[7] but are also
associated with host damage and microthrombosis.[8]

Moreover, the liver serves as a possible filter for free-
floating NETs as it retains NETs in the liver vasculature
system due to high von Willebrand factor binding to
histones.[9]

While neutrophils have clear beneficial roles in
liver homeostasis, excessive neutrophil activation
and NET formation have been connected to the
pathophysiology of various liver diseases.[10] There
is strong evidence for a detrimental role in NASH,
portal hypertension, alcohol-associated liver disease,
ischemia/reperfusion injury, and PVT.[11–14] NETs
may promote tumorigenesis, angiogenesis, and throm-
bus formation in various cancer types including
HCC[15] and contribute to the progression of acute liver
failure.[16]

While inflammation is essential for the initiation of
liver regeneration, the role of neutrophil activation and
NET formation in posthepatectomy liver regeneration is
to date unknown.[10] Therefore, we investigated neutro-
phil accumulation and NET formation in liver biopsies
from patients with and without posthepatectomy liver
failure (PHLF) before and after surgery and monitored
circulating markers of neutrophil activation and NETs up
to 5 days after surgery. We found excessive neutrophil
accumulation and NET formation to be associated with
adverse outcomes. Our data provide evidence that
NETs are potentially associated with PHLF and that
postsurgical MPO levels serve as predictive markers for
adverse outcomes. Using a murine partial hepatectomy
(PHx) model of metabolically challenged mice with
sterile liver inflammation to mimic the human situation,
we could further demonstrate that the inhibition of
NETs via DNase I treatment could restore the hepatic
regeneratory capacity.
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METHODS

Patient cohort

Tissue and plasma samples of 99 patients undergoing
PHx between March 2011 and May 2020 at 3 Austrian
institutions (General Hospital of Vienna, Clinic Land-
strasse, and Clinic Favoriten) were collected out of a
prospectively maintained biobank. Patients had to
have compensated liver function accessed by ICG
clearance or LIMAX; additionally, all patients had to
have a Child-Pugh Score A to undergo surgery.
Exclusion criteria included pregnancy, age below
18 years, and intraoperative abortion of surgery due
to disease progression. The study was conducted in
adherence to the Declaration of Helsinki and was
approved by the responsible Institutional Ethics
Committee. Ahead of participation, informed consent
was obtained from all patients (EK 16-253-0117, EK
14-122-0714). Patients were followed prospectively
over a postoperative time period of 5 days. Blood
samples were taken and assessed 1 day before
surgery (PreOP) as well as 1 day (POD1) and 5 days
after surgery (POD5). Routine laboratory parameters
as well as sex, age, tumor type, routine preoperative
parameters, morbidity, and classification of PHLF via
ISGLS (International Study Group of Liver Surgery)
grading[17] were assessed.

In a subset of patients undergoing PHx, intraoper-
ative tissue samples were obtained before and 2 hours
after ligation of the portal branch indicating the starting
point for the induction of liver regeneration. For further
analyses, all 10 patients with PHLF were included and
25 matched noPHLF were selected according to sex,
age, and underlying liver comorbidities.

Plasma preparation

Plasma preparation was performed as described.[18]

Whole-blood samples were collected into prechilled
CTAD (citrate, theophylline, adenosine, and dipyrida-
mole) tubes and immediately placed onto ice, and
further processed within 30 minutes. Following an
initial centrifugation at 1000g at 4°C for 10 minutes,
supernatants were centrifuged for 10,000g at 4°C
for 10 minutes to remove the remaining platelets.
Plasma samples were stored in aliquots at −80°C until
analysis.

Definition and classification of
postoperative liver dysfunction and
complications

The definition and classification of PHLF were assessed
according to the criteria of the ISGLS.[17] Notably, blood

from patients who were discharged earlier or reached
normal serum bilirubin or prothrombin time values
before POD5 was not further collected and the patient
was classified as displaying “normal functional liver
regeneration.”

Plasma analysis for MPO, NE, and
citrullinated histone H3

MPO levels were quantified using the commercially
available Human Myeloperoxidase Quantikine ELISA
Kit (R&D Systems) and NE levels were assessed by the
commercially available Human PMN (Neutrophil) Elas-
tase ELISA Kit (Invitrogen) according to the manufac-
turer’s instructions.

The quantification of citrullinated histone H3 (CitH3)
levels in human plasma was based on the Cell Death
Detection Kit (Roche), adjusted in accordance with a
published protocol from Thålin et al.[19]

Animal treatments

All animal experiments were approved by the Austrian
Federal Ministry for Science, Research and Economy
(BMBWF-V/3b/2023-0.188.679). Five-week-old wild-
type C57BL/6J mice were put on a high-saturated fat/
cholesterol diet (AIN-76 Western Diet, Test Diet), and
water was supplemented with sucrose/fructose (42 g/L)
for 10 weeks, referred to as fast food diet (FFD). Fifteen-
week-old mice on FFD were treated intraperitoneally
with either 100 µL PBS (n=7) or DNase I (120 µL i.v.,
Sigma 10104159001, 1.8 mg/mL, n=6) intravenously
30 minutes before the operation, followed by 2
injections the following day and one last injection was
administered 2 hours before sacrificing the mice
48 hours after PHx. Liver-to-bodyweight ratio as well
as liver recovery rate were calculated. Using FUJI DRI-
CHEM NX500 (Lab Technologies), aspartate amino-
transferase or alanine aminotransferase (ALT) mea-
surements of murine plasma were carried out.

Surgical procedure

PHx operation was performed according to the 2/3
PHx model, described by Mitchell and Willenbring.[20]

Mice were anesthetized with 2% isoflurane and
injected with 10 µL/g tramadolhydrochlorid for analge-
sia. A midabdominal skin incision was done and
surrounding ligaments and membranes were divided.
First, the gall bladder was removed. Afterward, the left-
lateral lobe was resected with ligation at its base, and
the median lobe was resected with ligation at the level
between the gall bladder and the suprahepatic inferior
vena cava. Next, the abdomen was closed and the
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mice were placed on a warming pad until they
recovered from anesthesia. Two hours after surgery,
10 µL/g tramadolhydrochlorid was injected for analge-
sic management followed by another injection every
12 hours for 2 days, according to the institutional
guidelines. After surgery, mice were maintained with
free access to water and food in temperature-
controlled conditions and sacrificed after 48 hours.

Immunofluorescence staining

In a subset of either 35 (NETs) or 25 [leukocytes,
macrophage extracellular traps, mast cell extracellular
traps, and eosinophil extracellular traps] patients, liver
samples before and 2 hours after ligation were analyzed
for extracellular trap formation by immunofluorescence
microscopy. Paraffin-embedded liver biopsies were
deparaffinized and permeabilized (0.1% Triton X-100)
after heat-mediated antigen retrieval (citrate buffer pH
6.0). Mouse livers before and after PHx were cryo-
embedded and permeabilized (0.1% Triton X-100). After
blocking (10% fetal calf serum) primary antibodies were
incubated overnight at 4°C and secondary antibodies
were incubated for 2 hours at room temperature (Supple-
mental Table S1, http://links.lww.com/HC9/A700). Nuclei
were counterstained using Hoechst 33342 and slides
were mounted with ProlongGold Antifade mounting
reagent. Microscope images were obtained via Widefield
Fluorescence Nikon A1plus Ti Microscope and suitable
scale bars were added in ImageJ Fiji. Data analysis of the
obtained images was performed via CellProfiler 3.1.9.

RNA extraction and real-time quantitative
PCR analysis

Total RNA from harvested livers was isolated using
TriFast reagent according to the manufacturer’s protocol
(VWR). One microgram of RNA was reverse transcribed
using the High Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. Quantitative real-time PCRwas performed on
a Bio-Rad CF X96 Real-Time System (Bio-Rad) using the
GoTaq qPCR Mastermix (Promega). Genes of interest
were normalized to hypoxanthine-guanine phosphoribo-
syltransferase (Hprt) expression as the reference gene.
Expression profiles and associated statistical parameters
were determined by the 2−ΔΔCT method. Specific
oligonucleotide primers are shown in Supplemental
Table S2, http://links.lww.com/HC9/A700.

Statistical evaluation

Statistical analyses were carried out with either Graph-
pad Prism 8.0.2 (GraphPad Software Inc.) or IBM SPSS

Statistics 20 (SPSS, Inc.). Gaussian distribution was
analyzed via Anderson Darling (A2*), D’Agostino-Pear-
son omnibus (K2), Shapiro-Wilk (W), and Kolmogorov-
Smirnov (distance) tests. If data followed Gaussian
distribution, time point comparisons were analyzed via
a paired two-tailed t test. If Gaussian distribution was not
given, a two-tailed Wilcoxon matched-pairs signed-rank
test was applied. For the comparison of the patient
groups, PHLF and no PHLF, and their differences at time
points, baseline and regeneration, a two-way ANOVA
test with Tukey correction for multiple comparisons was
applied. A CI of 95% was calculated in all used test
systems. Further, a p value of<0.05 was considered as a
significant difference between groups.

RESULTS

Patient characteristics

A total of 99 patients undergoing hepatic resection
were included in this study, of which 24 developed
PHLF, and analyzed for plasma parameters
(Table 1). Out of these patients, 25 (PHLF= 7) and
35 (PHLF= 10) patients were used for immunofluores-
cence staining. Patient characteristics of plasma and
staining cohorts are summarized in Tables 1 and 2.
Patients with PHLF indicate no correlation with sex,
preoperative parameters, and hepatic comorbidities
including chemotherapy, steatosis, steatohepatitis,
fibrosis, and hepatitis. Nonetheless, a significantly
higher proportion of patients with PHLF under-
went major resection and presented with metastatic
colorectal cancer. Furthermore, they were associated
with morbidity grades IV and V, and more total
hospitalization days.

Neutrophil accumulation and NET
formation in the regenerating liver is
elevated in patients who develop PHLF

Analysis of liver biopsies before (Pre) and 2 hours after
ligation (Reg) (Figure 1A) revealed that neutrophil
infiltration (MPO+ CD66b+) as well as NET formation
(MPO+ CD66b+ CitH3+) was significantly increased in
the regenerating liver tissue samples (Supplemental
Figure S1, http://links.lww.com/HC9/A700).

Next, we investigated the association of neutrophil
infiltration and NET formation on patient outcomes.
While patients with and without PHLF showed an
increase in neutrophils and NETs 2 hours after hepatic
resection, we observed more influx of total and CitH3+

neutrophils in liver tissues from patients with PHLF
than patients without PHLF, indicating higher NET
formation (Figures 1B, C). Quantification revealed a
significant increase of neutrophil accumulation 2 hours
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TABLE 1 Plasma cohort patient characteristics

Parameter Cohort (n=99) PHLF cohort (n= 24) No PHLF cohort (n= 75) Missing values (%)

Sex, n (%)

Male 65 (65.7) 13 (54.2) 52 (69.3)

Female 34 (34.3) 11 (45.8) 23 (30.7)

Age (y) 62.5 (22.0–86.0) 62.4 (35.0–80.7) 62.6 (22.0–86.0)

Hepatic resection, n (%)

Minor (< 3 segments) 26 (26.3) 2 (8.3) 24 (32.0)

Major (≥ 3 segments) 73 (73.7) 22 (91.7) 51 (68.0)

Tumor type, n (%)

mCRC 34 (34.3) 4 (16.7) 30 (40.0)

HCC 29 (29.3) 5 (20.8) 24 (32.0)

CCC 21 (21.2) 10 (41.7) 11 (14.6)

Pancreas related 8 (8.1) 3 (12.5) 5 (6.7)

Others 7 (7.1) 2 (8.3) 5 (6.7)

Hepatic comorbidities

Neoadjuvant CTx, n (%) 34 (35.7) 5 (21.7) 19 (26.4) 4 (4.0)

Steatosis (%) 14.0 (0.0–100.0) 6.8 (0.0–40.0) 17 (0.0–100.0)

Steatohepatitis, n (%) 25 (26.0) 4 (18.2) 21 (28.4) 3 (3.0)

Fibrosis, n (%) 55 (57.3) 11 (52.4) 44 (58.7) 3 (3.0)

CASH, n (%) 19 (19.6) 3 (13.6) 16 (21.3) 2 (2.0

Intraoperative RBCs transfusion, n (%) 10 (10.1) 4 (16.7 6 (8.0)

Hepatitis, n (%) 8 (8.1) 1 (4.2) 7 (9.3)

Antivirals, n (%) 3 (3.0) 0 (0.0) 3 (4.0)

Preoperative parameters

PDR (%) 20.9 (9.0–40.0) 21.3 (9.7–40.0) 20.8 (9.0–38.3) 24 (24.2)

