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Abstract

Non-alcoholic fatty liver disease (NAFLD) describes a
range of conditions caused by fat deposition within liver
cells. Liver fat content reflects the equilibrium between
several metabolic pathways involved in triglyceride
synthesis and disposal, such as lipolysis in adipose tis-
sue and de novo lipogenesis, triglyceride esterification,
fatty acid oxidation and very-low-density lipoprotein
synthesis/secretion in hepatic tissue. In particular, it
has been demonstrated that hepatic de novo lipogen-
esis plays a significant role in NAFLD pathogenesis. It is
widely known that the fatty acid composition of the diet
influences hepatic lipogenesis along with other meta-
bolic pathways. Therefore, dietary fat may not only be
involved in the pathogenesis of hepatic steatosis, but
may also prevent and/or reverse hepatic fat accumu-
lation. In this review, major data from the literature
about the role of some dietary fats as a potential cause
of hepatic fat accumulation or as a potential treat-
ment for NAFLD are described. Moreover, biochemical
mechanisms responsible for an increase or decrease in
hepatic lipid content are critically analyzed. It is note-
worthy that both quantitative and qualitative aspects of
dietary fat influence triglyceride deposition in the liver.
A high-fat diet or the dietary administration of conju-
gated linoleic acids induced hepatic steatosis. In con-
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trast, supplementation of the diet with krill oil or pine
nut oil helped in the prevention and/or in the treatment
of steatotic liver. Quite interesting is the “case” of olive
oil, since several studies have often provided different
and/or conflicting results in animal models.

Key words: Hepatic steatosis; Non-alcoholic fatty liver;
Fatty acids; Lipogenesis
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Core tip: Dietary fats may not only influence the patho-
genesis of liver diseases, but may also prevent and/or
reverse their expression. This manuscript reviews the
molecular mechanisms responsible for the regulation
of hepatic lipogenesis, through which some fatty ac-
ids may be beneficial or detrimental to non-alcoholic
fatty liver disease (NAFLD). We believe that an under-
standing of the biochemical mechanisms underlying
fat accumulation in the liver will lead to more targeted
and effective therapeutics for hepatic steatosis. This
is a particularly important topic because NAFLD is an
increasingly prevalent disease which, to date, has no
proven pharmacologic treatment to prevent or reverse
its course.

Ferramosca A, Zara V. Modulation of hepatic steatosis by dietary
fatty acids. World J Gastroenterol 2014; 20(7): 1746-1755 Avail-
able from: URL: http://www.wjgnet.com/1007-9327/full/v20/
17/1746.htm DOI: http://dx.doi.org/10.3748/wjg.v20.17.1746

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a condition
that is caused by the pathological accumulation of fat
in liver. NAFLD affects 10%-35% of the current world
population. In the great majority of patients, NAFLD
develops in association with obesity, type 2 diabetes, insu-
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lin resistance and other metabolic abnormalities, includ-
ing hypertension and dyslipidemia, collectively termed as
“metabolic syndrome™!"”,

The severity of the disease ranges from simple ste-
atosis to acute steatohepatitis, but the pathogenesis and
the molecular mechanisms controlling its progression
are pootly understood. The classical pathogenesis of
NAFLD is based on the “two-hit hypothesis”[3’4]. Accord-
ing to this hypothesis, hepatic triglyceride accumulation”
or steatosis, represents the “first hit”, which then sensi-
tizes the liver to injury mediated by a “second hit”, such
as the secretion of proinflammatory and prothrombotic
adipocytokines and the reduced production of the adi-
pocytokine adiponectin, a potent anti-inflammatory and
insulin-sensitizing agent[()’gl. In addition, mitochondrial
dysfunction and oxidative stress trigger an inflammatory
and fibrogenic cascade in the primed liver™. These events
lead to steatohepatitis and fibrosis. More recently, Servid-
dio ¢t a/” underlined the importance of mitochondria in
NAFLD prevention since these organelles play funda-
mental roles in fat metabolism and energy homeostasis,
thereby counteracting the excessive accumulation of liver
triglycerides.

