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Linoleic and a-linolenic acids are the fatty acids designated as ‘‘essential’’ since they are not synthesized by mammalian

cells and must be provided in the diet. The recent dietary shift towards the consumption of n-6 (omega-6) at the expense of

n-3 (omega-3) polyunsaturated fatty acids (PUFAs) is thought to be a primary cause of many diseases related to the Wes-
tern diet. The body converts linoleic acid to arachidonic acid and derives eicosapentaenoic acid from a-linolenic acid. Ide-

ally the effects of these fatty acids and their eicosanoid derivatives are tailored to the specific biological needs of the body.

The balance between n-3 and n-6 PUFAs is essential for metabolism and maintenance of the functions of both classes. The

availability of n-3 long chain PUFAs plays a major role in regulating both fat accumulation and its elimination by the liver.

Derangement of hepatic n-6:n-3 PUFA ratio impacts on the histological pattern of fatty liver through modulation of the

amount of intrahepatic lipids. Moreover, the influence of PUFAs and their eicosanoid products on hepatic microcirculation

and ischemia/reperfusion injury has been demonstrated in many studies. This concise review article will focus on the role of

PUFAs and eicosanoids in hepatic steatosis, microcirculation and ischemia/reperfusion injury.
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1. What are essential and polyunsaturated fatty acids?

Fat is increasingly recognized as a central feature of
many biological processes. Dietary fat may influence a
variety of physiological events in the human body and
thereby could impact on the pathogenesis of various dis-
eases [1]. Properties of fat are influenced by fatty acid
components. Fatty acids are categorized into either sat-
urated or unsaturated, respectively, depending on
absence or presence of a carbon-to-carbon double bond.
Unsaturated fatty acids are further divided into 2 sub-
groups: monounsaturated fatty acids containing only
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one double bond and polyunsaturated fatty acids
(PUFAs) which harbor two or more double bonds [2].
Common monounsaturated fatty acids include palmito-
leic and oleic acids. PUFAs are classified according to
the original fatty acids from which they are synthesized
into two distinct families, namely n-6 (omega-6) PUFAs,
which derive from linoleic acid and n-3 (omega-3)
PUFAs, which come from a-linolenic acid (Table 1)
[3]. Contrary to other fatty acids, linoleic and a-linolenic
acids cannot be synthesized de novo by mammalian cells;
therefore they are termed ‘‘essential’’ and must be
obtained in adequate amounts from diet. The main
sources of linoleic acid include cereals, eggs, animal
fat, whole-grain breads and sunflower and corn oils. a-
Linolenic acid is present in abundant amounts in leafy
green vegetables, walnuts and canola, flaxseed and rape-
seed oils. Marine foods represent good sources for the
n-3 long chain PUFAs such as eicosapentaenoic and
docosahexaenoic acids [2,4].

Essential fatty acids constitute an important compo-
nent of all cell membranes and influence membrane
Published by Elsevier B.V. All rights reserved.
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Table 1

Fatty acids

Category Trivial name Omega-references

Saturated FAs Lauric acid 12:0
Myristic acid 14:0
Palmitic acid 16:0
Stearic acid 18:0

MUFAs Palmitoleic acid 16:1 x-9
Oleic acid 18:1 x-9

n-6 PUFAs Linoleic acida 18:2 x-6
c-Linolenic acid 18:3 x-6
Dihomo-c-linolenic acid 20:3 x-6
Arachidonic acid 20:4 x-6

n-3 PUFAs a-Linolenic acida 18:3 x-3
Eicosapentaenoic acid 20:5 x-3
Docosahexaenoic acid 22:6 x-3

Any fatty acid (FA) has a carboxylic acid at one end and a methyl
group with its carbon atom named omega (x), the last letter of the
Greek alphabet, at the other end. The omega reference system defines
first the number of carbon atoms and the number of double bonds,
separated by (:). When the closest double bond to the omega carbon is
e.g. 3 carbon atoms away, the fatty acid is called omega (x) or (n)-3.

a Essential fatty acid, MUFAs, monounsaturated fatty acids;
PUFAs, polyunsaturated fatty acids (modified from: Stulnig TM. Int
Arch Allergy Immunol 2003;132:310–321).
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fluidity and the behavior of membrane-bound enzymes
and receptors [4]. Borkman et al. [5] demonstrated in a
group of patients undergoing coronary bypass surgery
as well as in healthy controls that variations in insulin
sensitivity are related to differences in the cell membrane
content of long chain PUFAs within skeletal muscle
phospholipids. In rats, activation of phospholipase A2,
e.g., by ischemia/reperfusion induces break down of
membrane phospholipids and the release of free fatty
acids from the cell membrane lipid pool [6]. In turn, cer-
tain PUFAs are utilized for the formation of various
eicosanoids [3]. Essential fatty acids have antibiotic-like
actions; for instance, a-linolenic acid rapidly kills Staph-

ylococcus aureus [7]. Moreover, n-3 PUFAs modulate
the action of probiotics (e.g., Lactobacillus paracasei)
in the jejunal mucosa of gnotobiotic piglets [8]. PUFAs
suppress proinflammatory cytokines such as interleu-
kins, and tumor necrosis factor (TNF) and thus function
as endogenous antiinflammatory molecules [3]. Sch-
mocker et al. [9] have recently provided evidence for
inflammation-dampening effects of n-3 PUFAs in liver
of transgenic fat-1 mice. These mice express a Caeno-

rhabditis elegans desaturase endogenously; therefore
they are able to form n-3 PUFAs from n-6 PUFAs.
Feeding the fat-1 mice a diet rich in n-6 and low in n-3
PUFAs resulted in significant enhancement of hepatic
content of n-3 PUFAs, lowering of n-6: n-3 PUFA ratio
and alleviation of chemically induced acute hepatitis
compared with their wild type littermates. The decreased
inflammatory response in fat-1 mice was associated with
significantly reduced hepatic gene expression of TNF-a,
interleukin-1b, interferon-c and interleukin-6.
Linoleic and a-linolenic acids are metabolized to their
respective metabolites by alternate desaturation-elonga-
tion reactions by the same set of D5 and D6 desaturases
and elongases. Depending on the initial substrate (lino-
leic or a-linolenic acids) different classes of eicosanoids
are generated. A simplified overview of eicosanoids’ syn-
thesis from PUFAs is shown in Fig. 1 [3,10]. Many fac-
tors are involved in the regulation of D5 and D6

desaturase activity. For instance, low D6 desaturase
activity was reported in diabetic [11] and hypertensive
rats [12]. Other experiments on rats demonstrated that
hormones e.g. glucagon, epinephrine, glucocorticoids
and thyroxin depress D5 and D6 desaturase activity
whereas insulin is a well-known D6 desaturase stimulator
[11]. In micropigs, chronic alcohol consumption reduces
the actions of both desaturases [13]. Lopez Jimenez et al.
[14] demonstrated a reduction of D6 desaturase activity
in heart microsomes associated with aging in rats. In
humans, obesity decreases the metabolism of essential
fatty acids due to reduced activities of desaturases [15].
Studies on animals and humans demonstrated that the
gender-related difference in D5 and D6 desaturase activity
is possibly mediated by sex hormones [16–18]. Nor-
mally, D5 and D6 desaturases and elongases exhibit affin-
ity to metabolize n-3 more than n-6 PUFAs provided
that both exist in the physiological ratio of 1: 1–4 [4,10].

In Western diets, the ratio of n-6 to n-3 PUFAs
ranges from 15–16:1 instead of the presumably healthy
range of 1–4: 1 [10]. This imbalance can be corrected
by ingestion of eicosapentaenoic and docosahexaenoic
acids, which partially replace the n-6 PUFAs especially
arachidonic acid from cell membranes of platelets,
erythrocytes, neutrophils, monocytes and hepatocytes
[19]. The D5 and D6 desaturases and elongases tend to
metabolize n-3 PUFAs and therefore their eicosanoid
products are maintained in balance with those derived
from n-6 PUFAs. The D5 desaturase has a limited activ-
ity to convert dihomo-c-linolenic acid to arachidonic
acid. Therefore the synthesis of the antiinflammatory
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eicosanoids derived from dihomo-c-linolenic acid can
overcome the effects of the proinflammatory arachidonic
acid-derived eicosanoids [20]. Nevertheless, in the pres-
ence of large amounts of dietary n-6 PUFAs, the eicosa-
noids derived from arachidonic acid are synthesized in
larger quantities than those from eicosapentaenoic acid.
The arachidonic acid-derived eicosanoids are biologi-
cally active even in small quantities. In high concentra-
tions they contribute to the formation of thrombi and
the development of inflammatory disorders [19]. Dietary
supplementation with eicosapentaenoic and docosa-
hexaenoic acids is associated with a reduced production
of thromboxane A2 (TXA2), a potent platelet aggrega-
tor and vasoconstrictor, and leukotriene B4 (LTB4), a
powerful inducer of inflammation and leukocyte chemo-
taxis and adherence. Concomitantly TXA3, a weak
platelet aggregator and vasoconstrictor is increased.
Moreover, they increase concentrations of PGI3, with-
out decreasing PGI2 (both PGI2 and PGI3 are active
vasodilators and inhibitors of platelet aggregation) and
increase concentrations of LTB5, a weak inducer of
inflammation and chemotaxis. Thus, high intake of n-6
PUFAs shifts the physiological state to one that is pro-
inflammatory and prothrombotic with increases in
blood viscosity, vasospasm, and vasoconstriction. In
contrast, n-3 PUFAs yield antiinflammatory, antithrom-
botic, vasodilatory and hypolipidemic properties [19,21–
24]. In addition, n-3 PUFAs have a negative regulatory
influence on hepatic lipogenesis [25].
2. What is the contribution of PUFAs to the development

of fatty liver?

Inadequate dietary intake of a-linolenic acid, an
imbalance with linoleic acid or defective desaturation
and elongation are known factors that influence metab-
olism of n-3 PUFAs. In the presence of one or more of
these factors, production of a-linolenic acid long chain
derivatives is decreased [10]. n-3 PUFAs impact on
hepatic lipid homeostasis through their actions on the
transcription factors and enzymes which have a major
role in fatty acid metabolism and fat accumulation in
the liver. For instance, n-3 PUFAs downregulate the
transcription factor sterol regulatory element binding
protein-1 (SREBP-1) [25,26] and decrease the DNA
binding of nuclear factor-Y (NF-Y) [27]. SREBP-1
upregulates lipogenic genes, e.g., fatty acid synthase
(FAS) and stearoyl Co-A desaturase-1(SCD-1) and
therefore promotes triglyceride accumulation in the liver
[28]. The availability of NF-Y is crucial for transcription
of FAS [27]. Moreover, mutating NF-Y inhibits the
SREBP-1-mediated suppressive effect of n-3 PUFAs on
FAS [29]. On the other hand, n-3 long chain PUFAs
up-regulate peroxisomal proliferator activated recep-
tor-a (PPAR- a) [26] which stimulates hepatic fatty acid
oxidation [30] and increases transcription of fatty acid
degradation genes, e.g., mitochondrial carnitine palmi-
toyl transferase-1 (CPT-1) and peroxisomal acyl-CoA
oxidase (ACO) [26,30]. PPAR-a activation increases
the secretion of apolipoprotein B-100 (apo B-100), the
main structural protein of the very low density lipopro-
tein and upregulates the expression of liver fatty acid
binding protein (LFABP) which is essential for the
secretion of apo B-100 [31,32]. Therefore, reduced avail-
ability of n-3 long chain PUFAs favors fatty acid and
triglyceride synthesis over fatty acid degradation, and
ultimately results in fat accumulation in the liver
(Fig. 2). Since enhancement of triglyceride deposition
in the liver correlates with increased fat droplet size
[33] it is reasonable to suggest that the reduction of
hepatic content of n-3 PUFAs and/ or interference with
their beneficial biological effects by a high n-6: n-3
PUFAs ratio might be implicated in the development
of macrosteatosis.
3. How do PUFAs influence micro- versus macrosteatosis?

Steatosis is characterized qualitatively into two cate-
gories, micro- and macrovesicular steatosis [34]. The his-
tological lesion in microsteatosis consists of fatty
microvesicles, measuring less than 1 lm and filling the
hepatocyte cytoplasm, while the nucleus remains cen-
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trally located. In contrast, in macrosteatosis hepatocytes
contain one single large vacuole of fat, which displaces
the nucleus to the periphery of the cell [34,35]. High
degrees of macrovesicular change in hepatocytes are
known risk factors for complications after liver resection
or transplantation. Grafts with severe macrosteatosis
are associated with a significant risk of primary poor
function [36,37] whereas a safe use of grafts containing
high degrees of microsteatosis has been reported [38].

