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Abstract

Nonalcoholic hepatitis (NASH) is the progressive inflammatory form of nonalcoholic fatty liver
disease. Although, the mechanisms of hepatic inflammation in NASH remain incompletely
understood, emerging literature implicate the proinflammatory environment created by toxic lipid-
induced hepatocyte injury, termed lipotoxicity. Interestingly, numerous NASH promoting kinases
in hepatocytes, immune cells, and adipocytes are activated by the lipotoxic insult associated with
obesity. In the current review, we discuss recent advances in NASH promoting kinases as disease
mediators and therapeutic targets. The focus of the review is mainly on the mitogen activated
protein kinases including mixed lineage kinase 3 (MLKS3), apoptosis signal-regulating kinase 1
(ASK1), c-Jun N-terminal kinase (JNK) and p38 MAPK; the ER stress kinases protein kinase
RNA-like ER kinase (PERK) and inositol-requiring protein-1la (IRE-1a); as well as the Rho-
associated protein kinase 1 (ROCK1). We also discuss various pharmacological agents targeting
these stress kinases in NASH that are under different phases of development.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) characterized by hepatic steatosis, in the absence
of alcohol overuse, is the leading cause of liver diseases worldwide, with an estimated global
prevalence rate of about 24%.1 A subset of patients with NAFLD (up to 30%) develop
nonalcoholic steatohepatitis (NASH) characterized by hepatocellular injury, hepatic
inflammation, and liver fibrosis.2 Current concepts suggest that excess circulating free fatty
acids (FFAs) and accumulation of lipid intermediates in hepatocytes cause hepatocellular

Corresponding Author: Samar H. Ibrahim, MBChB, Assistant Professor, Division of Pediatric Gastroenterology, Department of
Pediatric and Adolescent Medicine, Mayo Clinic, 200 First Street SW, Rochester, MN 55905, Tel: +1-507-266-0114, FAX:
+1-507-284-0160, ibrahim.samar@mayo.edu.

Publisher's Disclaimer: This is an Accepted Manuscript of an article published by Thieme Publishing Group in Journal Seminars in
Liver Disease on 6/11/2020, available online at https://www.thieme-connect.de/products/ejournals/abstract/10.1055/s-0040-1713115


https://www.thieme-connect.de/products/ejournals/abstract/10.1055/s-0040-1713115

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ibrahim et al.

Page 2

lipotoxicity, leading to cellular stress, dysfunction and eventually cell death.3 Lipotoxicity-
induced hepatocyte cell death appears to be mediated, in part, by the apoptotic machinery
activated by the death receptors and intracellular stress pathways, and potentiated by the
engagement of the mitogen activated protein kinases (MAPK)# and the endoplasmic
reticulum (ER) stress response.® This pro-apoptotic machinery may culminate in cell death,
or sublethal insult promoting liver injury and inflammation. Moreover, NASH patients are at
risk of end stage liver disease, mainly secondary to the unrelenting sterile inflammatory
response triggered by hepatocyte lipotoxicity.> Hence, identifying molecular mediators in
hepatocyte lipotoxicity and liver inflammation in NASH is of critical biomedical
importance. In this review, we discuss the concept that toxic lipids initiate signaling
processes, and activate multiple stress kinases in the hepatocyte resulting in both lethal and
sublethal injury that eventually culminates in a sterile inflammatory response.® We will also
provide a brief overview about the role of different stress kinases in myeloid cells, and
adipocyte in NASH. We will highlight established and potential NASH therapeutic targets in
the stress kinases family. Given the broad nature of the subject, we elected to discuss recent
conceptual advances in the field.

MITOGEN ACTIVATED PROTEIN KINASES (MAPK)

In mammals, three major groups of MAPK have been identified. Each activated by a protein
kinase signaling cascade in response to a wide variety of stress signals and mediates signal
transduction cascades involved in cell growth, differentiation, and apoptosis. MAPK
signaling cascades are phosphorylated on regulatory tyrosine and threonine residues and
activated through a relay module, in which MAP kinase kinase kinase (MAP3K) activates
MAPK kinase (MAP2K), which in turn activates MAPK.” The three major subgroups are
classified based on sequence similarity, differential activation by agonists, and substrate
specificity, and are named according to their executing downstream MAPK, such as the
extracellular signal-regulated kinase (ERK), the p38 kinase, and the c-Jun N-terminal kinase
(JNK) families. Both INK1/2 and p38 a/p are activated by the MAP3Ks apoptosis signal-
regulating kinase 1 (ASK1),8 as well as mixed lineage kinase 3 (MLK3) during obesity and
will be a focus of the current review.%-11 On the other hand ERK1/2 are preferentially
activated by growth factors rather than stressors associated with obesity, and were recently
reviewed elsewhere.® Conversely, the MAPKs are inactivated by direct dephosphorylation of
their threonine and tyrosine residues by a group of dual specificity protein tyrosine
phosphatases (DUSPs) called MAPK phosphatases (MKPs), which play a crucial role in
regulating the magnitude and temporal kinetics of MAPK activity.12

Apoptosis signal-regulating kinase 1 (ASK1)

