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Inflammation during liver injury normally serves as a mechanism for cleaning up
debris and as a stimulant for regeneration. However, aberrant levels of
inflammation can provoke further liver injury and inhibit regeneration through the
release of damaging reactive oxygen species. Considerable effort has gone into
understanding the mechanisms that control the switch between healthy and
pathological inflammation. The identification of a receptor system that detects
damage-associated molecular patterns and stimulates inflammation has led to the
idea of sterile inflammation. This article will focus on the role of sterile
inflammation during liver injury in three models where sterile inflammation has
been presumed to mediate a portion of the injury mechanism and its potential
relevance for the human pathophysiology.

Sterile inflammation occurs in the liver
during a number of etiologies of liver
injury. During hepatocyte necrosis,
normal cellular constituents are released
from dying cells as damage-associated
molecular patterns (DAMPs), and
include molecules such as high-mobility
group box-1 (HMGB1) protein, ATP,
mitochondrial DNA and nuclear DNA
fragments that are released from cells
and can stimulate toll-like receptors
(TLRs) [1]. This leads to the activation
of Kupffer cells and other inflammatory
cells that express TLRs in the liver, tran-
scriptional activation of cytokine genes
and recruitment of cytotoxic cells such
as neutrophils and monocytes that can
potentially damage hepatocytes. In addi-
tion, DAMPs like ATP can activate the
Nalp3 inflammasome in Kupffer cells
through binding to purinergic receptors
resulting in the activation of caspase-1,
which processes pro-IL-1b or pro-
IL-18 to the active cytokines [1]. Some
of the cytokines can stimulate regenera-
tion and recruit more macrophages to
clear necrotic cell debris, making space
for new hepatocytes. While interventions
against sterile inflammation have proven
to be highly efficacious in some models,
the interpretation of results in other

models is still under debate. This edito-
rial will attempt to review the current
evidence in favor of, and against, sterile
inflammation as a mediator of liver
injury, with a focus on clinically relevant
models including ischemia–reperfusion
injury, acetaminophen (APAP) hepato-
toxicity and cholestatic liver injury.

Liver ischemia–reperfusion injury
Liver ischemia–reperfusion injury is an
area where sterile inflammation is gener-
ally thought to have a well-defined
role [2–6]. Ischemia–reperfusion injury
occurs in the liver during multiple liver
surgeries, but primarily during hepatic
resection and liver transplantation. The
ischemic period causes cellular swelling
and low amount of hepatocyte death
due to hypoxia and hyperosmotic swell-
ing [2,4]. Upon reperfusion, the swollen
and dead cells release a portion of their
intracellular contents, including a num-
ber of DAMPs [4]. Extensive comple-
ment activation triggers a Kupffer
cell–induced oxidant stress, which con-
tributes to the early cell injury [2]. In
addition, DAMPs release triggers cyto-
kine formation from local macrophages,
which recruits neutrophils that mediate
the later portion of the injury [2].
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Inhibition of DAMP receptors such as TLR4 or TLR9, or
antagonism of TLRs has repeatedly been shown to protect
against hepatic ischemia–reperfusion injury [5,6] by blocking
interactions with their ligands such as HMGB1 and DNA,
respectively. This results in a reduction in markers of liver
injury and a concurrent reduction in recruited neutrophils and
activated macrophages. Given the well-defined role of inflam-
matory cells such as macrophages and neutrophils in the medi-
ation of liver ischemia–reperfusion injury [2] and the efficacy of
depletion of either TLRs or their respective ligands, sterile
inflammation likely plays a significant role in liver in rodent
models of liver ischemia–reperfusion injury and is likely impor-
tant in human patients undergoing ischemia–reperfusion.

APAP overdose
Whereas there is little controversy in the liver ischemia–reperfu-
sion injury field, there is a substantial debate on whether sterile
inflammation exacerbates APAP-induced liver injury. While
therapeutic levels of APAP are non-toxic in most cases, an
overdose leads to substantial liver injury. It is generally believed
that the initial mediator is the reactive metabolite N-acetyl-p-
benzoquinoneimine and its adduction to cellular proteins, which
results in mitochondrial oxidant stress and eventual cellular
necrosis (reviewed in [7]). The extensive necrotic cell death
causes the release of DAMPs including HMGB1, mitochondrial
DNA and nuclear DNA fragments. As a consequence, macro-
phages generate pro-inflammatory mediators, which recruit
initially neutrophils and later monocytes into the liver (reviewed
in [8]). These events are undisputed during APAP-induced
liver injury in mice or humans. However, a debate exists
whether this sterile inflammatory response exaggerates the injury
via the recruitment of cytotoxic neutrophils or prepares for
recovery. For example, it was suggested that IL-1b is an essential
pro-inflammatory mediator that promotes APAP-induced
liver injury [9]. Although IL-1b is generated through the
Nalp3 inflammasome, a protein complex present in immune
cells that results in the activation of caspase-1, the absolute
IL-1b levels that are being generated are orders of magnitude
too low to have an impact on the pathophysiology [10]; in
addition, IL-1 receptor-deficient mice are not protected [10].
A number of pharmaceutical interventions that are protective
against APAP have also been attributed to a reduction in
IL-1b/IL-18 levels via inhibition of the inflammasome (reviewed
in [8,10]). However, a majority of studies that suggest a contribu-
tion of sterile inflammation to APAP-induced liver injury fail to
fully assess metabolic activation of APAP and other off-target
effects. For example, the purinergic receptor antagonist
A438079 protects against APAP-induced liver injury by inhibit-
ing cytochrome P450 enzyme activities [11] and not
by preventing the activation of the Nalp3 inflammasome in
Kupffer cells as suggested [12]. Most importantly, neither relevant
formation of IL-1b was observed in APAP overdose patients nor
were there differences between surviving and non-surviving
patients [WOOLBRIGHT BL, JAESCHKE H, UNPUBLISHED DATA], making it highly
unlikely that IL-1b is a critical mediator in the pathophysiology.

