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Abstract

Background/purpose  The signal transduction of mitogen-
activated protein kinases (MAPKSs) has appeared to be an
important mediator of ischemic-related events. Because of
this, we analyzed the participation of p38 and JNK in liver
ischemia and reperfusion, as two individual members of the
MAPK family of proteins.

Methods All papers referred to in PubMed for the past
15 years were analyzed to determine how and when these
MAPKs were considered to be an intricate part of the
ischemic event. References were cross-studied to ascertain
whether other papers could be found in the literature.
Results  The role of p38 and JNK in liver ischemia was
confirmed in the literature. The activation of these media-
tors was associated with the induction of apoptosis and
necrosis. Inhibitors of p38 and JNK reduced the liver
ischemia and reperfusion damage, probably through the
mechanisms mentioned before.

Conclusions The development of effective inhibitors of
p38 and JNK protein mediators is important for minimizing
the harmful effects associated with liver ischemia and
reperfusion.
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Introduction

Ischemia and reperfusion (I/R) injury represents a complex
series of events that result in cellular and tissue damage. It
is the transient deprivation and return of blood flow and
oxygen that produces a concomitant release of oxygen-free
radicals, cytokines/chemokines, and upregulation of adhe-
sion molecules. The consequence is cellular and organ
dysfunction [1]. Liver I/R injury causes up to 10% of early
organ dysfunction after transplantation, leading to a high
incidence of episodes of both acute and chronic rejection.
This is because liver I/R injury results not only in hepa-
tocyte necrosis but also in apoptosis. Features of apoptosis
and necrosis often coexist, a phenomenon termed necra-
poptosis [2]. I/R injury also contributes to the shortage of
organs available for transplantation because of the greater
susceptibility of donor livers to ischemic insult.

At present there is no specific treatment available to
prevent organ damage caused by liver I/R injury. Thus,
injuries due to I/R remain an important source of mor-
bidity and mortality in surgery, trauma, and transplanta-
tion [3]. Given the need for effective I/R injury treatment,
much research has been done on the mechanisms of I/R
injury and the development of potential therapeutic
strategies [1, 4].

One mechanism of interest is the mitogen-activated
protein kinase (MAPK) family, which plays an important
role in intracellular signal transduction in response to
extracellular stimuli. Among mammalian MAPKSs, p38 and
c-Jun N-terminal kinase (JNK) are activated by a variety of
cellular stresses, such as I/R [5-16]. This review will focus
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on the role of p38 and JNK in liver I/R injury and the
related therapeutic implications.

MAPKSs contribute to liver I/R

The three well-characterized subfamilies of MAPKs are
extracellular signal regulated kinases (ERKs), c-Jun N-
terminal kinases (JNKs), and p38 [12]. These kinases are
60-70% identical to each other. They differ in the sequence
and size of their activation loop, as well as in their acti-
vation in response to different stimuli. In general, ERKs are
activated by mitogenic and proliferative stimuli, whereas
JNKs and p38s respond to environmental stress, and are
referred to as stress-activated protein kinases (SAPKs) [12,
13]. Upon stimulation, these kinases are activated by the
dual phosphorylation of threonine (Thr) and tyrosine (Tyr)
residues. MAPKs are phosphorylated and activated by
MAPK-kinase (MAPKK) whereas MAPKKs are activated
through phosphorylation by MAPKK-kinases (MAPKKKs)
[17]. The MAPK pathways are not independent from each
other but contain a series of overlapping signaling mech-
anisms (Fig. 1). Thus, p38, JNK, and ERK have interre-
lated functions [8]. Once activated, these kinases are
translocated to the nucleus, where they phosphorylate and
activate different transcription factors and transactivate
target genes [14]. For example, JNK and p38 both phos-
phorylate and activate activating transcription factor 2
(ATF-2) [12].