Platelets (×103/µL) 248.7 (86.0–487.0) 262.4 (172.0–345.0) 237 (86.0–487.0) 10 (10.1)

SB (mg/dL) 0.8 (0.2–6.6) 1.0 (0.2–6.6) 0.7 (0.2–6.6) 13 (13.1)

PT (%) 104.6 (40.0–150.0) 97.2 (40.0–150.0) 107.0 (74.0–150.0) 18 (18.2)

AP (U/L) 129.7 (46.0–707.0) 162.8 (51.0–707.0) 100.0 (46.0–314.0) 16 (16.2)

GGT (U/L) 147.2 (7.0–1576.0) 211.3 (18.0–1576) 127 (7.0–710.0) 11 (11.1)

AST (U/L) 45.4 (14.0–242.0) 53.9 (14.0–224.0) 44.0 (17.0–242.0) 28 (28.3)

ALT (U/L) 45.97 (8.0–372.0) 44.2 (12.0–129.0) 48.0 (8.0–372.0) 11 (11.1)

Albumin (g/L) 41.4 (32.5–47.6) 38.8 (32.5–47.3) 43.2 (34.4–47.6) 19 (19.2)

Morbidity, n (%)

No morbidity 46 (46.5) 4 (16.7) 42 (56.0)

Grade I 12 (12.1) 2 (8.3) 10 (13.3)

Grade II 19 (19.2) 7 (29.2) 12 (16.0)

Grade III 16 (16.2) 6 (25.0) 10 (13.3)

Grade IV 2 (2.0) 2 (8.3) 0 (0.0)

Grade V 4 (4.0) 3 (12.5) 1 (1.4)

Postoperative stay

ICU (d) 2.1 (0.0–15.0) 2.9 (0.0–15.0) 2 (0.0–15.0)

Total hospitalization (d) 13.6 (4.0–75.0) 19.5 (5.0–56.0) 12.0 (4.0–75.0)

PHLF ISGLS, n (%)

No PHLF 75 (75.7) 75 (100.0)

Grade A 6 (6.1) 6 (25.0)

Grade B 7 (7.1) 7 (29.2)

Grade C 11 (11.1) 11 (45.8)

Note: Values in bold: PHLF vs. noPHLF: p> 0.05.
Abbreviations: ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; CCC, cholangiocellular carcinoma; CASH, chemo-
therapy-induced acute steatohepatitis; CTx, chemotherapy; GGT, gamma-glutamyl transpeptidase; ICU, intensive care unit; ISGLS, International Study Group of Liver
Surgery; mCRC, metastatic colorectal cancer; PDR, plasma disappearance rate; PHLF, posthepatectomy liver failure; PT, prothrombin time; RBCs, red blood cells;
SB, serum bilirubin.
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TABLE 2 Staining cohort patient characteristics

Parameter Subcohort (n= 35) PHLF cohort (n= 10) No PHLF cohort (n= 25) Missing values, n (%)

Sex, n (%)

Male 17 (48.6) 6 (60.0) 11 (44.0)

Female 18 (51.4) 4 (40.0) 14 (56.0)

Age (y) 58.7 (35.0–80.0) 59.6 (35.0–76.7) 58.4 (41.2–80.0)

Hepatic resection, n(%)

Minor (<3 segments) 0 (0.0) 0 (0.0) 0 (0.0)

Major (≥3 segments) 35 (100.0) 10 (100.0 25 (100.0)

Tumor type, n (%)

mCRC 11 (31.4) 3 (30.0) 8 (32.0

HCC 9 (25.7) 1 (10.0) 8 (32.0%)

CCC 4 (11.4) 4 (40.0) 0 (0.0)

Pancreas related 4 (11.4) 2 (20.0) 2 (8.0)

Others 7 (20.0) 0 (0.0) 7 (28.0)

Hepatic comorbidities

Neoadjuvant CTx, n (%) 15 (42.9) 4 (40.0) 11 (44.0)

Steatosis (%) 4.6 (0.0–25.0) 3.5 (0.0–10.0) 5.4 (0.0–25.0)

Steatohepatitis, n (%) 13 (37.1) 2 (20.0) 11 (44.0)

Fibrosis, n (%) 13 (40.6) 3 (42.9) 10 (40.0) 3 (8.6)

CASH, n (%) 10 (28.6) 4 (40.0) 6 (24.0)

Intraoperative RBCs, n (%) 5 (14.3) 3 (30.0) 2 (8.0)

Hepatitis, n (%) 1 (2.9) 0 (0.0) 1 (2.9)

Antivirals, n (%) 0 (0.0) 0 (0.0) 0 (0.0)

Preoperative parameters

PDR (%) 22.1 (9.0–40.0) 24.0 (20.0–32-0) 21.8 (9.0–40.0) 10 (28.6)

Platelets (×103/µL) 266.6 (117.0–487.0) 240.3 (172.0–333.0) 276.1 (117.0–487.0) 4 (11.5)

SB (mg/dL) 0.7 (0.2–2.5) 0.6 (0.2–1.2) 0.8 (0.2–2.5) 6 (17.1)

PT (%) 102.7 (40.0–133.0) 100.4 (73.0–123.0) 105.4 (40.0–133.0) 9 (25.7)

AP (U/L) 116.5 (48.0–707.0) 155.9 (65.0–142.0) 89.0 (48.0–707.0) 9 (25.7)

GGT (U/L) 135.1 (7.0–1576.0) 226.2 (27.0–1576.0) 87.2 (7.0–360.0) 6 (17.1)

AST (U/L) 39.2 (14.0–224.0) 33.8 (14.0–58.0) 47.1 (19.0–224.0) 7 (20.0)

ALT (U/L) 46.2 (8.0–372.0) 31.8 (12.0–62.0) 58.3 (8.0–372.0) 7 (20.0)

Albumin (g/L) 42.1 (32.5–47.6) 40.0 (35.5–44.5) 42.6 (32.5–47.6) 18 (60.0)

Morbidity, n (%)

No morbidity 14 (40.0) 3 (30.0) 11 (44.0)

Grade I 7 (20.0) 1 (10.0) 6 (24.0)

Grade II 8 (22.9) 4 (40.0) 4 (16.0)

Grade III 5 (14.2) 1 (10.0) 4 (16.0)

Grade IV 0 (0.0) 0 (0.0) 0 (0.0)

Grade V 1 (2.9) 1 (10.0) 0 (0.0)

