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Abstract

Acetaminophen (APAP) is a commonly used analgesics and antipyretic agent. The therapeutic or recommended dose of APAP
is not associated with adverse effects. However, intentional or unintentional overdose of APAP causes acute liver injury or acute
liver failure if treatment is delayed. Currently, APAP-induced liver injury is one of the major causes of acute liver injury in
the United States and other western countries. C-Jun N terminal kinase (JNK) implicated in stress-related signaling pathway
plays an indispensable role in the mechanism of APAP hepatotoxicity. JNK mediates depletion of mitochondrial glutathione
in the metabolic phase and enhances oxidative stress to aggravate liver injury. In addition, JNK plays an important role in
APAP-induced apoptosis, necrosis or other forms of cell death. Furthermore, JNK plays a role in regulation of endogenous
immune system and aseptic inflammatory responses induced by APAP. However, JNK may promote cell regeneration after
APAP-induced cell death. The present review therefore highlights the functions of JNK in APAP-induced liver injury.
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Acetaminophen (APAP), also known as paracetamol or N-acetyl para-aminophenol, is a commonly used
analgesic and antipyretic agent. The recommended dose of APAP is usually less than 4g/day and this dose
is considered to be safe [1, 2]. However, excessive intake of APAP can cause acute liver injury which may



progress to Acute Liver Failure (ALF). Notably, a previous study reported that a single dose of APAP >
125mg/kg can cause liver damage [3]. Currently, APAP-induced liver injury is a common cause of acute
liver injury in the United States and most western countries.

C-Jun N terminal kinase (JNK) pathway is one of the 3 branches of the MAPK signaling pathway [4]. JNK
is activated when cells are exposed to various forms of stress (osmotic stress, oxidative stress and radiation)
or when they are treated with cytokines such as TNF and IL-1[4-6]. Therefore, JNK is considered to be
a kinase activated by stress. JNK protein kinases are encoded by three genes, namely; JNK1, JNK2 and
JNK3. JNK1 and JNK2 genes are expressed ubiquitously unlike JNK3 which has a more limited pattern of
expression and is mainly expressed in the brain, heart and testis[4]. The aim of the present review was to
explore the role of JNK in APAP-induced liver injury mainly focusing on JNK1 and JNK2 functions.

Acetyl-L-cysteine (NAC), the only FDA approved remedy for APAP-induced toxicity is a precursor for
GSH that has a therapeutic effect against APAP overdose. NAC is only effective when administered during
early phases of APAP toxicity, due to its narrow therapeutic window. JNK signaling pathway plays a
significant role in APAP-induced liver injury. Therefore, JNK is a promising target for treatment of APAP
hepatotoxicity. Therefore, this review summarizes the role of JNK in APAP-induced toxicity.

JNK in Metabolism of APAP in the liver.

APAP is mainly conjugated with glucuronic acid by enzymes in the UDP-glucuronosyltransferase (UGT) 1A
subfamily and sulfated by sulfotransferase enzymes at therapeutic doses, to form hydrophilic compounds in
the liver after which are then excreted through bile and urine. In addition, only a small portion of APAP is
metabolized by phase I enzymes such as cytochrome P450 enzymes, to form the active metabolite N-acetyl-p-
benzoquinone imine (NAPQI). NAPQI is a toxic metabolite that is detoxified by reduced Glutathione (GSH)
to prevent it from binding to proteins containing sulthydryl groups, reduce oxidative stress and prevent liver
injury. On the other hand, excess NAPQI generated from an overdose of APAP results in depletion of GSH
in the cytoplasm and mitochondria [7, 8]. NAPQI then covalently binds with protein sulfthydryl groups and
forms NAPQI-protein adducts. Previous studies report that APAP-protein adducts are the main causes of
APAP-induced hepatocyte injury [9]. However, formation of NAPQI-protein adducts does not solely cause
severe liver injury because 3’-hydroxyacetanilide (AMAP), a non-toxic regioisomer of APAP in mice, also
produces the same amount of covalent conjugates as APAP [10]. The difference between APAP and AMAP
is that GSH in the cytoplasm and Endoplasmic Reticulum (ER) and not the mitochondria, is consumed
when AMAP is used. As a result, there is no activation of various complex pathways associated with
JNK and no liver damage occurs when AMAP is administered[11]. Previous studies report that depletion
of mitochondrial GSH induces release of Reactive Oxygen Species (ROS) [12, 13] and activates the JNK
signaling pathway[14]. Notably, AMAP is toxic to human liver cells as it forms mitochondrial protein
adducts and causes mitochondrial dysfunction [15, 16]. Therefore, formation of NAPQI and protein adducts
may initiate liver injury although they may not be the only factors implicated in progression of liver injury.
Notably, other downstream events after formation of NAPQI-protein adducts play roles in APAP-induced
liver injury.

The process of liver damage caused by APAP is therefore divided into two stages; the metabolism phase
which comprises formation of NAPQI, depletion of GSH and formation of adducts and the oxidative phase
that comprises oxidative stress, loss of mitochondrial membrane potential and Mitochondrial Membrane
Permeability (MPT)[17, 18]. Notably, APAP or NAPQI are not required for the oxidative phase and studies
report that adding them into experimental subjects at this phase does not exacerbate toxicity [18]. Therefore,
oxidative stress amplification through JNK signaling pathway is the central mechanism in liver damage
induced by APAP.

In vivo studies report that depletion of GSH reached a peak after 2 hours of APAP injection, and similar
findings are reported for covalent binding of NAPQI [11]. However, the metabolism phase is important
because the metabolism of APAP to NAPQI which is mediated by cytochrome P450 enzymes, is an initial
effector of liver injury. Notably, inhibition of CYP2E1 and CYP1A2 or increase in GSH synthesis pro-



tects the liver against APAP-induced toxicity [19]. Mitochondrial bioenergetic is inhibited 2 hours after
APAP injection [20] which can be attributed to JNK-independent mechanism including depletion of GSH
or covalent binding of APAP[21]. Moreover, NAPQI-mitochondrial protein adducts are formed in human
hepatocytes and liver non-parenchymal cells during APAP-induced liver injury [22]. Previous studies report
that mitochondrial proteins are important sources of oxidative stress and NAPQI indirectly (by binding
with mitochondrial respiratory compounds or the electron transfer chain) or directly (by destroying redox
cycling through GSH depletion or its redox reaction) leads to release of ROS [23]. In addition, a low-dose
(75mg/kg) APAP that dose not form mitochondrial adduct does not cause JNK activation, therefore no
amplification of oxidative stress [24]. Furthermore, only the depletion of mitochondrial GSH can induce
sustained JNK activation [13] and only sustained and not transient JNK activation is significant. Moreover,
transient JNK activation and reversible mitochondrial dysfunction occur when 150mg/kg APAP is injected.
However, irreversible mitochondrial injury occurs at a dose of 300mg/kg [25]. Notably, transient activation
of JNK does not cause mitochondrial injury. For instance, a previous study reported that pretreatment with
DAVA (an extract containing Polyphenols) changed sustained activation of JNK into transient activation,
subsequently improving liver injury [26].Therefore, further studies should explore the effect of mitochondrial
GSH depletion and formation of protein adducts.

Activation of JNK starts 2 hours after injection of APAP and reaches a peak after 4 hours [13]. Liver damage
gradually occurs after 4-6 hours [11]. However, the duration of JNK activation is still controversial. For
instance, a previous study reported that JNK activation starts at about 2-4 hours after APAP injection,
reaches a peak at 6 hours and remains high for 8 hours [27]. On the contrary a different study reported that
activation of JNK starts 1 hour after APAP injection [28]. Moreover, other studies report that activation of
JNK starts 0.5-6 hours after APAP injection [26]. A previous study reports that JNK induces changes in
the quantity and expression of glutathione S-transferase A1, to promote liver injury, implying that activated
JNK affects GSH metabolism [29]. In addition, activation of JNK mediates formation of peroxynitrite and
nitrotyrosine, to induce oxidative and nitrosative stress [29]. Therefore, JNK-mitochondrial signaling loop
plays a key role in liver injury.

In summary, JNK signaling pathway is a downstream pathway involved in depletion of mitochondrial GSH
and formation of protein adducts. Therefore, JNK signaling pathway plays a key role in induction of acute
liver injury by enhancing oxidative stress in APAP-induced liver injury.

Activated JNK signaling pathway exacerbates oxidative stress.

Depletion of GSH and formation of protein adducts in mitochondria damages the electron transport
chain(ETC) participating in ATP synthesis. The damaged ETC results in production of more ROS[30].
Furthermore, depletion of GSH and formation of protein adducts lead to damage of the mitochondrial an-
tioxidant defense system and inhibits elimination of ROS [30].In addition, NAPQI binds to mitochondrial
respiratory compounds thus inhibiting electron transfer in the mitochondrial respiratory chain [31]. More-
over, JNK signaling cascade is activated to amplify oxidative stress [32].

JNK signaling pathway is an important part of the MAPK cascade where MAP Kinase Kinase Kinase (MAP-
KKK) is first activated to form activated ASK-1, MLK3 and GSK3B[33-36]. Tnic i porhowed B podupicortiov
tpovyn tnootmophratiov tnue actiatvy MAIT Kwvaoe Kiwvooe (MATIIKK) wnien vitotedd actiotee ONK
[37]. IInoomnopdhated ONK ovd actiated I'YK-3B then translocate to the mitochondria [34, 36]. ASK-1, is
inhibited through binding to thioredoxin in the cytoplasm and mitochondria [38], is activated by dissociat-
ing from thioredoxin due to oxidation of sulfhydryl groups in thioredoxin by ROS [39]. MLK3 induces JNK
phosphorylation within 1 hour of APAP injection [28]. A previous study reports that ULK1/2 activates JNK
through MKK4/7 and phosphorylation of Ser403 site of MKK7 by ULK1/2 is necessary for phosphorylation
of Ser271/Thr275 site of MKK7 by MAP3K in APAP-induced liver injury. Therefore, ULK1/2-dependent
phosphorylation of MKK?7 is a crucial step in APAP-induced JNK activation [40]. Furthermore, MKK4 and
MKK? exhibit a synergistic effect in JNK activation [40]. Notably, activity of mTORC1 is inhibited when
after administration of an overdose APAP [41], consequently inhibits phosphorylation of ULK1/2. This
enhances activity of ULK1/2 and activation of JNK [40]. A previous study divided JNK phosphorylation



into the early and late stages [42]. The study reported that phosphorylated-GSK-33/JNK axis is a major
source of APAP-induced liver injury during the early phase whereas the ASK-1/JNK axis is implicated in
liver injury during the late stages [42]. Therefore, inhibition of these upstream molecules of JNK pathway
attenuates JNK activation and protects the liver against APAP-induced toxicity.

