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Oxidative stress (OxS) is considered a major factor in the pathophysiology of inflam-matory chronic liver diseases,
including non-alcoholic liver disease (NAFLD). Chronic impairment of lipid metabolism is closely related to alterations of
the oxidant/antioxidant balance, which affect metabolism-related organelles, leading to cellular lipotoxicity, lipid
peroxidation, chronic endo-plasmic reticulum (ER) stress, and mitochondrial dysfunction. Increased OxS also triggers
hepatocytes stress pathways, leading to inflammation and fibrogenesis, contributing to the pro-gression of non-alcoholic
steatohepatitis (NASH). The antioxidant response, regulated by the Nrf2/ARE pathway, is a key component in this process
and counteracts oxidative stress-induced damage, contributing to the restoration of normal lipid metabolism.
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| 1. Introduction

The maintenance of a “healthy” antioxidant status is essential for cellular homeostasis. Oxidative stress (OxS) is defined
as the condition under which the generation of reactive oxygen species (ROS) exceeds the capacity of antioxidants to
detoxify. The pathogenesis of several chronic diseases is related to OxS. The liver is an organ where many oxidative
processes occur and is, therefore, an important target of OxS-induced damage. Oxidative stress leads to cellular
dysfunction, injury, and ultimately cell death, and the impairment of the antioxidant status in the liver contributes
significantly to the pathogenesis and progression of chronic liver diseases, including non-alcoholic liver disease (NAFLD)
[, various antioxidants have been proposed as a therapeutic agent in liver diseases, in particular non-alcoholic fatty liver
disease (NAFLD), based on the clinical and experimental evidence that supports an important role of OxS in the
pathophysiology of NAFLD &,

NAFLD is a pathological condition characterized by fat accumulation in the liver (in more than 5% of hepatocytes) in the
absence of alcohol consumption, viral infection, or drugs that can induce steatosis. NAFLD covers a wide spectrum of
liver diseases ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), liver fibrosis, and ultimately cirrhosis
and hepatocellular carcinoma.

Currently, NAFLD is considered the most prevalent chronic liver disease around the world with a global prevalence of 25%
in the general population and an incidence of 28-86/1000 person years. Obesity is among the main risk factors for
NAFLD, and NAFLD is often associated with insulin resistance, diabetes mellitus type 2, or metabolic syndrome. NAFLD
prevalence is higher than 50% among patients with diabetes type 2 [&l. The accumulation of fat leads to metabolic
disturbances, resulting in excessive mitochondrial ROS production and ER stress, and this, in turn, can cause
inflammation, cell injury, and cell death. This mechanism is underscored by the fact that NAFLD patients often have an
impaired antioxidant status, with decreased serum levels of the antioxidants vitamin E (tocopherol) and vitamin C and
increased levels of lipid peroxidation products and systemic oxidative stress markerst4l2!,

| 2. Antioxidant Balance in the Liver in Non-Alcoholic Fatty Liver Disease
2.1. Oxidative Stress Mechanisms in Non-Alcoholic Fatty Liver Disease

Oxidative stress occurs when the balance between oxidants and antioxidants is disrupted. Oxidants or reactive oxygen
species (ROS) can be classified as free radicals, which include molecules with one or more unpaired electrons or as non-
radical species, generated from two free radical molecules sharing their unpaired electrons. Superoxide anions (0%),
hydroxyl radicals ("OH), and hydrogen peroxide (H>O,) are major physiologically relevant ROS. Superoxide anions are
generated by multiple cellular processes, and their production leads to the generation of other oxidant molecules.



Superoxide dismutases (SODs) reduce 0%~ to H,0,, which in turn is converted into hydroxyl radicals ("OH) and water via
the iron-catalysed Fenton reaction. Hydroxyl radicals directly or indirectly induce the formation of additional toxic pro-
oxidants, including hypochlorous acid, peroxynitrite, and peroxyl radicals 62,

ROS are highly toxic molecules and must be detoxified by the antioxidant system. Antioxidant protection systems consist
of enzymatic and non-enzymatic components. The enzymatic system includes different enzymes that detoxify ROS. Some
of the most relevant are superoxide dismutases (SODs), catalase (CAT), and glutathione peroxidase and reductase
(GSH-Px). Non-enzymatic components of the antioxidant system include small molecules such as glutathione, ascorbic
acid (vitamin C), retinol (vitamin A), and tocopherol (vitamin E), which act as electron receptors and protect biomolecules
and cell structures against damage from ROS. Other important antioxidants include heme oxygenase-1 (HO-1) and redox
proteins L],

In NAFLD, there are many sources of OxS. Oxidative phosphorylation (OxPhos) in mitochondria generates ATP, and
superoxide anions (O%) are generated as a by-product of OxPhos. Therefore, OxPhos is an important source of OxS.
Increased B-oxidation inside mitochondria and peroxisomes is an additional source of ROS.

