
Introduction

Fatty degeneration of the liver identifies a
liver in which lipid, mainly triglyceride, ac-
counts for more than 5% of the whole organ
weight and represents the most common liver
alteration in the general population1-3. Fatty ac-
cumulation in hepatocytes, primary steatosis,
follows to a variety of common conditions in-
cluding obesity, malnutrition, malabsorption,
diabetes, dysthyroidism or is secondary to alco-
hol abuse, drug intake, hepatitis C infection,
iron or copper accumulation. Fat accumulates
in parenchymal liver cells as a result of exces-
sive free fatty acids delivery to the liver, an in-
creased mitochondrial synthesis of fatty acids,
or the failure of the synthesis and secretion of
triglycerides and/or apolipoproteins4.

Because fatty accumulation per se does not
appear to impair liver function, steatosis was
considered a benign condition with low risk
of evolution. Recently, however, the interest
in the liver steatosis has been growing due to
the increasing number of liver transplants,
which greatly exceeds the number of avail-
able organs, and the need of healthy livers. In
fact, grafted livers with steatosis, accounting
for about 30% of the donor pool, are at in-
creased risk of post-transplant failure and are
actually discarded for donation5. Therefore, a
better understanding of the mechanisms un-
derlying fatty degeneration of hepatocytes
and the high rate of post-transplant complica-
tions might lead to the development of thera-
peutic strategies able to preserve hepatic
function after transplantation.
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Abstract. – Fatty accumulation per se
does not appear to affect liver function; howev-
er, interest has recently renewed to fatty liver
because of the clinical relevance of non alco-
holic steato-hepatitis (NASH) and for the in-
creased risk of post-transplant failure in graft-
ed livers with steatosis. 

Clinical and experimental studies have
doubtless demonstrated that oxidative stress
ensues in steatotic livers. 

Mitochondria represent the preferential
target of the oxidative injury associated to
fatty degeneration and show reduced con-
tent of glutathione, higher levels of oxida-
tive products and damages to enzymes in-
volved in the process of ATP synthesis,
which become more evident under stress-
ing conditions.

Although obese patients with fatty liver are
advantaged by weight loss, clinical and ex-
perimental observations suggest that fatty liv-
ers poorly tolerate excessive food depriva-
tion. These observations represent the ratio-
nale for treatment strategies based on the
supplementation of antioxidants and ener-
getic substrates rather than solely a diet re-
striction. 

This review focuses on data emerging from
a series of investigations performed in rats
with fatty livers induced by a choline-deficient
diet, which resembles human steatosis due to
an excessive intake of carbohydrates, and
aims to give the cue for the development of
therapeutic options able to preserve hepatic
function after transplantation of steatotic or-
gans.
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The term NASH (non alcoholic steato-he-
patitis) indicates an increasingly recognised
condition with possible progression toward
end-stage liver disease. Although the histol-
ogy resembles that of alcoholic liver injury,
the disease occurs in patients with minor or
even absent alcohol intake. Once other caus-
es are excluded, NASH is confirmed by liver
biopsy and represents a common explanation
for asymptomatic elevation of aminotrans-
ferases in 40-90% of cases. The primary
metabolic abnormality switching fatty livers
to NASH is still unknown; insulin resistance6

may influence several intracellular mecha-
nisms and is associated with increased cy-
tochrome P-450 activity; which may result in
increased generation of reactive molecules.

Beside an appropriate dietetic regimen, en-
couraging although preliminary results have
been obtained in patients treated with ur-
sodeoxycholic acid or the insulin-sensitizer
drugs metformin. Further researches are re-
quired to achieve a better understanding of
this condition and to develop definite treat-
ment options. 

Oxidative Balance in Fatty Livers
Increased generation of reactive oxygen

species [ROS] has been observed in several
models of fatty livers7-9. Recently10, the oxida-
tive stress has been evaluated in rats fed a
steatogenic choline-deficient diet. In this
model, choline deficiency leads to a fast accu-
mulation of intracellular lipids by blocking
the efflux of triglycerides from the hepato-
cytes9, and closely resembles the changes oc-
curring in human fatty liver after excessive
dietary intake of carbohydrates11. Compared
to control animals, rats fed the choline-defi-
cient diet showed significantly lower concen-
trations of α-tocopherol and vitamin C and
higher levels of thiobarbituric acid reactive
substances (TBARs), a validated index of
lipid peroxidation (Table I). The α -toco-
pherol/total lipids and α-tocopherol/TBARs
ratios were significantly lower than in normal
organs. No major difference in the level of
glutathione (GSH) was noted. According to
these findings, fatty infiltration of hepato-
cytes was found to be associated with a lower
antioxidant capacity and enhanced risk of
lipid oxidation. Indeed, α-tocopherol is the
main antioxidant involved in the protection
of unsaturated lipids from oxidative modifi-

cation12. Clinical and experimental conditions
showing decreased α-tocopherol levels are
associated with enhanced peroxidation of
lipids and lipoproteins13,14. Therefore, from
the results of the above mentioned study10 it
is possible to conclude that high levels of
TBARs in fatty livers are associated with im-
paired lipid protection. It is also known that
the redox state of α-tocopherol depends on
the availability of reduced ascorbate15, which
was found also markedly decreased in fatty
livers. The maintenance of ascorbate in the
reduced form is, in turn, associated with the
availability of reduced substrates and GSH-
related enzyme activities16. Finally, the imbal-
ance between oxidants and antioxidants pre-
disposes fatty livers to a greater injury when
exposed to a second insult involving ROS
generation. 

The ischemia-reperfusion, which invariably
occurs during the liver transplantation proce-
dure, represents the clinical application to
test this hypothesis. In normal livers, a burst
of ROS production occurs during reperfusion
following either warm or cold ischemia17,18.
ROS damage the cell either directly, by at-
tacking cellular molecules, including lipids,
proteins, and nucleic acids19,20 or indirectly
through the promotion of other damaging
mechanisms including the activation of tran-
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Table I. Hepatic concentrations of α-Tocopherol, vita-
min C and thiobarbituric acid reactive substances
(TBARs) in rats with normal liver and with choline-de-
ficient diet induced fatty liver; total glutathione (GSH)
concentration in mitochondria isolated from normal
and fatty livers of fed and 18 hours fasted rats.

* Significantly different (0.001 < P < 0.05) compared
to normal livers.

Normal livers Fatty livers

Liver 
α-Tocopherol 120 ± 7 64 ± 8*

(nmol/g liver) 
Vitamin C 117 ± 5 71 ± 4*

(µmol/g liver)
TBARs 2.1 ± 0.2 5.1 ± 0.7*

(nmol/g liver)

Mitochondria
GSH  
(nmol/mg protein)

Fed 7.8 ± 0.3 5.2 ± 1.1*

Fasted 6.7 ± 0.9 4.2 ± 0.7*



scription factors for the synthesis of pro-in-
flammatory cytokines and adhesion mole-
cules21,22. 

Experimental observations indicate that
fatty infiltration is associated to a greater
ROS-mediated liver injury during ischemia-
reperfusion. