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Abstract

Background—Acetaminophen (APAP) overdose is the leading cause of acute liver failure in the
US. Although substantial progress regarding the mechanisms of APAP hepatotoxicity has been
made in the past several decades, therapeutic options are still limited and novel treatments are
clearly needed. c-jun A-terminal Kinase (JNK) has emerged as a promising therapeutic target in
recent years.

Areas covered—Early studies established the critical role of JINK activation and mitochondrial
translocation in APAP hepatotoxicity. However, this concept has also been challenged. Initial
studies failed to reproduce the protection of INK deficiency in APAP toxicity and concerns over
off-target effects of JINK inhibitors and even in knock-out mice are increasing. Interestingly, recent
studies have even shown that liver injury can be altered with or without effects on JNK activation.
The current review addresses these discrepancies and tries to explain or reconcile some of the
conflicting results.

Expert opinion—JNK is a potential therapeutic target for APAP poisoning. However,
controversies still exist regarding its actual role in APAP hepatotoxicity. Future studies are
warranted for more in-depth testing of specific inhibitors in well-defined preclinical models and
human hepatocytes before JNK can be considered a relevant therapeutic target for APAP
poisoning.
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1. Introduction and Background of APAP Hepatotoxicity

Acetaminophen (APAP; paracetamol) is the most commonly used pain reliever and fever
reducer in the US. It is available both as a single entity formulation and in combination with
other medications. In 2008, 24.6 billion doses of APAP were sold (80% of which are in OTC
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products) and an estimated 48 million Americans use APAP-containing products every week
[1]. Although it is considered safe at therapeutic doses, APAP overdose causes severe liver
injury, contributing to around 70,000 hospitalizations and 50% of cases of acute liver failure
each year in the US [2,3]. APAP alone and APAP-containing products have been listed as
the fourth and sixth highest causes of poisoning-related fatalities, respectively [4,5].

2. Basic Mechanisms of APAP Hepatotoxicity

APAP hepatotoxicity results from the cytochrome P450-catalyzed formation of a reactive
metabolite A-acetyl-p-benzoquinone imine (NAPQI) [6]. Although small amounts of
NAPQI can be detoxified by glutathione (GSH), excess reactive metabolite formation after
APAP overdose depletes hepatocellular GSH and causes protein adduct formation [7]
including adducts on mitochondrial proteins [8]. Modification of mitochondrial proteins
alters mitochondrial bioenergetics and causes oxidative stress, which subsequently leads to
ATP depletion, opening of the mitochondrial permeability transition (MPT) pore, and release
of mitochondrial intermembrane proteins, such as apoptosis-inducing factor (AIF) and
endonuclease G (Endo G), and their translocation to the nucleus [9-12]. This then results in
DNA fragmentation and necraotic cell death [13-14] (Figure 1). To date, N-acetylcysteine
(NAC) is the only available clinical antidote against APAP poisoning [15]. Dependent on the
time of NAC administration, its protective mechanisms include promoting GSH biosynthesis
to scavenge NAPQI, detoxifying reactive oxygen species and peroxynitrite, and serving as a
Krebs cycle intermediate to support mitochondrial energy production [11,16-18]. As a
result, NAC has to be given shortly after APAP overdose, before the early metabolism phase
is complete, to achieve its greatest effect (within 24h of overdose in humans) [19,20]. Since
most APAP-overdose patients present during or after the peak of injury, it is urgent to
develop new agents for late presenting patients [21].

3. Potential roles of INK in APAP Hepatotoxicity

C-Jun A-terminal kinase (JNK) is a serine/threonine protein kinase that belongs to the
mitogen-activated protein kinase (MAPK) superfamily. Three isoforms of JNK have been
identified in mammals. JINK 1 and 2 are ubiquitously expressed, whereas JNK3 is mainly
expressed in brain and testis [22,23]. JNK is activated under cell stress and has been
demonstrated to be involved in various liver pathologies including inflammation, steatosis,
fibrosis and hepatic cell death, and studies during the last several decades strongly support a
detrimental role of sustained JNK activation in hepatocyte death and liver injury in these
pathologies [24]. Interestingly, JNK activation has also been reported in both rodents and
human hepatocytes after APAP overdose [25-27]. Early studies suggested that INK
signaling has a detrimental role in the toxicity by serving as a second hit to amplify the
cellular stress [28-30]. It is believed that the first hit caused by GSH depletion, protein
binding and oxidative stress moderately impairs mitochondrial respiration, but it is
insufficient to cause cell death. However, the initial oxidative stress would sensitize
mitochondria to JNK signaling and when JNK is activated, it translocates to mitochondria
and provides a second hit which further amplifies the oxidant stress and leads to MPT pore
formation, complete loss of the mitochondrial membrane potential, and subsequently cell
necrosis [28,30,31] (Figure 1). This hypothesis has been supported by numerous studies
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using genetic or pharmacological intervention strategies. However, it has also been
challenged by several findings, especially those from recent studies [32]. Therefore, the
current review aims at addressing the conflicting findings from those studies exploring the
role of INK in APAP hepatotoxicity. By analyzing these discrepancies, we hope to provide
potential explanations and future directions for studies that might be helpful to clarify these
issues.

4. Evidence for JNK as a therapeutic target

4.1 Genetic interventions

Results from studies investigating the effect of JINK deficiency in APAP hepatotoxicity have
been controversial. Gunawan et al. showed that JINK2- but not INK1-deficient mice were
partially protected from the APAP-induced liver injury [25]. Consistent with this,
administration of JINK2 but not JNK1 anti-sense oligonucleotide also partially protected
wild type (WT) mice from the toxicity [25]. These studies strongly suggested that INK2, but
not JNK1, contributes to the liver injury after APAP overdose. However, these findings were
quickly challenged. Studies from several research groups failed to reproduce the protective
effect in INK2-deficient mice [26,30,32]. More surprisingly, one study even pointed out that
JNK2 signaling may actually have a beneficial role in APAP hepatotoxicity, and JNK2-
deficient mice had higher liver injury which may have been due to compromised tissue
repair [32].

Direct comparison of these conflicting findings is difficult because of the different doses of
APAP used in these studies [25,26,30,32]. Furthermore, in one study, APAP was dissolved in
DMSO [25], which is well known to protect against APAP toxicity by inhibiting P450-
mediated metabolic activation of APAP at even low doses [33]. Nevertheless, a follow-up
study seemed to provide another explanation for these conflicting results: off-target genetic
differences between the C57BI/6J (Nnt™/~) and C57BI/6NJ (Nnt*/*) substrains of mice [34].
It was found that the lack of protection in the later studies was actually the result of
mispairing of WT C57BI1/6J (Nnt™~) with JINK2~/~ C57BI/6NJ (Nnt*/*) substrains, and the
injury could be reversed when the JINK2~/~ mice were compared with WT C57BI/6NJ
(Nnt**) mice [34]. Despite this, the fact that JINK2-deficiency provides so little protection
that it is lost when simply comparing different substrains of mice does not support the idea
that INK2 is a central mediator of APAP toxicity. Another possible reason for the lack of
protection would be the potential compensatory effects of INK1 and JNK2 isoforms in
selective INK-deficient mice, in which one isoform may compensate for the other when
either one is deficient. This hypothesis is supported by the lack of protection in selective
JNK1 deficient mice and a greater protection when both isoforms were knocked down
[25,28]. Therefore, selective elimination of either isoform might not be sufficient to draw a
convincing conclusion. Although knockout of both JINK1 and 2 might help to clarify this
issue, whole body deficiency of both isoforms results in embryonic lethality [35], preventing
its use in APAP study. More recently, liver specific INK1 and JNK 2 double knockout mice
have been used to assess the role of INK in APAP-induced cell death [36]. The preliminary
data suggest aggravation of APAP-induced liver injury, which appears to correlate with
higher Cyp2E1 expression [36]. However, it will have to be seen if these results, which
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contradict many previous reports and conclusions as discussed in this review, reflect the lack
of a role for INK or off-target effects.

