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Abstract

Nonalcoholic fatty liver disease (NAFLD) — the most common chronic liver disease—
encompasses a histological spectrum ranging from simple steatosis to nonalcoholic steatohepatitis
(NASH). NASH is projected to be the most common indication for liver transplantation in the next
decade. The absence of an effective pharmacological therapy for NASH is boosting research into
novel therapeutic approaches for this condition. These include modulation of nuclear transcription
factors, agents that target oxidative stress, and modulation of cellular energy homeostasis,
metabolism and the inflammatory response. Strategies to enhance resolution of inflammation and
fibrosis could reverse the advanced stages of liver disease. Finally, we suggest areas where future

research could lead to effective therapeutic agents for the treatment of NAFLD.



Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in the world,
affecting up to 30% of the adult population and 70-80% of obese and diabetic individuals'. NAFLD
encompasses a histological spectrum, ranging from simple steatosis to non-alcoholic steatohepatitis
(NASH), the latter with different degrees of fibrosis severity.

Although simple steatosis is considered to have a low potential for progression, NASH can progress
to cirrhosis and end-stage liver disease. NASH the second leading etiology of liver disease among
adults awaiting liver transplantation in the United States and is projected to become the most
common indication for liver transplantation in the next decade’. Furthermore, NAFLD is an
emerging risk factor for type 2 diabetes, cardiovascular disease and end-stage kidney disease' °.
There are no approved pharmacological therapies for N ASH*, highlighting the urgent need to
develop effective therapeutic strategies for this condition. Here we review recent advances in
research into potential molecular targets for the treatment of NASH, focusing on their translational

potential and on key challenges that must be overcome for the clinical development of

investigational compounds.

A)Modulation of nuclear transcription factors

Nuclear transcription factors are molecules that, upon ligand binding, bind to response elements
(REs) in the promoters of target genes to regulate their transcription. Several nuclear transcription
factors are receiving considerable attention in light of their therapeutic potential for the treatment of
NAFLD.

Al)Farnesoid X receptor (FXR)

Originally known for its function as a bile acid sensor in enterohepatic tissues, farnesoid X receptor

(FXR) has recently emerged as a master regulator of lipid and glucose homeostasis and of



inflammatory and fibrogenic processes (Table 1). Several synthetic FXR agonists are being
evaluated for the treatment of hepatic and metabolic disorders, including NAFLD” 6,

Two FXR-encoding genes have been identified, FXRa and FXR, although only FXRa senses bile
acids in humans. FXRa is expressed mainly in the liver, intestine, kidney and adrenal glands, and at
lower levels in adipose tissue.

FXR is constitutively bound to the 9-cis-retinoic acid receptor (RXR). This heterodimer binds FXR
response elements (FXREs) and induces gene transcription. Upon ligand binding, FXR undergoes
conformational changes to release co-repressors and recruit co-activators, including DRIP-205
(vitamin-D-receptor-interacting protein-205) and PGC-1a (peroxisome proliferator-activated
receptor gamma coactivator-1a)’.The mechanisms modulating recruitment of these co-activators by
FXR ligands and the importance of these molecules to specific gene regulation by FXR ligands are
being intensely investigated.

In patients with NAFLD, hepatic expression of FXR and of the bile acid biosynthetic enzymes
CYP7A and CYP27A is down-regulated and inversely related to liver disease severity®. Consistent
with this observation, FXR-deficient mice on a high fat diet exhibit massive hepatic steatosis,
necrotic inflammation and fibrosis.” In rodent models of diet-induced NASH, FXR agonists prevent
the development of NAFLD and can promote the resolution of steatohepatitis and fibrosis '°. In the
liver, FXR agonists enhance insulin sensitivity'', increase triglyceride clearance and mitochondrial
fatty acid p-oxidation, and suppress lipogenic gene transcription'>. Furthermore, FXR receptor
engagement decreases SREBP-1c¢ expression'® and upregulates apolipoprotein (apo) C-II and very-
low-density lipoprotein receptor (VLDL-R) expression, which together enhance triglyceride-rich
lipoprotein clearance and repress the expression of apolipoprotein AI'*. These effects on cholesterol
metabolism could explain the 5% reduction in plasma HDL-C levels observed in patients treated
with semi-synthetic bile acids'. FXR activation also directly inhibits hepatic stellate cell (HSC)
activation and hepatic fibrogenesis'’, and has several beneficial extrahepatic effects, as it reverses

adipose tissue dysfunction'® and decreases gut microbiota-induced inflammation by attenuating



intestinal barrier dysfunction, endotoxin translocation and the hepatic nuclear factor (NF)-kB-

. . 17,18
mediated response to endotoxin

, and by promoting intestinal fibroblast growth factor (FGF)-19
secretion'’.

Semi-synthetic bile acids also activate the G protein coupled receptor TGRS, which is ubiquitously
expressed with the highest level of expression in the human placenta, spleen, liver, small intestine
and adipose tissue: TGRS activation may also potentially improve NASH by down-regulating NF-
kB-mediated pathway activation in macrophages and Kupffer cells, enhancing mitochondrial
biogenesis and function in muscle and adipose tissue, and increasing intestinal glucagon-like
peptide(GLP)-1 secretion . Mechanisms connecting FXR and TGRS activation to improvement of
liver disease and cardio-metabolic abnormalities in NASH are described in Table 1.

On this basis, potent semi-synthetic bile acid FXR agonists have been developed for the treatment
of NASH (Table 2). Obeticholic acid (OCA, or 6-ethyl- chenodeoxycholic acid, or INT-747), a
semi-synthetic derivative of chenodeoxycholic acid (CDCA) with a 80-fold higher potency at the
human FXR (ECs,=0.033 pM) compared to endogenous CDCA*', has been recently evaluated in
the multicenter, double-blind, randomized “FXR Ligand NASH Treatment (FLINT)” trial'’.
Although OCA significantly improved the primary histological outcome (NAFLD activity score,
NAS) and fibrosis score compared with placebo, NASH resolution occurred in only 22% of patients
treated with OCA after 72 weeks (p=0.08 vs. placebo). Furthermore, the fraction of patients with
resolution of advanced fibrosis did not significantly differ between arms (41% vs. 28%, p=0.30).
Since the presence of NASH and of bridging fibrosis are strong predictors of liver disease
progression and liver-related complications', the clinical relevance of the results of the FLINT trial
requires further evaluation. Furthermore, OCA treatment did not significantly improve liver
histology in non-diabetic patients (47% of study participants). The absence of effectiveness of OCA
in non-diabetic individuals warrants confirmation, but may be related to different bile acid

metabolism between diabetic and non-diabetic individuals®. Lastly, a 5% decrease in HDL-C levels



coupled with a 16% increase in LDL-C was observed with OCA as compared to placebo: the impact
of these changes on long-term CVD risk in NAFLD is unknown.

In addition to OCA, other FXR agonists are currently being investigated, including the natural tea
polyphenolic derivative epigallocatechin-3-gallate (ECsp=1 uM), that exhibited antioxidant, anti-
inflammatory , anti-atherosclerotic and cholesterol-lowering properties preclinically *, and non-
steroidal synthetic derivatives of GW4064'. GW4064 is a trisubstituted isoxazole compound with
large lipophilic groups at C3-position of the isoxazole and a C5-phenyl ring, additionally
substituted in the ortho- position, both of which seem required for its pharmacological activity:
GW4064 has a potency of 90 nM on FXR and has been patented in 1998, but never reached clinical
use due to its poor bioavailability, photolability, and to the presence of the potentially toxic stilbene
moiety”'. For these reasons, many other non-steroidal isoxazole GW4064 derivatives have been
synthesized Since early 2000s in an attempt to overcome the liabilities of the parent compound: to
date only one of these molecules, the Px-104 (ECsy=122 nM)21 has made it into the early stages of
clinical development and is being evaluated in a phase Ila RCT in NAFLD (ClinicalTrials.gov

Identifier: NCT0199910).

A2)Sterol regulatory binding protein-2(SREBP-2)

Growing evidence supports a role for the toxic accumulation of free cholesterol in the liver in the
pathogenesis of NASH>*, and the therapeutic potential of unloading liver cells of their toxic
cholesterol load is attracting considerable interest.

In mammals, the nuclear transcription factor sterol regulatory element-binding protein (SREBP)-2
is the master regulator of intracellular cholesterol homeostasis.”’Low cellular cholesterol levels
enhance trascription of SREBP-2, which regulates target genes involved in cholesterol synthesis,
uptake, secretion and transport in order to increase intracellular cholesterol availability (Table 1)**

Y In cholesterol-replete cells, SREBP-2 remains in the ER where it cannot induce transcription.



Alternative splicing of the SREBF-2 gene, which also encodes SREBP2, generates the microRNA
miR-33a, which is processed from an intron within the SREBF2 primary transcript: miR-33a
reduces cholesterol export, mitochondrial fatty acid -oxidation and insulin signalling in

282 and enhances TGFB-induced HSC activation®’, thereby promoting liver injury and

hepatocytes
fibrogenesis. Therefore, activation of SREBP-2 and transcription of miR-33a in low cholesterol
conditions coordinately promote cholesterol synthesis and retention and the storage of neutral
lipids, cholesteryl esters and triglycerides.

In the liver of patients with NASH, SREBP-2 and miR-33a are inappropriately up-regulated despite
hepatic cholesterol overload and parallel the severity of liver histologyg. Mechanisms for disruption
of the physiological negative feedback by cholesterol stores and SREBP-2 upregulation in NASH
may include: enhanced insulin-, cytokine- or mammalian target of rapamycin complex 1
(mTORC1)-mediated transcription of SREBF-2 gene31,; downregulation of hepatic miR-122 (a
suppressor of hepatic SREBP-2 expression); or genetic variation in SREBP-2 activity3 2,

The pervasive effect of SREBP-2 and miR-33a upregulation on hepatic cholesterol metabolism and
its inappropriate upregulation make modulation of its activity an attractive therapeutic target to
tackle cholesterol-mediated liver injury in NASH. While selective SREBP-2 antagonists are under
development, several natural antioxidants (curcumin®, resveratrol®® and proanthocyanidins34)
repress hepatic SREBP-2 and miR-33a and their target genes and improved hepatic trigyceride
infiltration and fibrogenesis activation in cellular and rodent models.

An alternative strategy could be the suppression of miR-33a expression with antisense
oligonucleotides or their chemically modified versions — 2’-O-methyl-group (OMe)-modified
oligonucleotides and locked nucleic acids (LNA) anti-miRs — which have yielded promising
results in preclinical models®’. Major issues with the therapeutic manipulation of these miRNAs, as
with miRNAs in general, are to ensure their stability and organ-specific delivery and to test the

long-term safety of this approach. miR-33a also regulates cell proliferation and cell cycle



progression in the liver and other organs, so safety is a particular concern with therapies targeting

this miRNA>> 3¢,

A3)pregnane X receptor (PXR)

Initially identified as a regulator of xenobiotic and drug metabolism and disposition, the pregnane X
receptor (PXR) is also an important modulator of metabolic and inflammatory pathways at the
hepatic and extrahepatic levels® and is therefore a potential therapeutic target for NASH(Table 1).
Upon activation by a variety of ligands including drugs, insecticides, pesticides, and nutritional
compounds, PXR heterodimerizes with RXR and induces transcription downstream of PXR
response elements. PXR coordinates the expression of several genes that are critical to the
metabolism and export of toxic xenobiotic compounds, including cytochrome P450 3A4 and 2B6
and multidrug resistance protein (MDR)1 and MRP2%.

Recently, genetic screening and functional studies using PXR knockout and transgenic mice have
shown that PXR modulates carbohydrate and lipid homeostasis, inflammation and fibrogenesis in

NAFLD *”*° | PXR has been found to directly promote hepatic steatosis in vitro and in vivo ***"

through SREBP-1c¢ activation and through SREBP-1c-independent pathways*" #4344 45,

PXR suppresses hepatic gluconeogenesis by competing with HNF-4 for the binding of PPARY
coactivator 1o (PGC-1a), thus attenuating hepatocyte nuclear factor-4 (HNF-4) signaling®. PXR
also acts as a co-repressor of the transcription factor forkhead box—containing protein O subfamily-
1 (FOXOT1), another positive regulator of gluconeogenesis which was recently found to be
overexpressed in NASH, decreasing the transcriptional activity of FOXO1 on the insulin response
element (IRS)"'(Table 1).

In addition to its effects on metabolic regulation, PXR has potent anti-inflammatory and anti-

fibrotic properties in vitro and in vivo: PXR activation suppressed hepatocyte apoptosis and NF-kB

activation48, enhanced hepatocyte autophagy49 and abrogated proinflammatory and profibrogenic



responses to bacterial lipopolysaccharide (LPS)* in cultured hepatocytes and HSCs, ameliorating
hepatic necrotic inflammation and fibrosis in rodent models of NASH’! **(Table 1).