Due to its pleiotropic functions and ubiquitous expression, the activity of ASK1 is tightly
regulated by molecules that induce ASK1 conformational changes facilitating the
homodimerization or post-translational modifications, such as phosphorylation,
ubiquitylation and deubiquitylation (Figure 1).13 During lipotoxicity ASK1 is activated
through homodimerization and subsequent autophosphorylationl. ASK1 forms a high-
molecular-mass complex through its carboxy-terminal coiled-coil (CCC) domain. The
thioredoxin (Trx) binding site is located near the amino—-terminal coiled-coil (NCC) domain
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and keeps ASK1 inactive. Under lipotoxic stress, Trx dissociates from ASK1 and the
adaptor protein TNF receptor-associated factor (TRAF) is recruited and induces homo-
oligomerization and autophosphorylation of ASK1, with subsequent activation of JNK, and
p38. TRAF1 expression was increased in patients with NAFLD, and TRAF1 deficiency was
hepatoprotective in a mouse model of NASH.1> Nonetheless other TRAFs including TRAF
2 and TRAF6 are known to induce ASK1 activation.18 A recent study reported that TRAF6
promotes lysine 6-linked polyubiquitination and subsequent activation of ASK1. ASK1
activation triggers the release of proinflammatory and profibrotic factors including CXCL10
from hepatocytes which, in turn, activate hepatic stellate cells and induce hepatic fibrosis.1’
Likewise interruption of ASK1 N-terminus-mediated dimerization by CASP8 and FADD-
like apoptosis regulator (CFLAR) also known as CFLIP (Cellular FLICE (FADD-like IL-1B
converting enzymes)-like inhibitory protein),14 blocks ASK1 downstream signaling, and
attenuates the progression of steatohepatitis and metabolic disorders in both mice and
nonhuman primates fed an obesity-induced diet (OID).

The small molecule ASK1 inhibitor Selonsertib (GS-4997) binds to the catalytic kinase
domain of ASK1 in an ATP-competitive manner and inhibits its activity. Although beneficial
in preclinical studies, Selonsertib was not efficacious in NASH clinical trials.1819 However,
ASK1 is highly regulated positively and negatively, and the patients were not stratified by
biomarkers for ASK1 activation in these trials. A protective role of dual specificity protein
tyrosine phosphatases 12 (DUSP12) in murine NASH was reported.20 DUSP12 binds to
ASK1 and promotes its dephosphorylation, blocking its downstream signaling cascade,
leading to reduced lipogenesis and apoptosis, and improvement of high fat diet (HFD)-
induced hepatic steatosis, insulin resistance and inflammation in mice.2° Cellular repressor
of E1A-stimulated genes (CREG) interacts directly with ASK1 and inhibits its
phosphorylation, thereby blocking the downstream MKK4/7-JNK1 signaling pathway and
alleviating obesity, insulin resistance, and hepatic steatosis in mice.2! Interestingly
polyubiquitination of ASK1 is related to its activation, Zhang et al. identified the
deubiquitinase tumor necrosis factor alpha—induced protein 3 (TNFAIP3) as a key
endogenous suppressor of ASK1 activation that interacts with and deubiquitinates ASK1 in
hepatocytes. Furthermore, tnfaijp3 gene delivery in the liver in both mouse and nonhuman
primate models of NASH substantially blocked the disease progression.22 Interestingly a
recent study in a mouse model of NASH showed that ASK1 hepatocyte depletion blunts
autophagy, thereby enhancing lipid droplet accumulation and liver fibrosis. ASK1
expression in this study correlated negatively with liver fat content and NASH scores in
obese humans, but positively with markers for autophagy.23 This study highlights the
pleotropic function of ASK1 in NASH. Furthermore, results from phase 3 studies of
selonsertib in patients with NASH and bridging fibrosis (STELLAR-3) and compensated
cirrhosis (STELLAR-4)18.19 have not shown improvement in fibrosis or NASH
amelioration. However, as stated above, clinical trials need to be designed employing
biomarkers to better identify patients with markers of ASK1 activation.

Mixed lineage kinase (MLK)

Members of the MLK family include MLK1, MLK2, MLK3, dual leucine zipper-bearing
kinase, and leucine zipper-bearing kinase. Many of these protein kinases are expressed in a
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limited number of tissues, however MLK3 is ubiquitously expressed.24 Previous studies
have demonstrated that MLK3 is the MAP3K that mediates FFAs induced JNK activation.
25,26 \f/k3 genetic deficiency in a murine nutritional model of DIO and NASH is protective
against disease progression by decreasing liver steatosis, injury, inflammation and fibrosis,
independent of body weight. These effects were accompanied by a reduction in the hepatic
activating phosphorylation of JINK1/2.° Furthermore, reduced JNK activation in liver and
protection from HFD-induced insulin resistance and obesity was observed in compound
mutant global M/k2~~and MIk3~~mice.2’” Moreover, we have reported that during
sublethal hepatocyte lipotoxic injury, MLK3 mediates the induction of C-X-C motif
chemokine 10 (CXCL10) via an MKK3/6-p38- signal transducer and activator of
transcription 1 (STAT1) signaling cascade, and the release of CXCL10-enriched
extracellular vesicles (EV)s from hepatocytes by a JINK-dependent mechanism (Figure 2).
10.28 The release of proinflammatory EVs by hepatocytes during lipotoxic stress is an
example of sublethal injury promoting liver inflammation. CXCL10 is a potent chemotactic
ligand that links hepatocyte lipotoxicity to macrophage-associated liver inflammation in
NASH.2® Furthermore, we and others have demonstrated increased CXCL10 hepatic
expression and serum levels in patients with NASH; this increase correlates with disease
severity.28:30 Moreover, we reported that the small-molecule MLK3 inhibitor URMC099
was well tolerated, and efficacious in reversing diet-induced NASH in mice.1! Nevertheless,
MLK3 remains an unexplored therapeutic target in human NASH.

Jun N-terminal kinase (JNK)

In the liver, INK is a dominant effector MAPK, which phosphorylates numerous substrates
including nuclear activator protein 1 (AP1) transcription factors as well as protein kinases,
phosphatases, and scaffold proteins.” Of the three jnk genes, jnkI and jnk2 are expressed in
the liver and each encodes two isoforms, 54 and 46 kiloDaltons in size. Further, in the liver
INK1 is mostly comprised of p46 and INK2 of p54.31 INK signaling plays significant roles
in NASH by regulating cell death and metabolism in the liver.” JNK is activated in dietary
and genetic animal models of NASH,32-34 and in human NASH.35:36 JNK is activated in
both macrophages and hepatocytes in NASH causing both apoptosis and liver inflammation.
37.38 |nterestingly, JNK1/2 in macrophages is required for tissue infiltration,
proinflammatory polarization, cytokine release, and suppression of insulin sensitivity in the
liver.3% During OID in mice, JNK activation in hepatocytes phosphorylates insulin receptor
substrate-1 (IRS-1), suppressing insulin receptor signaling, and inducing insulin resistance.
40 On the other hand, JNK1 activation in adipocytes promotes the secretion of the
inflammatory cytokine interleukin 6 (IL-6). IL-6 upregulates hepatic suppressor of cytokine
signaling 3 (SOCS3), which induces IRS1 degradation, and hepatic insulin resistance.*!
Hence, JNK1 activation in adipose tissue promotes insulin resistance in the liver. On the
other hand, mice with hepatic deficiency of INK1 exhibit increased insulin resistance,2
whereas compound deletion of both INK1 and JNK2 improved insulin resistance in HFD-
fed mice. Interestingly, hepatic deletion of INK2 alone recapitulates the enhanced insulin
sensitivity of INK1/JNK2 hepatic deletion,*3 suggesting that JNK2 in the liver is the main
player in hepatic insulin resistance, while JNK1 is the main isoform activated downstream of
ASK1 with a dominant role in mediating the HFD-induced steatohepatitis.1421
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Moreover, during hepatocyte lipotoxicity JNK1 is the only isoform to phosphorylate c-Jun, a
member of AP-1 transcription factor complex, which induces expression of the Bcl-2
homology 3 (BH3)-only protein p53-upregulated modulator of apoptosis (PUMA), and
subsequently activates the mitochondrial pathway of apoptosis.3® Sustained INK1/2
activation appears to be mediated by an activation loop where JNK-mediated
phosphorylation of its outer mitochondrial membrane docking protein and substrate, Sab
(SH3 homology associated BTK binding protein), leads to oxidative stress, mitochondrial
outer membrane polarization, and apoptosis.**

JNK activation in HFD-mice mediates cross-talk between different metabolically active cells
by repressing the nuclear hormone receptor peroxisome proliferator-activated receptor alpha
(PPARa), and its target gene fibroblast growth factor 21 (Fgf21), through increased
expression of the PPARa corepressor nuclear receptor corepressor 1 (NcoR1).43 FGF21 is a
hepatokine which possesses potent regulatory effects on lipid metabolism, and adipose tissue
insulin sensitivity.*> Feeding stimulates JNK activation concomitant with downregulation of
FGF21, and ablation of hepatic JNK abrogates this nutritional responsiveness. Hence, it is
proposed that hepatic JINK mediates the fasting and feeding cues of circulating FGF21
expression.8 However, the protective effects of hepatic JNK deficiency in suppressing the
metabolic syndrome in HFD-fed mice were not observed in mice with hepatocyte-specific
FGF21 deficiency, including reduced insulin resistance.*® Interestingly, treatment with
subcutaneously administered PEGylated fibroblast growth factor 21 analogue
(pegbelfermin) for 16 weeks was well tolerated and significantly reduced hepatic fat fraction
in a randomized, double-blind, placebo-controlled, phase 2a trial in patients with non-
alcoholic steatohepatitis.*’

Thus, JNK activation plays a key role in the metabolic syndrome and lipotoxicity associated
with NASH (Figure 3), although direct inhibition of INK is unfavorable given the potential
interference with physiological JNK signaling. Targeting the JNK activation loop is a
potential therapeutic strategy in NASH, by blocking JNK binding to Sab, either by the
herbal chemical, Anctin H, membrane permeable blocking peptide, or antisense
oligonucleotide that target hepatic Sab.”48 Interestingly an ongoing phase 2, randomized,
double-blind, placebo-controlled, clinical trial is evaluating the efficacy and safety of a
second generation JNK inhibitor CC-90001 in subjects with NASH and stage 3 or stage 4
liver fibrosis (NCT04048876-clinical trial.gov).

The p38a/p MAPK isoforms are the widely expressed, extensively studied isoforms.
Emerging concepts highlight the complexities of hepatic p38a/p MAPK in regulating
glucose homeostasis and lipid management in physiological lean conditions and
pathological obese states.8 Mice lacking hepatic p38a exhibited reduced fasting glucose
level and impaired gluconeogenesis that was associated with increased AMPKa
phosphorylation.*® Further evidence for a role for p38a/B MAPK in gluconeogenesis is
derived from studying MAPK phosphatase-1 (MKP-1) which negatively regulates
gluconeogenesis by opposing p38a/p MAPK-mediated activation of the gluconeogenic
pathway.?0 Interestingly p386 was found to be elevated in the livers of obese patients with
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NAFLD, while mice lacking p38-y/6 in myeloid cells were resistant to diet-induced fatty
liver, hepatic steatosis and glucose intolerance. This protective effect was attributed to
defective migration and hepatic infiltration of p38-y/6-deficient neutrophils. Neutrophil
hepatic infiltration is implicated in hepatic steatosis mainly through modulating oxidative
lipids metabolism and inflammation.®! Likewise p38a expression was increased in the livers
of humans with NAFLD, while macrophage p38a in a mouse model of NASH promoted the
progression of steatohepatitis by inducing proinflammatory cytokine secretion and
polarization.52 Furthermore, in hepatocytes under lipotoxic stress p38a/f was activated
through an MLK3-mediated MAPK signaling cascade resulting in STAT1 Ser727
phosphorylation, and transcriptional activation with subsequent induction of the potent
chemotactic ligand CXCL10,10 which promotes macrophage trafficking to the NASH liver.
29 Interestingly a recent study demonstrated that the p38 MAPK inhibitors SB203580 or
BIRB796 attenuated murine NASH,>2 suggesting that p38 may have a potential role as a
therapeutic target in human NASH.

Interestingly, p38 activated signaling engages various targets including transcription factors
and downstream protein kinases resulting in a plethora of cellular responses of opposing
roles in different liver diseases.>3 For example, p38 reduced liver fibrogenesis and
consequent hepatocarcinogenesis through attenuating reactive oxygen species accumulation
in response to thioacetamide-induced chronic liver injury.>4 In this study, mice with p38a.-
deficient hepatocytes had enhanced reactive oxygen species (ROS) accumulation, through
reduced expression of the antioxidant protein heat shock protein (HSP) 25, a mouse
homolog of HSP27. Its re-expression in p38a.-deficient hepatocytes prevented ROS
accumulation and thioacetamide-induced fibrosis. Furthermore, p38a deficiency increased
expression of SOX2, a marker for cancer stem cells and the liver oncoproteins c-Jun and
Gankyrin and led to enhanced thioacetamide-induced hepatocarcinogenesis. Likewise, p38
has been reported to suppress diethylnitrosamine (DEN)-induced cancer cell proliferation by
antagonizing the INK—c-Jun pathway.®> Mice with p38a-deficient hepatocytes showed
increased DEN-induced liver tumor that correlated with enhanced JNK—c-Jun activity.
Furthermore, when JNK-c-Jun pathway was inactivated, proliferation of p38a.-deficient
hepatocytes and liver tumor cells was reduced to control levels.5®

ENDOPLASMIC RETICULUM STRESS

Obesity-associated metabolic stress is associated with activation of the endoplasmic
reticulum (ER) stress response.®0 Early studies on glucose deprivation and protein
misfolding identified the signaling pathways activated when the normal functions of the ER
were impaired; these were collectively labelled the unfolded protein response (UPR).%6 UPR
signaling is conserved across eukaryotic cells and begins with recognition of ER stress by
the three transmembrane UPR sensors, activating transcription factor 6 alpha (ATF6a.),
inositol-requiring enzyme 1 alpha (IRE1a), and protein kinase RNA (PKR)-like ER kinase
(PERK).56:57 Canonical proteotoxic ER stress is initiated via luminal accumulation of
misfolded proteins that recruit immunoglobulin binding protein/glucose regulatory
protein-78 (BiP/GRP78) away from the UPR sensors.>8 This allows the UPR sensors to
oligomerize, and their luminal domains may directly bind misfolded proteins. Newer studies
have identified direct sensing of lipid perturbations or lipotoxic stress by the transmembrane
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domains of the UPR sensors. With an increase in obesity-associated metabolic diseases,
emerging studies have identified a role for the UPR sensors in lipid homeostasis and in the
pathogenesis of NASH. The role of the UPR sensors in lipid and metabolic homeostasis has
been reviewed elsewhere57:59 and here we focus on PERK and IRE1a kinases and their
mechanistic role in liver steatosis, inflammation, cell death, and fibrosis in NASH (Figure
4).

Protein kinase RNA-like ER kinase (PERK)

PERK is a type-I transmembrane protein with a cytosolic C-terminus kinase domain, a
transmembrane domain and a stress-sensing luminal N-terminus.®0 PERK kinase activity is
activated by oligomerization and trans-autophosphorylation of a number of residues in its
cytosolic domain. This leads to a conformational change, recruitment and phosphorylation
of eukaryotic translation initiation factor (elF) 2a, which leads to global and transient
attenuation of protein synthesis aimed at reducing the protein folding load in the ER. PERK
also phosphorylates nuclear factor (erythroid-derived)-like 2 (Nrf2) leading to its
dissociation from Kelch-like ECH associating protein 1 (Keapl), translocation to the nucleus
and transcriptional activation of genes containing regulatory antioxidant response elements.
61 phosphorylation of elF2a promotes selective translation of activating transcription factor
4 (ATF4) which transcriptionally activates a subset of adaptive and stress responsive genes
including amino acid metabolism and oxidative stress response.52 ATF4 also activates
transcription of the proapoptotic factor C/EBP homologous protein (CHOP) which promotes
cell death via expression of death receptor 5 (DR5) and the BH-3 only proteins Bim and
PUMA, likely in a cell- and stimulus-specific manner given the observations that ER stress-
induced cell death can occur independently of DR5 and caspase 8.63-65 PERK signaling is
kept in check by growth arrest and DNA damage 34 (GADD34) which activates protein
phosphatase 1 leading to dephosphorylation of elF2a and resumption of translation.