Mitochondria act as the upstream organelle for JNK activation and a downstream target for activated JNK.
Therefore, inhibition of JNK prevents mitochondrial injury in APAP-induced liver injury [43]. Moreover,
downstream targets for p-JNK are mitochondria under oxidative stress and not healthy mitochondria [11].

In addition, phosphorylated JNK translocates to the mitochondria and binds to the anchor protein, Sab,
located in the outer mitochondrial membrane [44]. The effect of p-JNK is gradually amplified after translo-
cation and binding to Sab. Proteins in the intermembrane space of mitochondria are released into the
cytoplasm following translocation of p-JNK and binding to Sab. Moreover, protein tyrosine phosphatase
nonreceptor type 6 (SHP1) is released into the cytoplasm from the mitochondrial Sab channel [45]. Notably,
Sab is required for sustained activation of JNK and silencing Sab protects against APAP [46]. Moreover,
JNK-mitochondrial signaling loop is a vicious circle that continuously amplifies APAP-induced liver damage
[23].

The main molecular targets for p-JNK are members of the Bcl-2 family. Translocation of Bax to the
mitochondria is a downstream response for JNK activation after APAP overdose [47] which has been reported
several models [48]. P-JNK promotes translocation of Bax to the mitochondria by directly phosphorylating
Bax or by phosphorylating 14-3-3 anchoring Bax in the cytoplasm [48, 49] thus inducing mitochondrial
Membrane Permeability Transition (MPT). MPT is a common and important mechanism for different forms
of hepatotoxicity. The inner mitochondrial membrane is permeable to small molecular solutes and the
proton gradient of oxidative phosphorylation is disrupted when the mitochondria membrane is depolarized
[50]. Loss of mitochondrial membrane potential results to uncoupling of oxidative phosphorylation [20] and
swelling of the mitochondria [18, 51, 52]. Bax is necessary for MPT [2] implying that JNK and Bax have
a synergistic effect. A previous study reports that mitochondria are still polarized 3.5 hours post APAP
injection but were depolarized after 4.5 hours [47]. This observation implies that MPT is a downstream
step in JNK activation. Previous studies divided MPT into two open modes, namely, regulatory MPT,
which was inhibited by the MPT inhibitor, CsA and occurred following exposure to a low dose of APAP or
a short time and non-regulatory MPT, which occurred when a high dose of APAP was administered [53].
These modes explain different outcomes from injection of the above-mentioned high or low doses of APAP,
partially or completely. Release of ROS including superoxide from the mitochondria, results in oxidation of
sulfhydryl groups in MPT pores which is a key factor for MPT. This is concept was proven through reduction
of disulfides by dithiothreitol reduced thus preventing occurrence of MPT [18, 54]. However, studies report
contradicting findings on the roles of Bid and Bcl-xL,the downstream members of Bcl-2 family of p-JNK.
Studies report that the levels of Bax and Bid in the mitochondria increase after treatment with APAP.
However, truncated Bid (tBid) may not have significant effect on APAP-induced liver injury. In addition,
effect of Bax is blocked by JNK inhibitors although Bid and Bel-xL are not affected by these inhibitors [11].
A different study reports that Bax and Bid translocate to the mitochondria after an APAP overdose and
inhibition of caspases prevents cleavage of Bid [55]. Furthermore, a previous study reports that translocation
of Bax to the mitochondria inactivates Bel-xL, which is an anti-apoptotic member of the Bel-2 family [56].
Moreover, loss of mitochondrial membrane potential reduces levels of Bcl-2 [31]. This implies that anti-
apoptotic members of the Bcl-2 family in the mitochondria are inhibited despite their role in blocking MPT
and levels of members of Bcl-2 family are affected by APA administration.

Bax, a downstream molecule of JNK activation forms channels by oligomerization or binding to MPT pores
to promote release of cytochrome C [23]. Therefore, after the continuously activated JNK translocates
to the mitochondria, mitochondrial respiration is severely inhibited and production of ROS increases [7,
57]. Translocation of phosphorylated JNK and subsequent loss of mitochondrial membrane potential have
been reported in human liver cells [58] and in a model of UV-induced oxidative stress [59]. In addition to
cytochrome C, other intermembrane proteins such as endonuclease G and the Apoptosis-inducing Factor



(AIF) are released which then translocate to the nucleus, leading to fragmentation of nuclear DNA [54,
60]. The blockage of release or translocation to the nucleus of these mitochondrial proteins, downstream
molecules of the p-JNK has protective effect [61]. Moreover, ROS are further released thus reacting with the
NO produced in this process to form peroxynitrite and nitrotyrosine. Peroxynitrite is a strong oxidant that
is released into the cytoplasm through passive diffusion or VDAC anion channel [62].

Protein Kinase Ca(PKCa) is an important target for p-JNK[63]. Its activity increases after APAP overdose
and is inhibited by the conventional JNK inhibitor, SP600125 [64]. A previous study reports that after APAP
overdose, the levels of PKC-a increase then PKC-a is translocated to the mitochondria. In the mitochondria
it also phosphorylates mitochondrial proteins and promotes phosphorylation and translocation of JNK to
the mitochondria, subsequently promoting liver damage [63]. Moreover, JNK and PKC-u act synergistically
to regulate mitochondrial respiration and mitochondrial-mediated necrotic and apoptotic cell death [21, 65].
Therefore, PKC-a and JNK interact with each other synergistically to participate in feed forward regulation
of APAP-induced liver injury [63].