These data indicate that PXR may be a potential therapeutic target for NASH. However ,the role of
PXR in xenobiotic metabolism suggests that targeting it could have unwanted drug-drug
interactions, and PXR activation induced steatosis in preclinical models (Table 1). The translational
and clinical relevance of this observation remain uncertain: for instance, there are no significant
clinical or histological reports of hepatic steatosis, fibrosis, cirrhosis, or carcinoma induced by
rifampicin, a potent PXR agonist widely used for the treatment of tuberculosis®. Strategies to
overcome these unwanted steatogenic effects of PXR activation are being investigated: intriguingly,
it has been shown that acetylation of PXR regulates its pro-lipogenic function independent of ligand
activation™, suggesting that PXR could be selectively regulated by manipulating its post-

translational modifications.

A4) Peroxisome proliferators-activated receptor(PPAR)-0/0 agonists

Peroxisome proliferators-activated receptors (PPARs) belong to the nuclear receptor superfamily
and they can be classified into 3 isotypes designated PPAR-a, PPAR-y and PPAR-6. PPARs form
heterodimers with RXR™. The PPAR:RXR heterodimer regulates gene transcription by binding to
PPAR response elements (PPRE).

Although the unwanted effects of PPAR-y agonists — including weight gain, fluid retention, bone
fractures, increased cardiovascular risk for rosiglitazone and increased risk of bladder cancer for
pioglitazone — have limited their clinical use™®, several potent selective PPAR-o modulators
(SPPARMs) and dual PPAR-0/8 modulators are currently under development for the treatment of
NAFLD and cardio-metabolic disorders.

PPAR-a is expressed in the liver and other metabolically active tissues including striated muscle,
kidney and pancreas where it upregulates numerous enzymes involved in mitochondrial and

peroxisomal fatty acid B-oxidation and microsomal w-oxidation, plasma fatty acid membrane



. 57,58
transporters, and ketogenesis” "

, thereby shifting hepatic metabolism toward lipid oxidation.
PPAR-a activation also enhances plasma triglyceride clearance by up-regulating the expression of
lipoprotein lipase (LPL) and down-regulating hepatic secretion of apo-CIII, a LPL inhibitor™(Table
1). Another PPAR-a target, catalase, ameliorates hydrogen peroxide detoxification and protects
hepatocytes from oxidative stress, which is believed to play a crucial role in liver injury in
NASH(see below)éo.

PPAR-a enhances the transcription of FGF-21; FGF-21 seems to be crucial for the metabolic
functions of PPAR-a, as FGF21 knockout mice fed a high fat-diet showed hepatic steatosis and
impaired fatty acid oxidation and ketogenesis5 7. Therapeutic approaches to interfering with FGF-21
directly are discussed in more detail below.

PPAR-a also suppresses the acute phase inflammatory response via PPRE-binding-dependentm’ 62
and -independent mechanisms®(Table 1): PPAR-a represses cytokine-induced and LPS-induced
secretion of IL-1, IL-6 and TNF-a and the expression of adhesion molecules ICAM-1 and VCAM-1
in vitro and in vivo, independent of direct DNA binding®®. Importantly, these PPRE-independent
effects were sufficient to protect the liver from methionine-choline deficient diet(MCDD)-induced
inflammation and fibrosis, without affecting fatty acid oxidation and lipid accumulation®.

Fibrates, which are weak PPAR-a agonists (ECspranging 30,000 to 50,000nM for fenofibrate and
bezafibrate, respectively), have hepatoprotective effects in rodent models of NASH.® However, the
relatively weak potency of fibrates and other available PPAR-a agonists, the low expression level of
PPAR-a in human liver relative to rodent liver®” and the observation that PPAR-o expression
decreases with progressive fibrosis may explain the contradictory results of PPAR-a agonists in
randomized clinical trials (RCTs).* These results prompted the development of novel, more potent
PPAR-a agonists, including the SPPARM-a K-877 (ECso=1 nM) and the dual PPAR-0/6 agonist
GFT505 (ECso=6 nM), which activates both PPAR-o and PPAR-6(Table 2).

PPAR-6 is ubiquitously expressed, with highest expression in liver and skeletal muscle, and has

been implicated in lipid metabolism and energy homeostasis of various organs, including the liver>.



In the liver, PPAR-$ is also expressed by hepatocutes and nonparenchimal cells where it exerts
potent anti-inflammatory effects and polarizes macrophages from a pro-inflammatory M1 to an
anti-inflammatory M2 phenotype®®; furthermore, unlike PPAR-a, PPAR-§ is expressed also at
extrahepatic sites, where it promotes fatty acid f-oxidation and adaptive thermogenesis®(Table 1).
In preclinical models of NASH, PPAR-6 agonists enhanced hepatic lipid oxidation and insulin
sensitivity and reduced steatosis, inflammation and fibrogenesis70’ "I MBX-8025, a potent
SPPARM-6 (ECsp =2 nm) improved liver enzymes, inflammatory markers, insulin resistance and
atherogenic dyslipidemia in overweight dyslipidemic patientsn.

Given the complementary effects and tissue distribution of PPAR-a and PPAR-6, dual PPARa/d
agonists have been evaluated in NAFLD. GFT505 showed substantial hepatoprotective effects in
rodent models of NASH”, improved liver enzymes and hepatic and peripheral insulin sensitivity in
abdominally obese subjects74 and is currently being evaluated in a phase IIb RCT with histological

endpoints in NASH (ClinicalTrials.gov ID: NCT01694849).

B)Targeting oxidative stress

Increased oxidative stress and impaired antioxidant defense have been extensively documented
across progressive stages of human NAFLD and may contribute to liver injury75. Single antioxidant
agent supplementation yielded often disappointing results, and the most extensively studied
antioxidant — vitamin E — poses long-term safety issues®. For this reason, other approaches to
enhance antioxidant defense are currently being investigated.

B1) Nuclear erythroid 2-related factor 2 (Nrf2) activation

Nrf2 is a member of the family of basic region leucine zipper (bZIP) transcription factors, and is
expressed ubiquitously in human tissues, with highest expression in the key detoxification organs,
particularly the liver’®. Nrf2 regulates the expression of several antioxidant and detoxification

enzymes by binding upstream antioxidant response elements (AREs)(Table 1). Under basal



conditions Nrf2 levels are low as Nrf2 is targeted for proteasomal degradation by Kelch-like ECH-
associated protein 1 (KEAP1)®. The sulfthydryl groups in the cysteine residues of KEAP1 act as
stress sensors: oxidation of these groups in response to stresses such as reactive oxygen species
(ROS) and nitrogen species causes Nrf2 to dissociate from KEAP1 and induce target gene
expression’’. Mitogen-activated protein kinases (MAPKs), phosphatidylinositol 3-kinase (PI3K),
protein kinase C (PKC) and PKR-like endoplasmic reticulum kinase (PERK) also regulate Nrf2
signaling, although the exact mechanisms and relevance to NAFLD remain unclear’.

In rodent models of diet-induced NAFLD, whole—body79’ 8- or myeloid-derived cell® Nrf2 deletion
promotes atherosclerosis and steatosis progression to NASH and fibrosis, whereas Nrf2 activation
by oltipraz or NK-252 attenuated cultured human HSC activation® and protected against the
development of NASH and fibrosis®’. On this basis, numerous electrophilic small-molecule Nrf2
activators, including natural products (e.g., sulphoraphane, resveratrol, curcumin,
epigallocatechin gallate and dimethyl fumarate) and synthetic compounds(e.g., oltipraz,
anethole dithiolethione and bardoxolone methyl) are currently being evaluated: they are all
electrophiles that covalently modify the cysteine sulthydryl groups of KEAP1, thereby altering its
conformation and preventing the KEAP1-Nrf2 interaction.

Preclinical data on these Nrf2 activators show promising results for the trratment of obesity-related
disorders®*, and the dithiolethione oltipraz is being evaluated in a phase II RCT in NAFLD
(clinicaltrials.gov ID: NCT01373554)(Table 2).

Since these electrophile thiol-containing Nrf2 activators bind nonselectively to cysteine-rich
proteins, their low selectivity may elicit off-target effects on other thiol-rich molecules, which have
been shown to be over 500 for some Nrf2 activators™ , with potentially unwanted effects. To
address these concerns, newer, non-electrophilic Nrf2 activators with enhanced potency and
selectivity for Nrf2 and potentially higher clinical effectiveness and safety. are being developed.
Some of these compounds (such as NK-252 and tetrahydroisoquinoline THIQ) that have no

thiol-reactive group directly interact with the Nrf2-binding site of KEAP1, the Kelch domain,



thereby preventing its interaction with Nrf2%*#¢ Some (such as berberine) enhance transcription of
Nrf2 by upregulating its related long noncoding RNA(IncRNA) MRAK052686%. Some (such as
MG132) act at the level of proteasome and specifically and reversibly inhibit ubiquitination-
proteosomal degradation of Nrf2, thus prolonging its half-life’®. Others (such as tBHQ) also interact
with critical cysteine thiol residues of Nrf2 causing its release from KEAP1”®. Some of these
compounds have been tested in cell cultures and diet-induced models of NASH and showed potent

anti-inflammatory and anti-fibrotic effects®

B2)natural antioxidants: resveratrol, quercetin

Resveratrol (trans-3,5,4’-trihydroxystilbene) is a polyphenolic compound found largely in the skin
of red grapes, peanuts, and berries, that has been extensively studied due to its antioxidative,
antiinflammatory, anticancer, antiobesity, antidiabetic, and antiaging properties®"". Resveratrol
supplementation improved hepatic steatosis, insulin resistance and inflammation in rodent models
of high fat-induced NAFLD® *° by modulating several cellular metabolic pathways (online
supplementary Table 1 panel A).

A core mechanism of action of resveratrol is the activation of sirtuin-1 (SIRT1), a nicotinamide
adenine dinucleotide (NAD+)-dependent protein and histone deacetylase that modulates the activity
of key enzymes and proteins involved in glucose and lipid metabolism and energy homeostasis.
SIRT1 activation governs a complex array of signaling cascades in hepatocytes, myocytes and
adipocytes, centering on AMPK activation and mimicking calorie restriction, which enhances
insulin sensitivity, mitochondrial fatty acid oxidation and lipolysis and decreases de novo
lipogenesis °'. Resveratrol also upregulates autophagy’” and the Nrf2-mediated antioxidant
defense” and down-regulates the NF-kB-mediated inflammatory response in hepatocytes and
adipocytes.

A major challenge to translate these promising preclinical findings into effective therapeutic agents

is identifying the pharmacologically active and safe dose of resveratrol that should be used:



resveratrol is rapidly and extensively metabolized by intestinal and hepatic glucuronidases and
sulfatases to conjugates with unclear biological activity, whose circulating levels are much higher
than those of the parent compoundgg. Although it would be intuitive to administer large dosages to
overcome this low bioavailability, a dose-response effect was not observed in preclinical studies,
and the lower dose of resveratrol (0.005%) appeared to be more beneficial than the higher
dose (0.02%)%% 95. Consistently, in the 4 small RCTs performed in NAFLD patients, the lower
resveratrol dosages (150 and 500 mg/d) increased SIRT-1/AMPK activity and evoked a calorie-

%6, 97, while the

restriction-like response, improving metabolic, inflammatory and hepatic parameters
higher dosages (1500-3000 mg/d) adopted in the 2 negative RCTs failed to evoke these changes o8
% (Table 2; online supplementary Table 1 panel B). Importantly, the higher dosages achieved a
~8-fold lower plasma resveratrol levels that the lower dosages, suggesting that repeated
administration of high resveratrol doses may enhance the metabolism of parent compound to less
active metabolites by highly inducible phase II enzymes glucuronidases and sulfatases.

Several strategies to enhance resveratrol bioavailability are in early stages of development and
include resveratrol micronization or lipid-core nanocapsule formulations, combination with other
polyphenols (piperine, quercetin) to inhibit drug-metabolizing enzymes, resveratrol prodrugs,

. . 100
alternative oral transmucosal or subcutaneous routes of delivery

. Clearly, a deeper knowledge of
interspecies and inter-individual differences in resveratrol kinetics is needed to bring resveratrol
into clinical use.

Quercetin is a natural flavonol typically present in broccoli, onions, and leafy green vegetables. In
high fat diet-induced rodent models of NAFLD, quercetin supplementation improved insulin
resistance and hepatic steatosis, and reduced inflammatory cell infiltration and portal fibrosis'®! %%
The molecular mechanisms of quercetin largely overlap with those of resveratrol, but quercetin also
reduces cytochrome P450 2E1 (CYP2EI)-mediated ROS generation, which is believed to be a key

103

factor in the pathogenesis of NASH'®, and enhances fatty acid m-oxidation'**(online

supplementary Table 1 panel A).