4.2 Direct JNK inhibitors

More powerful evidence for an important role for JNK in APAP hepatotoxicity may come
from inhibitor studies (Table 1). The most commonly used JNK inhibitor is SP600125,
which was discovered in 2001 [37] and subsequently introduced in studies of APAP toxicity
[38]. SP600129 is a reversible ATP-competitive inhibitor of INK and dose-dependently
inhibits the phosphorylation of c-jun and JNK itself [37]. A concentration of 20 pmol/L of
SP600125 was found to significantly protect primary mouse hepatocytes against APAP-
induced necrosis [39]. A follow-up study /n vivo confirmed the effectiveness of this
inhibitor, demonstrating that a dose of 10 mg/kg completely protected mice against the
toxicity when compared with vehicle controls when it was administered around the time of
APAP treatment [25]. Importantly, the protection was not due to inhibition of protein
binding or enhanced GSH resynthesis [25,39]. Studies from our lab and others also
confirmed the protection by this inhibitor in mice [26,30,40,41], and more importantly, we
demonstrated that SP600125 protects mainly by preventing mitochondrial oxidant stress and
peroxynitrite formation in mice [30], and it even partially protected against APAP-induced
cell death in primary human hepatocytes [27]. Its effectiveness, especially when given post-
APAP, greatly raises its potential for use in late-presenting patients with APAP poisoning.
Nevertheless, while these findings are encouraging, several caveats still exist when
interpreting data from these studies. First, SP600125 has to be dissolved in the solvent
DMSO, which is known to have numerous biological effects on cytochrome P450 enzymes
[33] and inflammatory cells [42]. Although SP600125 offers greater protection /n vivothan
DMSO alone, various other solvent effects possibly resulting in an unrealistic model cannot
be excluded. Second, very high overdoses of APAP (600 — 1000 mg/kg) were used to
overcome the DMSO-mediated inhibition of protein binding and induce significant liver
injury in mice [25,26,28,30,40,41]. Since intracellular signaling pathways after APAP
overdose may vary depending on the dose [43,44], it is possible that INK signaling at those
high doses might not be reproduced at lower toxic doses (200 — 400 mg/kg), which are
typical doses used in APAP mechanistic studies in mice. Third, although comparable GSH
depletion was observed at late time points, there is a significant delay in early GSH
depletion with SP600125 treatment compared to its vehicle [25,30]. This may add additional
mechanisms to the protection, especially when we consider the critical role of GSH
depletion in the initiation phase of APAP hepatotoxicity. Fourth, the specificity of the
inhibitor is another concern. Although the specificity of SP600125 for INK1 and JNK2
(IC50=0.04 uM) is over 10 fold higher compared to other MAP kinases, such as MKK4
(IC50= 0.4 uM) and MKKG® (IC5p= 1.0 uM) [37], we cannot exclude the possibility that
inhibition of other kinases by SP600125 may contribute or even be responsible for the effect,
especially since the dose of SP600125 used was =10 mg/kg and the actual cellular
concentrations of the inhibitor /n vivo were unknown [25,26,30,40,41]. An interesting
finding of SP600125 was its lack of protection in HuH7 cells despite the existence of INK
activation [45]. Because mechanistic cell death signaling caused by APAP in this hepatoma
cell line is clinically irrelevant due to its lack of drug metabolizing enzymes, which are
indispensable to generate NAPQI and initiate the toxicity, the protection of SP600125 in
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mice [25,26,30,40,41] and in primary human hepatocytes [27] suggests the importance of
JNK activation in these clinically relevant models.

Two other JNK inhibitors have also been used for APAP toxicity. Leflunomide (LEF), a
disease-modifying anti-rheumatic drug, was shown to protect against APAP-induced toxicity
in both immortalized human hepatocytes (HC-04) and mice via inhibition of JINK activation
and JNK-mediated MPT pore opening and iNOS-induced peroxynitrite formation [40,46].
Since the study in human liver cells showed that LEF did not affect the GSH depletion and
in mice LEF was administered at 4 h post-APAP, it was concluded that LEF protects without
inhibition of the metabolic activation of APAP [40,46]. However, a later study investigating
the protective mechanism of LEF demonstrated that inhibition of APAP bioactivation might
be involved in the protection in mice, though it was not in immortalized human hepatocytes
[47]. Because a very high dose of APAP (750 mg/kg) was used in the mouse study [40], it is
likely that the metabolism of APAP has not finished yet at the time when LEF was
administered (4 h post-APAP) and LEF could still inhibit the metabolic activation of APAP.
In addition, the MAP kinase MKK4, which is upstream of JNK, was completely inhibited in
LEF-treated mice. This may add to or actually be responsible for the hepatoprotection [40].
Future animal studies are clearly needed to determine LEF’s specificity for JNK and its
effect on APAP bioactivation. Also, considering its immunosuppressive and hepatotoxic
effects by itself [48], it is unlikely that LEF could be safely applied to APAP overdose
patients who already have compromised liver function and an immunological response.
Another JNK inhibitor that has been shown to protect against APAP hepatotoxicity is D-
JNKI1 (JNK 1, D-stereoisomer), which is a peptide that inhibits the interaction of INK with
the substrates without affecting the formation of protein adducts [26]. Unfortunately, no
further studies have been performed with this drug and mechanistic information is still very
limited in terms of its potential clinical application.

