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Introduction
Acetaminophen overdose is the major cause of acute liver failure 

(ALF) in the developed countries.1 The APAP hepatotoxicity is 
triggered by a highly reactive metabolite, N-acetyl-p-benzoquinone 
imine (NAPQI), which depletes glutathione (GSH) and initiates 
mitochondrial oxidative stress2,3 this leads to the collapse of the 
mitochondrial membrane potential, the latter diminishes the 
mitochondrial capacity to synthesize ATP,4 and ATP depletion leads 
to massive hepatocyte necrosis, which is the predominant feature of 
APAP hepatotoxicity,4,5 and liver repair is the key to survival after 
the toxic insult.6‒8 Currently the underlying mechanisms of the APAP 
toxicity are still not completely understood. It is well accepted that 
inflammation contributes to early liver injury in APAP overdose; 
however, emerging evidence is showing that inflammation also 
improves the liver regeneration during the late phase of APAP 
hepatotoxicity,9‒13 and NF-kB, a master regulator of inflammation, 
plays an important role in modulating hepatic regeneration in APAP 
overdose.10,13,14 Since hepatocytes are mostly in a quiescent state (G0),8 
pro-inflammatory cytokines such as TNF-α and IL-68,15,16 are needed 
to prime hepatocytes, this process makes cells more responsive to 
growth factors. The exposure to hepatocyte growth factor results in 
the expression of cell cycle proteins and the induction of cyclin D1 
is the most reliable marker for cell cycle (G1 phase) progression in 
hepatocytes. Once hepatocytes express cyclin D1, they have passed 
the G1 restriction point and are committed to DNA replication.8 

Many factors including nutrients and metabolic status can 
influence liver regeneration.8,15,16 After the loss of a large number of 
parenchymal cells, the metabolic work of surviving hepatocytes is 
increased and more ATP is needed for maintaining homeostasis and 
regeneration in APAP overdose.15 

This manuscript focuses on some new insights into the APAP 
hepatotoxicity research. 

The roles of Kupffer cells and liver sinusoidal endothelial cells in 
APAP hepatotoxicity.

Kupffer cells (KCs) are the most abundant mononuclear 
phagocytes in the body and a predominant source of inflammatory 
cytokines released into the systemic circulation.17 Kupffer cells 
play an important role in APAP overdose,12,18 the depletion of KCs 
confers protection at early time point18 but can lead to more severe 
injury at later time point during APAP hepatotoxicity.12 These 
results indicate that it is possible that KCs might play a “dual” role 
in APAP overdose: the classically activated M1 and alternatively 
activated M2 populations are proliferating and/ or migrating into the 
liver,11,19,20 and the M1 subset macrophages might play hepatotoxic 
role at early stage of APAP toxicity, while the M2 subset macrophages 
likely play hepatoprotective role at late phase of APAP-induced liver 
injury.19 This notion is further supported by the other APAP toxicity 
studies9,21 in which the anti-inflammatory agent ethyl pyruvate (EP) 
reduces liver injury at early phase but impairs hepatic regeneration 
at late phase9 while Ringer’s lactate, the pro-inflammatory solution, 
improves liver recovery at late phase.10 Emerging evidence shows 
that the combined absence of hepatic resident macrophages (KCs) 
and infiltrating macrophages (IMs) results in a marked delay in liver 
repair, and this delay is not due to impaired hepatocyte proliferation 
but rather prolonged vascular leakage, which is caused by APAP-
induced liver sinusoidal endothelial cell (LSEC) injury. KCs express 
an array of angiogenic factors and induce LSEC proliferation and 
migration,21 suggesting that KCs play an important role in liver blood 
vessel repair during APAP hepatotoxicity. 
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Abstract

Acetaminophen (APAP) toxicity is the leading cause of drug-induced acute liver failure 
(ALF) in the developed countries; however the underlying mechanisms of APAP toxicity 
are still not clear. Massive hepatocyte necrosis is the predominant feature of APAP 
hepatotoxicity; the liver regeneration is the vital process for survival after the toxic insult 
and many factors can influence liver repair. Emerging evidence shows that inflammation 
improves liver regeneration during the late phase of APAP hepatotoxicity; enhanced 
NF-kB activation, an important regulator of inflammation, is associated with improved 
liver recovery in APAP overdose; some widely used methods are not reliable to reveal 
liver regeneration in APAP toxicity research. These results indicate that the underlying 
mechanism of APAP hepatotoxicity is different from what currently well-accepted ones 
in which, inflammation is frequently considered to be responsible for liver tissue damage, 
and it is necessary to re-assess the underlying mechanism of liver regeneration in APAP 
overdose. This manuscript focuses on some new insights into the APAP toxicity research.
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The role of neutrophils in APAP liver injury