Indeed, the main feature of NAFLD pathogenesis,
both histologically and metabolically, is the accumulation
of triglycerides in the liver. Although the increased mo-
bilization of free fatty acids from adipose tissue mainly
contributes to fatty liver, the specific origin of the lipids
that accumulate in the liver remains unknown. Therefore,
the understanding of the molecular mechanisms leading
to the accumulation of lipids into the liver of NAFLD
patients is of importance for the prevention and/or the
reversal of this condition.

In this review, we focus our attention on the de novo
lipogenesis which plays a significant role in the patho-
genesis of NAFLD""". Tt is widely known that hepatic
lipogenesis is strictly regulated by several nutritional fac-
tors' "' such as the fatty acid composition of the diet"”.
Such knowledge will eventually translate into the devel-
opment of novel treatment strategies for NAFLD.

ROLE OF DE NOVO LIPOGENESIS IN THE
DEVELOPMENT OF HEPATIC STEATOSIS

Steatosis occurs when there is an imbalance between
lipid availability through fatty acid uptake and de novo li-
pogenesis, and lipid secretion and disposal via free fatty
acid oxidation" ™", Figure 1 depicts the main pathways
involved in fatty acid metabolism in liver and shows that
a perturbed balance between triglyceride synthesis and
triglyceride disposal leads to hepatic steatosis.

As shown in Figure 1, the potential sources of fatty
acids contributing to fatty liver are the non-esterified
fatty acid pool from adipose tissue, dietary fatty acids
and newly made fatty acids within the liver through de
70V0 lipogenesism’lg]. Modulation of any of the multiple
mechanisms involved in lipid accumulation in the liver
could provide useful targets to prevent the development

of NAFLD.
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To establish the relative contribution of lipid accumu-
lation in patients with NAFLD, Donnelly e# al'™ used a
multiple-stable-isotope approach. These authors demon-
strated that approximately 60% of liver triglyceride con-
tent was derived from free fatty acid influx from adipose
tissue, 26% from de novo lipogenesis, and 15% from the
diet. Other studies, carried out in animal models, provid-
ed further evidence that lipogenesis plays a key role in the
development of hepatic steatosis' . In particular, the use
of genetically engineered mice have helped to clarify that
knockdown of enzymes involved in fatty acid synthesis
was able to reverse NAFLD!"",

De novo fatty acid synthesis implies a complex series
of reactions starting in the mitochondrial matrix and con-
tinuing in the cytosol of hepatocytes (Figure 2). The main
fuel for fatty acid synthesis is acetyl-CoA derived from
carbohydrate or amino acid catabolism. Since acetyl-CoA
is formed in the mitochondrion, and fatty acid synthesis
occurs in the cytosol, the acetyl group must be exported
from the intra-mitochondrial to the extra-mitochondrial
compartment of the cell before its conversion into fatty
acids. Actually, in the mitochondrial matrix, acetyl-CoA
is at first condensed with oxaloacetate, thereby forming
the tricarboxylate citrate, an intermediate of the Krebs
cycle. When this intermediate cannot be burned in the
Krebs cycle because of an excess of cellular energy, it is
exported from the mitochondrial matrix into the cytosol
by the mitochondrial tricarboxylate carrier or citrate car-
rier (CIC). This carrier protein is firmly inserted into the
inner mitochondrial membrane, where it catalyzes the ef-
flux of citrate from the matrix towards the cytosol, thus
playing an important role in intermediary metabolism!"”
In fact, in the cytosol the transported citrate generates
acetyl-CoA, which now represents the primer for de novo
fatty acid and cholesterol biosyntheses™. As shown in
Figure 2, cytosolic fatty acid synthesis begins with the
conversion of acetyl-CoA to malonyl-CoA in the reaction
catalyzed by acetyl-CoA carboxylase (ACC). Next, the
sequential extension of an alkanoic chain, two carbons
at a time, is catalyzed by fatty acid synthase (FAS) which
eventually leads to palmitic acid (16:0), the main product
of de novo fatty acid synthesis.