Inositol-requiring enzyme-la (IRE-1a)

IREla is a type-I transmembrane protein. Similar to PERK it has a stress-sensing luminal
domain, transmembrane domain, and a cytosolic domain which contains two enzymatic
activities, kinase and endoribonuclease (RNase).¢ IRE1a is activated by oligomerization
induced trans-autophosphorylation and RNase activation which cleaves 26 nucleotides from
XBPImRNA to generate spliced XBPZ mRNA.57 The resultant frame shift leads to the
translation of spliced XBP1 transcription factor. XBP1 target genes include genes coding for
ER quality control proteins such as BiP and those involved in ER-associated degradation.
Persistent activation of IRE1a. leads to degradation of mMRNAs and microRNAS in a process
termed regulated IRE1a-dependent decay (RIDD).8 IRE1a activation also intersects with
stress kinase activation via TRAF-mediated activation of INK.69

ER stress-induced kinase signaling and steatosis

The PERK pathway regulates hepatic steatosis. Enforced expression of GADD34 in HFD-
fed mice led to a reduction in liver lipogenic transcription factors PPAR-y, C/EBPa and C/
EBPB.70 This was associated with improved steatosis and insulin tolerance in these mice. In
cultured hepatocytes elF2a. phosphorylation led to increased translation of C/EBP
suggesting that while halting global protein synthesis, elF2a phosphorylation promotes
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lipogenesis. In keeping with these data, ATF4 signaling also promotes hepatic steatosis.
Lack of ATF4 is associated with a reduction in steroyl-CoA desaturase 1 expression, and
protection from hepatic steatosis and hypertriglyceridemia.’®

More is known about the intersections between IRE1a signaling and hepatic steatosis. ER
stress mediates obesity-induced insulin resistance. This was demonstrated to occur via JNK-
mediated inhibitory phosphorylation of IRS-1 in the liver of ot/0b and HFD-fed mice.40
Lack of XBP1 signaling worsened ER stress due to a reduction in the compensatory capacity
of the ER. This in turn enhanced JNK phosphorylation and insulin resistance. Post-
translational modification of IRE1a has been reported in chronic metabolic stress-induced
inflammation. S-nitrosylation of IRE1la resulted in a decline in the RNase activity without
compromising its kinase activity.”? This was associated with an increase in hepatic steatosis
due to lack of degradation of inhibitory microRNASs, mir-200 and miR-34.73 On the other
hand, hyperactivation of IRE1a led to RIDD of lipogenic mRNAs.”* IRE1a also plays a
role in very-low-density lipoprotein assembly, though the contribution of this pathway to
obesity-associated dyslipidemia has not been explored.” Thus, IREla signaling outputs
limit hepatic steatosis. These signaling outputs depend on the RNase activity of IREla,
which in turn is activated following kinase-mediated auto-transphosphorylation. Inhibiting
the RNase activity can potentially result in hyper-phosphorylated IRE1a; on the other hand,
targeting the kinase domain of IREla effectively inhibits the RNase activity.”® This has led
to the development of small molecule IRE1la kinase-inhibiting RNase attenuators (KIRAS).
Hepatic steatosis may be an inadvertent side effect that could be avoided by tissue-specific
targeting of KIRAs as they are developed for therapeutic use.

ER stress-induced kinase signhaling and inflammation

The data on the role of IRE1a in liver inflammation in steatohepatitis are not parsimonious.
Wang et al. reported an increase in hepatic inflammation in hepatocyte-specific IREla
knockout mice challenged with a HFD for 20 weeks suggesting a protective role for IREla.
73 Mice with hyperactivation of IRE1a due to hepatocyte XBP1 deletion demonstrate
reduced steatosis, albeit an increase in liver injury.”” This may partly be mediated by RIDD
of hepatoprotective mRNAs. Deletion of Bax Inhibitor 1 (BI-1), a negative regulator of
IREla, worsened hepatocyte cell death and liver inflammation, also associated with
hyperactivation of IRE1a, persistent splicing of XBP1, and activation of the NLRP3
inflammasome.’879 Recent studies have also implicated IRE1a in the release of
proinflammatory extracellular vesicles from steatotic hepatocytes.89 These data would
suggest that the magnitude, timing, and persistence of IREla activation determine whether
the signaling outputs favor or counter inflammation in NASH. The role of PERK in liver
inflammation remains to be explored.

ER stress-induced kinase signaling and cell death decisions

The outcome of ER stress is either restoration of cellular homeostasis or cell death. ER
stress-induced cell death is mediated by the transcription factor CHOP partially via the
proapoptotic proteins DR5 and Bim.81 Though CHOP overexpression is insufficient to
induce cell death by itself, ER stress-induced cell death is decreased in the absence of
CHOP. However, HFD fed CHOP~/~ demonstrated greater liver injury, inflammation and
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hepatocyte apoptosis reportedly secondary to a reduction in macrophage apoptosis in CHOP
~/~ mice demonstrating the importance of cellular context in determining ER stress
outcomes.81 CHOP~~ mice challenged with a methionine- and choline-deficient diet
demonstrated some protection against steatohepatitis,2 also highlighting the differences in
stimulus-specific ER stress outcomes. Emerging studies implicate engagements of DR5
independent of its ligand, as a terminal protein-folding checkpoint during unresolved ER
stress before committing to a terminal apoptotic fate.83 This is in keeping with our
observations of attenuated NASH in mice deficient in TRAIL receptor, the mouse equivalent
of DR5.84

Thus obesity-associated metabolic abnormalities activate two ER kinases. PERK activation
may protects against steatosis, though promotes apoptosis via transcriptional upregulation of
CHOP. IREla protects against steatosis but may promote liver injury and inflammation via
the release of extracellular vesicles and RIDD.