Grb2-associated binder 1 (Gabl) adaptor protein plays an important role in controlling the balance between
death and compensatory proliferation of hepatocytes during APAP-induced liver injury[66]. Notably, silenc-
ing Gabl induces activation of p-JNK and increases translocation of p-JNK to the mitochondria. Moreover,
silencing Gabl promotes release of mitochondrial enzymes into the cytoplasm and induces DNA fragmenta-
tion [66].

Previous studies report that the Dynamin related protein 1(Drpl), a downstream molecule of p-JNK, is
translocated to the mitochondria, thus mediating mitochondrial division [67, 68]. RIPK3, an upstream
molecule of JNK mediates production of ROS in mitochondria [69]. Silencing RIPK3 inhibits mitochon-
drial translocation of Drpl, and prevents release of mitochondrial ATF and DNA fragmentation [67]. In
addition, RIPK1 plays a crucial role in sustained activation of JNK[70]. Notably, inhibition of RIPK1 pre-
vents translocation of Drpl to the mitochondria [68]. Furthermore, inhibition, knockout and/or silencing of
ASK1, MLK3, GSK3b, PKCua, JNK, Sab and cyclophilin D (CypD) a mitochondrial permeability transition
pore regulator[71], have protective effects against APAP [68]. P-AMPK signaling pathway which induces
autophagy inhibits downstream events of p-JNK although it is inhibited after APAP administration. Up-
regulation of p-AMPK induced by a PKC inhibitor, exhibits protective effects against APAP toxicity despite
sustained JNK activation [63].This is similar to blocking the release and translocation of endonuclease G
and the Apoptosis-inducing Factor (AIF) to the nucleus (downstream events of p-JNK), which exhibit a
protective effect.

Nrf2 and its Antidote Response Element (ARE) are important antioxidants in the body. Downstream
target genes for Nrf2, including HO-1, NQO1 and GSH protects the body from oxidative stress [72, 73],
implying that Nrf2 alleviates APAP hepatotoxicity. A previous study reports that upregulation of Nrf2 and
its ARE inhibits JNK activation and protects against APAP-induced oxidative stress [74]. Furthermore,
some compounds alleviates oxidative stress through AMPK/Akt/Nrf2 in APAP-induced liver injury [31, 75,
76]. However, p-JNK can target Nrf2 to promote its degradation [31, 75]. Biochemical analysis showed
that p-JNK directly interacts with the Nrf2-ECH homology (Neh) 1 domain of Nrf2 and phosphorylates the
serine-aspartate-serine motif 1 (SDS1) region in the Neh6 domain of Nrf2 [77]. Conversely, a recent report
indicated that the protection of flagellin-induced Nrf2 against APAP was dependent upon the activation of
TLR5-JNK/p38 pathways [78].

In addition, ER stress is an important mechanism for APAP-induced hepatotoxicity. JNK is an ER stress
factor and two key proteins implicated in ER stress including CHOP and Bim are downstream molecules
of JNK. 4-PBA, an inhibitor of ER stress effectively prevents JNK activation when administered before
APAP injection [6]. c-Jun, a p-JNK downstream transcription factor, binds to the 5’regulatory region of
CHOP gene [79, 80] and mediates transcription of the gene. Parkin is a post-translational regulation factor
of CHOP that induces degeneration of CHOP through one of the branches of UPR, the PERK /elF20/ATF4
pathway. Notably, c-Jun can competitively bind to the binding site of ATF4 in the Parkin gene promoter[74].
Therefore, JNK/c-Jun can inhibit expression of Parkin [81].



Inhibition of JNK-dependent p53 up-regulated Modulator of Apoptosis (PUMA), a downstream molecule of
JNK, significantly improves hepatocyte necrosis [82]. NF-xB response gene products inhibit JNK [83] but
the process is blocked by depletion of GSH [17].

Some studies report that only JNK2 is involved in amplifying the effect of oxidative stress by translocating
to the mitochondria whereas JNK1 has not significant effects on oxidative stress [84]. However, other studies
report that both JNK1 and JNK2 translocate to the mitochondria, play a role in amplifying oxidative stress
and participate in activation of downstream events. In addition, JNK1 has a greater effect on mitochondrial
bioenergetics compared with JNK2 [11]. Therefore, the specific role of the two regioisomers of JNK should
be explored further.

In summary, after depletion of mitochondrial GSH by NAPQI and formation of covalent adducts with mi-
tochondrial proteins, oxidative stress, (amplified by the JNK signaling pathway and JNK-related signal
transduction pathways) exerts a “second hit” [26] on damage of liver cells. Therefore, this process is a syner-
gistic event that leads to decreased mitochondrial respiration and bioenergetics, mitochondrial dysfunction
and eventually severe liver damage.

JNK mediates APPA-induced necrosis, apoptosis and other forms of cell death

In vivo and in vitro studies report that depletion of mitochondrial GSH results in necrosis [85, 86]. Depletion
of mitochondrial GSH by DEM results in a significant increase in necrosis [4, 13]. Notably, DEM depletes
cytoplasmic and mitochondrial GSH, leading to 100% necrosis instead of apoptosis despite exposure to TNF-
o [13]. Administration of low concentration of DEM or APAP only depletes cytoplasmic GSH in hepatocytes,
therefore, they become sensitive to TNF-a-induced apoptosis [13, 87]. Moreover, using GSH-EE to restore
depleted GSH can reverse sensitivity to apoptosis, induced by TNF-a [87]. Furthermore, antioxidants can
restore the levels of GSH and reduce levels of p-JNK [88, 89]. Previous studies report that JNK regulates
apoptosis and necrosis [4, 45, 81].