There is much evidence demonstrating the role of
MAPKSs, specifically p38 and JNK, in damage following
liver I/R. p38 and JNK are phosphorylated and activated
several minutes after reperfusion [5, 12, 15]. Their acti-
vation is associated with the induction of apoptosis and
necrosis [2, 5]. Treatment with p38/JNK activators
increased transaminase levels and grade 3 necrosis in rat
hepatic tissue sections. However, MAPK inhibition
reduced hepatic I/R injury in the liver [16].

p38 and JNK also contribute to liver fibrosis [17]. A
recent study showed that basal JNK and p38 kinase
activities were higher in activated hepatic stellate cells
(HSCs) than in quiescent HSCs. HSCs are responsible for
the synthesis of type 1 collagen after liver injury and often
cause liver fibrosis as a result of their activation. Mediators
of inflammation (eicosanoids, tumor necrosis factor [TNF]-
«, interleukin [IL]-1, adhesion molecules, NO, and intra-
cellular Ca® [iCa”]) begin a series of cascades associated
with the damage characteristics of [/R. MAPKSs are central
to this pathologic event, with their signaling and gene
response dependent on the degree of severity of I/R.
Manipulation of these molecular inflammatory cascades
with MAPK inhibitors offers a possibility for overcoming
inflammatory damage caused by I/R [8, 18].
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p38 and JNK are activated during ischemic
preconditioning

MAPKSs can also provide a protective feature through the
use of ischemic preconditioning. Ischemic preconditioning
is a technique whereby an organ is rendered resistant to the
damaging effects of I/R by prior exposure to a brief period
of vascular occlusion [19]. Ischemic preconditioning has
been successful for tumor hepatic resections under nor-
mothermic conditions [16].

There is in vivo evidence in isolated hepatocytes and
experimental rat models of perfused livers that MAPKs are
involved in this protective mechanism [16]. For example,
ischemic preconditioning activates p38 and JNK-1. This
activation is associated with increased cyclin D1 expression
and entry into the cell cycle [20]. Induction of cyclin D1 is
one of the earliest and most pivotal steps in the pathway of
resting cells to enter the cell cycle. p38 and JNK both
control cyclin DI expression; however, the protective
effect of the preconditioning regimen was more closely
associated with p38 than with JNK-1 activation [19].

p38 and liver I/R

p38 was discovered in three independent contexts: first as a
tyrosine phosphoprotein in extracts of cells treated with
inflammatory cytokines; second, as a target of a pyrinidyl
imidazole drug that blocks the production of TNF-o; and
third, as a reactivating kinase for MAP kinase-activated
protein (MAPKAP) [21]. There are four isoforms of the
protein: p38a, p38p, p384, and p38y [7]. The f5, I, and y
isoforms share sequence homology with the o isoform (74,
57, and 60%, respectively) [7].

p38 proteins are activated by cytokines, hormones, G
protein-coupled receptors (GPCRs), osmotic shock, heat
shock, and other stresses [6]. p38 is activated by dual
phosphorylation on Thr180 and Tryl82 by an upstream
MAPKK termed MAP2KG6 (also known as MKKG6). Other
MAPKKSs may also activate p38. The p38 isoforms phos-
phorylate a wide array of targets, thus inducing other
kinases [7, 8]. Many of the downstream targets of activated
p38 are responsible for the transactivation of genes
encoding inflammatory cytokines [13].

The main biological response of p38 activation involves
the production and activation of inflammatory mediators to
initiate leukocyte recruitment and activation [22]. Activa-
tion of the p38 pathway and p38-associated inflammatory
processes play a crucial role in post-ischemic damage in
the liver [7].

Recent research has focused on potential inhibitors of
p38 and their therapeutic implications (Tables 1, 2). p38
inhibitors block the production and activity of
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inflammatory cytokines [13]. Inhibition of p38 activity
prevents the transactivation of both the IL-1o and IL-1f
genes which encode IL-1 in lipopolysaccharide (LPS)-
stimulated macrophages in vitro [23]. In rat models, the
addition of a p38 inhibitor blocks the activation of p38 after
reperfusion, decreases reperfusion injury in the liver graft,
and increases the survival of recipients [15] (Table 2;
Fig. 2).