RHO-ASSOCIATED PROTEIN KINASES

Rho-associated protein kinase (ROCK) 1 and ROCK2 belong to the AGC kinase subfamily
of serine/threonine kinases which includes, among others, cAMP-dependent protein kinase 1
(PKA) or protein kinase C (PKC).8% As the name suggests, ROCKs were originally
identified as downstream effectors of the small GTPase RhoA. ROCK kinases are important
regulators of actin cytoskeleton and are involved in diverse cellular functions including
cytoskeleton organization, cell adhesion and motility, proliferation and apoptosis, and
smooth muscle cell contraction. Although ROCK1 and ROCK2 have highly related
functional domains and significant amino acid identity, they possess only partially
overlapping functions. On the other hand, they can be regulated both by common means as
well as mechanisms unique to ROCK1 or ROCK?2. Various signals activate ROCKSs by
releasing the protein from the autoinhibitory conformation, including Rho protein binding to
Rho-binding domain and proteolytic removal of the C terminus of ROCKZ1 by caspase 3 or
ROCK?2 by granzyme B.86

Emerging data demonstrate that ROCKZ1 plays a role in regulating glucose metabolism,
insulin signaling, and energy metabolism, all of which theoretically may be involved in the
pathogenesis of NASH. Whole body ROCK 1™/~ mice are viable with no detectable anatomic
abnormalities.8” However, global ROCK1 deficiency causes systemic insulin resistance by
impairing insulin signaling in the skeletal muscle.8” On the other hand, adipose-specific
deletion of ROCK1 improved insulin sensitivity in mice with obesity induced by HFD
feeding, without affecting adiposity.88 In genetically obese mice and mice fed HFD, hepatic
ROCKU1 deficiency reduced steatosis through suppression of de novo lipogenesis, which
appeared to be independent of body weight.89 Conversely, hepatic overexpression of
constitutively active ROCK1 was sufficient to promote adiposity, insulin resistance, and
steatosis in mice fed HFD. At a cellular level, hepatocyte ROCK1 was demonstrated to be
activated by endocannabinoids 2-AG and AEA via endocannabinoid receptor. Activated
ROCKU1 then inhibits 5 AMP-activated protein kinase (AMPK), resulting in stimulation of
the sterol regulatory element-binding transcription factor 1 (SREBP1c)-mediated lipogenic
pathways.20 Altogether, this suggests that hepatic ROCK1, through stimulation of de novo

Semin Liver Dis. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ibrahim et al.

Therapeutic

Page 10

lipogenesis, is a major link between HFD-induced obesity, insulin resistance, and fatty liver
disease.

ROCKU1 has also been implicated in mediating hepatocyte lipotoxic signaling. In particular,
toxic lipids, such as lysophosphatidylcholine, induce proteolytic activation of ROCK1,
which in turn mediates EV release.%® Genetic deletion of ROCK1 or pharmacologic
inhibition of ROCK1/2 significantly decreased lipotoxicity-induced EV release from
hepatocytes /n vitro.% Since lipotoxic hepatocyte EVs have a proinflammatory effect on
monocytes and macrophages,1:92 it is yet to be determine if hepatocyte ROCK1 may
promote liver inflammation through lipotoxic EV release.

inhibition of ROCK activity

Pharmacologic ROCK inhibition has emerged as an attractive therapeutic approach to
reverse several pathologies involving inflammation and fibrosis.93:94 There are several
commercially available inhibitors of ROCK kinase activity, which are mainly dual ROCK1/2
inhibitors. Among dual ROCK1/2 inhibitors, fasudil (or HA-1077) is approved for use in
Japan and China for the treatment of cerebral vasospasm.?3 According to post-marketing
trials, fasudil is considered to be a safe drug with no serious side effects.94 In addition, more
potent and selective ROCKZ1/2 inhibitors are currently being developed and tested in clinical
trials for various indications. >

ROCK pharmacologic inhibition has also been tested in animal models of NASH. In a
murine model of NASH induced by western diet, fasudil reduced liver injury, macrophage-
associated inflammation and fibrosis, without significant effect on liver steatosis.®
Interestingly, fasudil significantly decreased levels of circulating EVs that are markedly
increased by western diet feeding. In a rat model of NASH, concomitant administration of
ROCK kinase inhibitor Y-27632 with the choline-deficient, L-amino acid—defined diet
prevented development of liver steatosis and fibrosis;% unfortunately, the authors did not
assess liver inflammation. In another rat model based on high-fat diet feeding combined with
streptozotocin-induced diabetes, fasudil markedly decreased markers of hepatic stellate cell
activation and liver fibrosis.9”

This quite remarkable therapeutic effect of ROCK inhibition on NASH is likely due to a
combination of multiple effects on various cell types involved in the disease pathogenesis
(Figure 5). We can speculate that ROCK inhibition in hepatocytes may prevent the
lipotoxicity-induced release of pathogenic EVs, which, in turn, may be associated with
attenuated liver inflammation. /n vitro studies have demonstrated that ROCK1 inhibition
decreases numbers of EVs released during hepatocyte lipotoxicity.9% EVs released by
lipotoxic hepatocytes were shown to be enriched in proinflammatory molecules, such as
CXCL10 and damage-associated molecular patterns, which have the potential to promote the
recruitment of monocytes and activation of monocyte-derived macrophages. Moreover, we
have recently demonstrated that lipotoxic hepatocyte-derived EVs are enriched with
adhesion molecules namely integrin B1 which enhances monocytes adhesion to liver
sinusoidal endothelial cells, a key step in the inflammatory process in NASH.%2 Whether
ROCK1 directly regulates EV protein content along with vesicle release is currently
unknown. ROCK inhibition may also have a direct effect on monocytes and macrophages,
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especially in regards to their recruitment and proinflammatory activation. For example, bone
marrow-derived ROCK1-deficient macrophages displayed impaired chemotaxis toward
monocyte chemotactic protein 1 and in a mouse model of atherosclerosis, ROCK1
deficiency in macrophages decreases their accumulation in the atherosclerotic lesion.%
Another study showed that ROCK inhibitors block the generation of inflammatory
cytokines, such as interleukin-6 and TNF, in lipopolysaccharide-stimulated monocytes. 99
Another way by which fasudil can attenuate NASH-associated inflammation is via its effect
on liver endothelial cells. ROCK inhibition has been demonstrated to decrease chemokine
production and expression of adhesion molecules in endothelial cells in various disease
models.190.101 As mentioned above, ROCK inhibitors have also been demonstrated to
decrease liver fibrosis in preclinical NASH models. The decrease in fibrogenesis upon
ROCK inhibition may be due to mitigated inflammation and, perhaps, also due to a direct
effect on hepatic stellate cells, the major liver cell type responsible for matrix deposition
during hepatic injury. Indeed, ROCK1 inhibitors have been shown to inhibit several
processes in hepatic stellate cells such as profibrogenic activation, contraction and
migration.102-104

Given that the frequently used ROCK inhibitors (e.g., fasudil and Y-27632) potently inhibit
the kinase activity of both ROCK isoforms, it is unclear whether the abovementioned
observations are due to the effects on ROCK1 or ROCK?2 or both isoforms. Future research
using cell type-specific mouse models along with the development of selective inhibitors for
each isoform will further delineate the roles of ROCK isoforms in liver pathobiology. Such
information is necessary in order to design and implement ROCK1/2 targeted therapies.

CONCLUSION AND REFLECTION

A variety of kinase signaling pathways have been implicated in promoting NASH
pathogenesis. Kinases are targetable by small molecule inhibitors, kinase pocket inhibitors
(reversible and irreversible), and allosteric inhibitors. Hence, identifying dominant kinase
signaling pathways in NASH has potential therapeutic implications. Herein, we have
examined the information relevant to these kinase pathways implicated in NASH
pathogenesis to date. However, the role of kinases is in NASH pathogenesis remains a door
half opened, rich for exploration.

Although targeting tyrosine kinase inhibitors is poorly tolerated in man, targeting serine/
threonine kinase is better tolerated. Augmenting cytoprotective kinase pathways can also be
beneficial. For example, metformin an (AMP-activated protein kinase) AMPK activator is
widely used clinically for the treatment of diabetes mellitus in the context of the metabolic
syndrome. Indeed, the ASK1 inhibitor was also well tolerated, albeit ineffective in
unselected patients.18:19 In the emerging era of precision medicine, it will be critical to
match biomarkers of kinase activation with the appropriate therapy. NASH is a
heterogeneous disease and matching disease pathogenesis with targeted therapy needs to be
applied to this disease. Finally, we note that at MLK3 kinase and ROCK kinase inhibitors
need further examination in human disease. While MLK3 inhibitors have been and
identified,1128 developing isoform specific ROCK kinase inhibitor has remained a
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challenge. Nonetheless, we encourage further studies and exploration of these targetable

kinases for

NASH therapies.

MAIN CONCEPTS AND LEARNING POINTS
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KEY POINTS

A subset of patients with nonalcoholic fatty liver disease (NAFLD) develops
an inflammatory condition termed nonalcoholic steatohepatitis (NASH).
NASH is characterized by hepatocellular injury, inflammation, and
progressive liver fibrosis.

The mechanisms whereby hepatic inflammation occurs in NASH remain
incompletely understood, but appear to be linked to the proinflammatory
microenvironment created by toxic lipid-induced hepatocyte injury, termed
lipotoxicity.

Numerous NASH promoting kinases are activated during obesity inducing
diets, as well as by lipotoxic treatment in hepatocytes, immune cells, and
adipocytes.

Among the NASH promoting kinases are the mitogen activated protein
kinases (MAPKS) including mixed lineage kinase 3 (MLK3), apoptosis
signal-regulating kinase 1 (ASK1), c-Jun N-terminal kinase (JNK) and p38
MAPK; the ER stress kinases protein kinase RNA-like ER kinase (PERK)
and inositol-requiring protein-la (IRE-1a); as well as the Rho-associated
protein kinase 1 (ROCK1).