Apoptosis:

JNK promotes cytokine receptor apoptosis signaling pathway. Previous studies report that JNK activation
promoted the of release of Fas-L in an autocrine or paracrine manner to increase toxicity in adjacent liver cells
[4, 90] and induce the cytokine receptor death signaling pathway. JNK is activated during APAP-induced
oxidative stress in hepatocytes and non-parenchymal cells such as sinusoidal endothelial cells. On the other
hand, inflammatory cells release pro-inflammatory cytokines such as TNF-a and INF-y, thus promoting
inflammatory reactions and aggravating liver damage under inflammatory conditions [91, 92]. The pro-
apoptotic factors, p53 and c-Myc, are phosphorylated by activated JNK in cells exposed to stress factors
[4]. Therefore, sustained activation of JNK mediates TNF-a [93] or FasL-induced apoptosis. Although
endotoxin-induced production of TNF-a does not increase APAP-induced liver damage [94], Astaxanthin
(ASX) reduces apoptosis by inhibiting TNF-o-mediated JNK signaling pathway [95]. Furthermore, TNFa-
induced apoptosis following pretreatment with APAP, is inhibited by SNAP (producing NO). Furthermore,
SNAP inhibits 50% of caspase3 activity, which is increased by combined treatment with APAP and TNF-
o [13]. In addition, silencing TNF-a or TNFRI1 exhibits protective effects against APAP-induced liver
damage [96]. A previous study reported that JNK inhibitors partially block TNF-a-induced apoptosis in
cells treated with APAP, without affecting GSH consumption [13]. Activation of TNF receptor induces
activation of caspase 8, which in turn truncates Bid into tBid then tBid is translocated to the mitochondria.
Bax is also translocated to the mitochondria where it forms MPT pores with Bak and Bad. These changes
induce release of cytochrome C and AIF from mitochondria and translocation to the nucleus. As a result,
apoptotic bodies are formed, caspase9 and caspase3 are activated in presence of sufficient ATP. Notably,
the TNF superfamily activates death receptors including TNFa, (Fas ligand)FasL and TRAIL. FasL is the
most harmful to hepatocytes. Moreover, sensitivity of cells to FasL and toxicity to adjacent liver cells
increases with release of cell contents [97]. TRAIL which is a homologue of TNF-a, induces apoptosis in
hepatocytes, a process which is independent of direct activation of caspases but is dependent on the activation
of JNK and Bim. Therefore, inhibition of JNK and Bim protects hepatocytes against death induced by



FasL or TNF-a [97-99]. Furthermore, p-JNK phosphorylates Bim [100], Bax and Bak whereas Bcl-2 and
Bel-xL are inhibited during APAP-induced hepatotoxicity. Therefore, these findings imply that TRAIL
induces apoptosis in hepatocytes through the JNK-Bim axis. Previous studies report that extramitochondrial
depletion of GSH alters the thiol-disulfide redox state, leading to inhibition of transactivation of NF-kB and
sustained activation of JNK, which ultimately induce sensitivity to TNF-o-induced apoptosis [13]. The
JNK pro-apoptosis pathway, P38 and NF-kB pro-survival signaling pathways are simultaneously activated
[101]. Sustained activation of JNK plays an essential role in primary hepatocytes sensitive to TNFo-induced
apoptosis by inhibiting NF-kB [93]. Therefore, JNK plays an important role in promoting apoptosis in
liver cells, induced by death receptor signaling during APAP hepatotoxicity. Additionally, sensitivity to
TNFa-induced apoptosis in liver cells treated with APAP may promote APAP-induced liver damage. This
explains why the dose of APAP required to induce acute liver injury in patients with basic liver diseases such
as chronic hepatitis B, alcoholic liver and non-alcoholic fatty liver, is lower compared with that of patients
without underlying diseases.

JNK plays a role in stress-induced apoptosis through the mitochondrial pathway [4]. Defect of INK-deficient
fibroblasts in stress-induced apoptosis is mainly located in the mitochondria [59]. Previous studies report
that translocation of p-JNK to the mitochondria induces release of cytochrome C and SMAC from the
mitochondrial intermembrane space, leading to apoptosis [65, 102]. Notably, release of cytochrome C from
the mitochondria is inhibited by the absence of JNK [103]. Additionally, sustained activation of JNK
promotes cell damage or death [93, 104]. The potential targets for p-JNK for regulation of release of
cytochrome C are the apoptotic regulatory members of the Bcl-2 family[4]. In addition, p-JNK translocation
to the mitochondria promotes translocation of Bax to the mitochondria thus activating caspase 9, leading
to apoptosis through the intrinsic pathway. Moreover, the anti-apoptotic proteins Bcl-2 and Bcel-xLi are
phosphorylated by JNK [105, 106]. Therefore, apoptosis through the JNK-dependent but transcription-
independent pathway, (the mitochondrial/caspase9 pathway), is implicated in APAP-induced cell death.