4.3 Kinases and phosphatases regulating JNK activation

As a MAP kinase, INK is intricately regulated by a network of kinases and phosphatases
(Figure 2) and many of these modulators of INK activation have been implicated in APAP
toxicity (Table 2). The first to receive widespread attention in APAP-induced liver injury
was apoptosis signal-regulating kinase 1 (ASK1) [49]. ASK1 is a mitogen-activated protein
kinase kinase kinase (MAP3K) which regulates JNK and p38 pathways [50]. Under
unstimulated conditions, ASK1 exists in a high-molecular-mass (HMM) complex called the
signalosome which comprises an ASK1 homodimer and the reduced form of thioredoxin
(Trx) [51]. In the signalosome, Trx inhibits ASK1 activity through direct binding [52]. Upon
oxidant stress, thioredoxin is oxidized and dissociates from the complex, while TRAF2 and
TRAF6 are recruited to facilitate ASK1 activation [53]. Due to the redox responsiveness,
ASK1 is a bridge between oxidant stress and JNK activation. In APAP-induced liver injury,
multiple lines of evidence have demonstrated the importance of ASK1 in maintaining
sustained JNK activation and promoting cell death. ASK1 activation starts from 3 h after
APAP, and genetic deletion of ASK1 protects against the toxicity in both mice and primary
mouse hepatocytes [49]. In addition, either as a 30 min pretreatment or a 1.5 h
posttreatment, pharmacological inhibition of ASK1 using a selective small molecule ASK1
inhibitor (GS-459679) from Gilead, Inc. provides significant protection against APAP [54].
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In either ASK1 knockout mice or ASK1 inhibitor-treated mice, JNK activation in the cytosol
and P-JNK translocation to mitochondria are both attenuated. Interestingly, ASK1 silencing
affects prolonged (>1.5 h) but not initial (<1.5 h) INK activation, indicating that ASK1 may
only be required for sustained JNK activation after APAP [49]. However, ASK1 inhibitor
studies demonstrated the highest efficacy with pretreatment and a loss of pharmacological
effect with treatment beyond 1.5 h after APAP suggesting involvement of ASK1 in early and
sustained JNK activation [54]. As JNK is also involved in liver regeneration, targeting JINK
therapeutically may raise the concern of inhibiting liver regeneration [55]. However, data
suggest that inhibiting ASK1 does not impair the regenerative capacity of the liver after
APAP, making ASK1 a potential therapeutic target in APAP toxicity [54].

While ASK1 is considered a regulator of late phase JNK activation after APAP, other studies
identified glycogen synthase kinase-3p (GSK-3p) and mixed-lineage kinase 3 (MLK3) as
early modulators of JNK activation [56,57] (Figure 2). GSK-3p was initially found to
determine glycogen disposition in response to insulin by dephosphorylating glycogen
synthase, and now it is recognized as a broadly influential enzyme regulating many cell
functions and is associated with multiple diseases [58,59]. Importantly, previous reports
demonstrated the redox-sensitivity of GSK-3p [60]. Like ASK1, MLK3 is a MAP3K and
mediates ROS-dependent JNK activation in neurons [61]. In the liver, APAP treatment
triggers GSK-3p activation and translocation to the mitochondria, and peak GSK-3f3
translocation precedes peak JNK translocation [56]. In mice and primary mouse hepatocytes,
GSK-3p silencing and MLK3 deletion both significantly protect against APAP toxicity
[56,57]. In both cases, JINK phosphorylation, especially in the early phase, is blocked
[56,57]. Also, GSH recovery is enhanced due to elevated activities of glutamate-cysteine
ligase (GCL), the rate-limiting enzyme of GSH synthesis. Moreover, loss of Mcl-1, an anti-
apoptotic protein and also a substrate for GSK-3p, is prevented [56,57]. Additional
experiments revealed that loss of MLK3 attenuates GSK-3p activation, indicating potential
interplay between the two [57]. Although GSK-3 is upstream of JNK, there is a feed-
forward mechanism between JNK and GSK-3p, as late but not early GSK-3p activation is
attenuated after JINK inhibitor treatment in mice [56]. Together, GSK-3p and MLK3 work in
concert to regulate initial JINK activation in an amplification loop, and the blockade of any
step in the loop is sufficient to limit JINK phosphorylation and provide protection against
APAP hepatotoxicity.

