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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a common
clinicopathological condition, encompassing a range
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of conditions caused by lipid deposition within liver
cells. To date, no approved drugs are available for
the treatment of NAFLD, despite the fact that it
represents a serious and growing clinical problem in
the Western world. Identification of the molecular
mechanisms leading to NAFLD-related fat accumulation,
mitochondrial dysfunction and oxidative balance
impairment facilitates the development of specific
interventions aimed at preventing the progression
of hepatic steatosis. In this review, we focus our
attention on the role of dysfunctions in mitochondrial
bioenergetics in the pathogenesis of fatty liver. Major
data from the literature about the mitochondrial
targeting of some antioxidant molecules as a potential
treatment for hepatic steatosis are described and
critically analysed. There is ample evidence of the
positive effects of several classes of antioxidants,
such as polyphenols (/.e., resveratrol, quercetin,
coumestrol, anthocyanins, epigallocatechin gallate and
curcumin), carotenoids (/.e., lycopene, astaxanthin and
fucoxanthin) and glucosinolates (i.e., glucoraphanin,
sulforaphane, sinigrin and allyl-isothiocyanate), on
the reversion of fatty liver. Although the mechanism
of action is not yet fully elucidated, in some cases an
indirect interaction with mitochondrial metabolism
is expected. We believe that such knowledge will
eventually translate into the development of novel
therapeutic approaches for fatty liver.
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Core tip: So far, there are no approved drugs for the
treatment or the prevention of fatty liver and strategies
mainly rely on dietary, physical activity and lifestyle
modifications, as well as correction of hepatic steatosis-
associated metabolic disturbances. This review mainly
covers the biochemical mechanisms responsible for the
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dysfunctions in mitochondrial bioenergetics observed
in fatty liver and analyses the most recent data
evidencing the effects of new bioactive compounds on
the preservation of mitochondrial function. New insight
into biochemical details underlying fat accumulation
in the liver could lead to more targeted and effective
therapeutics for fatty liver.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is now
considered the most prevalent form of chronic liver
disease in the world, representing a serious and
growing clinical problem in Western countries™?.
NAFLD is a clinicopathological condition, associated
with a significant lipid deposition in hepatocytes and
characterized by persistent defects in hepatic enzymes.
Although NAFLD presents histological features of
alcohol-induced liver injury, it affects patients who
drink little to no alcohol. NAFLD is a histological
disease which may progress from simple steatosis
to nonalcoholic steatohepatitis (NASH), liver fibrosis,
cirrhosis and eventually hepatocellular carcinoma®™®.

To date, there are no approved drugs to treat
patients with fatty liver disease and clinical manage-
ment strategies mainly rely on modifications of diet,
physical activity and lifestyle, as well as correction of
hyperglycemia, insulin resistance and hyperlipidemia,
which are metabolic disturbances associated with
NAFLD".,

The understanding of the molecular mechanisms
responsible for lipid accumulation, oxidative balance
impairment and fibrosis in the liver could improve the
therapeutic approach to lower the risk of fatty liver
development. Antioxidant compounds, which modulate
lipogenesis, lipid oxidation and peroxidation, and
inflammation, represent a new attractive therapeutic
approach for patients suffering from hepatic steatosis.

In this review, we focus our attention on the bio-
chemical mechanisms by which selected antioxidant
molecules exert their beneficial effect by targeting
mitochondria function. Such knowledge may translate
into novel treatment strategies for fatty liver.

BIOCHEMICAL EVENTS ASSOCIATED
WITH HEPATIC STEATOSIS

Steatosis is the biochemical result of an imbalance
between the rates of fatty acid input (uptake and
synthesis with subsequent esterification to triglycerides,
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TGs) and output (oxidation and secretion)™”. Therefore,
TGs levels in hepatocytes derives from a complex
interaction between hepatic fatty acid uptake, de novo
synthesis, oxidation and export within very low density
lipoprotein (VLDL)-TG!".,

Hepatic fatty acid uptake is the result of plasma
free fatty acids (FFAs) released from hydrolysis of
adipose tissue TGs, FFAs deriving from hydrolysis of
lipoproteins, and dietary FFAs.