Multiple pharmacological agents targeting these stress kinases in NASH are
under different phases of development.
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Figure 1. ASK-interacting protein 1 (ASK1) activation during lipotoxicity:
ASK1 forms a high-molecular-mass complex through its carboxy-terminal coiled-coil

(CCC) domain. The thioredoxin (Trx) binding site is located near the amino—-terminal
coiled-coil (NCC) domain and keeps ASK1 inactive. Under conditions of stress, Trx
dissociates from ASK1 and tumor necrosis factor (TNF) receptor-associated factor (TRAF)
molecules are recruited and induce oligomerization of ASK1, resulting in its
autophosphorylation and activation. CASP8 and FADD-like apoptosis regulator (CFLAR)
target the N-terminal-mediated dimerization of ASK1 and blocks its activation. Dual
specificity phosphatase (DUSP) 12 dephosphorylates ASK1, which leads to its inactivation.
Selonsertib binds to the catalytic kinase domain of ASK1 in an ATP-competitive manner and
inhibits its activity. Cellular repressor of E1A-stimulated genes (CREG) interacts directly
with ASK1 and inhibits its phosphorylation. The deubiquitinase TNF alpha-induced protein
3 (TNFAP3) deubiquitinates and suppresses ASK1. ASK1 activation triggers a mitogen
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activated protein kinase (MAPK) signaling cascade leading to c-Jun N-terminal kinase
(JNK) and p38 activation, which results in insulin resistance, lipogenesis, and apoptosis.
MKK, mitogen-activated protein (MAP) kinase kinase; P, phosphate group; Ub, ubiquitin.
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Figure 2. Mixed lineage kinase 3 (MLK3) activation during hepatocyte sublethal lipotoxic injury:
Lipotoxicity during nonalcoholic steatohepatis (NASH) activates MLK3 mainly via the

small GTP-binding proteins Cdc42/Racl, MLKS3 activation triggers a downstream MAPK
signaling cascade that promotes the release of C-X-C motif chemokine 10 (CXCL10)-
bearing extracellular vesicles (EV)s from hepatocytes by a mechanism that involves
CXCL10 induction through a p38/ signal transducer and activator of transcription 1(STAT1)-
dependent mechanism, and CXCL10 trafficking into EVs through a JNK-dependent
mechanism.
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Figure 3. C-Jun N-terminal kinase (JNK) activation in obesity-induced diet:
Obesity-induced diet activates JNK in hepatocytes, macrophage, and adipocytes. INK

signaling in hepatocytes inhibits insulin signaling and causes insulin resistance, JNK also
activates the mitochondrial pathway of apoptosis. Sustained JNK1/2 activation up-regulates
the nuclear receptor corepressor 1 (NcoR1), which, in turn, inhibits peroxisome proliferator-
activated receptor alpha (PPARa) responsive gene including fibroblast growth factor 21
(FGF21). FGF21 in turn increases adipose tissue insulin sensitivity. P-JNK1 in adipocytes
upregulates interleukin (IL-6) expression, IL6 in turn increases hepatocytes suppressor of
cytokine signaling (SOCS) 3 which inhibits insulin signaling in hepatocytes. INK1/2 in
macrophage regulates proinflammatory polarization, hepatic infiltration, and activation.
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Figure 4. Endoplasmic reticulum stress-induced kinases:
IREla and PERK signaling under homeostatic conditions is kept in check by inhibitory

binding of their respective luminal domains to BiP. Proteotoxic ER stress due to the
accumulation of misfolded proteins in the ER lumen dissociates BiP from the luminal
domains allowing oligomerization-induced activation. Lipotoxic stress-induced
oligomerization occurs independent of the luminal domains of IRE1la and PERK. The
sensing mechanisms for proteotoxic and lipotoxic stress appear to be conserved between
IREla and PERK. IREla-induced oligomerization by TRAF2 activates a kinase cascade
resulting in activation of ASK1 and JNK. JNK is implicated in insulin resistance,
inflammation and apoptosis. Activation of the kinase domain of IREla results in trans-
autophosphorylation and activation of the cytosolic endoribonuclease (RNase) activity
which cleaves 26 nucleotides from XBP1 mRNA to express spliced XBP1. XBP1 is a potent
transcription factor upregulating a program of UPR target genes including the chaperone
BiP. IREla also cleaves mRNAs and microRNAs in a process termed regulated IREla-
dependent decay (RIDD). RIDD targets inhibit steatosis and promote apoptosis. PERK
phosphorylates elF2a leading to attenuation of translation with selective translation of
ATF4. ATF4 induce the expression of CHOP, which sensitizes cells to ER stress-induced
apoptosis. ATF4 also activates an adaptive program of stress responsive UPR target genes
such as amino acid metabolism. CHOP and ATF4 together increase the expression of
GADD34, which activates protein phosphatase 1 (PP1). PP1 dephosphorylates elF2a.,
removing the brakes on translation. PERK also phosphorylates Nrf2 leading to its
dissociation from Keap1, which leads to its nuclear translocation and activation of Nrf2
target genes including antioxidant genes which favor cell survival.
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Figure 5. Rho-associated protein kinase (ROCK):
ROCK1 and ROCK2 may play role in several processes involved in NASH pathogenesis. In

hepatocytes, lipotoxicity leads to cleavage-mediate ROCK1 kinase activation, which, in turn,
promotes release of extracellular vesicles. Endocannabinoids increased upon high-fat diet
stimulate endocannabinoid receptor on hepatocytes, leading to ROCK1 activation and
subsequent inhibition of 5* AMP-activated protein kinase (AMPK), which results in
stimulation of the sterol regulatory element-binding transcription factor 1 (SREBP1c)-
mediated lipogenic pathway. ROCK isoforms in myeloid cells may be involved in cytokine
production and cell migration, as treatment with ROCK1/2 inhibitors prevents these
processes. In hepatic stellate cells, ROCK activation has been reported during cell activation,
migration and contraction.
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