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Abstract

The incidence and prevalence of non-alcoholic fatty liver
disease (NAFLD) is constantly increasing. Despite this
is apparently associated with the growing increase in
obesity, insulin resistance and obesity-related metabolic
disturbances their presence is not a necessary or
sufficient condition to explain the accumulation of fat
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in the liver. Conversely, NAFLD is a predictor of other
metabolic risks. NAFLD is currently the most frequent
chronic liver disease but should not be considered
benign or anecdotic because a considerable proportion
of patients with NAFLD progress to cirrhosis and end-
stage liver disease. Consequently, the search for
alternative molecular mechanisms with therapeutic
implications in NAFLD and associated disorders
deserves a careful consideration. Mitochondria are
possible targets as these organelles generate energy
from nutrient oxidation. Some findings, generated
in patients with extreme obesity and in murine
models, support the notion that NAFLD could be
a mitochondrial disease. This is plausible because
mitochondrial dysfunction affects the accumulation of
lipids in hepatocytes and promotes lipid peroxidation,
the production of reactive oxygen species, the release
of cytokines causing inflammation and cell death.
Here we discuss basic research and mechanistic
studies targeting the role of chemokine ligand 2 in
liver inflammation and that of the paraoxonases in the
oxidative stress. Their combination and association with
mitochondrial dysfunction may uncover mechanisms
underlying the progression of NAFLD and may help to
identify novel therapeutic targets.
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Metabolism; Mitochondrial dysfunction; Metabolic
profiling; Obesity; Oxidation; Risk factors
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Core tip: Recently acquired knowledge on the role of
oxidation, inflammation and mitochondrial dysfunction
in the pathogenesis of non-alcoholic fatty liver disease
(NAFLD) suggests a crucial role in the search for
biological markers and therapeutic targets to alleviate
the progression of the disease. Classically associated
with obesity, the pathogenesis of NAFLD is extremely
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complex and mostly unknown. Consequently, the
correct clinical management and prevention has not
been established yet. Despite disparate results in
the literature, mainly due to the different methods
to measure the oxidative stress, there is currently no
doubt that oxidative stress plays a crucial role. Similarly,
the infiltration of monocytes, mainly due to the action
of chemokines, is a relevant factor. However, to uncover
the actual molecular mechanisms has proven to be
more difficult than expected. The role of both oxidation
and inflammation could be considered defensive and/
or causative but the combination of these and other
mechanisms may improve the understanding of NAFLD
as a manifestation of mitochondrial disease. J. Camps
and J. Joven. Chemokine ligand 2 and paraoxonase-1
in non-alcoholic fatty liver disease: the search for
alternative causative factors.
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WHAT WE TALK ABOUT WHEN WE
TALK ABOUT NON-ALCOHOLIC FATTY
LIVER DISEASE

Non-alcoholic fatty liver disease (NAFLD) is a complex
disease characterized by intra-cytoplasmic fat in the
liver higher than 5% of the total liver weight (steatosis)
in patients without alcohol or drugs consumption,
toxin exposure and/or viral disease. The fat droplets
in hepatocytes may be large (macrovesicular), mixed
large and small, or small (microvesicular). There is
architectural integrity but inflammation, fibrosis, or
apoptosis may be also found histologically™. Non-
alcoholic steatohepatitis (NASH) is accepted as a
distinct entity and the diagnosis requires steatosis
accompanied by hepatocellular injury (ballooning)
and lobular inflammation. Fibrosis is not necessarily
required™. Liver biopsy is the only widely accepted
method for the diagnosis of NAFLD, but some
limitations may explain disparate results in the
literature®™'. Further, its clinical indication is constrained
to patients with the additional presence of risk factors
for advanced disease. This is due to the fact that many
physicians consider NAFLD as a benign condition
and minimize its progressive course. Accordingly,
searching for a reliable non-invasive marker is an
important research goal. The value of imaging is
promising but common laboratory tests (e.g., alanine
aminotransferase) should be considered useless.
Contributing factors are not reliable. A major role for
gender and genetic predisposition is not likely™ but
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increased age has an apparently high impact”®. There
is a clear association between obesity (and/or insulin
resistance) and NAFLD but the importance of such
association is still debatable because, even in extreme
obesity the incidence of NAFLD is lower than 70%"?.
NASH is present in a high proportion of patients with
NAFLD indicating the progression of the disease and
a high potential to eventually lead to end-stage liver
disease™), Of note, there are no formally established
pharmacological treatment options™™® and research
efforts in clinical trials are surprisingly low probably
indicating the false notion that fighting against
unhealthy lifestyle is sufficient for the management of
NAFLD.

REGULAR EXERCISE, CALORIC
LIMITATION AND ATTENTION TO THE
MACRO AND MICRONUTRIENTS IN THE
DIET ARE CONSISTENTLY BENEFICIAL IN
NAFLD

NAFLD is an important cardiovascular risk factor.
Consequently, regular aerobic exercise should be
promoted for the management of NAFLD. It reduces
hepatic lipids and this effect appears to be independent
of improvements in insulin resistance, body weight
reduction or decrease in adipose tissue volume!,
Moreover, exercise is effective in ameliorating oxidative
stress and inflammation. The mechanisms are complex
but include a protective effect in the carbonylation of
enzymes regulating lipid metabolism™. Other results
suggest that exercise reduces hepatic inflammation,
injury, and fibrosis by suppressing macrophage
infiltration through mechanisms in which chemokine
(C-C motif) ligand 2 (CCL2) plays a substantial role!*.

The consensus favours caloric restriction and
sustained weight loss as the correct treatment for
NAFLD™, Bariatric surgery appears to be a promising
treatment. Patients experience a high, fast and
sustained reduction in excess body weight. Further,
it is likely to have potential benefit in ameliorating
other factors that contribute to the pathogenesis
of NAFLD (i.e., improvement of insulin sensitivity,
dyslipemia and inflammation). Other benefits derived
from changes in the secretion of adiponectin and
gastrointestinal hormones have been also reported®*”..
The combination of exercise with dietary restrictions is
beneficial in NAFLD and the effect is probably mediated
by a decrease in inflammatory factors and oxidative
stress'*®. Additionally, qualitative and quantitative
modifications of dietary composition with changes in
either macro or micronutrients may be also important
to modulate the clinical course of NAFLD!"”), Dietary
advice, however, is complicated by the lack of reliable
evidences in humans. For example, the assessment
of the effects of dietary protein on NAFLD has been
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limited to animal models. Low fat diet is currently the
preferred option but carbohydrate quantity and quality
in diets clearly affect the management of NAFLD"®,
The differential role of saturated fat, monounsaturated
fat, polyunsaturated fat, omega-3 fatty acids, and
all-trans fat in the progression of NAFLD has been
reported!®!. However, using metabolomics as an
experimental tool, several studies have reported
that the role of dietary cholesterol seems to be
prominent in the initiation and progression of NAFLD
in humans and in animal models®?°??, particularly,
we detected changes in metabolite levels, using a
non-targeted NMR-based metabolomics approach,
that strongly support the idea that dietary cholesterol
is a causative factor in the development of both
liver steatosis and hepatic inflammation™®'!, In this
regard, we have also found in animal models that the
continuous administration of polyphenols alleviate
weight gain, liver steatosis, deleterious changes in
the composition of liver tissue, and insulin resistance.
Metabolites of polyphenols accumulate in immune cells
and at the surface of hepatic lipid droplets, an effect
associated with beneficial changes in the expression of
miR-103, miR-107 and miR-122%?Y, These findings
may be also interpreted as an indication that the
combination of anti-inflammatory and antioxidant
effects provided by these bioactive compounds may
be of value in the management of NAFLD. Besides, the
underlying mechanisms are probably associated with
mitochondrial dysfunction and indicated that CCL2
may have metabolic functions that may be used to
modify the reversible components of the associated
metabolic derangements™®® %, Our results do not
discard contributions by other cytokines but CCL2
was primarily investigated due to its recognized effect
in macrophage infiltration of both liver and adipose
tissue.