Similar to resveratrol, quercetin is extensively conjugated by intestinal Phase II systems and several

strategies to improve its bioavailability are being investigatedms.

C)Targeting energy homeostasis and cellular metabolism

C1) Fibroblast Growth Faxtor(FGF)-21

FGF-21 is a 181 amino acid circulating protein that is expressed mainly in the liver but also in
white adipose tissue (WAT), skeletal muscle, and the pancreas. FGF-21 transcription is up-
regulated by ER stress', sirtuin-1'"" and by several transcription factors, including PPAR-o’’,
PPAR—leS, retinoid acid receptor(RAR)—Blog, retinoic acid receptor-related orphan receptor(ROR)-
o'’ and NuR77''",

The activation of FGFR by FGF-21 requires the transmembrane protein cofactor -Klotho, which is
predominantly expressed in metabolic organs including liver, WAT, and pancreas and thus confers
organ specificity to FGF-21'"%112,

FGF-21 is a metabolic hormone as it is regulated by nutritional status and affects energy
expenditure and glucose and lipid metabolism. FGF-21 increases adipose and hepatic insulin
sensitivity by stimulating GLUT1 expression, enhancing insulin signaling in adipocytes13 and
suppressing hepatic gluconeogenesis and SREBP-1c mediated lipogenesis in the liver 114. FGF-
21 also increases energy expenditure, free fatty acid (FFA) oxidation and mitochondrial
function by activating the AMPK-SIRT1-PGC-1a pathway and UCP1115 and counteracts
hepatocyte ER stress 103. Furthermore, FGF-21 crosses the blood-brain barrier and its effects
on the hypothalamus are believed to contribute substantially to its overall metabolic
effects116,

On this basis, activation of the FGF-21 axis has been explored as a method to treat obesity-

associated disorders: pharmacological FGF-21 administration improved obesity and diabetes

and reversed hepatic steatosis!!l. Most interestingly, FGF-21 administration limited



lipotoxicity and prevented liver disease progression in rodent models of diet-induced
NASH117,

Significant challenges exist for the therapeutic development of FGF-21. In obesity and NAFLD,
circulating and tissue FGF-21 levels are increased rather than reduced, correlate with disease
severity!18 and are normalized by therapeutic interventions!19, indicating the presence of
FGF-21 resistance that is at least in part attributable to down-regulation of FGFR1 and 3-
Klotho expression in the liver and adipose tissue!l?. However, this resistance can be
overcome by the administration of pharmacological doses of FGF-21. In light of the short half-life
of endogenous FGF21 (0.5-5 hr), various strategies have been evaluated to maintain levels high
enough to achieve therapeutic effects: conjugation with polyethylene glycol (PEG) reduces renal
filtration and prolongs retention in the circulation'*’; recombinant mutant FGF-21 analogs
conjugated to the Fc fragment of human IgG have 10-fold greater receptor binding and activation
and less proteolytic degradation than native FGF-21"*'; adding disulfide bonds and replacing the
FGF-21 C-terminal domain, which binds -Klotho, with a more stable, higher affinity -Klotho-
binding domain increases FGF-21 stability and potency'>*, and improved atherogenic dyslipidemia
and insulin resistance together with increasing adiponectin levels in obese diabetic patients'*’; FGF-
21-mimetic monoclonal antibodies activating the B-Klotho/FGFR1 complex with higher affinity

124 Whether one of these

and selectivity showed also promising results in preclinical models
approaches confers higher therapeutic effectiveness and safety over the others has yet to be

determined.

C2) 5-AMP activated protein kinase (AMPK) activators

Adenosine 5’-monophosphate(AMP)-activated protein kinase (AMPK) is a ubiquitous
heterotrimeric serine/threonine kinase that functions as a fine cellular energy sensor and a key
regulator of cellular metabolism. AMPK is activated during caloric restriction or high energy

demands, which deplete cellular ATP stores and increase the AMP/ATP ratio. Conversely,



AMPK is inhibited under conditions of excess caloric intake, such as occurs in obesitym.

Hence, agents mimicking calorie-restriction and/or physical exercise through AMPK activation are
appealing treatment options for obesity-associated disorders.

In preclinical models of NAFLD, AMPK activators improved insulin resistance by enhancing
oxidative glucose disposal and suppressing hepatic gluconeogenesism. They also improve high-fat
diet-induced NASH'*® '*7  through the down-regulation of key factors in cholesterol and fatty acid
synthesis, including SREBP-1c, 3-hydroxy-3-methylglutaryl-coenzyme A(HMG-CoA) reductase
and acetyl-CoA carboxylase (ACO)'™. Downregulation of ACC decreases malonyl-CoA levels,
releasing the inhibition of mitochondrial fatty acid f-oxidation and enhancing oxidation of FFA. In
hepatocytes, AMPK activation may also enhance mitochondrial biogenesis and activity and inhibit
mTORC], thus preventing excess-nutrient-induced hepatic lipid accumulation'*®.

In addition to its metabolic effects, AMPK activation has also direct anti-inflammatory properties,
as it induces the functional transition of macrophages from a pro-inflammatory M1 to an anti-
inflammatory/restorative M2 phenotype'?, and antifibrotic effects by inhibiting HSC
activation'*’((Figure 1 panel A).

Currently, several natural AMPK activators, including monascin and ankaflavin'?’, quercetin'> ,
berberin'*, curcumin'', are being tested preclinically in cell cultures and animal models of
NASH. Of note, oltipraz, a Nrf2 activator discussed above that is being evaluated in non-cirrhotic
NAFLD patients in a phase II RCT, is also a potent AMPK activator (clinicaltrials.gov ID:

NCTO01373554).

C3)Mammalian Target Of Rapamicin (mTOR)
mTOR is a large (~290 kDa) serine/threonine protein kinase that is a key regulator of cell
metabolism and growth in response to nutritional and hormonal stimuli; mTOR deregulation has

been implicated in many disease states, including diabetes, obesity and NAFLD'*%



mTOR associates with various companion proteins to form two distinct signaling complexes with
distinct regulators, substrate preferences and signaling pathways: mTOR complex 1 (mTORC1) and
mTORC2'*. Among these companion proteins, regulatory-associated protein of mMTOR (RAPTOR)
and proline-rich AKT substrate of 40 kDa (PRAS40) are specific to mMTORC]1 and rapamycin-
insensitive companion of mTOR (RICTOR), mSinl, and proline-rich protein 5 (PROTOR1/2) are
specific to mTORC2'*.

mTORC1 promotes cellular anabolism by stimulating the synthesis of proteins, lipids, and
nucleotides and blocking catabolic processes such as autophagy at the transcriptional and
post-translational levels132. Growth factors such as insulin and IGF activate mTORC1 through
the PI3K/Akt signaling pathway. Conversely, low cellular energy (signaled by a high AMP/ATP
ratio) or hypoxia activates AMPK133 and TSC2, both of which inhibit mTORC1. Other nutrients
such as amino acids activate mTORC1.

The molecular mechanisms of mTORC2 regulation are less clear, with the only known
upstream activator being the growth factor/PI3K signaling axis. Activated mTORC2 in turn
phosphorylates Akt, thereby indirectly regulating mTORC1 activity 132.

Recent evidence indicates that mTOR is activated in NAFLD patients and may play a central
role in lipid homeostasis and in NASH pathogenesis134. In animal models, mTORC1 inhibition
improved experimental high fat diet-induced NASH?3% 136 through several potential
mechanisms: in addition to regulating lipid metabolism, mTOR inhibition modulates macrophage
polarization, the inflammatory response and autophagy. Mice with RAPTOR-deficient
macrophages, which selectively disrupts mMTORC1, had reduced ER stress, a shifted macrophage
polarization phenotype (from a pro-inflammatory M1 to an M2 phenotype), improved NASH,
hepatic and adipose tissue insulin resistance and atherosclerosis without changes in body fat
storagel34 135,136, These in vivo data are paralleled by data from cultured human monocytes, in
which mTOR inhibition reduced the secretion of proinflammatory chemokines'?’ (Figure 1 panel

B).



mTOR inhibition may also improve NASH by restoring autophagy (BOX 1) 132,138, Autophagy
is impaired in the liver of NASH patients13° and defective autophagy promoted disease
progression in diverse nutritional rodent models of NASH140.141 and enhanced adipose tissue
macrophage recruitment and inflammation, leading to obesity and glucose intolerancel42 143,
alterations that were all reversed by autophagy activation.

mTORC1 activation downregulates PPAR-a-mediated fatty acid oxidation and ketogenesis144
and upregulates lipogenesis both indirectly through Akt inhibition and directly through
transcriptionall4> and posttranscriptional SREBP-1c upregulation (Figure 1 panel B).
Accordingly, liver-specific RAPTOR deletion!46 or S6K1 inhibition'*” protected mice against
high fat diet-induced NAFLD. In addition to fatty acid metabolism, mTORC1 activation also
increases cholesterol synthesis and uptake by controlling SREBP-2 processing31. 148, thereby
disrupting negative feedback by cellular cholesterol stores and promoting toxic free
cholesterol accumulation13> 149(Figure 1 panel B).

mTORC2 also regulates lipid homeostasis, but the mechanisms are incompletely understood
and the effects of mTORC2 activation on lipid metabolism appear to be tissue-dependent.
Liver-specific deletion of RICTOR protects against high-fat-diet-induced NASH through reduced
de novo lipogenesis and cholesterol overload but induces hepatic insulin resistance and increases
gluconeogenesis as a result of impaired Akt-mediated insulin signaling'*® (Figure 1 panel C).
Expression of constitutively active Akt during mTORC?2 inhibition normalized insulin sensitivity
and gluconeogenesis without affecting lipogenesis: mTORCI activity toward Lipin-1 was decreased
by mTORC?2 inhibition and this was not rescued by constitutively active Akt Hepatic mMTORC2
is therefore a critical Akt-dependent relay that separates the effects of insulin on glucose
metabolism from those on lipid metabolism.

The effects of mTORC?2 inhibition are tissue-dependent. Adipose-specific RICTOR knockout mice

had fatty depositions in hepatic and muscle tissue and insulin resistance when fed a high-fat diet as



a result of unrestricted hormone-sensitive lipase activity and subsequent lipolysis in adipose tissue

151 .
((Figure 1 panel C).

Non-selective, dual mMTORCI1/2 inhibitors such as rapamycin are used clinically to prevent

transplant rejection, but have side effects including hepatic insulin resistance and new-onset

diabetes. Furthermore, experimental evidence suggests that persistent mTORC1/2 inhibition may

enhance hepatic inflammation and tumorigenesis despite a transient reduction in steatosis'*%. These

data suggest specific mTORC]I inhibitors'>* '**

may decrease these side effects. For the same
reasons, direct inhibition of mMTORC?2 is undesirable, whereas targeting the mechanisms

downstream of mMTORC?2 that regulate lipid metabolism without disturbing glucose homeostasis

may be a prerequisite for safe clinical use of mTOR inhibitors.

D)targeting inflammation

D1) targeting inflammasome activation

Tissue injury and cell death induce an inflammatory response even in the absence of pathogens.
This sterile inflammation plays an important role in a variety of pathologies, including NASH,
where it can amplify liver damage after the initial insult. The development of sterile inflammation
involves assembly and activation of a cytosolic multiprotein complex, termed the inflammasome,
which converts two types of extracellular signals into an inflammatory response in immune cells,
resulting in activation of caspase-1 and secretion of proinflammatory cytokines IL-1f and IL-18".
Signal 1 includes molecules such as TLR ligands '°* °° . A diverse range of molecules can
provide signal 2, including microparticles, uric acid, cholesterol crystals and other damage-
associated and pathogen-associated molecular patterns (DAMPs, PAMPs); ATP and NAD via the

purinergic 2X7 receptor (P2X7R); or ROS via thioredoxin-interacting protein (TXNIP). Both

signaling pathways have to be activated to trigger inflammasone activation. (Figure 2).



With the exception of AIM2, which is a member of the HIN-200 family, inflammasomes are
classified based on their NACHT domain into three subfamilies of proteins: NODs (NOD1-5),
NLRPs or NALPs (NLRP/NALP 1-14), and IPAFs (IPAF, NAIP), with NLRP3 being the most
extensively studied. The sensor that is activated by any one of these complexes, NLR, forms a
complex with the effector molecule, pro-caspase-1, leads to auto-activation of pro-caspase-1 into
caspase-1, which in turn cleaves pro-IL18 and pro-IL18 to mature IL-1p and IL-18, allowing their
secretion from the cells.