Phosphatases are also activated and counteract MAPK phosphorylation (Figure 2). These
phosphatases include serine/threonine, tyrosine and dual-specificity phosphatases (DUSP)
[62,63]. One such negative regulator of JNK activation is mitogen-activated protein kinase
phosphatase (Mkp)-1, which belongs to the DUSP family [62,63]. Mkp1-deficient mice
develop significantly more severe injury after APAP as shown by higher ALT levels,
increased necrotic area as well as elevated mortality [64]. In parallel, loss of Mkp-1 prolongs
and enhances JNK activation. Collectively, the aggravated phenotype suggests a beneficial
role of Mkp-1 in APAP-induced liver injury, most likely through inhibiting JNK
phosphorylation [64]. Another phosphatase is protein tyrosine phosphatase 1B (PTP1B).
PTP1B is a non-transmembrane classical PTP which modulates the phosphorylation status
of insulin receptors, leptin receptors, EGFR, PDGFR as well as insulin-like growth factor-I
receptor (IGFIR) [65-68]. Although PTP1B is not a direct phosphatase of INK, recent data
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suggest an important role of PTP1B in APAP-induced liver damage and indicates a potential
crosstalk with JNK [69]. PTP1B is upregulated in liver samples from APAP overdose
patients and in APAP-treated primary human hepatocytes [69]. Surprisingly, PTP1B™~ mice
actually have decreased JNK activation and are protected against APAP-induced liver
damage [69]. PTP1B can indirectly activate GSK3p, an upstream kinase of JNK, to initiate
Nrf2 degradation. Therefore, PTP1B deficiency may lead to prolonged Nrf2 accumulation in
the nucleus and enhanced antioxidant response [69]. Further studies demonstrated that INK
and PTP1B converge on insulin signaling, based on the fact that JNK and PTP1B both
negatively regulate insulin signaling at least in part through insulin receptor substrate
(IRS-1) after APAP [65,70,71]. Consistent with that, an insulin sensitizer rosiglitazone
reduces PTP1B protein expression and inhibits JNK activation and IRS phosphorylation
after APAP [70]. With that, it is possible that PTP1B modulates APAP-induced liver injury
through GSK3, IRS and JNK, suggesting an association between APAP and insulin
resistance.

4.4 Other interventions in JNK signaling

Besides direct JNK inhibitors and indirect JNK inhibition by upstream kinases or
downstream phosphatases, various agents have also been reported to affect the injury by
altering JNK activation. Among these, the gap junction inhibitor 2-aminoethoxy-diphenyl-
borate (2-APB) was shown to moderately protect mice against the injury partially by
reducing JNK activation [72]. The selective receptor-interacting protein kinase 1 (RIP1)
inhibitor necrostatin-1, exogenous caspase recruitment domain (ARC) protein and the
classical protein kinase C (PKC) inhibitor Go6976 also decreased JNK activation and
offered significant protection [73-75]. RIP3-deficient mice are also protected against APAP
and it has been suggested that RIP3 acts upstream of mitochondria and may affect INK
activation [76]. However, a recent paper, although supporting a role of RIP1 in JINK
activation, argued against RIP3 signaling due to the suggestion that RIP3 is only present in
non-parenchymal cells [77]. The authors also provided evidence that RIP1 translocates to the
mitochondria independent of the anchor protein Sab (SH3 domain-binding protein that
preferentially associates with Btk), which is a mandatory mitochondrial anchor for INK
[78]. Interestingly, allopurinol, a well-known drug used for gout and hyperuricemia, has also
been reported to protect mice against APAP-induced liver injury, but only decreased late
JNK activation (6 h post-APAP) without effect on early JNK activation (2 h post-APAP)
[79]. This pattern of effect on JNK activation after APAP treatment was also seen in
ASK1~/~ mice and in female mice, which were less susceptible to the toxicity than males
[41,49]. These studies suggest that the duration of JNK activation is important in APAP
hepatotoxicity. However, it also needs to be considered that JNK activation is not just “on or
off” but the absolute levels of P-JNK relative to its target, e.g., mitochondria, may be critical
for its effect. The generally used western blot analysis of JINK and P-JNK protein levels may
not be sensitive enough to capture all changes that may still have a functional impact.