The high rate of lipogenesis, observed in hepatic
steatosis, seems to be associated with hyperglycemia and
hyperinsx,llinemia[2
under the combined actions of sterol regulatory element
binding protein-1c (SREBP-1c¢) in response to insulin,
and ChREBP (carbohydrate responsive element binding
protein) in response to glucose™ Y, These events also
result in a shift in cellular metabolism from lipid oxida-

tion to triglyceride esterification, thereby increasing the
12,25)

"4 Induction of lipogenic genes is

production of liver triglycerides'

MODULATION OF HEPATIC LIPID
METABOLISM BY DIETARY FATTY
ACIDS

It is widely known that the fatty acid composition of
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Figure 1 Contribution of various metabolic pathways
to hepatic steatosis. Liver fat content reflects the equi-

1 Triglycerides synthesis
| Triglycerides disposal

librium between several metabolic pathways involved in
triglyceride synthesis (red arrows) and clearance (green
arrows). Dietary fat is an important factor capable of influ-
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Figure 2 Pathway of de novo fatty acid synthesis in
the liver. CIC: Citrate carrier; ACC: Acetyl-CoA carboxyl-

Gyl ase; FAS: Fatty acid synthase.
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the diet is an important factor capable of influencing
hepatic lipid metabolism. Indeed, dietary fatty acids are
able to regulate various metabolic pathways involved in
lipid metabolism mainly through a fine modulation of
gene transcription of specific enzymeslm’%l. Since the
liver plays a key role in lipid metabolism, dietary fats and
their oxidized metabolites may not only influence the
pathogenesis of liver diseases” ™" but may also prevent
and/or reverse disease manifestations” . In particular,
it has been reported that n-3 polyunsaturated fatty acids
(PUFA) are able to limit triglyceride deposition in the
liver™ " whereas a diet deficient in n-3 PUFA with a
high n-6/n-3 ratio could induce fatty liver™ and chron-
ic diseases™ .

Modulation of hepatic lipid metabolism by fatty
acids is quite complex, involving a sequence of molecu-
lar events which are interdependent and cross-regulated.
Because of the complexity of this topic, in the present
review we focus our attention on dietary fat modulation
of hepatic fatty acid synthesis, a pathway which plays a
key role in the pathogenesis of liver fat accumulation. It
is known from the literature that dietary PUFA of the
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n-3 and n-6 series are potent inhibitors of hepatic lipo-
genesislm]. However, most of these studies investigated
the variations in the activity and in the expression of the
cytosolic lipogenic enzymes (ACC and FAS).

In recent years, attention has also been gradually
directed towards the effects of dietary PUFA of the
n-3 and n-6 series on the activity of the mitochondrial
CIC, which, as stated before, transports citrate outside
mitochondria for cytosolic fatty acid biosynthesis. It has
been found that PUFA significantly decrease the activity
and the expression of the mitochondrial crch*, Very
interestingly, parallel reductions in the activities of mito-
chondrial CIC and of cytosolic lipogenic enzymes were
found, thereby highlighting a close coordination between
mitochondrial and cytosolic reactions™ ™. In contrast, a
diet enriched in monounsaturated fatty acids (MUFA) or
saturated fatty acids (SFA) did not exert any appreciable
effect on mitochondrial CIC activity and expression, and
therefore did not influence de novo fatty acid synthesisl“’m.
This mitochondprial carrier, therefore, acts as a sensor for
changes occurring in hepatic lipogenesismw which, in
turn, may influence fat deposition in liver.
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Table 1 Use of dietary supplement in the prevention of he-

patic steatosis

QOil Oil fatty acid Experimental Results Ref.
source composition design
(%)

Krill C14:0 25 C57BL/6 | Hepatomegaly Tandy et al™”
C16:0 18.2 mice fed for | Hepatic
C18:0 2.8 8wkwitha steatosis
C18:1 25.8 high-fat diet | De novo

C18:2 544 containing lipogenesis

C18:3 49 1.25%-5% | Blood glucose

C20:5 53 krill oil

C22:5 2.3 Wistarrats | Hepatic Ferramosca et al'*”

C22:6 3.0 fed for 6 wk steatosis

with a diet | De novo
containing  lipogenesis
2.5% krill oil | Haematic
triglycerides
| Haematic
cholesterol
Sprague- | Hepatic Ferramosca et al*”
Dawley rats steatosis
fed for 12 | De novo
wk witha  lipogenesis
high-fat diet 1 Fatty acid
containing  oxidation
2.5% krill oil | Mitochondrial
uncoupling
| Haematic
glucose
| Haematic
insulin
| Haematic
triglycerides
Pine C16:0 8.0 Mice fed | Liver weight  Ferramosca et al*”
nut C180 22 for8wk | Hepatic
C18:1 232 withadiet steatosis
C182 51.1 containing | De novo
C18:3 21 7.5%pine  lipogenesis
C18:3 8.8 nutoil | Haematic
(5,9,12) triglycerides
| Haematic
cholesterol

DIETARY FATTY ACIDS AND
PREVENTION OF HEPATIC STEATOSIS:
NEW INSIGHTS FROM KRILL AND PINE
NUT OIL

In recent years, the use of dietary supplements has rapid-
ly increased. For instance, krill oil, a novel dietary supple-
ment of n-3 PUFA, has become increasingly popular as
a food supplement during the last decade. This oil is ex-
tracted from Antarctic krill (Euphansia superba), a shrimp-
like zooplankton at the bottom of the food chain. Kirill
oil contains two n-3 PUFA, eicosapentaenoic acid (EPA,
20:5) and docosahexanoic acid (DHA, 22:6), in amounts
similar to those present in fish oil. However, these long-
chain n-3 fatty acids are present in krill oil in the form
of phospholipids rather than triglycerides. Furthermore,
the ratio of EPA to DHA is different in the two oils,
with EPA prevailing in krill oil and DHA prevailing in
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fish oil"*, The health-promoting effects of krill oil have
been reported both in humans and in animal models by
several authors" ™. Moreover, a higher potency of krill
oil in comparison to fish oil has also been proposed™!.
This may be biologically and therapeutically significant,
since it has been found that krill oil supplementation
showed beneficial effects on hepatomegaly and hepatic
steatosis in mice fed a high-fat diet (Table 1). Indeed, krill
oil supplementation of the diet caused a significant re-
duction in liver weight (hepatomegaly) and total liver fat
(steatosis) ™). Recently, investigation of the molecular
mechanisms responsible for the action of krill oil re-
vealed that the beneficial effects of this fat were due to a
favourable combination of several elements'*”. First, diet
supplementation with 2.5% krill oil in rats fed a high-fat
diet reduced the activity and expression of mitochondrial
CIC, thereby decreasing the amount of substrate avail-
able for hepatic fatty acid synthesis. The concomitant and
concerted reduction of the lipogenic enzymes ACC and
FAS resulted in a strong inhibition of hepatic fatty acid
synthesis. A similar effect was also observed when ani-
mals were fed with a standard diet, suggesting that krill oil
has an intrinsic capability to reduce hepatic lipogenesis'
Second, besides the inhibition of de novo lipogenesis, a
matked increase in fatty acid oxidation was obsetved in
animals fed with a diet enriched in krill oil. Third, dietary
krill oil was also able to retain efficient mitochondrial
oxidative phosphorylation in treated rats, thus preventing
the possible uncoupling effects of a high-fat diet. Overall,
krill oil stimulated the catabolization of excess fat intro-
duced by a hypercaloric diet, while inhibiting de novo fatty
acid synthesis and therefore preventing the onset of fatty
liver.

It is also important to underline that surplus of
energy supplied by fat often leads to reduced tissue
utilization of glucose, thus causing hyperglycemia and
hyperinsulinernia[szl. Very interestingly, krill oil was also
able to reverse the increase in the levels of blood glucose
and insulin, normally observed in steatotic animals, thus
preventing insulin resistance”. On the other hand, lower
levels of triglycerides were found in plasma of animals
fed with krill oil in comparison to those detected in rats
fed a high-fat diet, and this may also be significant in pre-
venting cardiovascular diseases. All these results suggest
that krill oil has the ability to improve lipid and glucose
metabolism and highlight the possible protective effects
of krill oil against hepatic steatosis.