The role of neutrophils in APAP toxicity is currently controversial. 
Neutrophils have been shown to contribute to liver injury in APAP 
overdose;22 however, conflicting data are also reported that a 
significant reduction in neutrophils accumulation shows no protection 
against APAP toxicity.23 New evidence shows that pro-inflammatory 
therapy, the Ringer’s lactate solution (RLS), does not worsen liver 
injury at early phase but improves liver repair at the late phase of APAP 
overdose, and the beneficial effect is not associated with neutrophil 
activity (MPO) level;10 the anti-inflammatory agent ethyl pyruvate 
(EP) reduces early stage liver injury but impairs liver regeneration 
at the late phase of APAP toxicity; the early protective effect is 
associated with decreased hepatic MPO level; however, the late 
detrimental effect is not associated with hepatic MPO concentrations.9 
These results indicate that neutrophils might contribute to early liver 
injury but do not play a major role in liver regeneration during APAP 
toxicity. 

The role of TNF-a in APAP toxicity

Currently the role of TNF-a in APAP overdose is controversial. The 
pro-inflammatory mediator TNF-a has been demonstrated to promote 
tissue damage during APAP toxicity;24‒26 however, TNF-α is also 
reported as an important pro-regenerative cytokine, which can prime 
hepatocytes to facilitate liver regeneration.8,27,28 New evidence shows 
that pro-inflammatory Ringer’s lactate solution (RLS) increases early 
hepatic tissue TNF-a concentration but does not worsen the early 
liver injury in APAP overdose; RLS increases serum TNF-a level at 
late phase and the increased serum TNF-a level is associated with 
improved liver recovery in APAP overdose.10 The anti-inflammatory 
agent ethyl pyruvate (EP) reduces liver injury at early phase but 
impairs hepatocyte regeneration during the late phase of APAP 
hepatotoxicity, and the impaired late phase liver repair is associated 
with decreased serum TNF-a.9 Blockade of HMGB1 does not reduce 
early liver injury even though it decreases early hepatic TNF-a level 
during APAP toxicity; however, this therapy improves late phase liver 
regeneration, and this beneficial effect is associated with increased 
TNF-a level during the late phase of APAP hepatotoxicity.11 These 
new evidences suggest that TNF-a might contribute to early liver 
injury, but it is not a strong early injurious factor in APAP overdoses; 
early increased TNF-a might prime hepatocyte to facilitate the late 
phase liver regeneration; the increased TNF-a level at late time point 
is associated with improved liver repair during APAP hepatotoxicity.

The role of HMGB1 in APAP overdose 

APAP overdose induces massive hepatocyte necrosis,4,5,9,10 and 
necrotic tissue passively releases HMGB1,29‒31 which is a ubiquitous 
nuclear protein secreted by immunocompetent cells, including 
monocytes, macrophages and neutrophils, and this highly conservative 
nuclear protein is an important late inflammatory mediator in sepsis.32 
HMGB1 plays an important role in modulating inflammatory cascade 
in activated macrophages: HMGB1 stimulates macrophages to release 
TNF-α and IL-6, while HMGB1neutralizing antibody can block 
TNF-α release33,34 and knocking-out HMGB1 receptor can reverse 
IL-6 release [34]. Exogenous HMGB1 injection induces liver injury 
in normal mice;35 HMGB1 impairs hepatocyte regeneration and 
blockade of HMGB1 improves liver regeneration in mice subjected 
to APAP overdose;13 anti-HMGB1 treatment protects against APAP 
hepatotoxicity in rats;36 in addition, HMGB1 mediates gut bacterial 
translocation (BT) during APAP hepatotoxicity.11 

The role of NF-kB in APAP overdose
NF-kB is a master regulator of inflammation and the activation of 