Although the experimental evidence supporting the vital role of INK in APAP hepatotoxicity
seems to be quite conclusive, more and more studies have emerged in recent years to
challenge the established concept. Many compounds including estradiol, broad-spectrum
PKC inhibitors (Ro-31-8245, Go6983), BGP-15 (PARP inhibitor), 4-phenylbutyrate, and
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resveratrol have been shown to effectively protect mice against liver injury without reducing
JNK activation [75,80-82]. In addition, although mice deficient in thioredoxin reductase,
CCAAT-enhancer-binding protein homologous protein (CHOP), or M1 muscarinic receptors
also displayed decreased injury, JNK activation was not altered [83-85]. Also, while
quinone oxidoreductase 1 (NQO1) deficient mice had increased liver injury, no increased
JNK activation was detected compared to WT mice [86]. Another piece of confounding
evidence was that, although major mechanistic features of APAP-induced cell death in the
human HepaRG cell line are the same as in rodents and humans [87], no JNK activation was
seen after APAP treatment in that cell line, and a JNK inhibitor even aggravated the cell
death rather than prevented it [27]. Importantly, this was not due to the fact that this cell line
does not contain JNK or JNK could not be activated, since treatment with furosemide, a
well-known loop diuretic, did induce JNK activation in this cell line [88]. Although we
cannot rule out the possibility that signaling mechanisms in hepatoma cells might differ
from normal human hepatocytes, another explanation could be that APAP-induced injury
can progress independent of JNK activation. Overall, these findings are not completely
unexpected. The JNK pathway is clearly an amplification loop; not all cells under all
circumstances may need it. In addition, it was hypothesized that APAP overdose may induce
liver injury through JNK-dependent and -independent signaling pathways [75]. In support of
this, it has been reported that biological functions of JNK are context-dependent, and
intracellular signaling pathways after APAP overdose can vary depending on the doses
[24,43]. A dose of 300 mg/kg APAP may induce liver injury through JNK-dependent
pathways in WT mice, which was supported by the close correlation between levels of INK
activation and ALT values [41]. However, under conditions of severe stress (such as 600
mg/kg APAP), mitochondrial dysfunction may be overwhelming and cell death may occur
independent of INK-mediated MPT pathway. This was exemplified by the varied effect of
cyclophilin D-deficiency on the toxicity after different doses of APAP. With 200 mg/kg
APAP, mice deficient of cyclophilin D, which is a key regulator of MPT pore formation,
were protected with alleviated JNK activation [89]. However, under the conditions of 600
mg/kg APAP, knock-out mice displayed similar JNK activation, developed MPT and severe
necrosis as WT animals [90]. The hepatoprotective effect of INK inhibitor SP600125 was
also lost, suggesting that the JNK signaling pathway may not be critically involved in this
context, i.e., severe cell stress and cyclophilin D deficiency [90]. Another explanation is that
the effect of INK on APAP hepatotoxicity relies not only on its activation, but also the
downstream effects of P-JNK after its binding to mitochondria. Therefore, it is possible that
interventions countering the downstream events of JNK activation, such as MPT,
endonuclease release or DNA fragmentation could still protect against the injury without
attenuating the upstream JNK activation. Indeed, broad-spectrum PKC inhibitors
(Ro-31-8245, Go6983) protected against the injury by enhancing autophagy despite
sustained JNK activation [75]. Removal of damaged by mitochondria by autophagy has been
shown to limit APAP-induced cell death [91]. Chemicals such as BGP-15, 4-phenylbutyrate
and resveratrol protected mice against liver injury via inhibiting the downstream AlF release
and DNA fragmentation without alleviating JNK activation [80-82]. Thus, JNK is needed
for amplification under certain but not all conditions (dependent on dose, model system,
etc). In addition, since JNK activation is not the final step in the pathophysiology,
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interventions can protect against downstream events without affecting JNK activation.
However, this is no proof against the relevance of INK in APAP hepatotoxicity.

5. Conclusions

Currently, NAC is the only available clinical antidote for APAP poisoning, which achieves
greatest efficacy for early presenting patients. Therefore, novel therapeutic agents are clearly
needed. JNK has emerged as a promising therapeutic target for APAP hepatotoxicity in
recent studies. However, controversy and confusion still exist in the literature. Initial studies
from mice with genetic interventions suggested a detrimental role of JNK in the toxicity.
However, these results have not been consistently reproducible. Genetic differences in
mouse substrains and possible compensatory effects of INK isoforms may explain some
contradictory findings. JNK inhibition (direct JINK inhibitors or upstream kinases and
phosphatases) studies also support an important role of JNK in APAP hepatotoxicity.
However, caveats should be noted when interpreting these data, especially possible off-target
effects of the inhibitors. A few recent findings indirectly challenge the concept of JNK as
pro-injury signal. This may be explained if APAP-induced liver injury can be JNK-
dependent or —independent (depending upon dose used and other factors) or if initial INK
activation is less important than prolonged activation. We conclude that JINK appears to be a
promising therapeutic target, but that more research is needed to better understand when
JNK inhibition is beneficial before moving into the clinic.

6. Expert Opinion on the role of JNK in APAP Hepatotoxicity

JNK signaling has been shown to be critical in liver injury caused by numerous etiologies,
including I/R injury, fibrosis, HCC and NASH, and inhibition of JNK is emerging as an
attractive therapeutic strategy for these diseases [24]. Intriguingly, various JNK inhibitors
have been discovered and some of them, such as SP600125 and D-JNKI1, have
demonstrated effectiveness in preclinical studies, and CC-930 has even gone into clinical
trial [22,92-94]. Similar to these findings, many previous studies using JINK-deficient mice
or JNK inhibitors also supported a vital role of JNK in APAP hepatotoxicity. Since currently
the treatment of APAP poisoning is still limited to NAC, which is most effective in those
patients presenting early, INK has been suggested to be a therapeutic target in APAP
overdose patients [25-31]. However, most of the positive findings were derived from studies
with genetic or pharmaceutical interventions of JNK, and off-target effects of KO mice and
JNK inhibitors have not been fully considered. The development of more specific, water
soluble JNK inhibitors would certainly be helpful in clarifying these problems. In addition,
many details of the INK signaling pathway are still unknown. It was suggested that an initial
oxidant stress after APAP overdose causes JNK activation in cytoplasm and consequent
mitochondrial translocation. However, most of the oxidant stress in APAP hepatotoxicity
develops in mitochondria, and the oxidant stress in cytoplasm is minimal [95]. Therefore,
from where this initial oxidant stress comes and how it activates JNK in the cytosol is not
yet known. The connection between mitochondrial P-JNK and the MPT is also not fully
understood. The effect of INK activation and translocation to the mitochondria appears to be
dependent on the presence of Sab in the mitochondria, which is the binding target of INK
but not RIP1 [77,78]. Because sustained JNK activation was suggested to be necessary for
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the development of toxicity [28,70], while transient JNK activation is normally beneficial for
cells [96,97], we also need to explore how the balance between transient activation and
sustained activation is regulated in APAP toxicity. Another critical issue for JNK would be
its pathophysiological relevance in APAP overdose patients. Since liver biopsies are rarely
taken from APAP overdose patients in the clinic, some basic questions such as the time
course of JNK activation and mitochondrial translocation still remain unknown. Primary
human hepatocytes are emerging as a clinically relevant model for study of APAP
hepatotoxicity that can help us to answer some of these questions [27]. Although INK
activation was maintained up to 24 h post-APAP in human hepatocytes, JNK inhibition
given 3 h post-APAP was only partially effective, while the clinical antidote NAC displayed
complete protection against the toxicity when administered as late as 6 h [27]. This direct
comparison of their effectiveness indeed does not support the use of SP600125 in clinical
trials. However, the low efficacy might due to the fact that the dose of the INK inhibitor
SP600125 used in this study was limited by its solubility [27]. Therefore, other direct or
indirect interventions in JNK signaling may still be worth trying in this model.
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AlF apoptosis-inducing factor

ALT alanine aminotransferase

APAP acetaminophen

2-APB 2-aminoethoxy-diphenyl-borate

ARC apoptosis repressor with caspase recruitment domain
ASK1 apoptosis signal-regulating kinase 1

CHOP CCAAT-enhancer-binding protein homologous protein
DILI drug-induced liver injury

DMSO dimethyl sulfoxide

EndoG endonuclease G

GSH glutathione

GSK-38 glycogen synthase kinase-3f3

JNK c-jun A-terminal kinase
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MLK3 mixed-lineage kinase 3
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MAPK mitogen-activated protein kinase

MKK MAPK kinase kinase

NAC N-acetylcysteine

NAPQI N-acetyl-p-benzoquinone imine

Nnt nicotinamide nucleotide transhydrogenase

PARP poly ADP ribose polymerase

PHH primary human hepatocytes

PKC Protein kinase C

PTP1B protein tyrosine phosphatase 1B

RIP1 receptor-interacting protein kinase 1
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HIGHLIGHTS

Acetaminophen (APAP) overdose is the leading cause of acute liver failure in
the US.