In the last few years, vegetable oils extracted from
the seeds of some conifers™ have been also under in-
vestigation for their use as dietary supplements®™ >, The
oil from the seeds of Pinus koraiensis is a dietary fat that
contains, along with various fatty acids, pinolenic acid or
all-¢is-5,9,12-octadecatrienoic acid. This is a quite unusual
n-6 PUFA which is characterized by polymethylene-
interrupted double bonds. Preliminary studies carried out
in rats indicated that pine nut oil exerted some beneficial
effects on lipid metabolism, such as a decrease in plasma
triglycerides and in circulating very-low-density lipopro-
tein”**’, Further studies demonstrated that diet supple-
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mentation with pine nut oil caused a significant reduction
in liver weight and liver lipidsw. These results are note-
worthy because this dietary fat might be of interest in the
case of hepatic steatosis (Table 1). A concomitant reduc-
tion in the mitochondrial CIC activity and in the cytosolic
ACC and FAS activities was observed in animals fed pine
nut oil™”. However, a similar decrease in de novo fatty acid
synthesis was also found in control mice which were fed
with a diet enriched with maize oil. This latter diet has a
fatty acid composition similar to that of the pine nut oil
diet, except for the absence of pinolenic acid. Therefore,
the specific capability of decreasing hepatic and plasma
lipids, shown by pine nut oil, is probably due to pinolenic

acid, or to some of its possible metabolites™’.

DIETARY FATTY ACIDS AND
DEVELOPMENT OF HEPATIC STEATOSIS

Fatty liver is diet-inducible in rodent animal models, in
which high-fat diets are able to cause an increase in the

liver fat levels. Indeed, an increase in the level of liver lip-
ids was observed in rats fed for 12 wk with a diet contain-
ing a high content of fat (35% lard)"* (Table 2). Tt must
be undetlined that the approximate fatty acid profile of
the high-fat diet used in this study was kept low in PUFA,
with the aim of preventing the inhibitory effect of he-
patic fatty acid synthesis by high levels of these unsatu-
rated fatty acids. The excess dietary fat anyhow inhibited
hepatic lipogenesis at the beginning of dietary treatment.
This inhibition progressively decreased over time and was
completely abolished at longer feeding times. The high
level of triglycerides found in the liver at the beginning
of this dietary treatment was therefore not due to an in-
creased fatty acid synthesis, since this anabolic pathway
was inhibited at that time. Interestingly, a decrease in fatty
acid oxidation, as well as a strong decrease in mitochon-
drial respiratory efficiency, was clearly observed in ani-
mals fed a high-fat diet™. This last observation suggests
that the excess of fat in the diet most probably induced a
partial uncoupling between respiration and phosphoryla-
tion in the mitochondria®”
plasma levels of glucose and insulin was also observed in
animals fed a high-fat diet"™.

In the last decade, the attention of some authors has
been focused on the fatty acid composition of the diet
in the induction of hepatic steatosis. In this context, a
recent review reports that an increase in free fatty acids,
especially SFA, may play an important role in the devel-
opment of hepatic steatosis”. It has been demonstrated
that SFA caused liver dysfunction by promoting endo-
plasmic reticulum stress and apoptosis™ . In contrast to
SFA, an increase in MUFA induced steatotic liver, but did
not initiate apoptosis[m]

Conjugated linoleic acids (CLA) have also been linked
to the development of hepatic steatosis. CLA is the ac-
ronym for a class of positional and geometric isomers of
linoleic acid™. These compounds are naturally present in
food derived from ruminant animals, such as bovine and
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ovine meat and dairy products. The main CLA isomer
in natural products is the ¢/s-9,#rans-11-octadecadienoic
acid, but the commercially available CLA, currently used
as a food supplement, contains a 1:1 mixture of this iso-
mer and the #ans-10,c5-12 isomer. Several authors have
indicated that CLA has beneficial effects in the case of
cardiovascular diseases, obesity and diabetes™. These
beneficial effects, however, are in some instances associ-
ated with adverse effects, such as liver steatosis""

Several studies (Table 2) suggested that de novo fatty
acid synthesis may play a role in the onset of hepatic
steatosis produced by CLLA administration**" Interest-
ingly, in CLA-fed mice, a time-dependent increase in the
enzymatic activities involved in hepatic lipogenesis was
clearly found. Indeed, at the 16" week of CLA feeding,
an approximate doubling of the activities of mitochon-
drial CIC and of cytosolic lipogenic enzymes (ACC and
FAS) was detected”™", Tt is important to underline that,
in the first period of CLA feeding, liver enlargement and
hepatic triglyceride accumulation occurred independently
of the fatty acid synthesis stimulation. At longer times
(weeks 12-16), the level of hepatic triglycerides in CLA-
fed mice increased dramatically. The concomitant strong
increase in the levels of plasma insulin suggested that this
hormone, possibly in addition to other factors, could play
an important role in the development of hepatic steatosis
after longer durations of dietary treatment” .