De novo fatty acid synthesis occurs via a complex
series of reactions that take place in the mitochondrial
matrix and in the cytosol of hepatocytes?, The rate
of de novo lipogenesis is dependent on the transport
activity of the mitochondrial citrate carrier (CIC)!**
and on enzymatic activities of acetyl-CoA carboxylase
(ACC), fatty acid synthase, (FAS)™, diacylglycerol
acyltransferase (DGAT) 1 and 2, and stearoyl-CoA
desaturase 1 (SCD1). Induction of lipogenic genes
occurs in response to the combined actions of several
nuclear transcription factors: sterol regulatory element
binding proteins (SREBPs), carbohydrate responsive
element binding protein (ChREBP), liver X receptor a
(LXRa), farnesoid X receptor (FXR) and peroxisome
proliferator-activated receptors (PPARs)™*,

Liver fatty acid oxidation occurs primarily within
the mitochondria, and a little part in peroxisomes
and microsomes. Fatty acids are transported into the
mitochondrial matrix by a carnitine-dependent enzyme
shuttle. Mitochondrial B-oxidation implies a series of
dehydrogenation, hydration and cleavage reactions
catalyzed by membrane-bound and soluble enzymes
transcriptionally regulated by PPARa™. Each cycle of
B-oxidation shortens the acyl-CoA molecule by two
carbon units. The released acetyl-CoA then enters the
Krebs cycle if the supply of oxaloacetate is sufficient;
alternatively, it can be utilized for the production of
ketone bodies. Reducing equivalents (FADH2 and
NADH), that derived from the B-oxidation reactions
then transfer their electrons to oxygen through
the respiratory chain. Liver fatty acids may also be
esterified to TGs and then stored as within hepatocytes
or secreted into the blood as VLDL.

Metabolism of fatty acids plays a key role in
the development of hepatic steatosis. Liver lipid
accumulation is, therefore, the result of prolonged
positive energy balance (de novo lipogenesis is the
preferred mechanism to stock excess energy), adipose
tissue dysfunction and insulin resistance, defects in
fatty acid oxidation and mitochondrial metabolism, or
imbalances in lipoprotein trafficking.

Hepatic TG accumulation (i.e., steatosis) is the
“first hit” and the basis for hepatocyte damage that
leads to a variety of “second hits”, such as cytokines,
adipokines, bacterial endotoxins, mitochondrial
dysfunction and/or endoplasmic reticulum stress.
In fact, the traditional “two-hit” pathophysiological
theory™® is now being replaced by the “multiple
parallel hits” hypothesis, which comprises lots of
different parallel hits, represented by insulin resistance,
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oxidative stress, genetic and epigenetic mechanisms,
cytokines and microbiota modifications, along with
environmental elements™”.

DYSFUNCTIONAL MITOCHONDRIAL
BIOENERGETICS IN THE FATTY LIVER

Several lines of evidence indicate that structural and
functional alterations in mitochondria are crucial to the
development of NAFLD™%!, The structural alterations
include depletion of mitochondrial DNA (mtDNA), as
well as morphological and ultrastructural changes,
whereas the functional alterations include defects
in mitochondrial B-oxidation and respiration'. The
functional alterations lead to a decrease in ATP levels,
leakage of deleterious reactive oxygen species (ROS)
and excessive depots of fat?”. A study describing
the pathogenesis of NAFLD™®! proposed that the
overflow of FFAs to hepatocytes leads to an increase in
mitochondrial energetic metabolism, to support energy
demand for TG storage and droplet growth. Later, it
was hypothesized that accumulation of intermediate
lipids could lead to mitochondrial stress and cell
apoptosis.

Defects in the activities of key mitochondrial
enzymes have been investigated using animal
models®®***”, in which a diet rich in fat (high-fat diet,
HF diet) has been shown to induce hyperglycemia,
hyperinsulinemia and the onset of obesity and fatty
liver. Carnitine palmitoyl-CoA transferase (CPT) activity,
which is involved in fatty acid oxidation, was inhibited
in animals fed the HF diet and showing NAFLD. The
observed reduction in CPT activity was associated with
the concomitant modulation of the activity of citrate
synthase, a Krebs cycle enzyme that catalyses the
reaction between acetyl-CoA and oxaloacetate to form
citrate.

Reducing equivalents (NADH and FADH:) produced
in the reactions of oxidation of fatty acids and Krebs
cycle are used by the respiratory chain complexes to
generate ATP. In fatty liver, mitochondrial respiration
efficiency was decreased and this effect could
be due to a possible uncoupling effect between
ATP synthesis and transport through respiratory
complexes. Expression of respiratory proteins are
significantly increased to compensate the reduced
activity of the respiratory complexes. Uncoupling
between mitochondrial respiration and ATP synthesis
could be the result of a different expression profile
of the mitochondrial carriers responsible for proton
conductance®. In accordance with this hypothesis,
an increase in expression of the uncoupling protein
(UCP) 2 isoform was found in rats with NAFLD'*>?*®), In
those animals, the expression of ATP/ATP carrier (AAC),
another mitochondrial carrier which plays an important
role in the mitochondrial permeability transition pore,
was also found to be up-regulated™!. Therefore, in
uncoupled mitochondria, where proton gradient is
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dissipated by the entry of protons into the matrix via
UCP2, an overexpression of AAC could compensate
the reduced flux of ATP from mitochondria when
membrane potential is reduced.