NF-κB is linked strongly not only to the inflammatory response,32,37,38 
but also to liver regeneration,8 NF- κB is currently thought to play a 
major role in the initiation of liver regeneration after cell or tissue 
loss (such as partial hepatectomy).8,16 NF- κB activation also induces 
increased expression of survival genes, including BCLXL and 
A1 in liver injury.39 Inhibition of NF-κB after partial hepatectomy 
results in massive hepatocyte apoptosis worsens liver injury and 
decreases survival.40 There is evidence suggesting that the impact 
of APAP toxicity ensues, at least in part, by dramatic modulation 
of inflammatory and/ or regeneration programs,41 therefore, it is 
possible that in APAP overdose, enhanced NF-κB activation diverts 
intracellular pathways from those associated with inflammation and 
cell death to mechanisms linked to recruitment and activation of pro-
regenerative programs, this notion is supported by following studies: 
enhanced NF-kB DNA binding is associated with improved liver 
recovery during the late phase of APAP hepatotoxicity;10,13 in contrast, 
decreased NF-kB DNA binding is associated with impaired liver 
regeneration.14 The role of NF-kB during the early injurious phase of 
APAP toxicity is still not clear.

The roles of 5-bromo-2-deoxyuridine (BrdU), proliferating cell 
nuclear antigen (PCNA) and HE stainings in APAP toxicity research 

Currently the BrdU and PCNA immunohistochemistry stainings 
are well-accepted to reveal hepatic regeneration in liver injuries; 
however, these two methods are not reliable to detect liver regeneration 
during APAP hepatotoxicity in the commonly used C57/BL6 mice, 
because the specificity of the first antibody significantly influences 
the results:10,11,13,42,43 the PCNA (Invitrogen) kits mainly stain the non-
parenchymal cells while the BrdU kits mainly stain hepatocyte;10,11,13 
the animal species also markedly influence the results: 24 hrs after in 
B6C3F1 mice42 and B6J129 SVF2 mice,43 however, BrdU and PCNA 
(Invitrogen) methods only show negative or occasional positive 
staining in C57/BL6 mice;10,11,44 more importantly, 48 hrs after APAP 
subjected to C57/BL6 mice, both PCNA (Invitrogen) and BrdU 
methods show that the extent of hepatic PCNA /BrdU expression 
depends mainly on the extent of liver damage, because the expression 
of hepatic PCNA /BrdU is significantly correlated with the area of 
hepatocyte necrosis for each mouse: larger size of necrosis has larger 
number of PCNA/BrdU positive cells, while improved liver repair 
with smaller necrotic size has smaller number of PCNA/BrdU positive 
cells, this is not conventionally expected.10,11,44 In addition, the number 
of PCNA-positive non-parenchymal cells is 10 times larger than the 
number of BrdU-positive hepatocyte in C57/BL6 mice during APAP 
hepatotoxicity,11 suggesting that currently the non-parenchymal cells 
are likely underestimated, and the number of the non- parenchymal 
cell loss could be larger than the hepatocyte loss during APAP toxicity, 
the latter could explain the impaired immune function and the higher 
incidence of gram-negative infection during hepatotoxicity,11,45 further 
investigation is needed to focus on non parenchymal cell loss in APAP 
overdose. 

Currently HE staining is not widely used to detect early 
hepatocyte regeneration; however, HE staining is reliable to reveal 
liver regeneration in C57/BL6 mice during APAP hepatotoxicity,11,13 

and the pattern of hepatocyte regeneration revealed by HE staining 
does not match the liver proliferation revealed by BrdU/ PCNA 
methods,10,11,13 these results indicate that the conventional PCNA and 
BrdU methods are not reliable to reveal liver regeneration in C57/BL6 
mice subjected to APAP overdose and other parameters are needed to 
detect liver repair in APAP toxicity. 
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The role of Cyclin D1 in APAP overdose 

Regeneration ensures the replacement of necrotic cells and the full 
recovery of organ function. The induction of cyclin D1 is the most 
reliable marker for cell cycle (G1 phase) progression in hepatocytes, 
because once hepatocytes express cyclin D1, they have passed the 
G1 restriction point and are committed to DNA replication.8 Ringer’s 
lactate solution (RLS) therapy and the anti-HMGB1 treatment enhance 
liver recovery at the late phase of APAP toxicity by increasing cyclin 
D1 expression;10,13 in contrast, the Ethyl pyruvate (EP) therapy and 
the prolonged treatment with N-acetyl-cysteine (NAC) impair liver 
regeneration by decreasing cyclin D1 expression.9,14 These reports 
support the notion that cyclin D1 is reliable to reveal liver regeneration 
during APAP hepatotoxicity.