All inflammatory cytokines produced during sterile inflamma-
tion require neutrophils and/or monocytes to cause toxicity.
Another common mistake is to just look at correlations between
injury and hepatic neutrophils as evidence for neutrophil-
mediated injury. Since sterile inflammation and neutrophil
recruitment depend on the injury, any reduced liver injury will
cause less neutrophil accumulation in the liver, but this does not
prove that neutrophils actually caused damage. In contrast, various
studies on neutrophil function during APAP hepatotoxicity have
shown no relevant activation of hepatic or circulating neutrophils
and no protection when neutrophils are inactivated [8,13]. More
importantly, neutrophil activation in APAP overdose patients
occurs not during the injury phase, when alanine aminotransferase
values are rising, but only during the regeneration phase, when
alanine aminotransferase and liver injury parameters are falling,
and resolution of the injury and regeneration begins [13]. As prim-
ing and activation, especially for reactive oxygen formation, is
required for neutrophil cytotoxicity [4], these data suggest the
primary role of neutrophils during APAP hepatotoxicity occurs
after the injury phase [13]. Similar data were also reported for
infiltrating monocytes in animals [14] and patients [15].

As such, it is unlikely that sterile inflammation plays a major
role in the pathophysiology of APAP overdose. It is substan-
tially more likely that inflammation during APAP-induced liver
injury serves as a pro-regenerative measure that clears necrotic
debris and paves the way for liver cell regeneration [8].

Cholestatic liver injury
Cholestatic liver injury occurs during a number of different
liver pathologies including obstructive cholestasis, primary
biliary cirrhosis, primary sclerosing cholangitis and more [16].
Cholestasis results in retention of bile species in hepatocytes,
which may elicit a number of compensatory changes in the
liver. Since murine bile acids do not cause hepatocellular
injury, neutrophil recruitment is caused by release of chemo-
tactic factors such as biliary osteopontin and bile acid-induced
CXC chemokine formation in hepatocytes [17]. Thus, the sterile
inflammatory response is initiated independent of cell necrosis.
However, neutrophils are responsible for most of the cell
injury [18]. Although DAMPs such as HMGB1 are being
released [19], TLR4 deficiency has no effect on the injury [17].
In contrast to the murine model, pathophysiologically relevant
concentrations of human bile acids cause cell necrosis in human
hepatocytes and release of DAMPs in patients with obstructive
cholestasis directly [20]. These findings suggest that a sterile
inflammatory response occurs in both mice and humans during
cholestasis, albeit the initiating mechanisms are different.
In addition, in contrast to the well-established role of neutro-
phils in the mouse bile duct ligation model [18], the importance
of sterile inflammation in patients remains to be investigated.

Conclusions
While a number of studies have reported a role for sterile
inflammation in the pathogenesis of liver injury, there remains
a debate in the field as to how relevant some of these studies
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actually are and how useful sterile inflammation may be as a
therapeutic target. More work is required in this area to resolve
these issues, especially in regards to how much of the current
information in animal models can accurately be translated to
human patients.

Financial & competing interests disclosure

The authors were supported in part by NIH grants: DK070195,

DK102142 and AA12916, UL1TR000001; 8 P20 GM103549-07 and

5P20RR021940-07, and ES007079-26A2. BL Woolbright is supported

by a postdoctoral fellowship from the ‘Training Program in Environmen-

tal Toxicology’, T32 ES007079-26A2, from the National Institute of

Environmental Health Sciences. H Jaeschke is supported by NIH

R01 grants DK070195, DK102142 and AA12916; and grants from the

National Center for Research Resources (5P20RR021940-07) and the

National Institute of General Medical Sciences (8 P20 GM103549-07)

of the National Institutes of Health. H Jaeschke has also received a CTSA

grant from NCATS awarded to the University of Kansas Medical Center

for Frontiers: The Heartland Institute for Clinical and Translational

Research, grant number: UL1TR000001 (formerly #UL1RR033179).