CCL2 IN LIVER INFLAMMATION,
OBESITY, INSULIN RESISTANCE AND
THE REGULATION OF METABOLISM:
THE ROLE OF AUTOPHAGY

Available data indicate that inflammation, NAFLD,
response to nutrients and autophagy are closely
associated with the function of CCL2P*?", Several
reports suggest that autophagy is likely to influence
the quality of the immune responses that occur in
response to nutritional stress in the context of a high
fat diet-associated NAFLD™*?®, CCL2 is a reliable
marker of inflammation in hepatic derangements and
correlated with the histological hepatic inflammation®”.
Moreover, some authors claim that CCL2 levels are
significantly elevated in patients with NASH compared
to NAFLD'™*?*1 particularly, the CCL2/CCR2 axis is
important for perpetuating the hepatic inflammation
and the pharmacological inhibition of CCL2 during
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chronic liver damage attenuates the development of
steatosis™"*",

The association between obesity and NAFLD
should be seriously considered because obesity is a
condition associated with a frightening disease burden.
Although the search for a simple and acceptable
nutritionally based therapeutic approach continues,
other strategies should be explored™”. The effect
on liver morphology and function of obesity and the
consequent development of NAFLD has received
substantial attention in our laboratory and we failed
to show a beneficial effect of peroxisome proliferator-
activated receptors (PPAR) agonists (rosiglitazone
and/or fenofibrate) on ob/ob and LDLR-double
deficient mice. This illustrates the expected complexity
in the regulation of lipid and glucose metabolism,
the inflammatory response and the oxidative stress.
Both drugs simultaneously activate pro-steatotic
and anti steatotic metabolic pathways resulting in an
aggravation of the hepatic lipid accumulation.

Inflammation, in this scenario, represents an
indicator of the failure of adipose tissue in its major
function of energy storage. We have recently developed
an animal model overexpressing CCL2 that is designed
to characterize the relationship between metabolism
and cytokine gene expression. Our data suggest
that dietary variations contribute to autophagy:
animals overexpressing CCL2 displayed an increased
number of autophagosomes and a differential rate
of mitophagy as compared with CCL2 deficient
animals®¥. The role of CCL2 varies in response to
different metabolic conditions. Information about the
regulation of autophagy by cytokines is based on
relatively limited data obtained in mammalian cells
and consequently requires animal models and further
research in humans™!. However, results in humans
are difficult to replicate. In the context of NAFLD, the
synergic role of both dietary energy ingestion and the
tissue CCL2 response is readily observed®*!, Obese
patients with steatosis display a higher number of
autophagosomes in the liver and in obese patients
without steatosis there are ill-defined changes in the
morphology of mitochondria. Despite these effects
are not related to inflammation in the liver, autophagy
affects the inflammatory status of the adipocyte and
the size of adipocytes (i.e., in patients with steatosis
the size of adipocytes is higher than in those without
liver alteration). Intriguingly, the degree of steatosis
is heterogeneous among obese patients and a sub-
stantial amount of these patients does not develop
neither NAFLD nor insulin resistance’™ (Figure 1). The
correct interpretation of these findings requires more
information. For example, the absence of autophagy
in adipocytes, as identified in adipocyte-specific
ATG7 knockout mice, or the mitigation of autophagy
observed in CCL2 deficient mice, protect against
high-fat diet-induced obesity and insulin resistance in
mice®**”). However, other data report that autophagy
may function to limit excessive inflammation in adipose
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Figure 1 Several factors, including the excess energy surplus, inflammation and oxidation, are responsible for the deposition of fat in the liver. Chemokine
(C-C motif) ligand 2 (CCL2) affects, either directly or through the migration of immune cells, the mitochondrial function. The net result is a higher production of
reactive oxygen species (ROS), which is partially attenuated by the action of paraoxonases (PON). Experimental evidence suggests that both molecules are inversely
interrelated in the regulation of hepatic inflammation, fat deposition and mitochondrial function. The underlying mechanisms may indicate an alternative approach in

the search for therapeutic targets.