Inhibitors targeting the p38 pathway have been devel-
oped, and preliminary preclinical data suggests they exhibit
anti-inflammatory activity. The ability of p38 inhibitors to
block TNF-o synthesis is being exploited in the treatment
of inflammatory diseases, and p38 inhibitors have been
shown to inhibit the development of rheumatoid arthritis in
small animal models [23]. Thus, the use of MAPK inhib-
itors has emerged as an attractive strategy because they are
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Table 1 Summary of experimental p38 results after warm/cold ischemia of the liver

Experiment Results Reference
I/R in pigs given ANP AST, LDH, and tissue damage decreased [26]
Liver transplantations performed in rats Sustained induction of JNK but not p38 [14]
I/R in rats given ANP preconditioning Activates p38, alters hepatocyte cytoskeleton [24]
Total I/R in rats p38 highly phosphorylated [12]
Rat liver transplantation with p38 inhibitor FR167653 Lowers ALT and LDH levels, improves survival [15]
I/R in rats given ANP Increased p38 activity [25]
I/R in mice with ischemic preconditioning Protective effect of ischemic preconditioning [19]
associated with p38
I/R in animals given p38/JNK activators Increased transaminase levels and grade 3 necrosis [16]

I/R in mice given ischemic preconditioning and TNF-«

Hepatic stellate cells (HSCs) exposed to SP600125, a JNK inhibitor, and

SB203580, a p38 inhibitor

I/R and caspase inhibitor in rats

Preconditioning and TNF-« pretreatments both give  [20]
hepatoprotection

p38 inhibition increased and JNK inhibition decreased [17]
HSC proliferation

p38 and JNK have different patterns of activation [2]

I/R ischemia and reperfusion, ANP atrial natriuretic peptide, AST aspartate aminotransferase, LDH lactate dehydrogenase, JNK c-Jun N-terminal

kinase, ALT alanine aminotransferase, TNF-o tumor necrosis factor-o

Table 2 p38 inhibitors utilized in liver I/R injury

Inhibitor Effect Reference
SB203580 Increased proliferation [17]
rate of HSCs
SB203580 Inhibits TNF-o and [22]
cytokine synthesis

FR167653 Increased survival, [15]
decreased serum ALT
and LDH

SB202190 Inhibits programmed [30]
cell death

SKF-86002 Blocks production [13]
of cytokines

SB220025 Inhibits TNF-a [22]

All the compounds presented above decreased liver I/R injury, except
for SB203580

capable of reducing both the synthesis of pro-inflammatory
cytokines and their signaling [22].

In addition to cytokine activation, damage to liver tissue
following I/R injury is also associated with cytoskeletal
changes. In liver cells F-actin forms microfilaments, which
are involved in intracellular transport processes such as
exocytosis and endocytosis, maintenance of cell shape, and
canalicular motility responsible for bile flow. Structural
alterations of the cytoskeleton have been reported to cause
disturbances of intracellular transport processes, cell
motility, and microcirculation following I/R, leading to
dysfunction of the organ. After ischemia in vivo, F-actin is
reduced in rabbit livers, resulting in the loss of cell integ-
rity and cytoplasmic transport in the liver, causing damage
to organelles and changes in cell morphology. It has been
shown experimentally that atrial natriuretic peptide (ANP)
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leads to the activation of p38. p38 activation leads to
hepatocyte cytoskeletal changes by increasing the hepato-
cyte F-actin content in rat livers [24].

Preconditioning with ANP increases p38 activity in the
liver in vivo [24]. The activation of p38 at the end of the
preconditioning period (i.e., before ischemia) is thought to
be the crucial step in mediating hepatoprotection by ANP
[25]. Following reperfusion in the rat model, phosphory-
lated p38, the active form of p38, was higher in the ANP-
treated group than in the control group. Histological tissue
damage was milder in the ANP group than in the control
group [26]. Thus, p38 has a dual role, it serves as a pro-
tectant stimulating the production of factors such as ANP
which protect against damage caused by I/R, yet it also acts
as a catalyst for liver damage.