In addition to mitochondria, the endoplasmic reticulum (ER) is a source of ROS due to cytochrome P450 (CYP) activity
and/or microsomal metabolism or via increased expression of CHOP. It is important to mention that ROS are functional
molecules that can also modulate cell signalling and the cellular response to stress [&. Finally, the inflammatory response
also contributes to OxS &, During liver injury, OxS induces the activation of redox-sensitive transcription factors, such as

NF-kB, Egr-1, and AP-1, leading to an inflammatory response and the activation of cell death pathways in hepatocytes [0
[,

An important component of the antioxidant system is OxS-induced transcription. The nuclear factor E2-related factor 2
(Nrf2) is a redox-sensitive transcription factor and the major regulator of the redox balance. In normal conditions, it is
present in the cytoplasm bound to the cytoskeletal-anchoring protein Kelch-like ECH-associated protein 1. High levels of
ROS lead to the release of Nrf2 and its translocation to the nucleus to promote the transcription of antioxidant genes,
which are regulated by antioxidant response elements (ARE) 12 Among others, Nrf2 regulates glutathione levels and
maintains the reduced glutathione/oxidized glutathione ratio (GSH/GSSG). Moreover, Nrf2 controls the expression of
many detoxifying enzymes that eliminate molecules such as H,O, and peroxide radicals from the cytosol, mitochondria,
and the ER 8, Interestingly, Nrf2 expression appears to be modulated by a variety of inducers (both endogenous as well
as exogenous), such as electrophilic agents, redox-active compounds, and xenobiotics 2413l Genes that are positively
regulated by the Nrf2 pathway include detoxifying enzymes (Phase |, Il, and Ill), redox proteins involved in GSH-based
antioxidant mechanisms, and genes related to lipid metabolism 3]

Nrf2 is also involved in lipid metabolism and may play a role in the protection against liver damage during the
development of steatosis and steatohepatitis 28, Nrf2 is important for mitochondrial homeostasis, and it has been
demonstrated that Nrf2 activation is necessary to maintain mitochondrial integrity X2 and can directly affect the efficiency
of mitochondrial fatty acid oxidation 8. with regard to lipid accumulation, it has been suggested that Nrf2 represses the
expression of key enzymes involved in fatty acid synthesis, thus alleviating hepatic steatosis 22l Additionally, some in vivo
studies using high fat diet (HFD) models of NAFLD showed a negative correlation between Nrf2-induced transcription and
hepatic lipogenesis, suggesting that Nrf2 may decrease fatty acid synthesis and lipid accumulation 2921, On the other
hand, there are also controversial studies that failed to detect an effect on lipid metabolism and even reported that Nrf2
activity increases lipid accumulation [22123],

The role of Nrf2 in NAFLD is complex and not fully understood yet. Nevertheless, Nrf2 has been proposed as a potential
therapeutic target in NAFLD. Nrf2-deficient mice (Nrf2~ KO) challenged with methionine- and choline-deficient (MCD)
diet show exacerbation of liver inflammation and steatosis compared to control mice (Nrf2*/*) 241, Additionally, Nrf2~ KO
mice, before the start of the MCD diet, showed an altered lipid metabolism, an increased expression of cytochrome P450
enzymes, and lower levels of glutathione, but normal glucose metabolism. Interestingly, in this model, the MCD diet
induced an antioxidant response in normal mice but significant oxidative stress in Nrf27~ KO mice, confirming that OxS,
together with impairment of lipid metabolism, is sufficient to drive NAFLD progression even in the absence of insulin
resistance. Likewise, restoration of the Nrf2 pathway in Nrf2”~ KO mice improves the fatty liver phenotype 22! mainly by
increasing the hepatic antioxidant response and by modulating the expression of lipid-metabolism-related genes such as
PPAR a and SREBP1c.