In the liver, inflammasome components are expressed prominently in Kupffer cells (the liver-
resident macrophages) and sinusoidal endothelial cells, moderately in periportal myofibroblasts and
HSCs, and at low levels in primary cultured hep.’:ltocytes15 7. Hepatic expression of inflammasome
components is significantly increased in NAFLD patients and correlates with the severity of liver
histology and the presence of NASH'®. In diverse animal models of NASH, inflammasome
activation promoted NASH and fibrosis development, which were reversed by genetic or
pharmacological inhibition of inflammasome activation'> "% .

Two strategies to target the inflammasome in NAFLD have been developed: the first is to
antagonize inflammasome activation by single DAMPs/PAMPs, including antagonizing cholesterol
or uric acid crystals formation with cholesterol-lowering drugs or xanthine oxidase inhibitors '°" 162,
antagonizing saturated fatty acid (SFA)-induced TLR activation with ethyl pyruvatem; and
antagonizing ATP-mediated P2X7R activation with the small molecule antagonist A438079'%,
The second, highly effective strategy targets the activation of the inflammasome constituents
NLRP3 and capsase-1. Several potent NLRP3 inhibitors are currently being tested preclinically,

with encouraging results, including isoliquiritigenin, a chalcone from Glycyrrhiza uralensis'®

166, the thioredoxin reductase inhibitor

arglabin, a sesquiterpene lactone from Artemisia glabella
auranofin'®’, and N-methyl-d-aspartate(NMDA) receptor agonists'®®. The caspase 1, 8 and 9

inhibitor GS-9450 improved liver enzymes in a phase 2 RCT in NASH'® (Table 2).



A critical point for clinical development of inflammasome-targeted therapies will be tissue
selectivity: inhibition of inflammasome activation in the liver, and specifically in Kupffer cells, is
central to NASH treatment, whereas intestinal inflammasome inhibition promotes gut dysbiosis,
and enhances influx of TLR agonists into the portal circulation, resulting in steatosis progression to
NASH'™. A possible solution could be the conjugation of the drug with organic nanoparticles,
including liposomes or polymers like hydroxypropyl methacrylamide (HPMA), which are cleared
by macrophages and thus accumulate in the liver, where 80-90% of body macrophages can be
found'”", thereby enhancing potency and selectivity of active compound.

D2) chemokine antagonists

Chemokines are small (8-13 kD) secreted proteins that regulate inflammation and leukocyte
migration into tissues, tissue fibrosis, remodeling and angiogenesis172. The chemokine family
includes nearly 45 chemokine ligands and 22 chemokine receptors that are differentially
expressed by diverse cell types including leukocytes, hepatocytes, HSCs and adipocytes. The
original concept of chemokine “redundancy” — due to the high chemokine-to-receptor ratio
— has been discarded as different chemokines exert different and even opposite biological
actions upon binding the same receptor1’2.

Chemokines are categorized into 4 different families (CC, CXC, CX3C, C) based on the presence
of N-terminal cysteine motifs. Upon binding their cognate receptors, G protein-coupled
transmembrane proteins, chemokines cause Gal and GB-1 subunits to dissociate and activate
phosphatidylinositol 3-kinase and Rho, which enhance cellular calcium influx and promote
leukocyte adhesion and subsequent extravasation. Due to their high affinity for extracellular
matrix (ECM) and endothelial surface glycosaminoglycans, secreted chemokines are locally
immobilized and retained, creating a concentration gradient that directs leukocytes
trafficking toward injured tissues16°.

Among the numerous chemokines involved in liver injury and wound healing processes, chemokine

(C-C motif) ligand 2 (CCL2, also known as monocyte chemoattractant protein-1, MCP-1) and its



receptor CCR2, CCLS5 (also known as regulated on activation, normal T cell expressed and
secreted, RANTES) and its receptor CCRS, and the chemokine receptor CXCR3 with its ligands
CXCL9 (MIG), CXCLI10 (IP-10) and CXCL11(I-TAC) have been implicated in the pathogenesis of
NASH'”.

Kupffer cells are central to the liver injury and hepatic metabolic changes that occur in NAFLD, as
their depletion is sufficient to ameliorate diet-induced steatohepatitis174 and hepatic insulin
resistance' . Kupffer cells are activated by a variety of DAMPs and PAMPs and release
proinflammatory cytokines, including IL-1 and TNF-a, which induce hepatocyte apoptosis and
activates hepatic endothelial cells'’®; and chemokines including CCL2, which promotes hepatic
accumulation of bone marrow-derived pro-inflammatory Ly6C* monocytes; CXCL1, CXCL2,
CXCLS, which attract neutrophils via CXCR1/CXCR2; and CXCL16, which attracts NKT cells via
CXCR6'". In addition to Kupffer cells, injured hepatocytes, activated HSCs and adipocytes in
nearby adipose tissue also secrete CCL2, which further expands the local macrophage pool and
promotes HSC activation, liver fibrosis'’® and adipose tissue inflammation and dysfunction'”’.

The CCL2/CCR2 axis is upregulated in the liver and blood of patients with NASH'®” and genetic or
pharmacologic inhibition of CCL2 or its receptor CCR2 reduced the macrophage pool by 80% in
the liver and by 40% in adipose tissue'®', thereby ameliorating steatohepatitis, fibrosis, adipose
tissue dysfunction and insulin resistance'® in experimental models of NAFLD'"*'"® (Figure 3).
Notably, CCR2 antagonism was more effective than CCL2 antagonism, possibly because CCR2
also binds other chemokines including CCL7, CCLS, CCL13'®, cCL2/CCR2 antagonism also
shifted the tissue macrophage equilibrium from a pro-inflammatory M1-polarized phenotype toward
an anti-inflammatory, “restorative” M2-polarized phenotype; these cells express matrix
metalloproteinases and elastase, which degrade the extracellular matrix and promote hepatic fibrosis
regression in diet-induced NASH'®,

CCLS5 and its receptors CCR1 and CCRS5 have also been implicated in liver fibrosis and NASH.

Both Kupffer cells and HSCs express CCR1 and CCRS; CCR1 predominantly promotes



fibrogenesis indirectly by activating macrophages whereas CCRS does so directly by activating
HSCs'% 13 In rodent models of diet-induced NASH, treatment with a modified version of CCL5
that acts as an antagonist (Met-CCLS5) or the small-molecule CCRS antagonist maraviroc (an FDA-
approved inhibitor of CCR5-mediated entry of HIV into immune cells) ameliorated NASH and
fibrosis'®” '®. Cenicriviroc, a dual CCR2 and CCR5 antagonist with nanomolar potency, was safe
and well-tolerated in the short-term in patients with mild-to-moderate hepatic impairment'®, had

1 .. .
N Cenicriviroc is

potent anti-inflammatory and anti-fibrotic activity in mouse models of NASH
currently being evaluated in the Phase 1Ib multicenter RCT “Cenicriviroc for the Treatment of
NASH in Adult Subjects With Liver Fibrosis” (CENTAUR)(ClinicalTrials.gov ID:
NCT02217475).

Recently, the CXCR3 chemokine receptor axis has also been implicated in the development of diet-
induced NASH'”. CXCR3 is expressed by Th1, Th17 and NK cells and its ligands CXCL9,
CXCL10 and CXCL11 are secreted by hepatocytes, endothelial cells, HSCs and activated
myofibroblasts upon IFN-y induction'' . CXCR3 activation contributes to NASH by mediating T-
cell chemotaxis, and up-regulating de novo lipogenesis and impairing autophagy in
hepatocytes 170, Pharmacologic blockade of CXCR3 by the specific CXCR3 inhibitor NIBR2130
improved experimental NASH170,

Despite promising preclinical results, several challenges have to be overcome to translate
chemokine antagonists to clinical practice. Many chemokines bind multiple receptors and
multiple receptors bind many chemokines; additionally, chemokines may have opposing
biological actions by binding the same receptor on different cell lines. For example, CXCR6
deletion in NKT cells prevented their hepatic accumulation and improved liver inflammation
and fibrosis192, whereas CCR6 deletion in regulatory yoT cells aggravated hepatic fibrosis in

experimental NASH models, as these cells promote HSC apoptosis and restrict hepatic

fibrosis193.



Similarly, activation of the CX3CL1-CX3CRI1 axis in liver macrophages enhanced macrophage
survival, promoted differentiation of an anti-inflammatory phenotype and improved hepatic
inflammation and fibrosis'**. Improved cell culture models will more accurately predict the in vivo
effects of manipulating different chemokines and will facilitate translational efforts of this
approach. To this aim, a deeper knowledge of the downstream intracellular pathways that are
regulated by chemokines and control cell activation and migration, including Akt, focal adhesion
kinase, and extracellular signal-regulated kinase (ERK)1-/2, may provide more predictable and

effective strategies to modulate chemokine-induced signals'”.

E) Enhancing resolution of inflammation and fibrosis

Inflammation and fibrosis are key pathogenic features of NAFLD, and liver-related morbidity and
mortality increase steeply in the presence of NASH and advanced fibrosis'. Accordingly, resolution
of steatohepatitis and of advanced fibrosis are clinically relevant therapeutic targets (Figure 4).
Although many therapeutic agents evaluated in RCTs showed substantial anti-fibrotic properties in
preclinical models, none of them has yet reversed advanced fibrosis in NASH patients. This
discrepancy may have several potential causes: in addition to biological and pharmacokinetic
differences between animal models and man, the design of human trials also differs from that of
most preclinical studies, where experimental drugs prevented NASH and fibrosis development in
initially healthy livers challenged with genetically determined or environmental stressors. This
design is most suitable for determining the preventive, not the therapeutic efficacy of experimental
agents. It is now clear that despite the multiplicity and diversity of pathways that initiate liver
disease, the liver responds to injuries with a stereotyped pattern of hepatocyte degeneration and cell
death, which triggers inflammatory and regenerative programs to compensate for hepatocyte loss

and to limit parenchymal damage'®®. Persistent injury leads to chronic activation of a wound-



healing process, which is morphologically characterized by the increased production of ECM
components, formation of fibrous septae, regenerative nodules and consequently disruption
of the liver architecture. Although correcting the initial, variegated stimuli that injure
hepatocytes may prevent the development of NASH and fibrosis, targeting the pathways
mediating inflammation and fibrogenesis may reverse more advanced stages of liver
disease'”’. Recent experimental data in fact demonstrate that even cirrhosis is a dynamic

process and may regress if the underlying fibrogenic stimuli are corrected!?’.

E1) targeting inflammation resolution: annexin-A1l and resolvin D1

The mechanisms responsible for terminating the inflammatory response are being actively
investigated as potential anti-inflammatory pharmacological targets. Resolution of acute
inflammation is coordinated by numerous proteins and eicosanoids that downregulate leukocyte
recruitment, promote clearance of tissue leukocytes and of DAMPs/PAMPs, and switch
macrophages from a pro-inflammatory M1 to a pro-resolution M2 phenotype, thus favouring tissue
healing. Among these pro-resolving factors, defective Annexin Al (AnxA1l) and resolving
DI(RvD1) activity have been implicated in the pathogenesis of inflammation and fibrosis in NASH.
AnxAl, previously known as lipocortin-1, is a calcium-phospholipid—binding protein which is
expressed by immune cells (including neutrophils, monocytes/macrophages, and NKT cells), and

by epithelial and endothelial cells'*® '*’

and whose synthesis is stimulated by glucocorticoids.
AnxAl interacts with its receptor, formyl peptide receptor 2/lipoxin A4 receptor (FPR2/ALX) and
inhibits the secretion of proinflammatory mediators including IL-6, nitric oxide and eicosanoids,
reduces neutrophil migration to inflammatory sites, enhances DAMPs, PAMPs and apoptotic cells
clearance (a process named efferocytosis) by macrophages®”, promotes epithelial repair’' and
counteracts tissue fibrosis”.