JNK and liver I/R

JNK is also a member of the MAP kinase family. JNK is a
54-kDa Ser/Thr kinase that is activated in response to
several conditions including heat shock, ultraviolet radia-
tion, protein synthesis inhibitors, inflammatory cytokines
such as IL-1 and TNF, oxidative stress, and LPS [8, 27].
Three JNK isoforms have been identified in humans: JNK1,
JNK?2, and JNK3 [9]. INK1 and JNK2 exist in the liver [10].

In 1994, activated JNK was observed in I/R injury in the
heart and kidneys [11]. Since this initial discovery, JNK
activation in I/R injury has been observed in other organs
such as the liver. It has been shown experimentally that
JNK is activated by TNF-o and IL-1 cytokines. These
cytokines are major mediators of hepatic I/R injury. JNK
also mediates inflammatory processes by inducing the
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JNK activation is also associated with hepatocyte
apoptosis. The death signaling pathway which leads to
apoptosis includes caspase 3 activation and the release of
cytochrome c. Experimental inhibition of JNK with spe-
cific selective inhibitors such as CC-401 decreases hepa-
tocyte apoptosis in rats in vivo following orthotopic liver
transplantation by decreasing cytochrome c release and
caspase 3 activation [29] (Tables 3, 4; Fig. 3).

High oxidative stress environments, such as those
demonstrated during I/R, also lead to JNK activation and
elevated reactive oxygen species (ROS) production. Under
I/R conditions, JNK activation is initiated in the mito-
chondria and requires coupled electron transport, ROS
generation, and calcium flux [7]. Consequently, the mod-
ulation of JNK activation by oxygen-free radical inhibitors
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might offer a new way of preventing the consequences of I/
R of the liver [30].

Numerous studies have shown that inhibition of JNK
prevents damage associated with I/R. For example, JNK
inhibition significantly decreased nonparenchymal cell
death 60 min after reperfusion and pericentral necrosis 8 h
after reperfusion. JNK inhibition decreases hepatic necrosis
and apoptosis after orthotopic liver transplantation. JNK
inhibition also enhances graft survival, decreases graft
injury, and improves liver function after orthotopic liver
transplantation. JNK inhibition did not affect other sig-
naling pathways, such as p-38 and Erk activation [29].

JNK inhibition suppresses liver injury in a rat model of
hepatic warm I/R [31]. INK induces mitochondrial damage
with the release of cytochrome c into the cytoplasm. This
release of cytochrome c is an integral component of the
mitochondrial pathway of apoptosis. The study also
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Table 3 Summary of experimental JNK results after warm/cold ischemia of the liver

Experiment Results Reference
Warm and cold ischemia in rat hepatocytes JNK activity and apoptosis induced [30]
I/R of rats followed by partial hepatectomy JNK inhibitor causes decreased apoptosis/necrosis, increased survival [31]

Partial liver I/R in rats

Reperfusion rapidly activates JNKs and ERKs, marked activation of JNKs [27]

Treated liver explants with JNK inhibitor before OLT Decreased cell killing, pericentral necrosis, cytochrome c release, caspase 3 [29]

with cold storage
Partial I/R in mice given SP600125 JNK inhibitor

Rat hepatocytes given SP600125 JNK inhibitor and
exposed to apoptotic stimuli

Total hepatic ischemia in mice

Warm I/R in rats given melatonin

activation, lipid peroxidation
Increase in ALT levels, parenchymal destruction, leukocyte infiltration [28]

Improved viability, decreased DNA nick end labeling positivity, cleavage of [32]
ADP-ribose polymerase and caspase-3

JNK not activated during ischemia. Activity increased during reperfusion  [11]

Improved survival and decreased transaminase levels, JNK1, and cJUN [6]

ERK extracellular signal regulated kinase, OLT orthotopic liver transplantation

Table 4 JNK inhibitors utilized in liver I/R injury

Inhibitor Effect Reference

CC-401 Decreases release of AST and tissue TNF-u« [29, 31]
Decreases necrosis, apoptosis, cytochrome c release, caspase 3 activation

SB202190  Inhibits programmed cell death [30]

CC0209766 Decreases necrosis, apoptosis, cytochrome c release, caspase 3 activation [31]

CC0223105 Decreases necrosis, apoptosis, cytochrome c release, caspase 3 activation [31]