The Nrf2 pathway might be involved in the protection of the liver against OxS and in the pathophysiology of NAFLD.
Furthermore, the role of the Nrf2 pathway in lipid accumulation seems to be highly context-dependent and needs further
elucidation. Taking into account the importance of the triglyceride/free fatty acid (TG/FFA) balance in NAFLD and the
potential role of Nrf2 in modulating this balance, the Nrf2 antioxidant response might be related to an increase in TG



synthesis as a protective mechanism. The role of Nrf2 in NAFLD patients is not completely elucidated yet, and its role in
disease progression and its potential as a therapeutic target remain unclear. Therefore, studies to evaluate Nrf2 activating
compounds for the prevention and treatment of NAFLD are important, and we will discuss some of these novel
compounds that are currently being investigated as potential therapies in NAFLD.

The NF-kB pathway has been proposed as a therapeutic target in chronic liver diseases due to its role in OxS-mediated
responses 28l Activation of the NF-kB pathway can mediate protective mechanisms in conditions of OxS, e.g., via
reducing ROS generation and the induction of autophagy 2. Additionally, NF-kB promotes the expression of antioxidant
genes such as MnSOD, Glutathione S transferase, and NADPH dehydrogenase [28. On the other hand, it has been
demonstrated that NF-kB signalling is related to both pro-oxidant as well as antioxidant effects and that it is related to the
activation of the ER stress response 22, NF-kB is a redox-sensitive transcription factor, and ROS may modulate its
activation through the induction of the pro-inflammatory cytokine TNF-a, while antioxidants such as NAC (N-acetyl-I-
cysteine) prevent NF-kB activation B9,

Furthermore, an interaction between NF-kB and the Nrf2 pathway also exists. In general, it has been reported that NF-kB
negatively modulates Nrf2 transcription by competition with CBP (CREB-binding protein)—p300 complex B, and Nrf2
deficiency (knockout) is associated with increased NF-kB activation 2. Likewise, it has been reported that Nrf2 activation,
either in vitro or in vivo, by different antioxidants, prevents inflammation via inhibition of the NF-kB pathway 33134,

In the context of NAFLD, it has been demonstrated that the loss of Nrf2 leads to hepatic insulin resistance via an NF-kB
dependent mechanism B2l showing the pivotal role of OxS and NF-kB-mediated inflammation in the onset of insulin
resistance. Likewise, other studies have shown that activation of the Nrf2 pathway, with consequent NF-kB inhibition,
improves insulin sensitivity in HFD-fed rats [28],

Modulation of NF-kB signalling by antioxidants has been suggested as a potential therapeutic target in NAFLD, also due
to its anti-inflammatory properties. Recent reports show that antioxidant treatment in MCD-induced NASH mice leads to
the induction of Nrf2 target genes and the suppression of the NF-kB signalling pathway, resulting in the amelioration of
hepatic steatosis, fibrosis, and inflammation 4. NF-kB modulation independent of Nrf2 by antioxidants such as green tea
catechins has also been reported to improve NAFLD 8] by decreasing gut-derived LPS, which decreases inflammation in
the liver.

These findings suggest crosstalk between NF-kB and Nrf2 as a promising therapeutic target for NAFLD via inhibition of
OxS related signalling.

2.2. Oxidative Stress Biomarkers in NAFLD Patients

Several studies have reported an impaired redox status in the majority of NAFLD patients, as indicated by increased
levels of OxS markers and lipid peroxidation products in serum/plasma.

In this regard, other oxidative stress markers have been studied in serum/plasma and liver samples from NAFLD patients,
and increased levels/activity for most OxS markers have been reported, such as 8-isoprostane, 8-OH-dG, and
TBARS/MDA. NAFLD patients also show increased levels of peroxidised lipids, such as malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE), which are often used as biomarkers of lipid peroxidation in clinical practice [9]. Moreover, a
recent report suggests that reduced levels of free thiol plasma levels can be considered as a global marker of the
systemic load of reactive species and can be used as a biomarker for NAFLD 59,

Although most studies show decreased levels of hepatic antioxidant enzymes in NAFLD patients [, some studies
reported conflicting results, showing both increased as well as decreased serum levels of antioxidant enzymes such as
SOD, GPx, and GSH in NAFLD patients 4341l These conflicting observations could be explained by the pathophysiology
of NAFLD in which an initially adaptive antioxidant response to excessive ROS production is followed by exhaustion of the
antioxidant system, resulting in lower levels of antioxidant enzymes. Furthermore, a cross-sectional study showed that a
high proportion of NAFLD patients had low levels of dietary antioxidants such as vitamin C and retinol, and lower intakes
of vitamin A and vitamin E as well 42,