Defective AnxAl activity has been implicated in the pathogenesis of obesity and obesity-related

NASH: hepatic and circulating AnxA1 levels are decreased in NASH and obese patients, and



203, 204 .
. Furthermore, in

inversely correlate with liver fibrosis, BMI and inflammatory markers
models of diet-induced obesity, AnxA1-deficient mice have increased adiposity and adipose tissue
inflammation, insulin resistance and enhanced hepatic inflammation and fibrosis, which is
accompanied by increased hepatic pro-inflammatory M1 macrophage infiltration and increased
macrophage expression of the pro-fibrogenic lectin galectin-3>"" 2. This pro-inflammatory and
pro-fibrogenic phenotype was reversed in vitro in isolated macrophages by the addition of AnxAl,
but the effects of AnxA1 activation on NASH and fibrosis in vivo have not been evaluated yet.
Innovative strategies to enhance AnxA1 biological activity, limit its proteolysis by neutrophil
proteinase-3 and enhance its delivery to inflamed tissues include AnxA1-based cleavage-resistant
peptides like CR-AnxA12-50?"°, AnxA1-derived bioactive N-terminal peptide Ac2-26*"°, AnxAl
conjugation to collagen IV-targeted nanoparticles””’, or ALX/FPR2 agonists®”: these strategies
induced resolution of inflammation and fibrosis in a range of inflammatory conditions, such as

. . . . . .. . . .. 1 199. 202
chronic pulmonary inflammation and fibrosis and myocardial ischemia-reperfusion injury 98, 199,202,

Resolvin D1 (RvD1) is an eicosanoid which is physiologically synthesized from ®-3
docosahexaenoic acid (DHA) by numerous cell lines at inflammatory sites. RvD1exerts its pro-
resolving actions through high affinity binding to phagocyte receptors ALX/FPR2 and the G-
protein-coupled receptor GPR32 with high affinity (EC50=1.2 pM for ALX/FPR2; 8.8 pM for
GPR32)*®. RvDI levels are reduced in adipose tissue and plasma of obese patients, likely as a
result of upregulation of specific metabolizing enzymes (mainly eicosanoid oxidoreductase), and

209, 210 .
. The effectiveness

inversely correlate with the severity of tissue and systemic inflammation
of RvD1 administration has been evaluated in diverse animal disease models. RvD1 administration
rescued adipose tissue inflammatory changes, normalized insulin sensitivity and glucose tolerance,
restored adiponectin secretion, decreased the production of proinflammatory adipokines including
leptin, TNF-a, IL-6, and IL-1f, and reduced adipose tissue MCP-1-induced macrophage

206

accumulation””.RvD1 administration enhanced inflammation resolution, limited fibrogenic



response and reduced infarct size, resulting in improved ventricular function, in rodent models of

myocardial infarction” .

In cultured hepatocytes, pretreatment with RvD1 attenuated ER stress-induced apoptosis, SREBP-1
expression and triglycerides accumulation®'?. In a murine model of high fat diet-induced NASH, the
addition of RvD1to calorie restriction reversed established steatohepatit15213, reduced liver
macrophage infiltration and shifted macrophages from an M1 to an M2 phenotype, and normalized
the pro-inflammatory adipokine pattern in adipose tissue. These effects were accompanied by
specific changes in hepatic miRNA signatures, suggesting these small, noncoding RNAs may
mediate the proresolution activity of RvD1 at the post-transcriptional level*?, and were absent in
macrophage-depleted precision-cut liver slices, indicating a crucial role of these cells in mediating
RvDI actions*". Since RvD1 is rapidly inactivated by eicosanoid oxidoreductase (EOR), several
strategies are being tested to prolong its biological activity, including the design of EOR-resistant

synthetic RvD1 analogues, such as benzo-diacetylenic-17R-RvD1-methyl ester (BDA-RvD1)*"*,

and the incorporation of RvDI into liposomes (Lipo—RVDl)211

, which are predominantly cleared
by macrophages and may therefore accumulate in the liver, thereby enhancing potency and

selectivity of RvD1'”!(Table 2).

E2) targeting fibrosis: Galectin-3 inhibitors

Galectin-3 is a member of the galectin family, which consists of 15 glycan-binding proteins (also
known as lectins) defined by their specificity for binding -galactoside carbohydrate units, such as
N-acetyllactosamine, on cell surface glycoconjuga‘tes215

Galectin-3 is broadly expressed by immune and epithelial cells, where it is localized mainly in the
cytoplasm, but it is also present in the nucleus, on the cell surface and in the extracellular space215.
Galectin-3 exerts multiple and sometimes contrasting effects according to its cellular location, cell

type and mechanism of injury. Cytoplasmic galectin-3 can inhibit T-cell apoptosis by binding to

Bcl-22'® and can interact with activated K-Ras (K-Ras-GTP) and affect Ras-mediated Akt



signaling217’ 18 Nuclear galectin-3 is a pre-mRNA splicing factor and is involved in spliceosome
assembly by forming protein complexes with Gemin4". It also regulates gene transcription by
enhancing the association of transcription factors with Spil and CRE elements in gene promoter
sequences and by binding to B-catenin, a molecule involved in Wnt signaling pathwayzzo.
Extracellular galectin-3 interacts the B-galactoside units of ECM and cell surface glycoproteins
: at the cellular surface, galectin-3 forms multimers driven by increasing concentrations of
glycoprotein ligands, resulting in higher order lattices which trigger cell signaling and regulate
cell adhesion and proliferation. These effects are mediated by cell surface adhesion molecules such
as integrins and with the receptors of numerous growth factors, including epidermal growth
factor(EGF), platelet-derived growth factor(PDGF), insulin-like growth factor(IGF), and FGFs**'.
By virtue of its interaction with B1-integrin, extracellular galectin-3 has been found to exert a pro-
apoptotic action in activated T-cells**?, thereby opposing intracellular Galectin-3.

In the liver, in vitro and in vivo models suggest that extracellular and cell surface galectin-3 exert
proinflammatory effects by promoting mononuclear, neutrophil and NKT cell adhesion and
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and by mediating the uptake of advanced glycation end-products (AGEs) and
advanced lipoxidation end-products(ALEs) by Kupffer and endothelial cells**(Figure 4).
Hepatic galectin-3 is also upregulated in established human fibrosis and has pro-fibrogenic effects
in vivo and in vitro™*°: galectin-3 stimulates myofibroblast and HSC proliferation and activation®®
227 and promotes hepatic progenitor cell expansion and differentiation. These profibrogenic effects
were reversed by genetic or pharmacologic galectin inhibition with thiodigalactoside (a potent
inhibitor of b-galactoside binding) *****°. In diet-induced NASH models, genetic deletion of
galectin-3** or treatment with carbohydrate-based galectin inhibitors GR-MD-02 (galactoarabino-
rhamnogalaturonan) or GM-CT-01 (galactomannan) prevented NASH and fibrosis development®*"
and, most intriguingly, reversed established severe fibrosis and cirrhosis™" .

The recently completed phase I RCT (ClinicalTrials.gov Identifier: NCT01899859) showed that

administration of 2, 4 and 8 mg/kg lean body weight of GR-MD-02 intravenously for four doses



over 6 weeks was safe and well tolerated in patients with NASH with advanced fibrosis, and the

. . . . - . 232
highest dose improved a noninvasive marker of hepatic fibrosis®>.

Long-term extrahepatic safety of galectin-3 inhibition requires further evaluation: galectin-3
knockout mice fed a hyper-caloric diet developed increased adiposity, systemic and adipose tissue
inflammation, glucose intolerance, atherosclerosis®*® and kidney damag6234, associated with
upregulation of the receptor for advanced glycation end products(RAGE)235 +23% These findings
suggest an important anti-inflammatory role of galectin-3 in extrahepatic tissues in response to
overnutrition, through the mechanism remains unclear. It has been suggested that inhibition of
AGE/ALE uptake by the liver, which clears >90% of these end-products from the circulation®’,
promotes their systemic accumulation and uptake by RAGE at extrahepatic tissues, thereby
enhancing their extrahepatic toxicity”>” 235,236, 237
In addition to the tissue specificity of galectin-3 inhibition, it will also be important to assess if
selective pharmacological inhibition of extracellular galectin-3 may reduce these unwanted pro-
inflammatory effects, given the dual role of extracellular and intracellular role of galectin-3.

E3) targeting fibrosis: Lysyl oxidase-like 2 (LOXL2) inhibitors
The lysyl oxidase (LOX) family comprises five enzymes ( LOX, lysyl oxidase-like 1 or LOXLI,
LOXL2, LOXL3, and LOXL4), that catalyze the oxidative deamination of the e-amino group of
lysines and hydroxylysines in collagen and elastin to promote cross-linking of these molecules,
which is essential for the tensile strength of ECM during fibrogenesis>*®. In addition to ECM
remodeling, LOXL2 enhances fibrogenesis in NASH by inducing epithelial-to-mesenchymal
transition (EMT)*’, a cellular process in which epithelial ductular-like cells disassemble cell-to-cell
attachments that tether them to adjacent cells and acquire a mesenchymal phenotype that allows
them to migrate into the stroma, proliferate and synthesize ECM in response to various growth
factors and cytokinesMO.

In the liver, HSCs, portal fibroblasts and hepatocytes are major sources for LOXL2241 and

hepatic overexpression has been observed in patients with various fibrotic conditions242,



Treatment with a LOXL2-blocking antibody reduced TGF-f3 signaling and fibroblast activation
and reversed experimental liver fibrosis 242,

Simtuzumab (GS-6624, formerly AB0024), a humanized anti-LOXL2 monoclonal IgG4 antibody,
reached safety and tolerability end-points in a phase I RCT enrolling patients with liver disease of
diverse etiology”* and its efficacy is currently being evaluated in 2 phase IIb, dose-ranging RCTs
enrolling patients with NASH-related advanced non-cirrhotic liver fibrosis (ClinicalTrials.gov
Identifier: NCT01672866) and cirrhosis (Clinical Trials.gov Identifier: NCT01672879),
respectively.

E4) targeting fibrosis: 5-lipoxygenase(5-LOX)/leukotriene pathway inhibitors
Leukotrienes(LT) are generated from arachidonic acid metabolism by the catalytic activity of the

enzyme arachidonate 5-lipoxygenase (5 -LOX)**

and participate in inflammatory responses by
promoting leukocyte recruitment and chemotaxis. In the liver, Kupffer cells constitutively
express 5-LOX and synthesize LTB4 and cysteinyl-LT, the latter is also produced in
hepatocytes by transcellular metabolism of LTA4 secreted by Kupffer cells24>, 5-LOX-derived
leukotrienes act in both paracrine and autocrine fashion to promote Kupffer cell viability and
growth and HSC activation. A similar role for adipocyte 5-LOX in mediating adipose tissue
inflammation and NAFLD has been found in experimental models of obesity**°

Experimental data suggest a key role for 5-LOX in mediating liver inflammation and fibrosis: 5-
LOX is heavily over-expressed in diverse experimental models of NASH, and genetic deletion or
pharmacological inhibition of 5-LOX ameliorated the steatotic, inflammatory, and fibrotic
responses”' 2%

MN-001 (tipelukast) is a novel, orally bioavailable small molecule compound that exerts a potent
anti-inflammatory and antifibrotic activity in preclinical models through several mechanisms,
including 5-LOX inhibition, leukotriene (LT) receptor antagonism, and inhibition of

phosphodiesterases (PDE) 3 and 4. Tipelukast reduced inflammation and fibrosis and down-

regulated expression of proinflammatory and profibrogenic genes, including MCP-1, CCR2, tissue
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inhibitor of metallopeptidase(TIMP)-1, collagen Type 1 and LOXL?2 in an advanced NASH
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model** and was FDA-approved for a Phase ITa RCT in NASH patients with advanced fibrosis.*

ES) targeting fibrosis: Caspase inhibitors

Caspases are a family of cysteine proteases (cysteine aspartate-specific proteases) initiate and
mediate apoptosis. Increased hepatocyte apoptosis has been consistently linked to the progression
from simple steatosis to NASH and NASH-related cirrhosis in NAFLD patients and in cellular and
animal models®" %2, A prevailing concept is that injured hepatocytes initiate the apoptotic process
but fail to complete it, thereby providing a sustained source of apoptosis-associated molecular
signals and cytokines that trigger liver inflammation, wound healing and fibrogenesis25 ! Inhibition

253,254

of the initiator caspases (caspase-8, caspase-9 and caspase-2) or effector caspases (caspase-3

and caspase-7)>> ameliorated necro-inflammation and fibrosis in experimental models of NASH>

256
The irreversible, orally active oxamyl dipeptide pan-caspase inhibitor emricasan (IDN-6556) was
safe and well-tolerated and reduced markers of apoptosis in a small, short-term phase I RCT
enrolling patients with hepatic impairment™’ and in currently being evaluated in non-cirrhotic
NAFLD patients (ClinicalTrials.gov ID: NCT02077374). Long-term safety of caspase inhibition
needs to be assessed as many human cancers, including hepatocellular carcinoma, are characterized
by uncontrolled cell survival and apoptosis suppression through endogenous caspase inhibitor

s 2
production®® .

E6) targeting fibrosis: Hedgehog signaling pathway inhibitors

Hedgehog (Hh) is a signaling pathway that regulates critical steps in cell fate, including
differentiation, proliferation, migration and apoptosis, in tissue morphogenesis during fetal
development259, In adult life the Hh pathway is inactive in healthy tissues, but is reactivated

following injury to modulate wound healing in numerous tissues and organs, including the liver. In



the liver, Hh pathway activation induces expansion of hepatic progenitor cells, accumulation of
inflammatory cells, and increased fibrogenesis and vascular remodeling, all of which are key events
in the pathogenesis of cirrhosis. In addition, Hh signaling may play a role in primary liver cancers,
including cholangiocarcinoma and hepatocellular carcinoma®”.