Notably, only sustained rather than transient activation of JNK is associated with apoptosis [107], which is
consistent with the mechanism of APAP-induced liver injury. For instance, TNF-a causes transient JNK ac-
tivation with no apoptotic response [13, 108]. Although several studies report that JNK-mediated apoptosis
is involved in APAP-induced liver injury, the relationship between JNK-mediated apoptosis and APAP-
induced liver injury has not been fully explored. Several studies report that apoptosis is not involved in
APAP-induced liver injury because caspases, especially caspase 3, is not activated during APAP hepatotox-
icity [109]. Furthermore, a previous study reported that the levels of activated caspase 3 did not increase
in human hepatocytes after an APAP overdose [110]. Moreover, previous studies report that pan-caspase
inhibitors do not alleviate APAP-induced liver damage [86, 111]. However, TRAIL induces apoptosis in
hepatocytes and in a process that is not dependent on the direct activation of caspases but dependent on
activation of JNK and Bim [97]. This observation partially explains why caspase 3 is not activated during
APAP-induced liver injury as reported by some studies. However, recent studies report that caspase 3 is
activated during APAP-induced liver damage [42, 112, 113]. In addition, hydrogen sulfide inhibits apoptosis
through the JNK pathway, thus alleviating APAP-induced liver damage [114]. Several compounds protects
liver cells against APAP-induced toxicity through anti-apoptotic mechanisms [115, 116]. Previous in wvitro
studies report a decrease in cell viability and a significant increase in levels of apoptotic cells after APAP ad-
ministration [74]. Notably, treatment with caspase 3 inhibitors completely blocks APAP-induced apoptosis
[47].

Necrosis:

Necrosis is the main form of liver-cell death during APAP-induced liver injury. Previous studies report that
APAP-induced liver injury does not involve apoptosis [117], as mentioned above. Studies report that JNK
inhibitors block APAP-induced necrotic cell death [13]. Notably, APAP-induced death of liver cells is not
characterized by cell shrinkage, nuclear pyknosis and other common cytological features of apoptosis. On
the contrary, cytological manifestations APAP-induced liver damage mainly include extensive mitochondrial
dysfunction and nuclear lysis accompanied by swelling of cells and organelles and release of cellular con-



tents. These features show that APAP-induced cell death is a oncotic necrosis process [86].Mitochondrial
respiration is inhibited after translocation of p-JNK to the mitochondria and ATP production is significantly
reduced, leading to insufficient energy for activation of caspase and formation of apoptotic bodies. Previous
studies report that when fructose and glycine are administered along with APAP, a significant increase in
ATP production is observed and, cells are protected from necrosis although MPT was still normal and an
increase in apoptosis was observed [47]. In addition, endonuclease G and the Apoptosis-inducing Factor
(AIF) are released from the mitochondria, translocated to the nucleus, where they induce nuclear DNA frag-
mentation after JNK activation and ultimately initiate necrosis in cells [118]. In addition, apoptosis requires
a reduced environment for caspase activation and the redox state of liver cells may affect apoptosis dur-
ing APAP-induced liver injury [11, 119, 120].Furthermore, Damage-associated Molecular Pattern (DAMP)
which induces inflammation, is released and interacts with pattern recognition receptors including toll-like
receptors(TLR) on inflammatory cells. These events lead to release of pro-inflammatory cytokines (such as
TNFoaand INF-v) and induction of an inflammatory response [91, 92]. These are generally the characteristics
of necrosis since apoptosis is not characterized by release of cellular contents. TRAIL-JNK-Bim axis is im-
portant in APAP-induced cell necrosis, and deletion of TRAIL or Bim protects hepatocytes and sinusoidal
endothelial cells from necrosis [100, 121]. Therefore, ability of TRAIL-JNK-Bim axis in amplification of
necrosis in liver cells is greater compared with the ability of the Bcl-2 family members to induce apoptosis
through the mitochondrial pathway [97].

Previous studies also report that hepatocytes undergo both necrotic and apoptotic cell death in APAP-
induced hepatotoxicity [47, 122]. In addition, upstream events such as JNK activation and translocation to
the mitochondria, induction of pro-apoptotic Bcl-2 homologs and increase in MPT with subsequent release
of cytochrome C and AIF, are indicators of apoptotic cell death. However, inhibition of mitochondrial
respiration and ATP synthesis cannot solely induce apoptosis. Moreover, JNK and MPT mediate apoptosis
and necrosis. Therefore, apoptosis is the main form of cell death in the early stages of APAP hepatotoxicity
whereas necrosis mainly occurs in the late stages [113, 123]. A previous study reports presence of caspase-
cleaved cytokeratin-18 in patients with an APAP overdose, indicating that apoptosis of hepatocytes occurred
in the early stages of APAP-induced acute liver injury [124].

However, several studies challenged the widely accepted conclusion that JNK mediates necrotic or apop-
totic cell death in APAP-induced liver injury. For instance, knockout of Gst-pi, a negative regulator of
JNK, protects mice from APAP-induced liver damage [125]. In addition, simultaneous activation of JNK1
and JNK2 in mice protected them against APAP-induced necrotic cell death by regulating oxidative stress
response. Moreover, lack of JunD activation in hepatocytes with specifical knockout of JNK1 and JNK2
(Jnk[?]hepa), shows that INK-JunD-dependent mechanism may be involved in protection of liver cells against
APAP-induced liver damage [109]. Nevertheless, JNK signaling pathway plays a central role as it modulates
necrotic or apoptotic cell death in APAP-induced liver injury probably through a mechanism that accelerates
and amplifies oxidative damage.

In summary, JNK-mediated necrotic and apoptotic cell death are involved in APAP-induced liver injury and
the specific form of death may depend on different conditions.