SP600125  Aggravates reperfusion injury, increases ALT, leukocyte infiltration, parenchymal destruction, decreases HSC [17, 28]

proliferation

All of the compounds presented above decreased liver I/R injury, except for SP600125
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Fig. 3 Structures of JNK inhibitors utilized in experimental liver I/R
injury. The other three JNK inhibitors presented in Table 4 are not
drawn in this figure because of intellectual property issues

showed that JNK inhibitors decrease tissue levels of TNF-u
and decrease lipid peroxidation. In vitro, JNK inhibitors
block c-Jun phosphorylation, expression of inflammatory
genes, and cell proliferation. These data indicate that JNK
inhibitors decrease both hepatic necrosis and apoptosis
caused by hepatic warm I/R [31].

Many of the studies evaluating the role of JNK activa-
tion in apoptosis have relied on knockout animals or viral
gene delivery systems. The development of the pharma-
cological adenosine triphosphate-competitive JNK inhibi-
tor SP600125 offered a simple and direct technique to
study this role. Pharmacological inhibition of JNK
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activation protects rat hepatocytes from apoptosis and
improves cell viability. Pretreatment with JNK inhibitor
significantly protected against cell death associated with
apoptotic stimuli such as TNF-o and actinomycin D. This
protection was associated with maintaining the expression
of anti-apoptotic proteins [32].

The above discussion of the role of JNK in damage due
to hepatic I/R highlights the possibility and benefit of using
JNK inhibitors clinically. Inhibition of JNK may be a new
therapeutic strategy to prevent liver injury after trans-
plantation [29]. Likewise, antioxidants and JNK inhibitors
appear to be useful drugs for the treatment of TNF-
dependent hepatitis. There is also potential use for inhibi-
tors in the treatment of fulminant hepatitis and hepatocel-
lular carcinoma in clinical settings [10].

Attention has also been given to JNK as a potential
target for the development of novel therapeutics. Inhibitors
targeting JNK pathways have been developed and pre-
liminary preclinical data suggest that they exhibit anti-
inflammatory activity [23]. JNK mediates the phosphory-
lation and activation of ATF2, which contributes to the
induction of TNF-« and interferon 5. JNK inhibitors have
been tested in rat models of rheumatoid arthritis and found
to be effective in reducing inflammation [23].
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Melatonin has also emerged as a potential treatment
option for liver I/R injury through its inhibition of JNK.
Experiments have shown that melatonin displays the same
characteristics of inhibiting JNK and cJUN as other phar-
macological inhibitors of JNK which reduce hepatocyte
necrosis and improve survival after warm I/R and liver
resection. Thus, considering the low potential of harmful
side effects, melatonin is an attractive modality for treating
liver I/R injury [6].

Conclusion

p38 and JNK, which are induced by extracellular stresses,
contribute to liver injury caused by I/R. Discovery of a
treatment to regulate these kinases and their activities will
be beneficial in the management and prevention of liver
damage. p38 and JNK inhibitors have great potential
therapeutic value. These inhibitors reduce cellular damage,
apoptosis, and necrosis following liver I/R.

There are, however, limitations to the use of p38 and
JNK inhibitors that merit more investigation. In this regard,
p38 offers protection from damage during ischemic pre-
conditioning. Additionally, inhibition of p38 has been
found to increase the proliferation of HSCs, which can lead
to liver fibrosis [17]. Furthermore, in another study, JNK
inhibition aggravated I/R injury and caused more severe
parenchymal destruction [28]. The study was evaluating
the use of the SP600125 JNK inhibitor in hepatic I/R injury
using a partial ischemia model in mice. The data, although
contradictory to other studies, confirm the need for more
investigation into the use of JNK inhibitors [28].

More research is needed to translate p38 and JNK
inhibitors from the laboratory to clinical application. A
more extensive definition of the mechanisms by which
these kinases work would greatly improve the development
and use of these inhibitors. Better understanding of the
pathways and molecular structure of p38 and JNK inhibi-
tors would permit the inhibition of only the portions that
are necessary to prevent liver I/R injury.
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