Additional studies comparing the redox status in serum/plasma versus liver tissue at different stages of NAFLD/NASH will
be informative to clarify the role of antioxidant components as biomarkers of progression of NAFLD/NASH and their
potential as therapeutic targets.



| 3. Lipotoxicity and Oxidative Stress

There are many mechanisms involved in the development and progression of NAFLD. A schematic overview of these
mechanisms is depicted in Figure 1. Excess free fatty acids (FFAs) induce lipid accumulation leading to steatosis and a
general impairment of lipid metabolism. In addition, insulin resistance and diabetes type 2 can develop and aggravate the
consequences of excess lipid accumulation.

In NAFLD, there is an imbalance in the distribution of different types of lipids between liver cell types, resulting in
inflammation triggered by non-parenchymal cells (mainly Kupffer cells), which ultimately leads to hepatocellular damage
and fibrogenesis. Indeed, we have previously shown that extracellular vesicles released from steatotic hepatocytes induce
an inflammatory response in Kupffer cells and a fibrogenic response in hepatic stellate cells [43]. Direct effects of free fatty
acids on Kupffer cells include M1 polarization leading to a pro-inflammatory phenotype 2443l | ipotoxicity, defined as a
harmful effect of lipid accumulation in non-adipose tissue, is considered a central mechanism in NAFLD progression 48],
The main targets of this lipotoxicity are ER; mitochondria; and signalling pathways, such as JNK and NF-kB, related to
inflammation and cell death 4. Lipotoxicity is to a large extent mediated by OxS phenomena in the liver and will be
discussed in the subsequent sections.

Within hepatocytes, FFAs such as palmitate induce lipotoxicity either directly or by increasing the levels of deleterious lipid
species such as ceramides and diacylglycerols (DAGs) 48 Ceramides impair fatty acid oxidation and induce
mitochondrial dysfunction 42, DAGs can activate NF-kB and/or protein kinase C (PKC). Increased lipid peroxidation,
impairment of B-oxidation in mitochondria, and the induction of an ER stress response also aggravate the direct toxic
effects of lipids BUEY, The role of ER stress and the Unfolded Protein Response (UPR) in NAFLD is discussed in more
detail in Section 3.3.2. The dysfunction of mitochondria and the ER stress induced by impaired lipid metabolism
contributes to the generation of ROS, thus causing OxS. The antioxidant balance is further compromised by
downregulation of the antioxidant response (e.g., the Nrf2 pathway) and by decreased levels of antioxidant enzymes and
molecules (e.g., GSH and SOD).
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Figure 1. Overview of oxidative stress and antioxidants in the context of non-alcoholic fatty liver disease (NAFLD). The
pathogenesis of NAFLD is a multifactorial process involving several mechanisms, ultimately leading to a disturbed redox
balance. Impairment of lipid metabolism, e.g., by excessive dietary intake of fat and carbohydrates, leads to steatosis.
This can be aggravated by insulin resistance. Free fatty acids (imported by, e.g., CD36 or FAT) such as palmitate cause
lipotoxicity by increasing the levels of toxic lipid species such as ceramides and diacylglycerols (DAG). Mitochondrial
dysfunction, impairment of B-oxidation, and endoplasmic reticulum (ER) stress can all increase the generation of ROS
leading to lipid peroxidation. ER stress induces the UPR, i.e., Unfolded Protein Response. Sustained ER stress and
sustained activation of the UPR will trigger activation of the ER stress proteins PERK, ATF6, ATF4, and CHOP, leading to
a proinflammatory response and activation of cell death pathways in hepatocytes. ER stress might lead to the activation of
sterol regulatory element-binding protein 1C (SREBP1c) and further translocation to the nucleus, thus promoting hepatic
lipogenesis. The impaired redox balance also affects the antioxidant response (e.g., the Nrf2 pathway) and leads to
decreased levels of antioxidants (e.g., GSH and SOD).