Necroptosis and other Forms of Cell Death

Several signaling pathways involved in stress initiation, amplification, expansion and ultimately cell death,
have been identified in APAP-induced liver injury thus promoting the use of the term, programmed necrosis
[126]. Previous studies report that RIPK1 and RIPK3 combine and translocate to the mitochondria to
mediate necroptosis [67, 127]. In addition, RIPK3 and MLKL are up-regulated after APAP injection, in
a time and dose-dependent manner similar to JNK [128]. Notably, JNK is a biomarker of UPR and ER
stress. However, other studies report that necroptosis does not affect cell death in APAP-induced toxicity
[68]. Moreover, additional studies report several forms of cell death during APAP hepatotoxicity including
initial necrosis followed by pyroptosis, apoptosis and necroptosis [129].

In summary, JNK-mediated death of liver cells is necessary for APAP-induced liver toxicity and several



protective effects are exhibited through inhibition of JNK. For instance, the tumor suppressor, P53, protects
liver cells against APAP-induced liver damage by inhibiting JNK activation [130]. Moreover, 4MP inhibits
JNK activation and p-JNK translocation to the mitochondria, thus protecting liver cells against APAP-
induced liver damage [131, 132]. Furthermore, the Gadd453 agonist inhibits phosphorylation of MKK4
and JNK [133] whereas Metformin inhibits JNK thus exhibiting protective effects against APAP through
Gadd45f [134, 135]. Additionally, quercetin offers protection against APAP-induced liver injury by reducing
JNK activation [136, 137]. Inhibition or inactivation of JNK can protect liver cells against APAP-induced
liver injury [89, 138, 139].

Role of JNK in Liver Endogenous Immunity and Non-parenchymal Cells

JNK-mediated hepatocyte necrosis releases DAMP which interacts with pattern recognition receptors (such
as toll-like receptors) on inflammatory cells, leading to release of pro-inflammatory cytokines (such as
TNFoand INF-v) thus promoting inflammatory responses. In addition, a previous study reports that phos-
phorylation of JNK was significantly inhibited after silencing TLR4 in the RAW264.7 immune cell line [140].
Therefore, TLR4 can activate JNK signaling pathway to induce an inflammatory response and infiltration
of macrophages thus promoting APAP-induced liver injury [140]. Also, it has been reported that TLR3 can
act on JNK to be injury-provoking in the model of APAP-induced liver injury [141]. Hematoxylin-eosin
(HE) staining shows significant infiltration of inflammatory cells in areas with liver injury [142]. Therefore,
the endogenous immune system, including liver macrophages, is induced during APAP hepatotoxicity, caus-
ing aseptic inflammation [143]. Moreover, previous studies report an increase in release of inflammatory
factors such as TNF-o, IL-18 and IL-6 and immune cells such as neutrophils, macrophages, NK cells and
NKT cells are recruited. These factors may exacerbate liver damage through the effect of NKT cells and
effectors such as INF-y[97]. AdSitiovalh, veutpomnih-uediated Sopaye, oecovdapd to nenatocte vecpooie,
poup mpopote ATTATI-vduced hep wiupd [144]. Movvov-Pvdivy Aectv (MBA), of LOAECUAE v TNE LVVATE LUHUVE
ooten ™ot ¢ wawvh meoduced B e Aep, mpouoteg ONK agtiotiov avd um-peyulates Yucheap e€npecalov
op Ynecupctt Hpotew 1 (XI11) to ayypoote Aiep doparye [145]. ITpetoue otudieg penopt tnat ONK peyulatee
oecpeTiov 0@ IA-2, npohipepatiov o “A8+ T cehhc avd dupgepevtiotiov o “Ad+ T celhg vto neinep T celhg
[146]. Puptneppope, xvocxout o9 TN® op TNPP1 npotecte hep cehhe ayouvot AITATI-wvduced dapaye. Treoe
pdvyc onow tnat ONK peyviateg wuuve celhg op tne wipuve gactop TN® op PacA-vduced wviupd o Aiep
ceMe dupvy AITAII-wduced hep wiupd. Howeep, tneoe wpuve op vgloppatopd cedhe, vehudivy NK cedg
oavd NKT, cav ahoo mha npotectie poheg [147-149]. Puptnepupope, pice deold og tne wieppepov Pac op Pog
Ayovd 618 vot onow AITAIL-tvSuced hiep Sapaye wNEpedc TNOGE TNUT AaCxeD LvTEpAELXV-10 avd vtepheuxiv-6
WEPE TPOTECTED aryouvoT Atep doparye [150].

Trepepope, 17 10 0TLBLEC TEOWSE PEMLIPBAE PLVOIVYC COUTUPED WITT 1V 1TP0 EEMEQUIEVTS OV TNE POAE O TNE EVDO-
yevoug wuuve ootep v ATTATI-wduced hep wiup (peYupdheos 0p WNETNER LT oY YPUUTES SUUAYE 0p OPPERS
npotecTiov). Iv additiov, onould Be cappled out to e&mhope Tre omecpic pore o ONK v peyUlaTiov 0@ tupuve
ceMc tv AITATI-tvBuced Aep tvdupt.