Our mouse models of fatty liver have not disclosed a
pure pattern of micro- or macrosteatosis. A mixture of
both histological forms with predominance of one pat-
tern was found in each model [39] and correlated with
the n-6: n-3 PUFA ratio [40]. Urena et al. [41] reported
in a study on microscopic observations of 83 donor
livers that there are two types of steatotic patterns, a
high-grade microsteatosis and combined micro- and
microsteatosis with no pure macrosteatosis. Singer
et al. [42] further demonstrated that a link may exist
between n-3 PUFAs and hepatic steatosis. They
reported increased fat droplet size in fatty livers of
diabetic patients in association with reduced hepatic
content of eicosapentaenoic acid, and vice versa.

Macrosteatosis constitutes a feature of nonalcoholic
fatty liver disease which is characterized by the accumu-
lation of triglycerides in the liver together with reduced
hepatic content of n-3 long chain PUFAs and an abnor-
mally high n-6: n-3 PUFA ratio [43,44]. On the other
hand, microvesicular steatosis was originally described
in association with conditions which share a number
of biochemical and a limited number of clinical features
such as acute fatty liver of pregnancy, Reye’s syndrome
and valproate toxicity. These conditions are typically
listed as ‘‘microvesicular fat diseases’’. In many
instances the primary defect in microsteatosis is a mito-
chondrial malfunction including inhibition of the mito-
chondrial beta oxidation of fatty acids [35].

Alwayn et al. [45] showed in ob/ob mice that n-3
PUFA supplementation results in conversion of hepatic
macro- to microsteatosis with change of n-6: n-3 PUFA
ratio to approach that of lean livers. Similarly, in a rat
model of fatty liver, dietary supplementation with eico-
sapentaenoic acid significantly reduced intrahepatic
lipid accumulation and decreased the percentage of large
fat droplets [46]. We investigated the influence of n-3
PUFAs on histological type of steatosis in two mouse
models of fatty liver. C57/Bl6 mice fed a choline defi-
cient diet were used as a model of microvesicular steato-
sis. Of note, the choline deficient diet is supplemented
with methionine; therefore we did not observe manifes-
tations of steatohepatitis. Ob/ob mice were used as a
model of predominantly macrovesicular hepatic steato-
sis [40]. Lean and microsteatotic livers disclosed almost
identical n-6: n-3 PUFA ratio of 4:1, whereas those with
macrosteatosis had a ratio of 9:1. A second group of ob/
ob mice was supplemented with dietary n-3 PUFAs and
compared with control diet fed group. Dietary n-3
PUFA resulted in normalization of n-3: n-6 PUFA ratio,
reduced intrahepatic lipid content and the extent of
macrosteatosis [40]. Araya et al. [44] reported in a study
on 19 patients with nonalcoholic fatty liver disease that
liver phospholipids contained higher n-6 and lower n-3
long chain PUFAs with a significantly raised n-6: n-3
PUFA ratio in comparison with normal livers. Only
one uncontrolled study has shown that prolonged sup-
plementation of patients with nonalcoholic fatty liver
disease with n-3 PUFAs improves biochemical and ultr-
asonographic features of liver steatosis. Patients treated
with n-3 PUFAs had significantly decreased serum
transaminases and triglycerides in comparison with con-
trols. Circulating arachidonic acids and n-6:n-3 PUFA
ratio were also reduced in treated patients. Ultrasonog-
raphy demonstrated improvement of liver echotexture
after n-3 PUFA supplementation whereas no significant
changes occurred in controls [47].
4. Do PUFAs impact on hepatic microcirculation and
ischemia/reperfusion injury?