3.1. Lipid Metabolism and Oxidative Stress

In physiological conditions, lipid homeostasis in the liver is maintained by fatty acid uptake (dietary source) and synthesis
of triglycerides (TG) versus the catabolic processes involving oxidation and secretion of lipids. Non-esterified fatty acids
(NEFAs) can be used as a source of energy, but they can also be esterified into triglycerides either for lipid storage or
VLDL synthesis and secretion into the blood. Fatty acid synthesis or de novo lipogenesis occurs in the cytosol, involving
several enzymatic pathways. Fatty acid oxidation takes place mainly in mitochondria and to a lesser extent in
peroxisomes and in the endoplasmic reticulum (microsomes) 521,

Indeed, it has been demonstrated that hepatic oxidative stress and inflammation are associated with an elevated oxidative
metabolism of saturated fatty acids (SFAs) in NAFLD B3I, Some saturated long-chain fatty acids are first oxidized in the
peroxisomes and then in the mitochondria. However, these long-chain SFAs are often incompletely oxidized in the

mitochondria, affecting metabolic activity and leading to ROS overproduction with subsequent mitochondrial dysfunction
2

Fatty acid oxidation depends on internal mitochondrial transport, which is mediated by different mitochondrial membrane
proteins (CPTs, CAT, and CACT) and by L-carnitine. Reduced levels of |-carnitine have been reported in NAFLD patients,
which may contribute to reduced fatty acid oxidation and subsequent mitochondrial impairment and concomitant ROS
production B4, Supplementation with L-carnitine was shown to be associated with the improvement of liver inflammation
and histological parameters in patients with NASH 5. There is also evidence that L-carnitine supplementation

ameliorates steatosis and improves mitochondrial function in the liver by increasing fatty acid oxidation in diabetic mice
58]

OxS can also lead to damage to macromolecules, resulting in the formation of toxic products. For example, lipid
oxidation/peroxidation results in the formation of products such as malondialdehyde (MDA), lipid peroxides, 8-isoprostane,
and 4-hydroxy-2-nonenal (4-HNE). These molecules are formed by hydroxyl radical attack to fatty acyl chains of
phospholipids and triglycerides. Lipid peroxidation may lead to the downstream generation of reactive molecules
(aldehydes) and/or the impairment of cellular structures and architecture, e.g., via structural changes in cellular
membranes. In summary, OxS plays a pivotal role in NAFLD pathophysiology, which is linked to impaired lipid
metabolism. Therefore, OxS and its downstream impairment of lipid metabolism are valid targets for NAFLD therapy.

3.2. Lipotoxicity in Non-Alcoholic Fatty Liver Disease

As already mentioned, OxS is linked to the pathogenesis of NAFLD, and this has been observed in experimental models
of NAFLD/NASH [9] as well as in NAFLD patients who have an impaired redox balance, demonstrated by decreased
levels of hepatic glutathione and anti-oxidant enzymes such as SOD and catalase =57, The origin of the impaired redox
status in NAFLD can be traced back to impaired lipid metabolism in the liver, resulting in an increased FFA pool in the
hepatocytes 58l This is due to an increased FFA uptake from dietary sources, increased de novo lipogenesis B9, and
enhanced lipolysis in adipose tissue, which increases FFA delivery to the liver 8361, This excess FFA initially increases
mitochondrial B-oxidation as an adaptive mechanism B3, which increases ROS production, but extramitochondrial
oxidation is also enhanced €3, resulting in ROS overproduction, which then impairs the antioxidant balance and triggers
lipotoxicity in the liver. Excess FFAs can also be incorporated as triglycerides in lipid droplets, causing steatosis 22,
Palmitate is the most abundant saturated long-chain fatty acid present in the diet, and its accumulation leads to increased
levels of diacylglycerols (DAGs) and ceramides [, both considered as lipotoxic lipid species, causing mitochondrial
dysfunction and ER stress 48], These toxic lipid species can induce lipotoxic effects via both direct and indirect
mechanisms. For example, ceramides cause the impairment of mitochondrial function via inhibition of B-oxidation and
increasing ROS production inside the mitochondria. In addition, DAG and ceramides activate several signalling pathways,
including the proinflammatory NF-KB pathway and the NLRP3 inflammasome, as well as the JNK cell death signalling
pathway 8. These phenomena promote cellular dysfunction and further promote cell death and inflammation ©4!, in
addition to impairing the antioxidant balance in hepatocytes. Altogether, mitochondria and ER contribute to the majority of
cellular ROS production.