Hh pathway signaling is initiated by 3 families of palmitoyl- and cholesterol-modified ligand
proteins named Sonic hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh), which
are expressed by different types of cells and have functional specificity, partly regulated by
their regulatory mechanisms and expression patterns20. In the canonical signaling pathway,
these ligands interact with their cell surface receptor Patched (Ptch) that is expressed by Hh
responsive target cells, resulting in disinhibition of another plasma membrane receptor,
Smoothened(Smo), eventually culminating in changes in transcription 259 260 Hh ligands are
not expressed in healthy liver tissue, and Hh signaling is not activated in mature
cholangiocytes or in hepatocytes. However, these cell types start to secrete Hh ligands when
subjected to certain injury-associated cytokines, ER stress or oxidative stress; ballooned
hepatocytes are a prominent source of Shh ligands in NASH patients; and NASH regression is
associated with concomitant down-regulation of Hh pathway activity261 262,

Substantial evidence from animal models of NASH indicates that the Hh signaling pathway
promotes fibrosis by enhancing activation and inhibiting apoptosis of HSCs263, inducing EMT
of immature ductular-type progenitor cells 240 and promoting the hepatic accumulation of

264

pro-fibrogenic natural killer T(NKT) cells™". Hh antagonism by the small-molecule Smo

inhibitors vismodegib (formerly GDC-0449) or cyclopamine reversed experimental NASH,
advanced fibrosis and hepatocellular carcinoma®® .

Given the robust experimental evidence supporting the importance of Hh pathway
hyperactivation in NASH and the recent U.S. FDA approval of several Smo inhibitors for other

indications(i.e., vismodegib for the treatment of basal cell carcinoma), hedgehog signaling

pathway inhibitors could be evaluated for the treatment of NASH and fibrosis by future RCTs.



E7) targeting fibrosis: Induction of fibrogenic cell senescence

The reversibility of hepatic fibrosis, even at the cirrhotic stage, upon cessation of fibrogenic stimuli
suggests the existence of endogenous mechanisms for the resolution of liver fibrosis. Liver fibrosis
regression is associated with resorption of the fibrous scar and disappearance of HSC-derived
collagen-producing myofibroblasts. These myofibroblasts can be inactivated by apoptosis193,
can revert to an quiescent-like, nonfibrogenic phenotype267 or enter a state of senescence268,
Although all these processes terminate ECM production, senescent myofibroblasts actively
contribute to fibrosis regression by secreting molecules that decrease proliferation,
downregulate ECM deposition and upregulate matrix-degrading enzymes (MMP2, MMP3 and
MMP9) in neighbouring cells and promote the clearance of myofibroblasts by NK cells26°.
Therefore, the entry of myofibroblasts into senescence not only prevents further fibrosis
deposition but also actively contributes to ECM degradation and clearance.

The matricellular protein Cysteine-rich protein 61 (CYR61), also known as CCN1 [CYR61,
CTGF (connective tissue growth factor), and NOV (Nephroblastoma overexpressed gene)] is
emerging as a key trigger of myofibroblast senescence and fibrosis resolution in the liver.
CCNI is not required for liver development or regeneration, and these processes are normal in mice
with hepatocyte-specific Ccnl deletion. However, CCN1 expression is upregulated in human
cirrhotic livers and in hepatocytes and HSCs during the early phase of liver injury, and its
expression declines during prolonged phases of fibrogenesis®’**"'. CCN1 limits liver
fibrogenesis and promotes fibrosis regression by triggering senescence of activated HSCs and portal
fibroblasts.

Mice with hepatocyte-specific CCNI deletion have exacerbated fibrosis with a concomitant deficit
in myofibroblast senescence, whereas hepatic CCN1 over-expression reduces liver fibrosis and
enhances cellular senescence. Furthermore, delivery of purified CCN1 protein or myofibroblast

transfection with CCNI-overexpressing adenovirus accelerated fibrosis resolution in mice with



270, 271

advanced fibrosis . Therefore, the CCN1 signaling pathway could be an attractive target for

treating NASH-related advanced fibrosis.

Concluding remarks and perspectives

The prevalence of NAFLD in developed countries is constantly increasing, along with the obesity
epidemic, and the health-related burden of NASH is concomitantly growing: NASH was the second
leading aetiology of liver disease among adults awaiting liver transplantation in the United Network
Organ Sharing(UNOS) registry during the years 2004-2013 and is projected to become the most
common indication for liver transplantation in the next decade”. Therefore, effective treatments for
this condition are eagerly awaited. Treatment of NAFLD is challenging, as progression from
steatosis to NASH and fibrosis is likely a multi-factorial process, involving varied molecular
pathways that may operate in different patient subsets, including insulin resistance,
proinflammatory cytokine release from adipose tissues, altered redox balance, impaired lipid
and cholesterol metabolism and gut microbial dysbiosis. Our knowledge of how to antagonize
these pathways has substantially advanced and the development of a new pharmacological
armamentarium is underway. A key challenge will be the selection of the optimal therapeutic
strategy for each patient: bm this context it is likely that recent developments in metabolic
phenotyping with metabolomics and systems biology technologies will substantially enable
individualized treatment tailored to individual metabolic profile *’*

In parallel, the recognition that common effector mechanisms mediate inflammatory and
fibrosis development has led to the development of antagonists of common effector
mechanisms of inflammation. There is also growing interest in antifibrotic therapies in NASH, for
several reasons: the increasing public health impact of NAFLD, which will soon replace other

etiologies of liver disease as the leading cause of cirrhosis, our better understanding of the

pathogenesis of hepatic fibrosis progression and regression, with preclinical data challenging the



longstanding conception of cirrhosis as an irreversible process, and the development of novel
surrogates to assess fibrosis content and progression, which may hopefully enable short-term
clinical studies in smaller, selected patient populations®”.

On the basis of data presented above, combination therapies targeting various cell types and

pathways are also an attractive approach to be explored preclinically and in clinical trials.
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BOXES

BOX 1 Autophagy

Autophagy is the major cellular digestion process that removes damaged and dysfunctional
macromolecules and organelles and recycles them to provide energy and molecular
substrates in response to nutrient, oxidative or metabolic stress. Three types of autophagy exist
in mammalian cells: macroautophagy, chaperone-mediated autophagy (CMA) and microautophagy.
In macroautophagy, cytoplasmic material (e.g., organelles or protein aggregates) is sequestrated in a
double layer membrane structure, the autophagosome. This process initiates the formation of a
phagophore (or isolation membrane), which subsequently lengthens to create an autophagosome.
The autophagosome fuses with a lysosome to form an autolysosome where its content is degraded.
When a small fraction of cytoplasm is engulfed directly by the lysosome, the term microautophagy
is used. In CMA, proteins containing a special targeting motif, recognized by heat shock cognate
protein 70 (HSC70) and co-chaperones, are selectively delivered to lysosomes where they are
internalised via a lysosomal-associated membrane protein 2A (LAMP2A).

Among the three types of autophagy, macroautophagy plays the most important role in cell
pathophysiology. Even though autophagy was initially believed to be a non-selective degradation
pathway, selective forms such as “mitophagy” (selective autophagy of mitochondria),
“peroxiphagy” (peroxisomes), “ribophagy” (ribosomes) or “xenophagy” (invading microbes) have
been also recognized and defective mitophagy has been connected to the pathogenesis of NASH,
since dysfunctional mitochondria produce reactive oxygen species and enhance oxidative stress' .
The formation of autophagosomes is a dynamic process highly regulated at the molecular level by
autophagy related (Azg) genes through different steps:

I)Initiation and nucleation: macroautophagy starts with the formation of a double-layered
membrane, the phagophore (isolation membrane). Phagophore formation is regulated by the ULK1
complex (initiation), which is under control of mTOR complex, and by the beclin-1/VSP34(a class

IIT PI3K)- interacting complex (nucleation).



mTORCI1 phosphorylates the autophagy-related protein 13 (Atg 13), preventing it from entering the
ULK1 kinase complex, which consists of Atgl, Atgl7, and Atgl01 This prevents the structure from
being recruited to the preautophagosomal structure at the plasma membrane, inhibiting autophagy’
Conversely, under conditions of low energy status, the AMP/ATP ratio increases, leading to
adenosine 5’-monophosphateactivated AMPK) activation and mTOR inhibition, thereby activating
autophagy.

2)Elongation. Two ubiquitin-like conjugated complexes take care of elongation of the formed
phagophore into an autophagosome: the ATG5-ATG12-ATG16L1 complex and light chain 3-
[T(LC3-IT). An El-like protein, ATG7, is necessary for formation of both elongation complexes.
LC3 is the major mammalian orthologue of ATGS and also one of the key regulators in
autophagosome formation.

3)Fusion and degradation. The autophagosome fuses with a lysosome. The inner membrane of the
autophagosome and the sequestered cytoplasm will be degraded and macromolecules can
subsequently be (re-)used.

mTORCI blocks autophagy by inhibiting the initiation of autophagosome formation through
phosphorylation of UNC51-like kinase 1 (ULK1)(BOX 1), while its inhibition ameliorated

autophagy and NAFLD development13 5,

FIGURE LEGENDS

Figure 1: effects of AMPK (panel A), mTORCI1 (panel 1B) and mTORC?2 (panel C)
activation.

Abbreviations: ABCA1: ATP-binding cassette transporters Al; ACC: acetyl-CoA carboxylase;
AICAR: 5-Aminoimidazole-4-carboxamide- 1-B-D- ribonucleoside; AMPK: adenosine-

monophosphate kinase; CA: cholic acid; CDCA. chenodeoxycholic acid; Ccl3 : chemokine(C-C


http://en.wikipedia.org/wiki/Autophagy-related_protein_13
http://en.wikipedia.org/wiki/ULK1
http://en.wikipedia.org/wiki/Atg1
http://en.wikipedia.org/wiki/Plasma_membrane

motif ligand 3 ; CD36: cluster of differentiation-36; CHOP: C/EBP homologous protein; CPP:
calciprotein particles; CPT-1: carnitine palmitoyltransferase-I; ; ER: endoplasmic reticulum; FAS:
fatty acid synthase; FFA: free fatty acids; FXR: farnesoid X-receptor; GLUT: glucose transporter;
HMG-CoAR: 3-hydroxy-3-methylglutaryl-coenzyme A reductase; IL: interleukin; 113-HSD1: 113-
hydroxysteroid dehydrogenase type 1; IREla : inositol requiring element 1a ; IRS-1: insulin
receptor substrate-1; KLF: Kruppel-like factor; LDL: low-density lipoprotein; LDL-R: low-density
lipoprotein receptor; MCP-1: monocyte chemotactic protein-1; NO: nitric oxide; NOX: NADPH
oxidase; OCA: obeticholic acid; PCSK9 : proprotein convertasesubtilisin kexin 9 ; PGC-1a::
peroxisome proliferator-activated receptor-y coactivator-1 a; ROS: reactive oxygen species; SCD-1:
stearoyl-CoA desaturase-1; SOD2: superoxide dimutase-2; SR-A1: scavenger receptor-Al; SR-B1:
scavenger receptor-B1; SREBP: sterol-responsive element binding protein; STAT3: signal
transducer and activator of transcription; TGF-: transforming growth factor- ; TLR: toll-like
receptor; TNF: tumor necrosis factor; TZD: thiazolidinediones; VLDL: very low density

lipoprotein; VSCMs: vascular smooth muscle cells;

Figure 2: the inflammasome and its involvement in initiation of inflammation.

The inflammasome is a cytosolic multiprotein complex that is essential for the initiation of many
inflammatory responses in many cell types. The activation of 2 signaling pathways is required for
full inflammasome activation and production of mature IL-1b and IL-18.

Signal-1: This results in the production of pro-IL-1b and pro-IL-18 through interaction of various
DAMPs/PAMPs and cytokines like TNF-a and IL-18 with TLRs, IL-13-R and TNF-R.

Signal-2: This leads to inflammasome activation through multiple signaling pathways. MSU and
other crystals result in the formation of phagolysosomes. Other pathways for inflammasome
activation include the P2X7 receptor and ROS-induced dissociation of thioredoxin-interacting
protein (TXNIP) from thioredoxin: TXNIP can thereby interact with NLRP3and directly activate

the inflammasome.



The activation of inflammasome results in the cleavage and activation of the proteases caspase-1
which subsequently cleaves pro-1L-1b and pro-IL-18 to mature IL-1b and IL-18, which are
eventually secreted out of the cell.