Steatosis of the liver is common in Western countries.
We found variable degrees of hepatic steatosis in
approximately 50% in a series of patients scheduled
for hepatectomy [48]. Hepatic steatosis was reported in
25% of donors scheduled for liver transplantation [49].
Transplantation of steatotic livers is associated with a
high risk of primary dysfunction and nonfunction [50–
53]. Although hepatic steatosis is an established and
highly prevalent risk factor for surgery, little is known
about the mechanisms of injury related to steatosis. In
animal experiments, steatosis is associated with
decreased adenosine triphosphate (ATP) production
and a disturbance of sinusoidal flow. Further contribut-
ing factors may include Kupffer cell dysfunction and leu-
kocyte adhesion [34].

Our group demonstrated significantly higher hepato-
cyte damage in the macrosteatotic livers after ischemia/
reperfusion which was related to a reduced intrahepatic
and portal vein perfusion [39]. In a rat model of hepatic
steatosis, Kurihara et al. [46] reported that eicosapenta-
enoic acid supplementation improves blood flow in the
liver via reduction of TXA2 synthesis and enhancement
of deformability of red blood cells.

Fish oil, which contains n-3 long chain PUFAs,
reduced hepatic reperfusion injury in a low flow, reflow
perfusion model in the rat. Following reperfusion, the
rise of portal pressure was markedly minimized with sig-
nificant reduction in trypan blue distribution time indi-
cating improved microcirculation [54]. A controversy is
raised from the study of Lo et al. [55] which stated that
dietary supplementation of rats with fish oil does not
attenuate hepatic injury after warm ischemia/reperfusion.
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Fish oil was administered for a short period of 5 days.
Since n-3 PUFA content in the liver was not docu-
mented, it is unclear whether n-3 PUFAs were ade-
quately accumulated in the liver.

We recently studied the impact of dietary supplemen-
tation with n-3 PUFAs on ischemia/reperfusion injury
in a model of macrosteatosis in the mouse liver [40].
We demonstrated significant baseline microcirculatory
defects associated with macrosteatosis as evidenced by
reduced functional sinusoidal density in comparison
with lean and microsteatotic livers. After warm ische-
mia/reperfusion, we observed significantly more pro-
nounced hepatic damage in macrosteatotic compared
with lean and microsteatotic livers. Dietary supplemen-
tation of ob/ob mice with n-3 PUFAs resulted in amelio-
ration of microcirculation before ischemia and a
dramatic improvement after reperfusion [40].
5. How do eicosanoids influence hepatic ischemia/

reperfusion injury?

Eicosanoids are derived from dihomo-c-linolenic, ara-
chidonic and eicosapentaenoic acids (Fig. 1). These long
chain PUFAs are released from cell membranes by the
action of phospholipase A2. The availability of free diho-
mo-c-linolenic, arachidonic and eicosapentaenoic acids
is the rate-limiting step in the synthesis of the corre-
sponding eicosanoid derivatives. These precursors are
converted to eicosanoids by the cyclooxygenase and the
lipoxygenase enzymatic pathways. The major products
of the cyclooxygenase pathway are prostaglandins and
thromboxanes while leukotrienes are synthesized by
lipooxygenases [2,3]. Derangement of omega-6:omega-3
PUFA ratio could influence the synthesis of various
eicosanoids.

Prostaglandin E1 (PGE1) confers protection after
reperfusion through a variety of mechanisms including
improvement of liver perfusion [56], inhibition of leuko-
cyte adhesion and reduction of expressing the intracellu-
lar adhesion molecule-1 (ICAM-1) on the vascular
endothelium [57]. PGE1 decreased the oxidative stress-
induced hepatocyte injury in cultured rat hepatocytes
treated with tert-butyl hydroperoxide [58]. Further,
PGE1 protected cultured human liver sinusoidal endo-
thelial cells from apoptosis through inhibiting the release
of inducible nitric oxide synthase and matrix metallopro-
teinases [59]. In a model of warm ischemia/ reperfusion
in dogs, PGE1 ameliorated hepatic injury through
enhancement of prostacyclin (PGI2) production and
suppression of thromboxane A2 (TXA2) [60]. In another
model of hepatic ischemia/reperfusion injury in the rat,
intraportal infusion of PGE1 dramatically improved
portal venous flow and peripheral liver tissue blood flow
[61]. Furthermore, PGE1 was also able to improve
survival in a canine model of ischemia/reperfusion injury
[62]. The beneficial effects of PGE1 in ameliorating hepa-
tic microcirculation after reperfusion were documented
in a model of cirrhotic liver in the rats [63].