Postoperative stay

ICU (d) 1.5 (0.0–15.0) 2.8 (0.0–15.0) 1.0 (0.0–8.0)

Total hospitalization (d) 13.5 (4.0–75.0) 14.5 (5.0–34.0) 13.3 (4.0–75.0)

PHLF ISGLS, n (%)

No PHLF 25 (71.4) 0 (0.0) 25 (100.0)

Grade A 5 (14.3) 5 (50.0)

Grade B 4 (11.4) 4 (40.0)

Grade C 1 (2.9) 1 (10.0)

Note: Values in bold: PHLF vs. noPHLF: p> 0.05.
ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; CCC, cholangiocellular carcinoma; CASH, chemotherapy-induced acute
steatohepatitis; CTx, chemotherapy; GGT, gamma-glutamyl transpeptidase; ICU, intensive care unit; ISGLS, International Study Group of Liver Surgery; mCRC,
metastatic colorectal cancer; PDR, plasma disappearance rate; PHLF, posthepatectomy liver failure; PT, prothrombin time; RBCs, red blood cells; SB, serum bilirubin.
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after induction of liver regeneration in both groups
(no PHLF: p= 0.024; PHLF: p= 0.036) (Figure 1D,
left). Moreover, comparing regeneration-induced

differences (Δ(Reg-Pre)) of PHLF versus no PHLF
biopsies revealed that patients with PHLF showed
a higher influx of neutrophils after liver resection

F IGURE 1 Neutrophils and NETs in PHLF. (A) Experimental scheme. Liver biopsies were collected before (Pre) and 2 hours after (Reg) PHx
from 25 patients without PHLF and 10 patients with PHLF. (B, C) Immunofluorescence staining of DNA (Hoechst33342), neutrophils (CD66b), and
NETs (CitH3) of 35 hepatic resection biopsies taken before resection (Pre) and 2 hours after resection (Reg). Pictures are representative of (B) 25
patients without PHLF or (C) 10 patients with PHLF. (D, E) Relative quantification of (D) neutrophils and (E) NETs in patients with PHLF or without
PHLF (two-way ANOVA with Tukey correction for multiple comparisons: *p<0.05, **p<0.01). Regeneration-induced effects depicted as differ-
ence after-before resection (ΔReg-Pre) (unpaired t test: **p <0.01). Abbreviations: CitH3, citrullinated histone H3; MPO, myeloperoxidase; NET,
neutrophil extracellular trap; PHLF, posthepatectomy liver failure; PHx, partial hepatectomy.
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compared to patients with normal functional liver
regeneration (mean no-PHLF vs. PHLF: 2.333 vs.
5.277; p= 0.0488) (Figure 1D, right). Similar results
were observed with regard to NET formation during
early liver regeneration. Importantly, while both groups
showed a significant increase, we observed
significantly more NET-forming neutrophils in patients
with PHLF (no PHLF Pre vs. Reg: p= 0.0242.; PHLF
Pre vs. Reg: p= 0.0018; Δ(Reg-Pre) no PHLF vs.
PHLF: p= 0.0043; Figure 1E). Interestingly, more
CitH3 signal was observed around the vessels,
indicating that especially infiltrating neutrophils form
NETs. Of note, patients with different tumor entities,
ages, genders, and specific ISGLS scores did not
show any significant differences in markers of
neutrophil infiltration or NET formation in tissue or
plasma (Supplemental Figure S2, http://links.lww.com/
HC9/A700).

Extracellular traps in the liver
predominantly derive from neutrophils and
not macrophages, mast cells, or
eosinophils

As extracellular traps can also derive from other cell
types than neutrophils, we also analyzed extracellular
trap formation by mast cells (mast cell extracellular
traps), macrophages (macrophage extracellular traps),
and eosinophils(eosinophil extracellular traps) during
liver regeneration in a subset of 25 patients. Although
we detected a small amount of extracellular traps from
these cell types, the numbers of macrophages, mast
cells, and eosinophils were not significantly altered
2 hours after ligation of the portal vein relative to before
ligation. Furthermore, no significant differences could
be observed in their respective ETs Pre vs. Reg
(Figures 2A–C). Accordingly, ETs in the liver tissue
are predominantly derived from neutrophils (Figure 2D).
ETs derived from macrophages, mast cells, and
eosinophils were only present to a minor extent in the
liver tissue and made up an even smaller portion
postoperatively. Lastly, induction of cell influx and ET
formation of macrophages, mast cells, and eosinophils
were not significantly altered between patients
undergoing PHLF and patients with functional liver
regeneration (Supplemental Figure S3, http://links.lww.
com/HC9/A700).

High levels of plasma MPO are associated
with liver failure after hepatic resection and
identify patients at high risk for PHLF

Next, we assessed if surrogate markers for NETs and
neutrophil activation were also detectable in patient’s
blood. Therefore, we analyzed plasma samples from 99

patients (of which 24 patients experienced PHLF)
undergoing hepatic resection taken on the day before
surgery (POD−1) as well as 1 and 5 days after
operation (POD1 and POD5, respectively), for neutro-
phil activation and NET formation (CitH3, MPO, and NE)
(Figure 3A). All three plasma markers showed
significant increases on POD1 and POD5 (CitH3:
p< 0.001, Figure 3B). Using this cutoff, a high-risk
patient group could be identified, with 70% of patients
above the cutoff developing PHLF. PHLF is associated
with increased risk for short-term postoperative
mortality[18] and indeed, 91.6% of patients below our
high-risk cutoff did not develop 90-day postoperative
mortality (Figure 3C).

Plasma markers for neutrophil activation
and NET formation correlate with liver
injury

Further, we observed strong correlations between
plasma levels of CitH3, MPO, and NE with classical
markers of liver tissue injury such as aspartate amino-
transferase and ALT (Figures 3D, E). Similarly, bilirubin
plasma levels significantly correlated with plasma levels
of CitH3, MPO, or NE (Figure 3F). In contrast, overall
platelet counts or prothrombin time did not correlate with
markers of NET formation (Supplemental Figure S3,
http://links.lww.com/HC9/A700, Supplemental Figure S4,
http://links.lww.com/HC9/A700).