JNK has emerged as a promising therapeutic target for APAP poisoning in
recent years.

Initial studies suggested a detrimental role of JNK in the toxicity, but this
concept has also been challenged.

Controversies and contradictions in the literature are addressed and clarified.

More in-depth studies are needed before JNK can be considered as a therapeutic
target for APAP poisoning.

Primary human hepatocytes are a valuable model for testing the relevance of
JNK signaling in human APAP toxicity.
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Figure 1. Mechanisms of acetaminophen hepatotoxicity
At therapeutic doses, most acetaminophen (APAP) is conjugated and excreted. A small

amount is converted to the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI),
and this can be effectively detoxified by glutathione (GSH). However, after an overdose,
excess NAPQI binds to proteins. Mitochondrial protein alkylation leads to oxidative stress
which activates multiple signaling pathways converging on the c-Jun N-terminal kinases 1/2
(INK). Activated INK (pJNK) then translocates into mitochondria and increases the
oxidative stress. Eventually, the mitochondrial membrane permeability transition (MPT)
occurs. Matrix swelling and lysis of the outer mitochondrial membrane, as well as
translocation of Bax, facilitates release of the endonucleases apoptosis-inducing factor (AIF)
and endonuclease G (EndoG) from the intermembrane space. The endonucleases then
translocate to the nucleus and fragment nuclear DNA. Ultimately, the cell dies by oncotic
Necrosis.
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Figure 2. Mechanisms of JNK activation during acetaminophen hepatotoxicity
Acetaminophen (APAP) overdose causes an initial oxidative stress that then activates INK

through multiple signaling pathways. In particular, reactive oxygen species (ROS) oxidize
cysteine residues on thioredoxin (Trx), causing it to dissociate from apoptosis signal-
regulating kinase 1 (ASK1) which is then activated and can activate JNK through a
downstream kinase cascade. There is also evidence that glycogen synthase kinase 3 3
(GSK3p) and mixed lineage kinase 3 (MLK3) can be activated by ROS and that GSK3
activation is dependent upon MLK3, although the details of their relationship are not yet
clear. Similar to ASK1, these kinases signal downstream to activate JNK. Finally, JNK can
also be activated by receptor-interacting protein kinase 1 (RIP1) and possibly by RIP3. Once
activated, JNK associates with Sab in the outer mitochondrial membrane (OMM) and can
feedback to enhance mitochondrial oxidative stress. Phosphatases, such as mitogen-activated
protein kinase phosphatase 1 (MKP-1) and possibly protein tyrosine phosphatase 1 B
(PTP1B), can regulate JNK activation through dephosphorylation.
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Table |

Studies showing evidence for or against a critical role for INK in APAP hepatotoxicity

Type of Intervention  Supports a role (ref.)  Does not support+(ref.) Conflicting data (ref.)

Genetic 25,28 26, 30, 32, 36 U
Inhibitor 25-28, 30, 39-41, 46 47,90 27"
Other 72-75,77 79-86

Explained that these conflicting results might be due to off-target genetic differences between substrains of mice
*
JNK inhibitor protected primary human hepatocytes, but human HepaRG cells did not show JNK activation.

75

ome data suggest that initial JNK activation is unimportant, but late JNK activation may play a role.
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Table Il

Other kinases and phosphatases involved in JNK signaling

Kinase/phosphatase ~ Effect on JNK activation [ref.]

Upstream / Downstream of INK

GSK3B
MLK3
ASK1
RIP1
RIP3
Mkp-1
PTP1B

Activator (early time points?) [56]
Activator (early time points?) [57]
Activator (late time points) [54]
Activator [73,77]
Activator? [76]

Inhibitor [64]

Inhibitor? *[69]

Upstream
Upstream
Upstream
Upstream
Upstream?

Downstream

*
Downstream?

*
The expected effect is decreased JNK activation, but the published results appear to be heavily influenced by other effects.
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