Several authors reported that #7ans-10,ci5-12 CLA
was the isomer responsible for the development of fatty
liver in mice in which a loss of adipose tissue was con-
comitantly observed™™. However, the mechanisms by
which the liver becomes steatotic in response to #rans-10,
¢is-12. CLA are not well understood and appear to be
puzzling since this isomer also induces a concomitant in-
crease in cellular fatty acid oxidation®”.

“CASE"” OF OLIVE OIL

Olive oil, a basic component of the Mediterranean diet,
mainly contains oleic acid, a MUFA fatty acid of the n-9
series. One of the most intriguing aspects regarding olive
oil is its effect on hepatic lipid metabolism. In some stud-
ies (Table 3) carried out in rodents, an olive oil-enriched
diet induced fat accumulation in the liver"” . Further-
more, in olive oil-treated animals, an increase in hepatic
lipogenesis was surprisingly found™™. However, the
animals used as control group in these studies were fed
with a diet enriched in PUFA. Therefore, the observed
increase in hepatic lipogenesis in olive oil-fed animals was
only apparent and probably due to the comparison with
the PUFA-enriched diet fed to control animals.
Nevertheless, the molecular mechanisms of fat accu-

mulation in the liver of olive oil fed animals are not clear.
In the organism, the liver plays a fundamental role in
lipid metabolism, because it is involved in many different
processes, such as fatty acid uptake, storage, conversion,
oxidation, synthesis and secretion. Therefore, a clear defi-
nition of the molecular events leading to lipid accumula-
tion in the liver, consequent to olive oil administration,
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Table 2 Role of dietary fat in the development of hepatic steatosis

Dietary fat Fatty acid composition (%) Experimental design

Results Ref.

Ferramosca et al'*?

1 Haematic triglycerides
1 Mitochondrial uncoupling

Clément et al™®”

Takahashi et al®

Degrace et al®

Ferramosca et al™™"

| Haematic triglycerides

Ferramosca et al™

| Haematic triglycerides

Lard C14:0 0.50 Sprague-Dawley rats fed 1 Hepatic steatosis
C16:0 8.70 for 12 wk with a high-fat | Fatty acid oxidation
C18:0 4.30 diet (35% fat)

C18:1 15.80
C18:2 3.50 1 Haematic insulin

1 Haematic glucose
CLA 0.004  C57Bl/6] mice fed were 1 Hepatic steatosis
c-9, t-11 fed for 4 wk with a diet 1 De novo lipogenesis
CLA 0.40 containing 0.4% CLA 1 Haematic insulin
t-10, c-12

CLA C16:0 591 C57BL/6] mice were fed 1 Hepatomegaly
C18:0 0.60 for 21 days with a diet 1 Hepatic steatosis
C18:1 5.27 containing 1.5% CLA 1 De novo lipogenesis
C18:2 1.22 1 Fatty acid oxidation
CLA 0.49
c-9, t-11/ t-9, c-11
CLA 0.51
t-10, c-12
CLA 0.03
9, c-11/¢10, c12
CLA 0.02
t-9, t-11/t10, t12
CLA 1.00 C57BL/ 6] mice fed for 4 wk 1 Liver weight
t-10, c-12 with a diet supplemented | Haematic triglycerides