Inhibition of NETs improves levels of cell
cycle markers KI67, Cyclin D1, and PCNA
in an FFD PHx mouse model

To unravel a causal relationship between NETs and host
damage and to evaluate the therapeutic potential of NET
inhibitors in liver regeneration, we performed a mouse
model of metabolically challenged mice that were treated
with DNase I or PBS before undergoing PHx (Figure 4A).
When comparing the liver recovery rate of mice with and
without NET inhibition, we found potential beneficial
effects of NET inhibition on liver regeneration (PBS vs.
DNase I: p=0.0127) (Figure 4B). This was further
confirmed by the decrease in ALT, indicating less liver
damage (ALT: PBS vs. DNase I: 0.0208; Figure 4C).
Reduction of NETs by Dnase I was confirmed by
significantly diminished immunofluorescence signals for
MPO and CitH3 48 hours after PHx (PBS vs. Dnase I:
84.2%) (Figure 4D, MPO: quantification data not shown).
Improved proliferation could be identified by increased
gene expression levels of cell cycle markers KI67,
PCNA, and Cyclin D1 at 48 hours after surgery (KI67:
PBS vs. Dnase I: 0.0002; PCNA: PBS vs. Dnase I:
0.0325; Cyclin D1: PBS vs. Dnase I: 0.0014) (Figure 4E).
Cell proliferation was further confirmed on a protein level
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by immunofluorescence staining for KI67 and the
cell cycle arrest marker p21 (Figures 4F, G), which
revealed a 2.6-fold increase in KI67 levels and a

0.53-fold decrease in p21 levels 48 hours after PHx
of mice receiving Dnase I (KI67: p=0.0012; p21:
p=0.0017).

F IGURE 2 Extracellular traps derived from mast cells (MCETs), macrophages (METs), and eosinophils (EETs) in liver regeneration. Relative
quantification of immunofluorescence staining of DNA (Hoechst33342). (A) Mast cells (AA1), (B) macrophages (CD68), or (C) eosinophils (EMBP)
and their respective extracellular traps via CitH3 of 25 hepatic resection biopsies taken before (Pre) or after resection (Reg). Representative
pictures given. (D) Comparison of NETs, MCETs, METs, and EETs Pre vs. Reg in percentage of all extracellular traps (unpaired t test).
Abbreviations: CitH3, citrullinated histone H3; EET, eosinophil extracellular trap; MCET, mast cell extracellular trap; MET, macrophage extrac-
ellular trap; NET, neutrophil extracellular trap.
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F IGURE 3 Plasma levels of CitH3, MPO, and NE are regulated in liver regeneration. (A) Experimental scheme. Plasma was collected 1 day
before (POD−1), 1 (POD1) and 5 days after (POD5) PHx from 75 patients without PHLF and 24 patients with PHLF. (B) Upper panel: CitH3, MPO,
and NE levels on POD−1, POD1 and POD5 (one-way ANOVA: *p< 0.05, ***p<0.001). Lower panel: CitH3, MPO, and NE levels in patients with
vs. without PHLF (two-way ANOVA: *p< 0.05). (C) ROC curve comparing the predictive potential of MPO POD1 with the prevalence of PHLF (left
panel); incidence [%] of PHLF (middle panel) and 90-day mortality (right panel) in high-risk patient groups (defined by a cutoff of MPO POD1 levels
of above 160 ng/mL). (D–F) Correlation of plasma CitH3, MPO, and NE POD1 with AST, ALT, and bilirubin POD1 plasma levels. Abbreviations:
ALT, alanine-aminotransferase; AST, aspartate aminotransferase; CitH3, citrullinated histone H3; MPO, myeloperoxidase; NE, neutrophil elas-
tase; PHLF, post hepatectomy liver failure; PHx, partial hepatectomy; ROC, receiver operating characteristic.
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DISCUSSION

While rodent models of liver regeneration taught us
that neutrophils are indispensable during the priming
phase of liver regeneration, we are able to document
that excessive intrahepatic accumulation of neutro-
phils bears deleterious features and correlates with
markers of intrahepatic cell death in humans. In
patients undergoing PHx, we observed rapid and
frequent intrahepatic NET formation, which was
elevated in patients with dysfunctional liver regenera-
tion, suggesting that NETs might have a critical
negative effect on liver regeneration. Ultimately, we
characterized a high-risk group of patients that could
potentially benefit from an NET-targeted treatment
approach. Moreover, in a murine PHx model, we could
show that the inhibition of NET accelerated hepatocyte
proliferation and liver regeneration.

Previous observations by Selzner et al[21] Demon-
strated delayed liver regeneration and reduced liver-
specific TNF-α and IL-6 levels in a neutropenic mouse
model and proposed that binding of neutrophils to
hepatocytes through ICAM-1 after hepatectomy trig-
gers hepatocyte proliferation by Kupffer cells. In line,
we and others could also show the beneficial effects of
neutrophils in patients and rats in liver regeneration. In
the late stages of liver regeneration, neutrophils switch
toward a proregenerative phenotype and they also
protect individuals from infiltrating gut-derived endo-
toxins after hepatic resection.[22–24] However, our
present study clearly demonstrates that neutrophil
infiltration has to be well-balanced as excessive
infiltration of neutrophils and NET formation is asso-
ciated with adverse outcome after hepatic resection.
Overactivation of neutrophils drives sterile liver inflam-
mation, hepatocyte death, and steatosis through the
production of reactive oxygen species.[25] NET forma-
tion meditates the death of hepatocytes in vitro[26] and
may cause nuclear DNA damage and the loss of
mitochondrial integrity of hepatocytes[27] as well as
damage to endothelial cells and Kupffer cells.[26,28]

Furthermore, Von Meijenfeldt et al[16] emphasize the
aspects that the formation of NETs is tied to a lesional
process mediated by neutrophil trapping in ALF as well
as the adverse impact of NETs on clinical outcome. In
our cohort, however, the phenomenon could be linked
to a surgical hit, specifically, the reduction in liver
volume following surgical resection. This reduction in
volume could expose the residual parenchyma or
functional liver remnant to an increased portal hyper-
flow, subsequently initiating regeneration and poten-
tially playing a role in the mediation of a “Small for
Size” phenomenon and thereby a possible explanation
why excessive neutrophil and NET expression could
also impair the regeneration process after PHx.