A rnpeoug otud) pemopte Tnat ONKI ¢ niynAd wduced avd o olyvigucavt wgpeooe v heehg op m-ONK g
0PBoeped v WCE with omecpls xvocxout op ONKI avd ONK2 wv tne nenatocdtec. Iv additiov, e heehe og
@ TpaTiov v TNE hiep e&mhawve tne mnevopevov og ONK octiatiov agtep AITAIT abuwictpatiov [109]. Nota-
BAY, o mpeloug 6TUBY LOIVY o NETATOCEAALAE CoPCvoud LOBEA pemtopTed TNat TNE ep@ect o ONK v npoyotivy
deehompevT o Aep caveep povAd voheg vov-Tapevenduah celhe avd vot neratocdeg [151]. Puptrepuope, ot-
VuooLBah EVBOTNENAN CEAAS 0ipE HOpE oEVOLTLE CoUnaped witn Nenatocdtec o AITATI-vduced hiep vdupd [152].
Trepegope, otudieg ov e pore op ONK v ATTATI-vduced Aep vdupd) oMoukd ahoo QOCUS OV TNE EPPESTS OV
VOV-TIOREVETPUOh CENAG.

Poie op ONK wv Peoctopatiov avd Peyevepatiov IInace

Ipohpepatiov avd pecoepd o celhg ape e€tpeuehd wwnoptavt aptep AITATI-vouced ceAl deatn. IvnBitiov og
EI'®P v hep cele, 12 noupg agtep AITAIL wvdectiov, Aeadg TO WUTALEUEVT IV TPOALPEQATIOV, TIEPOLOTEVCE O
Nep wdupd avd av wepeace v pouoe poptoditd [153]. ONK mhadc ov WnopTtavt poke v cEAN TPOMPERUTIOV



[59]. Trepepope, xvocxout op ONKI wnifite Tpoypeoolov 0@ MEp CUVCEP avd TROMPEPATIOV 0@ NETATOCYTES
1 oty viplcovTAd appegted. Iv abditiov, ONKI 1 VOAES v TpaVOQORUATIOV 0@ NETATIC GTEAAATE CEAAG LVTO
pBpoPracte. Notafhd, wniPitiov op ONK attevuates gi3pootc tv podehs og Pihe duct hyatiov op “A-vduced
Mep wivpl [154]. Trepegope, ONK po mpopote peyevepatiov 0@ Aep ceAAG duptvy Tne Aate otoryes o ATTATI-
wvduced Mep wiup avd mpotect Aiep ceAhg ayouvot AITAIL nenatotolicitd. Puptnepuope, pecevt GTuUdLEC pETOET
ot ONK pad Be cprticar 1o cehh ouptoh [155] Becavoe ONK npopotes pecoepd avd peyevepatiov ogp Aiep
ceMc aptep AITATI-wvduced deatn og Aiep ceAhc. Additiovaddd, othevevy “HOII, wncn i o Sowvotpeay Yeve
op ONK, mpopotec npohigepatiov 0@ nenatocdhtes dupvy ATTATI-vBuced iep wiupd [117]. Howeep, puptnep
otudleg oMouAd eEmhope e pore o ONK v pecoepd avd peyevepotiov 0@ el @orhowtvy AITAII-vuced
hep wviupl.

dvcAuoilov

IvtevTiovah 0p LVVTEVTIOVOA OEEBOGE O ACETUUVOTINEY Aead¢ TO ACETUUVOTNEV-IVOUCED Alep viupd), WNCN IS TNE
HOGT COMUOY COUCE 0@ aguTe Agp vdupd tv Tne Tvited Ltoteg avd HOOT WEGTEPY couVTpleS. -Ouv N tepuivok
nwvooe (ONK) pad i o totevtioh tapyet gop tpeatuevt op ATTATI-vduced hep wdupl, trepepope, Tnic pelew
e€mhoped Tne eooevToh poke op ONK oryvahivy matnwad v aploug otayeg op AITAIL nematotolicitd. ONK
otyvaiwvy matnwod yedateg AITAIL yetaforioy, eonecladdd I'SH petoolioy, aumiipie yitocnovdptal ofidatie
oTpEOC, accelepateg WiUpY 0@ Nep CEAAS, ovD UEBLITES AMOTITOTLC 0P VECPOTLS OVO OTNER QPOPUS 0@ CENAG DEOTY).
Iv o8ditiov, ONK oryvolwy natnwad mhod o xed pore tv eVEOYEVOUS LULVLTY ovD VOV-TIOREVENPUOA CEAAC.
Mopeoep, ONK otyvohivy motnwod WOUgeg pEYEVERATIOV 0@ Alep GEAAG apTep CEAN dearty).

Mowv dvgentg

ONK ouyvahivy motnead, o dowvotpeoy Coaocade v Tne demheTiov o@ uitocnovoptoh I'SH avd qopuatiov og
TPOTELY AdBUCTS v ToCnovdpld, 1§ wmhicated v I'SH petafohioy.

ONK ovyvolvy matnwo, ove o te 3 Peoavenes op e MAIIK ouyvohivy natnwad ¢ actated B MAIIZK
oucn oc AYK-1, MAK3 avd I'YK3Bto MAP2K thus increasing mitochondrial oxidative stress. Upstream
factors of JNK signaling pathway include ULK1/2, PKCa, Gabl, RIPK1, RIPK3, and the molecules related
in ER stress and UPR.

JNK-mitochondrial signaling loop, a vicious circle, plays a central role in mechanism of APAP-induced liver
injury to amplify oxidative stress.

JNK-mediated necrotic, apoptotic or other forms of cell death are dependent on different conditions in
APAP-induced liver injury.

JNK signaling pathway in Liver Endogenous Immunity and Non-parenchymal Cells can promote liver cells
against injury or may protect liver cells against APAP hepatotoxicity.

JNK signaling pathway improves restoration and regeneration of liver cells in the restoration and regeneration
phase thus protecting liver cells.
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