Below is a classification of target molecules of signal 1 and signal 2, their activators and

inhibitors
Signaling Target Activators Inhibitors
pathway
Signal 1 TLR-4 FFA, LPS ethyl pyruvate, eritoran,
HMGB1 anti-HMGB1 Abs
P2X7R ATP, NAD apyrase, A438079, etheno-NAD
Phagosome  Uric acid crystals allopurinol, febuxostat
Signal 2 Cholesterol crystals statins, ezetimibe
NLRP3 Phagosome, P2X7R auranofin (TXNIP-mediated), NMDA agonists,
activation isoliquiritigenin, arglabin
Caspase-1 NLRP3 activation GS-9450

Abbreviations: AIM2: absent in melanoma 2; ASC, apoptosis-associated speck-like protein
containing a CARD; ATP, adenosinetriphosphate; DAMPs, damage associated molecular patterns;
IL-18, interleukin-1beta; IL-18, interleukin-18; MSU: monosodium urate; NLRC4: NLR family
CARD domain-containing protein 4; NLRP, Nod-like receptor proteins; PAMPs, pathogen
associated molecular patterns; ROS, reactive oxygen species; TLRs, toll like receptors; TNF-a,
tumor necrosis factor-alpha; TNFR, tumor necrosis factor receptor; TXN: thioredoxin; TXNIP:
thioredoxin-interacting protein

Figure 3: chemokines in the pathogenesis of NASH

In NASH, monocytes are recruited from the bloodstream, predominantly via CCL2/CCR2.

CXC chemokines such as CXCL2 contribute to neutrophil recruitment, whereas others, including
CCL6/16, increase the inflow of T lymphocytes. These changes contribute to determine hepatic
fatty degeneration, activation of Kupffer cells, which together with hepatocytes and stellate cells

amplify inflammation via chemokines (CCL2 and CCLS), and recruitment of immune cells (eg,



monocytes) into the liver. Chemokines have also been directly implicated in the accumulation of
lipids within hepatocytes.

Figure 4. Series of events occurring in a self-resolving inflammatory process in the liver.
Productive phase: during liver injury, molecular patterns (DAMPs and PAMPs) are recognized by
resident cells (Kupffer cells, dendritic cells and sinusoidal cells) that produce pro-inflammatory
mediators, including cytokines IL-1 and TNF-a, which induce hepatocyte apoptosis and hepatic
endothelial cell activation, and chemokine production, including CCL2, which promotes hepatic
accumulation of bone marrow-derived pro-inflammatory M1 monocytes, CXCL1, CXCL2,
CXCLS8, which attract neutrophils via CXCR1/CXCR2, and CXCL16, which attracts NKT cells via
CXCRe6. Sinusoidal endothelial cells express cell adhesion molecules (selectins and integrins) and
present chemoattractant mediators which recruit leukocytes to the liver.

In this phase, Kupffer cells and macrophages secrete also galectin-3 which boosts bone
marrow-derived cells accumulation in the liver, activates HSCs, myofibroblasts and hepatic
progenitor cells(HPCs) to start extracellular matrix (ECM) and collagen deposition215. 229,
Transition phase:

During the accumulation of leucocytes. the secretion of pro-resolving molecules (including
AnxA1 and RvD1) starts triggering leukocyte apoptosis and phagocytosis of damaged cells by
tissue macrophages (efferocytosis). During this phase, macrophage phenotype swithches from
M1 to pro-resolving M2.

Resolving phase: efferocytosis by M2 macrophages is fully activated. Additionally, M2
macrophages produce anti-inflammatory (including IL-10) and pro-resolving
mediators(including AnxA1 and RvD1), which attenuate leukocyte recruitment and promote
monocyte migration and efferocytosis. M2 macrophages switch to Mresolution (Mres)
phenotype, which exhibits reduced phagocytosis, but increased secretion of anti-fibrotic and
anti-oxidant molecules, thereby limiting liver injury and fibrosis and restoring normal tissue

homeostasis.



Table 1. Nuclear transcription factors FXR, SREBF-2/miRNA-33a, PXR, PPAR-a, -PPAR- in the

pathogenesis and treatment of NAFLD.

Farnesoid X Receptor

Cell type Molecular mechanism Biological action
hepatocyte | Activation of SREBP-1c-mediated lipogenesis and of | Reduced hepatic steatosis
PPAR-a-mediated FFA (-oxidation
Downregulation of gluconeogenetic enzymes
PEPCK G6-Pase, F-1,6-DP-ase
Enhanced insulin sensitivity
Enhanced IRS-1 phosphorylation and coupling with
the PI-3K
Enhanced AdipoR2 expression '°
Enhanced bile acid synthesis
Enhanced CYP7A1 and ABCG5/G810 expression and cholesterol excretion into
bile
Reduced hepatic lipase activity and ApoC-III and
Reduced plasma HDL-C
apoA-1 synthesis
Reduced VLDL secretion and HDL-C synthesis Reduced plasma Tg
Increased ApoC-II synthesis and VLDLR-mediated
uptake of VLDL
Reduced NF-«B pzthway activation(IkB-a-mediated) Reduced inflammation
Marophage | Reduced IxB-a phosphorylation and NF-xB Reduced inflammation and
Kupffer cell | activation, resulting in reduced TGF-R secretion fibrogenesis
HSC Reduced MCP-1 secretion and TGF-f3-R expression | Reduced inflammation and
fibrogenesis
Adipocyte Increased PPAR-y expression Improved adipose tissue
Increased adiponectin and AdipoR2 expression dysfunction
Reduced TNF-a secretion'®
Enterocyte | Enhanced gut barrier function and Reduced bacterial
secretion of antibacterial factors angiogenin, iNOS, | endotoxemia
IL-18 ] Increased bile acid synthesis,
Enhanced FGF-19 secretion!®
EE and fat oxidation
G-protein-coupled receptor TGRS
Cell type Molecular mechanism Biological action
Macrophage, | Reduced NF-kB activation Reduced inflammation

Kupffer cell




Intestinal Increased GLP-1 secretion Increased action of GLP-1
L-cells
Skeletal Increased PGC-1a expression Enhanced mitochondrial
miocyte, Increased D2-mediated conversion of T4 to T3 biogenesis and function
adipocyte Increased EE
Sterol regulatory binding protein-2 (SREBP-2)
Cell type Molecular mechanism Biological action
Hepatocytes | Upregulaton of HMG-CoAR and squalene synthase® ~ | Increased cholesterol synthesis
adipocytes Increased LDL-R expression and uptake
Upregulation of NPC1L1 Increased intestinal and biliary
cholesterol reabsorption
Reduced SR-BI expression' Reduced reverse cholesterol
transport and biliary elimination
Increased StARD4 expression74 Enhanced cholesterol
accumulation into mitochondria
HSC Enhanced LDL-R-mediated cholesterol uptake™ ~* HSC and fibrogenesis activation
Adipocytes Increased secretion of proinflammatory adipokines Adipose tissue dysfunction
(angiotensinogen, TNF-a., 1L-6, chemerin®” ¢
miRNA33a
Cell type Molecular mechanism Biological action
Hepatocyte, | Reduced ABCA1 expression Reduced cholesterol excretion
adipocyte Reduced NPC-1 expression21 Enhanced cholesterol
accumulation in LE/LY
Reduced activation of AMPKa, CPT1A, CROT and | Reduced mitochondrial [B-
mitochondrial trifunctional protein HADHB**° oxidation of fatty acids
Reduced IRS-2 signalling *° Insulin resistance
HSC Increased PI3K/Akt pathway activation Increased TGF-B-mediated HSC
Reduced PPAR-o expression 2 activation
Pregnane X receptor
Cell type Molecular mechanism Biological action
Hepatocyte | Increased de novo lipogenesis through: Increased hepatic steatosis

1)SREBP-1c¢ activation *®

2)direct upregulation of lipogenic enzymes SCD-1,




FAE, FAS and ATP citrate lyase

Enhanced SLC13A5- and FAT/CD36-mediated uptake
of citrate and FFA from plasma " *!
Reduced mitochondrial FA oxidation through
I)reduced PPAR-a expression

2) direct down-regulation of CPT1A*

J hepatic gluconeogenesis through reduced
expression of PEPCK and G6-Pase
Reduced hepatic FOXOLI transcription®

Improved hepatic insulin

sensitivity

Hepacocyte, | Reduced NF-kB-mediated secretion of IL-1, IL-6, Reduced inflammation
enterocyte | CON 2 TNF-o
y Increased Jak2-mediated pohosphorylation of Reduced apoptosis
STATS3, enhancing HO-1, Bcl-xLL expression46
Enhanced Beclin 1 and LC3B-1, -II expression *° Enhanced autophagy
HSC Reduced HSC transdifferentiation, proliferation and Reduced fibrosis
activation®
PPAR-a
Cell type Molecular mechanism Biological action
Hepatocyte, | Increased expression of : acyl-CoA synthetase, Increased mitochondrial and
miocyte CPT1A, VLCAD/LCAD/MCAD, acyl-CoA peroxisomal -oxidation
dehydrogenase, trifunctional protein HADHB, Increased w-oxidation
ACOX1, L-bifunctional protein EHHADH Increased ketogenesis
Increased CYP4A and HMGCS™ activity
Increased FATP, CD36, L-FABP activity55 Enhanced FFA uptake
Increased LPL activity and reduced apoC-III°° Enhanced lipolysis of Tg
Increased apo-Al/apo-All synthesis Increased HDL-C levels
Hepatocyte PPRE-dependent regulation:

Enhanced p65 binding to NF-xB response element of
C3 promote, rleading to reduced complement C3
secretion’’

Reduced NF-«B activation through IxkBa
upregulation58

Enhanced CREBH-mediated FGF21 expression™*

Reduced inflammatory response

and endothelial dysfunction

Enhanced metabolic effects of




PPRE-independent regulation:
Reduced expression of IL-6 , IL-1, TNF-a, ICAM-1,
VCAM-1%-61.70

Increased catalase activity62

PPAR-a

Enhanced H,O, detoxification

PPAR-0
Cell type Molecular mechanism Biological action
Hepatocyte | Enhanced mitochondrial p-oxidation °” % Improved hepatic steatosis
and insulin resistance

Increased ABCAI expression Increased HDL-C levels
Macrophage | Increased M1/M2 phenotype ratio Reduced inflammatory and
Kupffer cell | Reduced NF-kB pathway activation and TGF-31 /fibrogenesis

secretion®’
Adipocyte, Enhanced PGC-1a-mediated mitochondrial biogenesis | Enhanced fat oxidation and EE
miocyte and B-oxidation

Increased mitochondrial UCP-1/3 expression

Increased LPL expression 66 Reduced plasma triglycerides
Enterocyte Reduced NPCILI1 expression and cholesterol Reduced cholesterol

reabsorption from bile and intestine accumulation

Nuclear erythroid 2-related factor(Nrf2)

Cell type Molecular mechanism Biological action
Hepatocyte, | Increased expression of: Reduced oxidative stress
macrophage, | 1) antioxidant proteins: Glt-R, Glt-Px, TXN-R, Cat Xenobiotic detoxification

2) phase I oxidation, reduction and hydrolysis

enzymes: ALDH3A1, EPHXI, NQOI1
3)phase II detoxifying enzymes: GST, MGST: UGT,
PSMBS5

4) NADPH-generating Enzymes: G6PD

5))heme metabolizing enzymes: HO-1

6) protein degradative pathways: UbC, PSMB5

Enhanced autophagy’® Reduced inflammation and fat

Reduced NF-kB pathway activation(IxB-a-mediated) accumulation in liver and

Reduced iNOS and COX-2 expression

adipose tissue

Increased FGF21 secretion

HSC Reduced Smad3-mediated TGF-B1 pathway activation | Reduced fibrogenesis

Reduced PAI-1 expression °'