The authors have no other relevant affiliations or financial involvement

with any organization or entity with a financial interest in or financial

conflict with the subject matter or materials discussed in the manuscript

apart from those disclosed.

References

1. Kubes P, Mehal WZ. Sterile inflammation

in the liver. Gastroenterology 2012;143(5):

1158-72

2. Jaeschke H. Molecular mechanisms of

hepatic ischemia-reperfusion injury and

preconditioning. Am J Physiol Gastrointest

Liver Physiol 2003;284(1):G15-26

3. Jaeschke H, Woolbright BL. Current

strategies to minimize hepatic

ischemia-reperfusion injury by targeting

reactive oxygen species. Transplant Rev

(Orlando) 2012;26(2):103-14

4. Jaeschke H. Mechanisms of Liver Injury. II.

Mechanisms of neutrophil-induced liver cell

injury during hepatic ischemia-reperfusion

and other acute inflammatory conditions.

Am J Physiol Gastrointest Liver Physiol

2006;290(6):G1083-8

5. Klune JR, Tsung A. Molecular biology of

liver ischemia/reperfusion injury: established

mechanisms and recent advancements. Surg

Clin North Am 2010;90(4):665-77

6. van Golen RF, Reiniers MJ, Olthof PB,

et al. Sterile inflammation in hepatic

ischemia/reperfusion injury: present concepts

and potential therapeutics. J Gastroenterol

Hepatol 2013;28(3):394-400

7. Jaeschke H, McGill MR, Ramachandran A.

Oxidant stress, mitochondria, and cell death

mechanisms in drug-induced liver injury:

lessons learned from acetaminophen

hepatotoxicity. Drug Metab Rev 2012;

44(1):88-106

8. Jaeschke H, Williams CD, Ramachandran A,

Bajt ML. Acetaminophen hepatotoxicity and

repair: the role of sterile inflammation and

innate immunity. Liver Int 2012;32(1):8-20

9. Imaeda AB, Watanabe A, Sohail MA, et al.

Acetaminophen-induced hepatotoxicity in

mice is dependent on Tlr9 and the

Nalp3 inflammasome. J Clin Invest 2009;

119(2):305-14

10. Williams CD, Farhood A, Jaeschke H. Role

of caspase-1 and interleukin-1beta in

acetaminophen-induced hepatic

inflammation and liver injury. Toxicol Appl

Pharmacol 2010;247(3):169-78

11. Xie Y, Williams CD, McGill MR, et al.

Purinergic receptor antagonist

A438079 protects against

acetaminophen-induced liver injury by

inhibiting p450 isoenzymes, not by

inflammasome activation. Toxicol Sci 2013;

131(1):325-35

12. Hoque R, Sohail MA, Salhanick S, et al.

P2X7 receptor-mediated purinergic signaling

promotes liver injury in acetaminophen

hepatotoxicity in mice. Am J Physiol

Gastrointest Liver Physiol 2012;302(10):

G1171-9

13. Williams CD, Bajt ML, Sharpe MR, et al.

Neutrophil activation during acetaminophen

hepatotoxicity and repair in mice and

humans. Toxicol Appl Pharmacol 2014;

275(2):122-33

14. You Q, Holt M, Yin H, et al. Role of

hepatic resident and infiltrating

macrophages in liver repair after acute

injury. Biochem Pharmacol 2013;86(6):

836-43

15. Antoniades CG, Quaglia A, Taams LS,

et al. Source and characterization of hepatic

macrophages in acetaminophen-induced

acute liver failure in humans. Hepatology

2012;56(2):735-46

16. Woolbright BL, Jaeschke H. Novel insight

into mechanisms of cholestatic liver injury.

World J Gastroenterol 2012;18(36):4985-93

17. Allen K, Jaeschke H, Copple BL. Bile acids

induce inflammatory genes in hepatocytes:

a novel mechanism of inflammation during

obstructive cholestasis. Am J Pathol 2011;

178(1):175-86

18. Gujral JS, Farhood A, Bajt ML, Jaeschke H.

Neutrophils aggravate acute liver injury

during obstructive cholestasis in bile

duct-ligated mice. Hepatology 2003;38(2):

355-63

19. Woolbright BL, Antoine DJ, Jenkins RE,

et al. Plasma biomarkers of liver injury and

inflammation demonstrate a lack of

apoptosis during obstructive cholestasis in

mice. Toxicol Appl Pharmacol 2013;273(3):

524-31

20. Woolbright BL, Dorko K, Antoine DJ,

et al. Bile acid-induced necrosis in primary

human hepatocytes and in patients with

obstructive cholestasis. Toxicol Appl

Pharmacol 2015;283(3):168-77

Sterile inflammation in acute liver injury Editorial

informahealthcare.com 1029

http://informahealthcare.com

	Liver ischemia&ndash;reperfusion injury
	APAP overdose
	Cholestatic liver injury
	Conclusions
	Financial & competing interests disclosure