with 1% CLA | Haematic FFA

1 Fatty acid oxidation
C16:0 5.94 ICR mice fed for 22 d with 1 Liver weight Ide™!
Cl6:1 0.01 a diet containing 1 Hepatic steatosis
C18:0 0.60 1.0% CLA 1 De novo lipogenesis
C18:1 5.30 1 Fatty acid oxidation
C18:2 1.27 1 Haematic insulin
CLA 0.49
c-9, t-11
CLA 0.51
t-10, c-12
CLA 0.03
¢9, c-11/¢10, c12
CLA 0.02
-9, t-11/t10, t12
C16:0 12.00 ICR mice fed for 16 wk 1 Liver weight
C18:0 2.70 with a diet containing 1% 1 Hepatic steatosis
C18:1 4250 CLA 1 De novo lipogenesis
C18:2 30.50 1 Fatty acid oxidation
C18:3 2.90
CLA 3.50 | Haematic FFA
c-9, t-11
CLA 3.70
t-10, c-12
Cl6:0 12.00 ICR mice fed for 16 wk 1 Liver weight
C18:0 2.70 with a diet containing 1% T Hepatic steatosis
C18:1 42.50 CLA 1 De novo lipogenesis
C18:2 30.50 1 Fatty acid oxidation
C18:3 2.90
CLA 3.50 | Haematic cholesterol
c-9, t-11 1 Haematic insulin
CLA 3.70
t-10, c-12

CLA: Conjugated linoleic acids.

is quite difficult. However, it has been proposed that the
increase in the hepatic triglyceride content of olive oil-fed
mice was due to an impairment of mitochondrial fatty
acid oxidation.

On the other hand, an interesting study'”, carried
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out in rats with NAFLD, demonstrated that olive oil
decreased the accumulation of liver triglycerides. In par-
ticular, it has been suggested that olive oil may improve
insulin resistance, increase the release of triglyceride from
liver and decrease the lipolytic flux from peripheral adi-
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Table 3 Effect of olive oil on liver lipid profile

Fatty acid Experimental Results Ref.
composition (%) design
C16:0 11.80  Wistarrats fed 1 Hepatic ~ Ruiz-Gutiérrez et al'®”
Cl6:1 090 for12 wk witha lipids
C17:0 040  diet containing
C18:0 2.80 10% olive oil
C18:1 79.20
C18:2 3.50
C18:3 0.60
C20:0 0.30
C20:1 0.20
C24:0 0.40
C16:0 11.79  Spontaneously 1 Hepatic Perona et al”™
C16:1 0.86 hypertensive lipids
C17:0 0.37 rats fed for 12
C18:0 2.79  wk with a diet
C18:1 79.22  containing 10%
C18:2 3.45 of energy as
C18:3 0.60 olive oil
C20:0 0.28
C20:1 0.20
C24:0 0.44
C16:0 11.87  Wistarrats fed 1 Hepatic Portillo et al'™"
Cle:1 0.94  for 4 wk witha lipids
C18:0 292  diet containing 1 Denovo
C18:1 7726  40% of energy lipogenesis
C18:2 5.69 as olive oil
C18:3 0.50
C20:0 0.39
C16:0 10.70 ~ Wistar rats fed 1 Hepatic Takeuchi et al™
C18:0 2.00 for 6 wk witha lipids
C18:1 74.80  diet containing 1 De novo
C18:2 10.40 20% olive oil  lipogenesis
C18:3 0.70
C16:0 11.29 Sprague- | Hepatic Hussein et al”
C18:1 7126  Dawleyratsfed  steatosis
C18:2 9.76 for 2 mo with
a methionine
choline-deficient
diet containing
olive oil (0.45
mg/ g rat weight)
C16:0 1210  ICR mice fed for 1 Hepatic Ferramosca et al!
C18:0 3.00 8wk with a diet lipids
C18:1 2740 containing7.5% | Fatty acid
C18:2 51.90 olive oil oxidation
C18:3 2.70

pose tissue in steatotic animals'”. Further studies, carried
out in humans, demonstrated that MUFA were able to
increase lipid oxidation and to decrease insulin resistance,
suggesting that olive oil should be included in the diet of
NAFLD patients*".

SPECIFIC COMBINATIONS OF PUFA CAN
MODULATE HEPATIC STEATOSIS

Some attempts have been made to overcome the adverse
effects of CLA, such as fatty liver, by using appropriate
mixtures of CLA and other dietary fatty acids. Nakani-
shi ez a/™” found that the addition of gamma-linolenic
acid to a CLA-enriched diet was able to prevent fatty liver
in mice, even if the antiobesity properties of CLA were
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only partially retained. Another study’” demonstrated
that 0.5% supplementation of DHA to the CLA diet at-
tenuated CLA-induced fatty liver through the reduction
of hepatic fatty acid synthesis. In agreement with these
results, Ide!” demonstrated that different amounts of
fish oil added to a CLA-enriched diet downregulated de
novo lipogenesis in a dose-dependent manner, concomi-
tantly reducing hepatic triglyceride levels. Indeed, both
dietary CLA and fish oil strongly affect hepatic lipogenic
activities: CLLA enhances, whereas fish oil inhibits the
activities and the expression of the enzymes involved
in hepatic lipogenesis[43’44]. Therefore, the simultaneous
ingestion of fish oil and CLA may represent a “dietary
trick” to retain the positive effects exerted by CLA, such
as its anti-obesity property, while avoiding the negative
consequences mainly consisting of excessive fat deposi-
tion in the liver.

In line with this concept, a further studym] investi-
gated the effects of a dietary combination of CLA and
pine nut oil on lipid metabolism in mice. Previous studies
demonstrated that CLLA greatly increased de novo fatty acid
synthesis in mouse hepatocytes, thus leading to hepatic
steatosis™™. In contrast, pine nut oil decreased liver lipid
concentration'"”. Starting with these observations, it has
been found that the co-administration of CLA and pine
nut oil in the diet exerted a series of positive effects in
treated animals: (1) the CLA-mediated body fat reduction
was preserved; (2) the onset of hepatic steatosis was ef-
fectively prevented; and (3) the liver and plasma lipid con-
tent was normalized. The detailed analysis of metabolic
changes occurring in mice under this dietary treatment
revealed that the enzymatic activities involved in fatty
acid synthesis had time-dependent biphasic behavior.
In fact, hepatic lipogenesis showed a biphasic trend in
CLA + pine nut oil-fed animals, consisting of a modet-
ate increase within the first 6-8 wk of dietary treatment,
followed by a progressive decrease from the 8" week
onward. A strong decrease in hepatic fatty synthesis was
indeed detected at the 16" week of feeding, Furthermore,
whereas a sharp increase in plasma insulin levels occurred
in CLA-fed animals at the 8" week, insulinemia remained
stable in CLA + pine nut oil-fed mice. It was also found
that a CLA + pine nut oil diet positively influenced plas-
ma lipid levels. In fact, this dietary association reinforced
the capability of CLA in decreasing plasma triglyceride
levels, reducing at the same time plasma levels of cho-
lesterol and phospholipids. The healthy beneficial effects
promoted by a CLA + pine nut oil diet are probably due
to the peculiar fatty acid composition of the mixture. In
fact, the CLA + pine nut oil diet has a lower amount of
SFA and MUFA and a higher amount of PUFA in com-
parison to the CLA diet. Among PUFA, the specific pres-
ence of 1.12% pinolenic acid may have a fundamental
impact on the observed hypolipidemic effects.

CONCLUSION

NAFLD is characterized by abnormal fat deposition in
the liver, where lipids are mainly stored as triglycerides.
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Hepatic fat accumulation results from an imbalance be-
tween lipid supply (uptake or de novo lipogenesis) and lipid
clearance (fatty-acid oxidation or triglyceride-rich lipopro-
tein secretion). Among the mechanisms involved in tri-
glyceride accumulation, uptake of fatty acids consequent
to adipose tissue lipolysis and de novo lipogenesis seem to
be the major sources of lipid in the steatotic liver,

In recent years, several studies carried out in animal
models focused their attention on the role of dietary fats
in the modulation of de novo lipogenesis, which plays a
significant role in the pathogenesis of NAFLD. It has
been demonstrated that a high-fat diet is able to induce
a condition of hepatic steatosis. A similar effect was ob-
served after the dietary administration of CLA which,
at the same time, are able to strongly prevent fat accu-
mulation in adipose tissue. While the effects of olive oil
on hepatic lipid content are not completely clear, novel
dietary supplements, such as krill oil or pine nut oil, seem
to have a protective effect against hepatic steatosis. Nev-
ertheless, further studies in humans are needed to ascer-
tain whether the consumption of these dietary fats may
be helpful in NAFLD patients.
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