We could further show that in patients undergoing
liver resection plasma levels of CitH3, MPO, and NE

correlate with hepatic dysfunction markers including
aspartate aminotransferase, ALT, and bilirubin, further
confirming a possible functional role of neutrophils
and NETs in liver diseases. Our data are in line with
the hypothesis that not only reactive oxygen species
but also neutrophil-derived proteases, such as
MPO and NE, contribute to hepatocyte death[29,30]

as also neutrophil proteases mediate direct hepato-
toxicity in co-culture experiments of hepatocytes with
activated neutrophils.[31,32] In particular, NE partici-
pates in the early steps of the inflammation cascade in
viral acute hepatitis, and elastase inhibitors signifi-
cantly reduced the expression of hepatic inflammatory
mediators.[29]

In addition, we provide the first histological evidence
for the presence of mast cell, macrophage, and
eosinophil extracellular traps in liver tissue, indicating
that not only neutrophils are capable of producing
extracellular traps during liver regeneration. However,
we detected no changes in these ETs within the first
2 hours after liver resection, suggesting a minor role of
these ETs during the initiation phase of liver
regeneration.

Almost all patients undergoing liver resection show
signs of underlying liver damage. To mimic this in a
rodent model, we choose a well-characterized meta-
bolically induced liver inflammation model, with high
calories, high cholesterol, and high fructose intake,
which ultimately leads to NASH development.[33] We
performed PHx after 10 weeks of an FFD, where
hepatic lipid composition changes and hepatic
inflammation already occurs but NASH is not yet
fully developed, which we regarded to most closely
mimic underlying liver disease in the majority of our
patients.

In this mouse model of metabolically induced liver
inflammation, we could demonstrate that targeting of
NETs directly by DNase I increased hepatic cell
proliferation and liver regeneration, indicating that
NETs actively impede the regenerative potential in
the remnant liver. This is in line with several
animal experiments examining the harmful involve-
ment of NETs in other liver diseases that involve
repair processes, including acute liver failure,
viral hepatitis, alcohol-associated hepatitis, liver can-
cer, hepatic ischemia/reperfusion injury, and liver
transplantation.[11,34–41]

NET degradation represents a safe treatment option
as drugs like DNase I are already used in other
diseases such as cystic fibrosis and off-label use for
COVID-19.[42,43] Furthermore, heparin or colchicine
administration presents options to interfere with NET
formation by inhibiting histone-induced coagulation or
actin cytoskeleton remodeling in NET-forming neutro-
phils, respectively.[44,45] Lastly, novel inhibitors inter-
fering with MPO or PAD4 represent potential therapeutic
drugs. Indeed, the efficacy of these inhibitors was
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confirmed in various inflammatory disease models, such
as hepatic ischemia/reperfusion injury, vasculitis, and
systemic lupus erythematosus, proposing their potential

beneficial effect on liver regeneration.[26,46,47] Accumu-
lating evidence indicates the beneficial influence of anti-
inflammatory drugs on the postsurgical regeneration

F IGURE 4 Reduction of NETs through DNase I in an FFD PHx mouse model. (A) Experimental scheme. Fifteen-week-old WT mice on FFD
were treated with PBS or DNase I before being subjected to 70% PHx. (B) Remnant liver recovery rate. (C) AST and ALT measurements after
PHx. (D) Immunofluorescence staining and relative quantifications of CitH3 and MPO in mouse hepatic sections before and after PHx. (E) Gene
expression levels of KI67, PCNA, and Cyclin D1 in harvested mouse liver tissues before and 48 hours after PHx. (F, G) Immunofluorescence
staining and relative quantifications of (F) p21 and (G) KI67 in mouse hepatic sections before and after PHx. (one-way ANOVA: *p <0.05, **p
<0.01; n=6–7). Abbreviations: ALT, alanine-aminotransferase; AST, aspartate aminotransferase; CitH3, citrullinated histone H3; FFD, fast-food
diet; MPO, myeloperoxidase; NET, neutrophil extracellular trap; PHx, partial hepatectomy; WT, wild type.
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process.[48] In a recent study, the administration of
preoperative single-dose methylprednisolone to patients
undergoing major liver resection led to lower post-
operative complications and organ infections.[49] Even
specific NET-targeted therapies, using an NE inhibitor,
have shown some benefit in patients undergoing hepatic
resection; however, the overall extent of treatment effect
was relatively minimal.[50] This lack of treatment effect
might have one critical reason. Indeed, PHLF occurs in
about 5%–15% of patients after hepatectomy. There-
fore, a universal treatment of all patients might mask the
potential benefits of a certain treatment, given that the
majority of patients will regenerate without any issues.
Accordingly, we tried to assess if a neutrophil activation
marker like MPO was able to identify patients who will
develop PHLF and might therefore benefit from an NET-
targeted therapy. Indeed, the risk of PHLF increased to
about 70% in patients exceeding our MPO cutoff,
indicating that these patients might benefit from a
treatment supporting hepatic regeneration. More impor-
tantly, as MPO reflects a critical process dysregulated
during human hepatic regeneration, as we show in
these analyses, these patients might particularly benefit
from an NET-targeted treatment.

Taken together, our human data and the results of
rodent experiments emphasize the importance of a
well-balanced neutrophil response for successful
hepatic regeneration as excessive intrahepatic neu-
trophil accumulation and NET formation are associ-
ated with PHLF and circulating markers of neutrophil
activation correlate with markers of intrahepatic
injury. Importantly, MPO, as a circulating marker of
NET formation, could help to identify patients at the
highest risk of PHLF to allow for personalized hepatic
regeneration treatments.

AUTHOR CONTRIBUTIONS
Conception and experimental design: Laura
Brunnthaler, Alice Assinger, Patrick Starlinger, and
Christine Brostjan; experimental work and
analyses: Laura Brunnthaler, David Pereyra, Miriam
Brenner, Waltraud C. Schrottmaier, Anita Pirabe,
Anna Schmuckenschlager, Lukas Herrmann, Lisa
Emilie Michels, Manuel Salzmann, Philipp Hohensin-
ner, and Renate Kain; manuscript writing: Laura
Brunnthaler, Alice Assinger, and Patrick Starlinger;
sample collection and data analysis: David Pereyra,
Jonas Santol, Sarang Kim, Anna Emilia Kern, and
Felix Xaver Huber; manuscript editing: David
Pereyra, Miriam Brenner, Jonas Santol, Lukas Herr-
mann, Waltraud C. Schrottmaier, Anita Pirabe,
Anna Schmuckenschlager, Christine Brostjan, and
Renate Kain.

FUNDING INFORMATION
The study was funded by the NIH (R01DK122813) and
the Austrian Science Fund (FWF) P-32064 and P-34783.

CONFLICTS OF INTEREST
Philipp Hohensinner received grants from OM Pharma.
The remaining authors have no conflicts to report.