The role of NAC therapy in APAP overdose

Currently N-acetyl-cysteine is the antidote for APAP toxicity,46 
and it is commonly used for more than 24 hours in many medical 
centres. However, this antidotal therapy is effective only for patients 
who present within hours of an acute overdose, and is less effective 
for delayed cases.46,47 In addition, prolonged (longer than 24 hrs) 
treatment with NAC could be toxic and delays liver regeneration in 
APAP hepatotoxicity, and the detrimental effect is associated with 
reduced NF-kB DNA binding and decreased cyclin D1 expression.14

The anti-and pro-inflammatory therapies in APAP 
toxicity

EP is a potent anti-inflammatory agent and a reactive oxygen 
species (ROS) scavenger.48,49 EP inhibits LPS-stimulated macrophages 
to release TNF-a, IL-6 and HMGB1;32 EP also protects against 
liver injury in the following models: acute alcoholic hepatitis,50 
hemorrhagic shock,51 sepsis,52 acute extrahepatic obstruction,53 and 
acute necrotizing pancreatitis.54 EP reduces liver injury at 24 hours but 
impairs liver regeneration at 48 hrs during APAP hepatotoxicity, and 
the late detrimental effect is associated with decreased serum TNF-a 
concentration and reduced cyclin D1 expression in liver tissue.

Ringer’s lactate solution (RLS) is a frequently used resuscitative 
fluid, which has been shown to increase serum IL-6, IL-855,56 and 
TNF-α56,57 in patients and experimental animals; in addition, RLS can 
provide lactate as an alternative metabolic fuel.58‒64 “Lactic acid” was 
thought to be responsible for tissue damage, and as a consequence, 
lactate is frequently considered to be a “toxic” compound. These 
concepts are now being re-examined as metabolic evidence has 
emerged in favour of lactate reassessment.65,66 Lactate provides 
a satisfactory alternative to glucose as the primary energy in brain 
tissue during recovery from hypoxia,67,68 and lactate infusion can 
improve the recovery of neuron damage following brain injury.63 
Moreover, lactate improves cardiac efficiency during shock, and it 
has recently been shown that lactate deprivation during shock impairs 
heart metabolism.69 These evidences indicate that lactate can be 
used as an energy substrate and resuscitative fluid to improve liver 
repair in APAP overdose, and this hypothesis has been confirmed.10 
The pro-inflammatory RLS solution improves liver regeneration in 
APAP toxicity, the beneficial effect is associated with an augmented 
NF-κB DNA binding, increased hepatic cyclin D1 expression, and 
the increased pro-regenerative cytokine TNF-α concentrations, which 
might prime hepatocyte to facilitate liver regeneration. 

The role of gut barrier dysfunction in APAP toxicity

During APAP hepatotoxicity, the gut mucosa is significantly 
injured, the intestinal mucosal permeability is markedly increased, 

and the loss of microvillus epithelial cell line is confirmed by 
pathology. APAP overdose induces evident gut bacterial translocation 
(BT),11 which might be responsible for the high incidence of intestinal 
gram-negative bacterial infection during hepatotoxicity, and BT might 
trigger the systemic inflammatory response syndrome (SIRS), which 
can lead to multiple organ failure (MOF) and mortality in acute liver 
failure (ALF).11,45 Blockade of HMGB1 reduces 85% of BT but does 
not decrease gut mucosal permeability during APAP hepatotoxicity,11 
this indicates that BT is mediated (at least partly) by HMGB1, and 
neutralization of HMGB1 might present a novel therapy to prevent 
MOF from BT during APAP hepatotoxicity. 

Conclusion
Inflammation contributes to early liver injury but improves liver 

repair during APAP hepatotoxicity, and anti-inflammation therapy 
at late phase is not beneficial. TNF-α facilitates liver regeneration in 
APAP overdose. NF-kB modulates liver regeneration at the late phase 
of APAP toxicity. Traditional PCNA and BrdU staining methods are 
not reliable to reveal the extent of liver regeneration in commonly 
used C57/BL6 mice during APAP toxicity; in contrast, cyclin D1 is a 
reliable parameter for liver regeneration in APAP overdose. Prolonged 
treatment with NAC is potentially toxic and delays liver recovery 
in APAP overdose. HMGB1 impairs hepatocyte regeneration and 
mediates BT during APAP hepatotoxicity.
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