The release of another protective prostaglandin,
PGE2 from Kupffer cells, the major cellular source of
PGs, is temporarily suppressed after ischemia/ reperfu-
sion, possibly contributing to hepatocyte damage after
reperfusion [64]. An interaction has been observed
between tumor necrosis factor-a (TNF-a) and PGE2.
TNF-a increases the production of PGE2 from macro-
phages, which in turn inhibits TNF-a synthesis (negative
loop) [65,66].

The pivotal role of TXA2 in hepatic ischemia/reper-
fusion injury has been reported in many studies. In a
rat model of ischemia/reperfusion, selective TXA2 syn-
thase inhibitor and specific TXA2 receptor antagonist
protected the sinusoidal lining cells, ameliorated liver
necrosis, blunted serum transaminase levels, restored
hepatic tissue blood flow and improved survival [67].
In humans, circulating TXB2 levels, a metabolite of
TXA2, were remarkably increased during hepatic resec-
tion [68]. In dogs, a significant rise in plasma levels of
TXB2 was observed within 24 h after hepatectomy and
was associated with insufficient blood flow in the portal
vein and hepatic tissue. Administration of TXA2 syn-
thase inhibitor dramatically improved the 2-week sur-
vival rate after hepatectomy [69]. Intravenous
administration of TXA2 synthase inhibitor intraopera-
tively in humans reduced the plasma TXB2 levels and
concomitantly reduced serum AST levels [70]. In their
experiments on canine liver, Kitagawa et al. [71] con-
cluded that the spleen contributes to TXA2 hypersecre-
tion during hepatectomy since the levels of TXB2 were
significantly higher in the splenic vein compared to the
levels in the mesenteric vein. It was documented in the
same experiment that splenic macrophages produce
more TXA2 after major hepatectomy compared with
controls. Further, combined splenectomy and hepatec-
tomy prevented remnant hepatic dysfunction. In a
model of pig liver allotransplantation, pretreatment with
TXA2 synthase inhibitor resulted in remarkable reduc-
tion in the serum levels of TXA2, providing a better
graft function and survival rate after liver transplanta-
tion [72].

Another prostaglandin, PGI2, triggers several bio-
logical effects opposing those of TXA2. Both PGI2
and TXA2 are produced by the action of cyclooxygen-
ase after ischemia/reperfusion injury. PGI2 reduces
platelet aggregation and leukocyte adhesion to the
endothelial surface [73,74]. In a rat model of hepatic
ischemia/reperfusion, a prostacyclin analogue signifi-
cantly reduced the microcirculatory defect after reper-
fusion, lessened adherent leukocytes and improved
flow velocity [74].

The contribution of leukotrienes to hepatic ischemia/
reperfusion injury is an issue requiring further clarifica-
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tion. For instance, leukotriene B4 (LTB4) is known to
be associated with liver injury like hepatitis and cirrhosis
[75]. However, there are only a few studies about its role
in hepatic ischemia/reperfusion injury. In rats, LTB4
inhibition had no effect on neutrophil accumulation
and hepatocellular injury in spite of increased LTB4
after ischemia/reperfusion [76]. In another model of
ischemia/reperfusion in rats, cysteinyl leukotrienes are
generated during reperfusion with concomitant develop-
ment of hepatic edema and enhanced hepatocyte dam-
age. However, LTB4 was not increased despite a
significant neutrophil infiltration [77].
6. Conclusions and perspectives

The current trend of consuming diets deficient in n-3
PUFAs with high n-6:n-3 PUFA ratio may contribute to
many disease processes. The liver is one of the organs
that might be influenced by derangement of n-6:n-3
PUFA ratio. In mice, n-3 PUFAs alleviate liver inflam-
mation and reduce fat content in steatotic livers. Pre-
treatment with n-3 PUFAs significantly decreases the
extent of microcirculatory failure which follows ische-
mia/reperfusion injury and protects against hepatocellu-
lar damage in the macrosteatotic mouse liver. Similar
protection was reported in lean livers of mice pretreated
with pharmacologic agents that modulate the levels of
eicosanoids. In humans, the impact of n-3 PUFAs on
hepatitis, fatty liver, hepatic microcirculation and
ischemia/reperfusion injury should be thoroughly
investigated.
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