tissue during obesity®. The function of autophagy
in regulating intracellular lipid droplets (lipophagy) is
also relevant in the liver of obese patients. Whether
impaired lipophagy is a sufficient condition to cause
NAFLD remains to be fully ascertained”.

The regulatory network of autophagy in the
development of NAFLD may also involve signalling
through AMP-activated protein kinase (AMPK), which
is a central regulator of cellular metabolism and
affects glucose homeostasis, lipid metabolism, protein
synthesis, and oxidative metabolism!****!, Moreover,
the modulation of AMPK by metformin may have
different effects according to the baseline metabolic
context suggesting that the effect of metformin in
NAFLD is not limited to the role of insulin sensitizer.
The control of lipid metabolism by AMPK may be
due to the decreased synthesis of malonyl CoA or
a decrease in transcription of lipogenic genes that
increases mitochondrial biogenesis*®’. Macrophages
in adipose tissue are also important in lipolysis and
lipid metabolism. Macrophages are cells that possess
distinct non-inflammatory trophic functions, which
are regulated by the metabolic context, and, as such,
are closely associated with lipid accumulation and the
development of metabolic diseases!**?,
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LINKAGE BETWEEN INFLAMMATION
AND PARAOXONASE-1, A MULTI-
FACETED ENZYME IN THE DEFENCE
AGAINST OXIDATION

Paraoxonase-1 (PON1) and CCL2 are closely interrelated
in the regulation of hepatic inflammation®***!, Moreover,
in mice, CCL2 and PON1 are similarly distributed in
tissues and co-localized under certain circumstances,
suggesting a possibly coordinated role!**, PON1 is
synthesized by the liver and is bound to circulating
high-density lipoproteins. The actual function of PON1
is still a matter of debate but, among other effects,
protects lipoproteins and cells from lipid peroxidation
by degrading specific oxidized cholesteryl esters and
phospholipids. Oxidized lipids, in turn, inactivate
PON1M*® It is currently accepted that oxidative
stress plays a pivotal role in the evolution of NAFLD
to the more severe NASH. As mentioned earlier,
there are morphological and functional disturbances
in the mitochondria of patients with NAFLD, which
promote an increased free radical production and lipid
peroxidation*®), In this context PON1 is related to
inflammation, fibrosis and the regulation of PPARs™”,
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It is therefore expected that low PON-1 activities
may be associated with NAFLD. We have recently
confirmed such association in a murine model of
PON1 deficiency™ . PON1 deficient mice fed a high
fat high-cholesterol diet depicted oxidative stress and
metabolic alterations resulting in NAFLD. Reduced
and oxidized glutathione, 8-oxo-20-deoxyguanosine,
malondialdehyde, 8-isoprostanes and protein carbonyl
concentrations were all significantly increased.
This was accompanied by a functional decrease in
glycolysis, the urea cycle and the Krebs cycle and a
significant increase in the pathways of triglyceride
and phospholipid synthesis. The measurement
of circulating PON1 may also bear diagnostic and
prognostic importance when properly performed®>3,
When this is added to algorithms using common liver
laboratory tests the overall sensitivity and specificity
increased to levels similar to those obtained with liver
biopsy and histological examination. This is probably
due to the fact that serum PON1, contrarily to the
standard laboratory test values, decreases with the
extent of liver derangement. Of note, the interrelations
between CCL2 and PON1 may provide important clues
to the understanding of non-communicable diseases.
Particularly, the increase in the production of CCL2 by
endothelial cells may be significantly attenuated by the
action of PON1"*, a finding that further reinforce our
hypothesis that both CCL2 and PON1 are important in
the assessment of the pathogenesis of NAFLD.

CCL2 AND PON1 INTERPLAY

ON MECHANISMS REGULATING
MITOCHONDRIAL FUNCTION: THE
IMPLICATIONS OF CONSIDERING NAFLD
A MILD FORM OF MITOCHONDRIAL
DISEASE

There are significant evidences in animal models
indicating that CCL2 and PON1, as well as the
combination of both, may be integrated in the correct
functioning of mitochondria in the presence of high
fat diets causing NAFLD™'*"!, Hepatocytes are rich
in mitochondria and their structure and function are
important for a healthy liver. In the mitochondria,
oxidation of glucose and fat result in the production
of energy but under normal conditions approximately
2% of mitochondrial oxygen consumption results in
the production of reactive oxygen species (ROS). In
conditions of increased fatty acid oxidation there is a
higher production of ROS that may exceed the cell’
s antioxidant capacity leading to oxidative stress and
inflammation. As earlier reviewed, mitochondrial
dysfunction contributes to the pathogenesis of NAFLD
and this simple notion may provide alternative
therapeutic opportunities because the perpetuation
of ROS generation, oxidative stress and inflammation
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ultimately results in the development of NASH™,
Whether changes in mitochondrial efficiency are a
causative or adaptive response remains an open
question. Interestingly, heterozygous mice deficient
in mitochondrial trifunctional protein, characterized
by defects in oxidation predispose mice to NAFLD and
systemic insulin resistance. Consistent observations
have also been made in an obese rodent model™**%,
Cellular and mitochondrial metabolism are regulated
by a number of transcription factors and co-regulators
such as peroxisome proliferator-activated receptor-a
coactivator 1 (PGC-1). Mice with liver-specific deletion
of PGC-1 exhibit impaired mitochondrial oxidative
capacity, mitochondrial dysfunction and NAFLD. PGC-1
is inhibited by oxidative stress and inflammation.
Conversely, overexpression of hepatic PGC-1, which
alleviates NAFLD, is one of the multiple effects of
exercise and caloric restriction and may be mimicked by
polyphenols and other drugs. One of the most popularly
claimed mechanisms for PGC-1 activation depends on
the role of sirtuins, which are interconnected with the
action of AMPK and are currently considered attractive
therapeutic targets in the management of NAFLD.
Accordingly, sirtuins are associated with multiple
and related functions acting in the pathogenesis
of NAFLD such as mitochondrial function, hepatic
fatty acid metabolism, insulin secretion and hepatic
gluconeogenesis®™. The number of mitochondria (i.e.,
the correct balance between mitochondrial biogenesis
and mitophagy) is also important in the development
of NAFLDP***!, Mitochondrial biogenesis is a multistep
process requiring the coordinated action of both
mitochondrial and nuclear-originated transcripts.
Consequently, available activators of mitochondrial
biogenesis may be useful adjuvants in the management
of NAFLD and some evidence may support the use
of metformin in doses and routes of administration
that may differ from those used in the management
of diabetes®®!!, The mechanisms outlined have not
been thoroughly investigated in humans and current
therapeutic armamentarium is mainly based in changes
in lifestyle (exercise and caloric restriction); the current
pharmacological therapies being clearly insufficient. As
a consequence, the treatment of NAFLD is an “intention”
rather than a “goal” and this may be unacceptable in
a context of rapid upsurge of obesity and associated
metabolic derangements.

CONCLUSION

NAFLD should not be considered a benign condition.
There is an unmet need to identify and modulate
selective targets of treatment. We consider here,
particularly, a requirement to direct therapeutic efforts
towards the decrease in the deleterious effects of
chemokines-related inflammation, the increase in the
paraoxonase-induced ability to resist cellular oxidative
stress and the early detection of mitochondrial
dysfunction in order to improve the balance between
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mitochondrial biogenesis and mitophagy.
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