Abbreviations: ABC. ATP-binding cassette; ACC: acetyl-CoA carboxylase , AKR1B10: aldo-
keto reductase B10; ACOX1: straight-chain acyl-CoA oxidase; AdipoR2:adiponectin receptor 2;
ALDH3A1 Aldehyde dehydrogenase 3A1; Apo: apolipoprotein; AMPKa: AMP kinase subunit-a;
CREBH: cAMP-responsive element binding protein, hepatocyte specific; Cat: Catalase; CROT:
carnitine O-octanoyltransferase; CYP7A1: Sterol 7a hydroxylase; CPT1A: carnitine
palmitoyltransferase 1A; D2: Type II iodothyronine deionidase; EE: energy expenditure;
EHHADH: enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydrogenase; EPHXI Microsomal epoxide
hydrolase 1; F-1,6-DP-ase: fructose-1,6-biphosphatase ; FAE: fatty acid elongase; FAS: fatty acid
synthase; FAT: fatty acid traslocase; FATP: fatty acid transport protein; FFA: free fatty acid;
FGF: fibroblast growth factor; FOXO1: forkhead box—containing protein O subfamily-1; Glt-Px:
Glutathione peroxidase; Glt-R: Glutathione reductase ; G6PD: Glucose-6-phosphate 1-
dehydrogenase; G6-Pase: glucose-6-phosphatase; GLP-1: glucagon-like peptide-1; GST:
Glutathione S-transferase; HADHB: hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA
thiolase/enoyl-CoA hydratase Bsubunit; HMG-CoAR: 3-hydroxy-3-methyl-glutaryl-CoA
reductase; HMGCS: 3-hydroxy-3-methyl-glutaryl-CoA synthase; HO-1: heme oxygenase-1; HSC:
hepatic stellate cell; iINOS: inducible nitric oxide synthase; IRS: insulin-receptor substrate; Jak?2:
Janus kinase 2; LC3B: light chain 3B; LE: late endosome; L-FABP: liver fatty acid binding protein;
LPL: lipoprotein lipase; LY: lysosome; LDL: low density lipoprotein; LDL-R: LDL receptor;
MCP-1: monocyte chemotatic protein-1; MGST: Microsomal glutathione S-transferase; NF-kB:
nuclear factor kB; NPC: Niemann-Pick C protein; NPC1L1: Niemann-Pick Cl-like 1; NQOI:
NAD(P)H:quinone oxidoreductase; PEPCK: phosphoenol-pyruvate carboxykinase; PGC-1a:
PPARY coactivator la; PI-3K: phosphoinositide 3-kinase; PPAR: peroxisome proliferator-
activated receptor; PSMBS5: Proteasome 26S PSMBS5 subunit; SCD-1: stearoyl-CoA desaturase-1;
SLCI13AS5: Solute carrier family 13 (sodium-dependent citrate transporter; SR-BI: scavenger
receptor class B type I; SREBP: sterol regulatory element binding protein; StARD4: Steroidogenic
acute regulatory protein D4; STAT3: Signal transducer and activator of transcription 3; T4:
thyroxine; T3: triiodothyronine; TGF: transforming growth factor; TXN-R: Thioredoxin reductase;
UbC: Ubiquitin C; UCP: uncoupling protein; UGT: UDP glucuronosyltransferase;
VLCAD/LCAD(MCAD: very long-chain/long-chain/medium-chain acyl-CoA dehydrogenase;
VLDL: very low density lipoprotein; VLDLR: VLDL receptor.



Table 2. Main molecular targets and developmental stages of drugs discussed in the article

Molecular mechanism of | Molecule Developmental stage
action for NAFLD treatment
Semisynthetic bile acid OCA (6-ethyl- CDCA, | Ila "

FXR and TGRS activators

INT-747)

Synthetic non-steroidal isoxazole Px-104

ITa (ClinicalTrials.gov

ID: NCT0199910)

Natural polyphenol EGCG

Preclinical =

SREBP-2 and/or miR-33a

inhibitors

Natural antioxidants (proanthocyanidins,
resveratrol, curcumin)

Synthetic anti-miR-33a oligonucleotides

. 176,33,34
Preclinical

Pregnane X receptor

activators

Natural compounds carapin, santonin and

isokobusone

47
Preclinical

PPAR-o/0 activators

Synthetic agonists: K-877, GFT505,
GW501516, GFT505, L-165041

IIb (ClinicalTrials.gov
ID: NCT01694849)

Nrf2 activators

Electrophilic compounds:

-natural: sulphoraphane, resveratrol, curcumin,
EGCG, dimethyl fumarate

-synthetic: dithiolethiones( oltipraz, anethole

dithiolethione), bardoxolone methyl

8253
Preclinical

ITa (clinicaltrials.gov

ID: NCT01373554)

Non-electrophilic compounds: Preclinical ' %% %
-natural: berberine
-synthetic: NK-252, THIQ, MG132, tBHQ
Natural antioxidants Resveratrol Ila 7%
Quercetin Preclinical 'O"1%

FGF-21 analogues

PEGylated FGF-21, Fc-FGF21(RG),

FGF21-mimetic monoclonal Ab mimAbl

. 120, 121,124
Preclinical

Recombinant LY2405319

IIal 23

Natural: monascin, ankaflavin, quercetin,

127,129,130, 131
Preclinical 0

AMPK activators berberin, curcumin ITa( clinicaltrials.gov
Synthetic: oltipraz ID: NCT01373554)
mTORC]1/2 inhibitors mTORC]1/2 inhibitors: rapamycin, AZD3147 Preclinical 7 *®

mTORCI1 inhibitors: Z1001, Rottlerin, XI1.388

134,135,136
Preclinical



http://en.wikipedia.org/w/index.php?title=Dithiolethione&action=edit&redlink=1
http://www.selleckchem.com/products/xl388.html

Inflammasome inhibitors

ethyl pyruvate, eritoran, apyrase, A438079,
etheno-NAD, auranofin, NMDA agonists,

isoliquiritigenin, arglabin,

Preclinical '¢'1%

GS-9450

IIa169

Chemokine antagonists

Dual CCR2/CCRS antagonist cenicriviroc

IIb (ClinicalTrials.gov
ID: NCT02217475)

CCRS antagonists: Met-CCLS, maraviroc Preclinical ¥ '
CXCR3 antagonist: NIBR2130 Preclinical '
Annexin Al analogues CR-AnxA12-50, Ac2-26, Polymer-AnxAl, Preclinical >
ALX/FPR2 agonists
Resolvin D1 analogues BDA-RvDI, Lipo-RvD1 Preclinical -1+
Galectin-3 inhibitors GM-CT-01 (galactomannan) Preclinical 22" >®
GR-MD-02 (galactoarabino-rhamnogalaturonan) | Phase I°*

LOXL2 inhibitors

Simtuzumab

IIb (ClinicalTrials.gov
ID: NCT01672866 and
NCT01672879)

LT receptor antagonists

MN-001 (tipelukast)

FDA-approved for a Ila

. . 1247
randomized trial

Caspase inhibitors

emricasan (IDN-6556)

ITa (ClinicalTrials.gov
ID: NCT02077374)

Hedgehog pathway Smo inhibitors: vismodegib (GDC-0449) and Preclinical > *°
inhibitors cyclopamine
CCN1/CYR61 analogues | purified CCN1 protein, CCNI-overexpressing Preclinical *°% %

adenovirus

Abbreviations: ALX/FPR2: lipoxin A4 receptor/formyl peptide receptor 2; AMPK: 5-AMP
activated protein kinase; BDA-RvD1: benzo-diacetylenic-17R-RvD1-methyl ester; CCCN1:

CYRG61, CTGF (connective tissue growth factor), and NOV (Nephroblastoma overexpressed
gene)]1; CCR: chemokine (C-C motif) ligand receptor; CYR61: Cysteine-rich protein 61; CDCA:
chenodeoxycholic acid; EGCG: epigallocatechin-3-gallate; FGF: Fibroblast Growth Factor ; FXR:

Farnesoid X receptor; Lipo-RvD1: Liposome-conjugated Resolvin D1; Nrf2: LOXL?2: Lysyl

oxidase-like 2; LT: leukotriene; mTORC1: mammalian target of rapamycin complex 1; NK-252:
(1-(5-(furan-2-yl)-1,3,4-oxadiazol-2-yl)-3-(pyridin-2-ylmethyl)urea).; NMDA: N-methyl-d-
aspartate ; Nrf2: Nuclear erythroid 2-related factor; OCA: obeticholic acid; tBHQ: tert-
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Butylhydroquinone THIQ: tetrahydroisoquinoline; ZJ0O1: 2-(3-benzoylthioureido)-4,5,6,7-
tetrahydrobenzo[b]thiophene-3-carboxylic acid



Supplementary material

Table 1: Mechanisms of action of natural antioxidants for the treatment of NAFLD (panel A) and

main studies assessing the effect of resveratrol on markers of NAFLD (panel B).

A)Mechanisms of action of natural antioxidants

Resveratrol
Metabolism Cell type and molecular mechanisms of action Biological effect
Extensively Hepatocyte, miocyte. adipocyte
metabolized by 1 SIRT-1->1AMPK phosphorylation by 1 insulin
intestinal and hepatic LKB1->1AMPK activity ¥’ sensitivity

sulfo- and
glucuronosyl-
transferases to Resv-3-
O-glucuronide, Resv-4-
O’-glucuronide, Resv-3-
O-sulfate, whose
biological activity is

unclear

1 SIRT-1-> 1Akt phosphorylation>Fox01
translocation to cytoplasm—> T insulin sensitivity,

| gluconeogenesis *’

1 ACC and HMG-CoAR phosphorylation by
AMPK-> | de novo lipogenesis and cholesterol

synthesis®’
ISREBP-1¢=> |ACC, FAS—> | de novo lipogenesis

TPGC-10~> 1 mitochondrial biogenesis and function
TPPAR-a>1CPT-1A, ACO-> ffatty acid oxidation
1 UCP-1->T thermogenesis

1 Nrf2 activity=>1 antioxidant defense

! IxB-a phpsphorylation>
| NF-kB activation-> | Il-1/TNF-a/IL-6 secretion >
86

| hepatic steatosis

| oxidative stress

| inflammation

Adipocyte
ISREBP-1¢, ACC, FAS->| de novo lipogenesis

1 ATGL-> tlipolysis ¥’
1 autophagy
1 UCP-1->T thermogenesis

IPPAR-y—>! adipogenesis
lFox01 activity=>T insulin sensitivity

| adpose tissue

dysfunction




Quercetin

Metabolism Cell type and molecular mechanisms of action Biological effects
Metabolized by Hepatocyte,adipocyte 1 insulin
intestinal and hepatic 1 SIRT-1>1AMPK activity ** sensitivity

sulfo-, glucuronosyl-

and methyl-transferases

into phase II

conjugates which are

rapidly eliminated

sensitivity 98
ISREBP-1¢> |ACC, FAS—> | de novo lipogenesis
1 fatty acid m-oxidation '
|CYP2EI activity-> | ROS generation’
1 Nrf2 activity>1 antioxidant defense *’

1 SIRT-1-> 1Akt phosphorylation=>T insulin

00

| IkB-a phpsphorylation> | NF-xB

activation-> |1I-1/TNF-a/IL-6 secretion °°°

| hepatic steatosis

| oxidative stress

| inflammation

B) Effects of resveratrol on NAFLD in placebo-controlled RCTs

Author Participants, | Dose Metabolic/inflammatory Liver disease
duration | parameters
Timmers 11 obese Resv 150 TAMPK activation lALT
2011 nondiabetic | mg 1 SIRT-1/PGC-1la | steatosis
1 mo | HOMA-IR (MRS)
| serum IL-1, TNF-q, leptin
Faghihzadeh | 50 Resv 500 | serum IL-6, CRP and TNF-a | liver enzymes
2014 overweight mg | blood NF-kB activity | steatosis (US)
nondiabetic 3 mo | s-CK18
NAFLD
Poulsen 20 obese Resv —body/visceral fat —liver enzymes
94
2013 nondiabetic 1500 mg | peripheral/hepatic/adipose IR —>steatosis
1 mo (clamp) (MRS)
—REE/RQ
—AMPK activation
—SIRT-1/PGC-1a
Chachay 20 obese Resv < serum IL-1, IL-6, IL-8, CRP and —liver enzymes
95
2014 NAFLD 3000 mg | TNF-a >steatosis
2 mo —>peripheral/hepatic/adipose IR (MRS)
(clamp) —s-CK18

—body/visceral fat
«—oxidative stress markers
—REE/RQ




Abbreviations/symbols:
: significantly reduced as compared with placebo at the end of the trial;

<> not significantly different from placebo at the end of trial;

AMPK: adenosine monophosphate-activated protein kinase; CRP: C-reactive protein;

IL-6: interleukin-6; IR: insulin resistance; MRS: magnetic resonance spectroscopy; NAS: NAFLD
activity score; NF-kB: nuclear factor-kB; PGC-1a: peroxisome proliferator-activated receptor-y
coactivator-1a; : RCT: randomized controlled trial; REE: resting energy expenditure; RQ:

respiratory quotient; s-CK18: serum cytokeratin-18 fragments; TNF: tumor necrosis factor. US:

ultrasonographic.
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AMPK activators

AICAR, dithiolethiones(oltipraz), alpha-
lipoic acid, polyphenols, cardiotrophin-1,
monascus-fermented yellow pigments
monascin and ankaflavin
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Dual mTORC1/2 inhibitors: rapamicin,
AZD3147

mTORC1 inhibitors: Rottlerin, XL388
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