Alteration in mitochondrial function (Figure 1) leads
to increased ROS production. The accumulation of lipid
peroxidation and inactivation of key enzymatic activities
leads to ROS-induced oxidative damage to cardiolipin.
This phospholipid, which is almost exclusively present in
the inner mitochondrial membrane, plays an important
role in mitochondrial bioenergetics, as well as in the
apoptosis™®’*,

As cytosolic fatty acids accumulate as a consequence
of an impairment of the oxidative capacity of the
mitochondria, alternative pathways are activated
in the peroxisomes (p-oxidation) and microsomes
(o-oxidation) and additional ROS are produced®. In
fact, in the initial step of peroxisomal p-oxidation, acyl-
CoA oxidase donates electrons directly to molecular
oxygen, producing hydrogen peroxide; ROS are also
formed during the microsomal w-oxidation of fatty
acids via flavoprotein-mediated donation of electrons
to molecular oxygen. In addition, during fatty acids
w-oxidation, the corresponding dicarboxylic acids of
the metabolized fatty acids can uncouple oxidative
phosphorylation. Therefore, extramitochondrial fatty
acid oxidation leads to a further increase in oxidative
stress, contributing to mitochondrial dysfunction.

CONTRIBUTION OF OXIDATIVE STRESS
TO STEATOSIS PATHOGENESIS

Oxidative stress is one of the key mediators of hepatic
damage and is a major contributor to the progression
from simple steatosis to steatohepatitis©®. The
oxidative stress condition encompasses the various
deleterious processes that result from an imbalance
between the excessive formation of pro-oxidants
(i.e., ROS and/or reactive nitrogen species, RNS)
and the counteracting antioxidant mechanisms.
In mitochondria, increased ROS production can
cause mtDNA depletion, attack biomolecules (i.e.,
proteins, carbohydrates and lipids), and damage
the mitochondrial membrane. It is worth noting that
mitochondria have a substantial concentration of
phospholipids containing polyunsaturated fatty acids
(PUFAs). The PUFAs are more prone to oxidative
damage, because of the double bonds in their
chemical structure, which lead to lipid peroxidation. In
turn, peroxidation of these mitochondrial membrane
components, especially docosahexaenoic acid
which is necessary for a functional assembly of the
mitochondrial complexes®"!, could lead to further
impairment of the activity of the respiratory chain,
with consequent decreased ATP synthesis and
overproduction of ROS. PUFA peroxidation seems
to be able to enhance post-endoplasmic reticulum
presecretory proteolysis of ApoB, thereby reducing
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Figure 1 Dysfunctional mitochondrial bioenergetics in the fatty liver. In fatty liver, inhibition of B-oxidation and the reduction in citrate synthase (CS) activity
implies a reduction in the flux of reducing equivalents to mitochondria. Mitochondrial respiration efficiency was decreased and this effect could be due to a possible
uncoupling effect between ATP synthesis and transport through respiratory complexes. Alteration in mitochondrial function leads to increased ROS production. c:

Cytochrome c; Q: Ubiquinone.

VLDL secretion®; this may further contribute to TG

accumulation in the liver.

Moreover, aldehydes formed through PUFA
peroxidation impair cellular homeostasis”®®, because
these molecules affect nucleotide and protein
synthesis, reduce hepatic glutathione content and
increase production of the proinflammatory cytokine
TNF-a. These effects lead to hepatocyte death and
necrosis, inflammation, and liver fibrosis.

NUTRITIONAL MANAGEMENT OF
HEPATIC STEATOSIS

Elucidation of the molecular mechanisms leading to fat
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accumulation, mitochondrial dysfunction and oxidative
balance impairment facilitates the development
of specific interventions aimed at preventing the
progression of hepatic steatosis. Food bioactive
compounds, which modulate the activation of genes
and the function of proteins involved in steatosis
pathogenesis, represent a new attractive therapeutic
approach for this condition™*,

General recommendations include reducing
intakes of total fat, saturated and trans fatty acids
and fructose'®?®, Conversely, increasing intakes of
PUFAs, especially of the long-chain n-3 fatty acids, and
monounsaturated fatty acids is advised™**"*,

Many dietary natural compounds isolated from
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fruits, vegetables and edible plants may be suggested
as promising agents for treatment of fatty liver, since
they are able to target mitochondria and to restore
their function. Other molecules have not yet been
tested for their potential effects on liver mitochondria,
but they show potential for improving or restoring
defective mitochondrial function in cells from different
tissues. Since mitochondrial function is compromised
in hepatic steatosis, in the following paragraphs we
summarize the most recent data evidencing the
mitochondrial targeting capabilities of new bioactive
compounds.

POLYPHENOLS

Polyphenols are secondary metabolites of plants
that have been studied primarily for their potential
roles to combat oxidative stress and inflammatory
processes. They contain at least one aromatic ring in
their structure that is/are linked to different chemical
groups, including phenolic, hydroxyl or carbon groups.
Polyphenols can be broadly divided into flavonoids
and nonflavonoids, based on their chemical structure.
The flavonoids include flavonols (i.e., quercetin),
flavones (i.e., luteolin), flavanols (i.e., catechins),
flavanones (i.e., hesperetin, hesperidin naringenin and
naringin), isoflavones (i.e., genistein and daidzein),
anthocyanidins (i.e., cyanidin, malvidin, pelargonidin
and delphinidin) and proanthocyanidins (i.e., condensed
tannins), while the nonflavonoids include stilbenes,
phenolic acids and hydroxycinnamates®’.

Flavonoids are the most abundant natural antioxi-
dants present in the human diet, and their antioxidant
activity is due to the presence of hydroxyl groups in the
phenolic structure of flavonoids™*”. These compounds
exert their numerous beneficial and antioxidative effects
through several mechanisms; indeed, they are able to
target different pathways that are possibly involved in
the pathogenesis of liver diseases. Flavonoids are able to
control de novo lipogenesis, inhibiting lipogenic proteins
(i.e., ACC, SREBP-1, FAS and LXRa) and increasing
lipolytic proteins (i.e., AMPK, PPARa and CPT-1). They
are also effective scavengers of ROS and RNS (i.e.,
superoxide, hydrogen peroxide, hydroxyl radicals and
peroxynitrite) that are elevated in pathological states
and metabolic disorders such as NAFLD™Y,

As mitochondria are an important source of
ROS, redox-active compounds can be targeted
to these organelles to counteract ROS production
and its associated oxidative damage. However, as
antioxidants, polyphenolic compounds may act directly
by scavenging reactive species; alternatively may
act indirectly by controlling the redox environment.
In particular, findings from studies in several cellular
models have indicated the abilities of polyphenols
to modulate mitochondrial biogenesis and to control
the mitochondrial membrane potential and oxidative
phosphorylation*?,
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Resveratrol

Resveratrol (trans-3,4',5-trihydroxystilbene) is a stil-
bene naturally found in various food stuffs, such as
grapes, berries, red wine and nuts. This molecule has
been shown to control energetic metabolism in obese
mice, improving the glucose homeostasis, increasing
the fatty acid oxidation and inducing the expression of
genes associated with the regulation of mitochondrial
biogenesis'**!. The effects of high resveratrol doses
(10-100 pmol/L) on mitochondrial metabolism have
been evaluated in different models where it has been
shown that resveratrol is able to increase the number
of mitochondria in the tissues studied, and that this
occurs via a sirtuin-dependent mechanism.

The sirtuins are a family of proteins that act as
NAD-dependent deacetylases; three sirtuins are
exclusively located in the mitochondrial compartment:
SIRT3, -4 and -5!*°\. However, the main target of
resveratrol appears to be SIRT1. Although not found in
the mitochondria, SIRT1 plays an important role in the
regulation of metabolism, since it is able to stimulate
both mitochondrial biogenesis and energetic metabolic
fluxes via allosteric post-translational modifications
of key enzymes™.. A possible link between activation
of SIRT1 and mitochondria could be the modulation
of NAD"* concentration®®*”, because a significant
portion of the cellular NAD" pool is concentrated in the
mitochondria®. In accordance with that hypothesis,
a recent study™® demonstrated that resveratrol can
induce a mitochondrial complex I-dependent increase
in NADH oxidation resulting in sirtuin activation in
hepatocytes; moreover, this finding was obtained
in different experimental models, including in vitro
studies of isolated enzymes and HepG2 cells treated
with resveratrol, as well as in vivo study of an aging
model of mice fed with resveratrol. In particular, in
the HepG2 cells (resveratrol administration at 1-5
umol/L) and in the liver mitochondria from resveratrol-
fed animals (administration of 50 mg/kg per day),
complex I activation increased the mitochondrial
NAD*/NADH ratio and, in turn, the higher NAD"
concentration initiated a SIRT3-dependent stimulation
of the mitochondrial substrate supply pathways (i.e.,
the Krebs cycle and p-oxidation of fatty acids)™.
We can therefore hypothesize - as already has been
suggested for the aging process™” - that mitochondrial
complex I activity may be involved in fatty liver
through at least two mechanisms: a ROS-dependent
mechanism, which is related to the control of complex
I activity, and a ROS-independent mechanism via the
regulation of the ratio NAD*/NADH.

Quercetin

Quercetin is a type of flavonoid antioxidant that is
found in plant foods, including leafy greens, tomatoes,
berries and broccoli. Recent studies have shown that
the beneficial effects of quercetin include the activation
of mitochondrial biogenesis'*>*!! through PGC-1a, which
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is a transcriptional coactivator of genes associated with
oxidative phosphorylation and mtDNA replication. In
HepG2 cells, the observed increase in mitochondrial
biogenesis is associated with cytochrome oxidase
subunit IV (COXIV) overexpression™?, Interestingly,
an increase in cytochrome c concentration is typically
associated with similar increases in other mitochondrial
proteins involved in the respiratory chain, Krebs cycle
and fatty acid oxidation pathway. The result is an
overall increase in mitochondrial capacity™>>,

Results obtained in animal models have suggested
that 50 mg/kg and 100 mg/kg doses of quercetin
significantly affect the mitochondrial biogenesis; more-
over, mice treated with up to 3000 mg/kg quercetin
did not show any toxic effects™”. However, the effect of
oral administration of quercetin on liver mitochondria
has not been tested. This is an intriguing aspect,
because there are several reports indicating that
quercetin exhibits both antioxidant and pro-oxidant
activity, in a concentration dependent manner®**°,
Therefore, further studies are needed to determine the
therapeutic efficacy of oral quercetin administration.

Coumestrol
Coumestrol is the most commonly studied coumestan,
and is a natural organic compound present in some
plants, including alfalfa, legumes, Brussels sprouts,
spinach, clover and soybeans. Recent data®® have
suggested that coumestrol induces an increase in
mitochondria number and function, by activating
SIRT1. By promoting mitochondrial content, cou-
mestrol appears to be able to increase cellular ATP
levels and glucose uptake, thereby improving energy
metabolism at the same time. Moreover, coumestrol
stimulation has been shown to augment the protein
expression of respiratory chain components, such as
NADH dehydrogenase la subcomplex 9 (NDUFA9),
succinate dehydrogenase complex subunit A (SDHA),
ubiquinol cytochrome c reductase core protein 2
(UQCRC2), cytochrome oxidase subunit 1 (COX1) and
ATP synthase mitochondria F1 complex o subunit 1
(ATP5a), and of the transcriptional regulators that are
responsible for mitochondrial biogenesis®®®'.
Coumestrol has also been shown to decrease the
mMRNA expression of lipogenic genes in adipocytes
and hepatocytes and to increase fatty acid oxidation
in myocytes. It has been proposed that SIRT1 and
AMPK might reciprocally activate each other. AMPK
enhances SIRT1 activity by increasing cellular NAD*
levels’, whereas SIRT1 mediates the deacetylation
of liver kinase B1®® (an upstream regulator of AMPK),
thereby assembling a positive feedback loop that
serves to enhance energy catabolism. It might,
therefore, be possible for coumestrol to activate AMPK,
itself a regulator of SIRT1; further studies are needed
to determine which one - SIRT1 or AMPK - is the
upstream regulator of the other®®,
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Anthocyanins

Anthocyanidins are water-soluble pigments of coloured
berries, fruits and vegetables. They can protect
hepatocytes against injury caused by high glucose-
induced oxidative damage, by improving antioxidant
status and inhibiting the mitochondria pathways of
apoptosis. The proposed mechanism has been shown
to involve the prevention of hyperglycemia-induced
mitochondrial depolarization, which helps mitochondria
to maintain their function®.

In addition, other studies have suggested that
treatment with anthocyanins increases mitochondrial
fatty acid oxidation via activation of genes participating
in this metabolic pathway (i.e., PPARa, PPARS, UCP-2,
UCP-3 and mitochondrial transcription factor A)®.

Recent studies have suggested that these molecules
can attenuate mitochondrial defects caused by inhibition
of complex I in human and rat tissues®®?, In isolated
mitochondria from ischemic hearts, anthocyanins were
found to recover complex I activity, thereby enhancing
the rate of ATP synthesis'®. A normal functioning
of respiratory complex I is necessary to ensuring
mitochondrial ATP synthesis and its supply to cells. In
fact, it is widely accepted that inhibition of complex I
results in a decrease of oxidative phosphorylation*,
The suggested mechanism of action of anthocyanins
has been associated with their redox potential, since
these molecules can act as electron acceptors in a
similar way as endogenous coenzyme Q.

Epigallocatechin gallate
Epigallocatechin gallate is the ester of epigallocatechin
and gallic acid. It is a flavonoid belonging to the
chemical class of flavan-3-ols (catechins) and it is the
most abundant catechin in green tea (Camellia sinensis
L.), accounting for about 50% of its total polyphenols.
Some studies have suggested that epigallocate-
chin gallate can promote fat oxidation and energy
expenditure’®®, At a cellular level, reduced energy
uptake could activate the AMPK signalling pathway,
which may further affect energy metabolism, inducing
chronic alterations in mitochondrial architecture
(morphology and mass). This may represent a crucial
step for the generation of oxidative damage™®. Such
modifications also include increase in the levels of
porin and mitochondrial respiratory proteins, and in
mtDNA content. Therefore, epigallocatechin gallate
is able to modulate systemic energy use by inducing
mitochondrial changes!®”. On the other hand, this
bioactive molecule has been reported to induce fatty
acid B-oxidation through an increase in mRNA levels of
CPT-1 and UCP2"®,

Curcumin

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione] is a yellow polyphenol isolated
from the rhizome of Curcuma longa, a characteristic
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plant of tropical and subtropical regions, which has
been used as a spice and traditional medicine in Asia
for centuries due to its antioxidant, antiinflammatory,
antimutagenic, antimicrobial and anticancer properties.

The antioxidant properties of curcumin have been
shown to protect against mitochondrial dysfunction in
several experimental models™. In particular, curcumin
has been reported to increase oxygen consumption
and respiratory chain complexes’ activities, to prevent
oxidative stress and to restore ATP content. Such an
improvement in mitochondrial function was also shown
to be associated with prevention against the decrease
in the activity of aconitase’”, an oxidative stress
marker. In addition, curcumin facilitated B-oxidation
in in vitro experiments (by up-regulation of CPT-1),
reducing lipogenesis at the same time'®*.,

CAROTENOIDS

Carotenoids are lipophilic pigments responsible for
the yellow, orange or red colours of flowers and fruits.
Their scavenging activity of ROS is well known, as
well as the ability of p-carotenes to be the primary
dietary source of provitamin A. The most prevalent
carotenoids in the diet are a- and B-carotene, lutein,
lycopene, zeaxanthin and cryptoxanthin.

Carotenoids accumulate mainly in the liver where
they are incorporated into lipoproteins and released
into the circulation in the form of lipoproteins. Dietary
carotenoids may physiologically scavenge free radical
species in the liver, thus inhibiting the development of
hepatic dysfunction™,

They are considered potent antioxidants and
antiinflammatory micronutrients, and have been
used in the prevention and treatment of NAFLD.
Carotenoids are also critical regulators of macrophage
polarization and thereby inhibit the development and
the progression of NASHY?.. The molecular mechanism
by which carotenoids exert their effects in NAFLD is
not well defined, but it has been proposed that they
may act through multiple mechanisms.

Lycopene
Lycopene is a carotenoid that lacks provitamin A
activity and is responsible for the red to pink colours
seen in tomatoes, red grapefruit, watermelon and
apricots.

Epidemiological and experimental studies have
suggested that lycopene may have chemopreventive
properties against certain types of cancers, including
NASH-promoted hepatocarcinogenesis, mainly as
a consequence of oxidative stress decrease, which
could be imparted through different mechanisms'”.
Moreover, lycopene also reduces the development of
hepatic steatosis induced by an HF diet” . The key
role of this carotenoid in protection against fatty liver
was confirmed by the reduced plasma lycopene levels
in subjects affected by NASH, suggesting a possible
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link between low lycopene levels and the development
of liver diseases””.

A possible effect of lycopene on mitochondrial
function has been proposed in cardiomyocytes, where
the protective effects of this molecule have been attri-
buted to its roles in improving mitochondrial function'’®’.
An important factor associated with mitochondrial
dysfunction is activation of the mitochondrial perme-
ability transition pore (mPTP). Activation of mPTP
leads to functional breakdown, and subsequently
morphological disintegration of the mitochondria
progresses to cell death. Lycopene was shown to
suppress the activation of mPTP by reducing intracellular
ROS levels and inhibiting oxidative damage'®.. In
this way, the impairment of mitochondrial membrane
potential and decrease in ATP levels were alleviated,
suggesting that the cell protection is, in part, due to the
prevention of mitochondrial dysfunction.

In accordance with this hypothesis, some studies
have shown the ability of lycopene to enhance the
mitochondrial activity in HepG2 cells that were exposed
to aflatoxin B1Y”) and to improve the mitochondrial
function in nervous system of rats that were exposed
to 3-nitropropionic acid”®. Therefore, the antioxidative
potential of lycopene should account for its ability
to preserve the activity of endogenous free radical
scavengers and of respiratory chain complexes directly,
thus preventing ROS production and secondary
oxidative damage.

Astaxanthin

Astaxanthin is a xanthophyll carotenoid found in
various marine organisms, such as yeast, salmon,
shrimp, crayfish and green microalga Haematococcus
pluvialis. 1t is well demonstrated that this carotenoid
has strong antioxidant properties”®, since it is 100-fold
to 500-fold more effective than vitamin E in preventing
lipid peroxidation and in reducing lipid accumulation
in liver®. In mice models it has also been reported
that astaxanthin can down-regulate genes involved in
lipogenesis and lipid-uptake, without influencing fatty
acid oxidation-related genes in the liver®. Moreover,
it has also been shown to reduce hepatic levels of TGs
and cholesterol in mice™®".

A role has been suggested for astaxantin in im-
provement of mitochondrial function. This molecule
appears to be able to increase mitochondrial mem-
brane potential and respiratory control®!, which are
important measures of mitochondrial health when
investigating isolated mitochondria. We can hypothesize
that the increase in mitochondrial respiration efficiency
observed in astaxanthin-treated cells is due to the
increase in mitochondrial membrane potential.

Interestingly, astaxanthin is also present in krill oil,
a dietary source of n-3 long-chain PUFAs, the effects
of which in reducing liver lipids were more pronounced
than that found with fish oil-fed rats'®. Moreover,
astaxanthin induces fatty acid catabolism. Acyl-CoA
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oxidase (ACOX1) is a target gene of PPARq, a regulator
of mitochondrial and peroxisomal p-oxidation, which
can be activated by this carotenoid®™,

Fucoxanthin

Fucoxanthin is one of the most abundant marine carote-
noids, accounting for more than 10% of the estimated
total carotenoids in nature. It is a xanthophyll, the
distinct structure of which includes an unusual allenic
bond and some oxygenic functional groups in a polyene
chain.

The hypolipidemic effects of fucoxanthin might
be mediated by down-regulation of various lipogenic
enzyme activities and up-regulation of fatty acid
B-oxidation activity in fat tissues®>®®,

Recent literature®® suggests that this carotenoid
has also anti-obesity properties, mainly by stimulating
UCP-1 expression in white adipose tissue. This
mitochondrial protein is usually found in brown
adipose tissue and is not expressed in white adipose
tissue in the absence of any stimulation. The role of
UCP-1 is the dissipation of the proton gradient created
by respiration and this leads to heat generation
(thermogenesis).

GLUCOSINOLATES

Glucosinolates are a family of sulphur-containing
plant secondary metabolites usually found in cru-
ciferous plants. They have a common structure
containing a thioketal-linked glucose molecule and are
hydrolysed by specific enzymes (i.e., myrosinases) to
produce biologically active sulfureted aglycones, the
isothiocyanates. Glucosinolates and their respective
enzymatic hydrolysis scavange harmful radicals and
modulate enzymes involved in detoxification processes,
thus preventing oxidative damage.

Preliminary studies have suggested that these
molecules can suppress the activation of hepatic
macrophages and also contribute to decrease liver
damage and to protect against the development of
liver tumorigenesis®”’,

Glucoraphanin and sulforaphane
Glucoraphanin (4-methylsulfinylbutyl glucosinolate) is
the major glucosinolate found within broccoli and is the
precursor of sulforaphane. Indeed, the biologically active
sulforaphane is not present as such in Brassicaceae,
but is produced by enzymatic hydrolysis upon tissue
disruption, such as the chewing of raw vegetables,
which brings the endogenous enzyme B-thioglucoside
glucohydrolase (a myrosinase) into contact with the
glucosinolate. Several factors determine the degree of
conversion from glucoraphanin to sulforaphane and,
therefore, its cellular activity and protective effects™.
Studies on in vitro and animal models have
demonstrated that broccoli sulforaphane can miti-
gate some of the effects produced by inducers of
inflammation and cell damage, such as carcinogens,
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toxins and ROS. The proposed molecular mechanism
involves the inhibition of enzymes responsible for
reactions related to oxidation, reduction and hydrolysis
(i.e., cytochrome P450 enzymes), and the induction
of antioxidant and detoxification enzymes (i.e.,
quinone reductase, thioredoxin reductase 1, and
heme oxygenase 1)®¥°%, These last enzymes, known
as phase II antioxidant enzymes, plays an important
protective role in the maintenance of redox state
in mammalian cells by providing a precise balance
between the level of ROS and endogenous thiol
buffers, which protect cells from oxidative stress-
induced damage. They also play a critical role in
maintaining the NAD*/NADH and NADP*/NADPH
ratios”®!. As a consequence, dietary supplementation
with the sulforaphane precursor glucoraphanin
represents a potent method for improving liver
function and for maintaining good liver condition®®**,
Recently, a role has been suggested for glucora-
phanin in the modulation of mitochondrial function.
Metabolomic studies have supported the proposal
that such a modulation may be mediated by control
of FAD levels®®. FAD, a redox cofactor, takes part in
several important reactions in energetic metabolism
(i.e., fatty acid oxidation and Krebs cycle). Moreover,
FAD acts as cofactor of lysine-specific demethylase-1,
which, through epigenetic regulation, modulates
the expression of genes involved in mitochondrial
metabolism and energy expenditure®, Thus, when
FAD levels are relatively high, expression of genes
associated with mitochondrial respiration is down-
regulated and export of citrate from the Krebs cycle
is enhanced; this modulation results in elevated
concentrations of fatty acids, lipids and steroids.

Sinigrin and allyl-isothiocyanate

Sinigrin is a major component of commonly consumed
cruciferous vegetables, such as horseradish and
wasabi. Its degradation product allyl-isothiocyanate is
responsible for the characteristic pungent taste™®..

The potential of sinigrin to inhibit the growth of
several types of cancer cells has been well investigated.
In particular, sinigrin was shown to significantly prevent
the proliferation of liver tumour cells, inducing apoptosis
and gradually restoring liver functions®”,

A recent study suggested that allyl-isothiocyanate
can improve mitochondrial respiration efficiency,
reducing, at the same time, metabolic dysfunctions™®,
The effects of this molecule have been evaluated in
muscle cells, which showed a higher mitochondrial
activity after allyl-isothiocyanate treatment. In
particular, increases in mitochondrial membrane
potential, in mtDNA content and in respiratory capacity
were observed.

CONCLUSION

Hepatic steatosis has become a very common cause
of liver diseases in Western word. So far, there are
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Table 1 Described effects of bioactive compounds on mitochondria

Compound Effect
Polyphenols
Resveratrol TMitochondrial biogenesis
TComplex I activity
Quercetin TmtDNA
TRespiratory chain proteins
Coumestrol TMitochondria number
TRespiratory chain proteins
TMitochondrial function
Anthocyanins 1Fatty acid oxidation

TCompex I activity
1Fatty acid oxidation
TEnergy expenditure

Epigallocatechin gallate

Curcumin 1Fatty acid oxidation
TRespiratory complexes activity
Carotenoids
Lycopene |Activation of mPTP
Astaxanthin 1Fatty acid oxidation
TMitochondrial membrane potential
TRespiration efficiency
Fucoxanthin 1Fatty acid oxidation
Glucosinolates
Glucoraphanin |FAD levels
Sinigrin TMitochondrial membrane potential

TRespiration efficiency
TDNA content

mtDNA: Mitochondrial DNA; mPTP: Mitochondrial permeability
transition pore.

no approved drugs for the treatment of this disease.
Therefore, identification of the molecular mechanisms
leading to the fat accumulation in liver may provide
new avenues for the development of new diagnostic
and therapeutic approaches.

Food bioactive compounds, which are important
regulators of expression and activity of proteins
associated with lipid homeostasis and metabolism,
represent a novel therapeutic approach for fatty
liver disease. In fact, there is evidence that several
classes of antioxidants (i.e., polyphenols, carotenoids
and glucosinolates) are able to reverse hepatic
steatosis. Although the mechanism of action remains
understood, an indirect effect of bioactive molecules
on mitochondrial function is expected (Table 1).

We believe that gaining a more complete under-
standing of the biochemical mechanisms underlying
the hepatoprotective roles of the bioactive compounds
such as those ones included in this review will lead to
more targeted and effective therapeutics for hepatic
steatosis.
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