REFERENCES
1. Abu Rmilah A, Zhou W, Nelson E, Lin L, Amiot B, Nyberg Scott L.

Understanding the marvels behind liver regeneration. Wiley
Interdisp Rev Dev Biol. 2019;8:e340.

2. Fausto N, Campbell JS, Riehle KJ. Liver regeneration. Hepatol-
ogy. 2006;43(S1):S45–53.

3. Rahnemai-Azar AA, Cloyd JM, Weber SM, Dillhoff M, Schmidt C,
Winslow ER, et al. Update on liver failure following hepatic
resection: Strategies for prediction and avoidance of post-
operative liver insufficiency. J Clin Transl Hepatol. 2018;6:97–104.

4. Mendizabal M. Liver transplantation in acute liver failure:
A challenging scenario. World J Gastroenterol. 2016;22:
1523–31.

5. McDonald B, Pittman K, Menezes GB, Hirota SA, Slaba I,
Waterhouse CCM, et al. Intravascular danger signals guide
neutrophils to sites of sterile inflammation. Science. 2010;330:
362–6.

6. Han S, Park HW, Song JH, Gwak MS, Lee WJ, Kim G, et al.
Association between intraoperative platelet transfusion and early
graft regeneration in living donor liver transplantation. Ann Surg.
2016;264:1065–72.

7. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y,
Weiss DS, et al. Neutrophil extracellular traps kill bacteria.
Science. 2004;303:1532–5.

8. Mukherjee M, Lacy P, Ueki S. Eosinophil extracellular traps and
inflammatory pathologies—untangling the web!. Front Immunol.
2018;9:2763.

9. Carestia A, Kaufman T, Rivadeneyra L, Landoni VI, Pozner RG,
Negrotto S, et al. Mediators and molecular pathways involved in
the regulation of neutrophil extracellular trap formation mediated
by activated platelets. J Leukoc Biol. 2016;99:153–62.

10. Hilscher MB, Shah VH. Neutrophil extracellular traps and liver
disease. Semin Liver Dis. 2020;40:171–9.

11. Kolaczkowska E, Jenne CN, Surewaard BGJ, Thanabalasuriar
A, Lee WY, Sanz MJ, et al. Molecular mechanisms of NET
formation and degradation revealed by intravital imaging in the
liver vasculature. Nat Commun. 2015;6:6673.

12. Bukong TN, Cho Y, Iracheta-Vellve A, Saha B, Lowe P, Adejumo
A, et al. Abnormal neutrophil traps and impaired efferocytosis
contribute to liver injury and sepsis severity after binge alcohol
use. J Hepatol. 2018;69:1145–54.

13. Baeck C, Wehr A, Karlmark KR, Heymann F, Vucur M, Gassler N,
et al. Pharmacological inhibition of the chemokine CCL2 (MCP-1)
diminishes liver macrophage infiltration and steatohepatitis in
chronic hepatic injury. Gut. 2012;61:416–26.

14. Mansuy-Aubert V, Zhou QL, Xie X, Gong Z, Huang JY, Khan AR,
et al. Imbalance between neutrophil elastase and its inhibitor α1-
antitrypsin in obesity alters insulin sensitivity, inflammation, and
energy expenditure. Cell Metab. 2013;17:534–48.

15. Erpenbeck L, Schön MP. Neutrophil extracellular traps: Protag-
onists of cancer progression? Oncogene. 2017;36:2483–90.

16. von Meijenfeldt FA, Stravitz RT, Zhang J, Adelmeijer J, Zen Y,
Durkalski V, et al. Generation of neutrophil extracellular traps in
patients with acute liver failure is associated with poor outcome.
Hepatology. 2022;75:623–33.

17. Rahbari NN, Garden OJ, Padbury R, Brooke-Smith M, Crawford
M, Adam R, et al. Posthepatectomy liver failure: A definition and
grading by the International Study Group of Liver Surgery
(ISGLS). Surgery. 2011;149:713–24.

18. Starlinger P, Assinger A, Haegele S, Wanek D, Zikeli S, Schauer
D, et al. Evidence for serotonin as a relevant inducer of liver
regeneration after liver resection in humans. Hepatology. 2014;
60:257–66.

INTRAHEPATIC NEUTROPHIL ACCUMULATION AND PHLF | 13



19. Thålin C, Daleskog M, Göransson SP, Schatzberg D, Lasselin J,
Laska AC, et al. Validation of an enzyme-linked immunosorbent
assay for the quantification of citrullinated histone H3 as a
marker for neutrophil extracellular traps in human plasma.
Immunol Res. 2017;65:706–12.

20. Mitchell C, Willenbring H. A reproducible and well-tolerated
method for 2/3 partial hepatectomy in mice. Nat Protoc. 2008;3:
1167–70.

21. Selzner N, Selzner M, Odermatt B, Tian Y, van Rooijen N,
Clavien PA. ICAM-1 triggers liver regeneration through leukocyte
recruitment and Kupffer cell-dependent release of TNF-alpha/IL-
6 in mice. Gastroenterology. 2003;124:692–700.

22. Brandel V, Schimek V, Göber S, Hammond T, Brunnthaler L,
Schrottmaier WC, et al. Hepatectomy-induced apoptotic extrac-
ellular vesicles stimulate neutrophils to secrete regenerative
growth factors. J Hepatol. 2022;77:1619–30.

23. Holzer K, Hofmann D, Oppermann E, Zeuzem S, Mönch C,
Henrich D, et al. Neutrophil phenotype and function in partial
hepatectomy in man. Langenbecks Arch Surg. 2010;395:
643–53.

24. Xu CP, Liu J, Liu JC, Han DW, Zhang Y, Zhao YC. Dynamic
changes and mechanism of intestinal endotoxemia in
partially hepatectomized rats. World J Gastroenterol. 2007;
13:3592–7.

25. Kohli R, Pan X, Malladi P, Wainwright MS, Whitington PF.
Mitochondrial reactive oxygen species signal hepatocyte stea-
tosis by regulating the phosphatidylinositol 3-kinase cell survival
pathway. J Biol Chem. 2007;282:21327–36.

26. Huang H, Tohme S, Al‐Khafaji AB, Tai S, Loughran P, Chen L,
et al. Damage-associated molecular pattern-activated neutrophil
extracellular trap exacerbates sterile inflammatory liver injury.
Hepatology. 2015;62:600–14.

27. Arumugam S, Girish Subbiah K, Kemparaju K, Thirunavukkarasu
C. Neutrophil extracellular traps in acrolein promoted hepatic
ischemia reperfusion injury: Therapeutic potential of NOX2 and
p38MAPK inhibitors. J Cell Physiol. 2018;233:3244–61.

28. Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto
G, Galuska SP, et al. Neutrophil extracellular traps directly
induce epithelial and endothelial cell death: A predominant role
of histones. PLoS One. 2012;7:e32366.

29. Takai S, Kimura K, Nagaki M, Satake S, Kakimi K, Moriwaki H.
Blockade of neutrophil elastase attenuates severe liver injury in
hepatitis B transgenic mice. J Virol. 2005;79:15142–50.

30. Kawai M, Harada N, Takeyama H, Okajima K. Neutrophil elastase
contributes to the development of ischemia/reperfusion-induced
liver injury by decreasing the production of insulin-like growth
factor-I in rats. Transl Res. 2010;155:294–304.

31. Jaeschke H, Smith CW. Mechanisms of neutrophil-induced
parenchymal cell injury. J Leukoc Biol. 1997;61:647–53.

32. Ho JS, Buchweitz JP, Roth RA, Ganey PE. Identification of
factors from rat neutrophils responsible for cytotoxicity to isolated
hepatocytes. J Leukoc Biol. 1996;59:716–24.

33. Krishnan A, Abdullah TS, Mounajjed T, Hartono S, McConico A,
White T, et al. A longitudinal study of whole body, tissue, and
cellular physiology in a mouse model of fibrosing NASH with high
fidelity to the human condition. Am J Physiol Gastrointest Liver
Physiol. 2017;312:G666–g680.

34. Ye D, Yao J, Du W, Chen C, Yang Y, Yan K, et al. Neutrophil
extracellular traps mediate acute liver failure in regulation of miR-
223/neutrophil elastase signaling in mice. Cell Mol Gastroenterol
Hepatol. 2022;14:587–607.

35. Li X, Gao Q, Wu W, Hai S, Hu J, You J, et al. FGL2-MCOLN3-
autophagy axis-triggered neutrophil extracellular traps exacer-
bate liver injury in fulminant viral hepatitis. Cell Mol Gastroenterol
Hepatol. 2022;14:1077–101.

36. Cho Y, Bukong TN, Tornai D, Babuta M, Vlachos IS, Kanata E,
et al. Neutrophil extracellular traps contribute to liver damage and
increase defective low-density neutrophils in alcohol-associated
hepatitis. J Hepatol. 2023;78:28–44.

37. Xu L, Liu X, Jia T, Sun Y, Du Y, Wei S, et al. Tanshinone IIA
ameliorates nonalcoholic steatohepatitis in mice by modulating
neutrophil extracellular traps and hepatocyte apoptosis. Evid
Based Complement Alternat Med. 2022;2022:5769350.

38. Chen D, Liang H, Huang L, Zhou H, Wang Z. Liraglutide
enhances the effect of checkpoint blockade through the inhibition
of neutrophil extracellular traps in murine lung and liver cancers.
FEBS Open Bio. 2022. doi:10.1002/2211-5463.13499

39. Liu Y, Yan P, Bin Y, Qin X, Wu Z. Neutrophil extracellular traps and
complications of liver transplantation. Front Immunol. 2022;13:1054753.

40. Zhu C, Shi S, Jiang P, Huang X, Zhao J, Jin Y, et al. Curcumin
alleviates hepatic ischemia-reperfusion injury by inhibiting neutro-
phil extracellular traps formation. J Invest Surg. 2023;36:2164813.

41. Liu Y, Pu X, Qin X, Gong J, Huang Z, Luo Y, et al. Neutrophil
extracellular traps regulate HMGB1 translocation and Kupffer cell
M1 polarization during acute liver transplantation rejection. Front
Immunol. 2022;13:823511.

42. Thomson AH. Human recombinant DNase in cystic fibrosis. J R
Soc Med. 1995;88 (suppl 25):24–9.

43. Holliday ZM, Earhart AP, Alnijoumi MM, Krvavac A, Allen LAH,
Schrum AG. Non-randomized trial of Dornase Alfa for acute
respiratory distress syndrome secondary to Covid-19. Front
Immunol. 2021;12:714833.

44. Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M,
Myers DD, et al. Extracellular DNA traps promote thrombosis.
Proc Natl Acad Sci USA. 2010;107:15880–5.

45. Neeli I, Dwivedi N, Khan S, Radic M. Regulation of extracellular
chromatin release from neutrophils. J Innate Immun. 2009;1:
194–201.

46. Zheng W, Warner R, Ruggeri R, Su C, Cortes C, Skoura A, et al.
PF-1355, a mechanism-based myeloperoxidase inhibitor, pre-
vents immune complex vasculitis and anti-glomerular basement
membrane glomerulonephritis. J Pharmacol Exp Ther. 2015;353:
288–98.

47. Knight JS, Zhao W, Luo W, Subramanian V, O’Dell AA, Yalavarthi
S, et al. Peptidylarginine deiminase inhibition is immunomodula-
tory and vasculoprotective in murine lupus. J Clin Invest. 2013;
123:2981–93.

48. Orci LA, Toso C, Mentha G, Morel P, Majno PE. Systematic
review and meta-analysis of the effect of perioperative steroids
on ischaemia–reperfusion injury and surgical stress response in
patients undergoing liver resection. Br J Surg. 2013;100:600–9.

49. Bressan AK, Isherwood S, Bathe OF, Dixon E, Sutherland FR,
Ball CG. Preoperative single-dose methylprednisolone prevents
surgical site infections after major liver resection: A randomized
controlled trial. Ann Surg. 2022;275:281–7.

50. Yamazaki S, Takayama T, Moriguchi M, Hayashi Y, Mitsuka Y,
Yoshida N, et al. Neutrophil elastase inhibitor following liver
resection: a matched cohort study. Hepat Mon. 2015;15:e31235.

How to cite this article: Brunnthaler L, Pereyra
D, Brenner M, Santol J, Herrmann L, Schrottmaier
WC, et al. Intrahepatic neutrophil accumulation
and extracellular trap formation are associated
with posthepatectomy liver failure. Hepatol Com-
mun. 2024;8:e0348. https://doi.org/10.1097/
HC9.0000000000000348

14 | HEPATOLOGY COMMUNICATIONS

https://doi.org/10.1097/HC9.0000000000000348
https://doi.org/10.1097/HC9.0000000000000348