It has been demonstrated that FFA toxicity can be reduced by its incorporation into triglycerides and lipid droplets [E21(6€],
In fact, there is a growing body of evidence suggesting that hepatic TG accumulation is not itself harmful for hepatocytes,
but rather a protective mechanism against lipotoxicity and consequently excessive ROS production €78l studies in
experimental models of NAFLD also demonstrated that liver injury is caused by FFAs rather than TG accumulation. In
fact, FFAs and their metabolites are known to induce hepatocyte injury by increasing OxS 9. On the other hand, it has
been demonstrated that not all species of FFAs are toxic to hepatocytes: MUFAs induce lipid droplet accumulation in vitro
without affecting cell viability. In contrast, SFAs, such as palmitate, are toxic and induce only minimal changes in lipid



droplet accumulation [70]. Therefore, saturated fatty acids are considered harmful to the cells compared to non-saturated
fatty acids (e.g., MUFAs). In fact, the toxic effects of SFAs can be partially abolished by MUFAs, most likely through
downregulation of proapoptotic pathways and favouring incorporation of SFAs into TG [641l20],

Parenchymal cells, e.g., hepatocytes, are the main cells affected by lipotoxicity-induced OxS in the liver. However, non-
parenchymal cells (NPCs), including Kupffer cells, hepatic stellate cells (HSCs), and liver sinusoidal endothelial cells
(LSECs), are also targets of OxS but may, compared with hepatocytes, respond in different ways /1. Specifically, OxS
promotes M1 polarization and activates inflammatory pathways in Kupffer cells, leading to an increased release of pro-
inflammatory cytokines such as TNF-a. HSCs can be activated by lipid peroxidation and OxS, promoting their fibrogenic
phenotype, resulting in increased synthesis of extracellular matrix components such as collagen 2. Finally, OxS can
damage LSECs. Thus, OxS induced by impaired lipid metabolism can directly Kill cells (hepatocytes or LSECs), promote
inflammation via activation of Kupffer cells, and promote fibrogenesis via activation of HSC. Extracellular vesicles and/or
soluble factors from steatotic or injured hepatocytes/LSECs may aggravate the inflammatory response [Z3l. It is, therefore,
important to also consider the role of NPCs in the pathogenesis of NAFLD and in the development of novel therapeutic
targets.

It has been reported that the gut microbiota and the liver—gut axis play an important role in NAFLD 741, This interaction is
bi-directional: obesity and the increased dietary intake of (saturated) fats as well as the resulting changes in lipid
metabolism cause profound changes in the composition of the gut microbiota Z2. On the other hand, changes in the
microbiota can aggravate metabolic disturbances and NAFLD [Z8, Dysbiosis is defined as changes in the microbiota that
have detrimental effects. It has been demonstrated that the transfer of microbiota from obese to lean mice induces
metabolic alterations in the recipient mice that are similar to those observed in the (obese) donor mice. It has also been
demonstrated that mice with transferred gut microbiota from calorie-restricted mice show resistance to obesity and hepatic
lipid accumulation when challenged with an HFD 4, which can be explained in part by the role of gut microbiota in the
metabolism of PUFAs from dietary sources Z8l. Dysbiosis induces changes in the synthesis of short chain fatty acids
(scFFAs) by gut bacteria. These scFFAs act as ligands for G-protein coupled receptors (e.g., GPCR41 and GPCR43) that
are involved in the pathogenesis of NAFLD. Dysbiosis also leads to decreased synthesis of Fasting-Induced Adipocyte
Factor (FIAF). FIAF inhibits lipoprotein lipase, stimulating the release of free fatty acids 2. The excess FFAs can
subsequently disturb mitochondrial metabolism and lead to increased generation of ROS. Finally, dysbiosis increases
intestinal permeability, leading to the translocation of bacteria to the liver, resulting in increased generation of ROS and
exacerbating the inflammatory response 74, Bacterial endotoxin or lipopolysaccharide (LPS) cause the activation of
Kupffer cells through interaction with Toll-like receptors (e.g., TLR-4), which leads to the release of proinflammatory
cytokines (e.g., TNFa) and free radicals 2. Moreover, it has been demonstrated that palmitate induces inflammation and
macrophage infiltration in the liver, and the subsequent palmitate-induced liver injury is exacerbated by a gut-derived
endotoxin [l Since dysbiosis is strongly involved in the pathogenesis of NAFLD, the microbiota (microbiota transfer) may
also be considered as a target in the therapy of NAFLD.
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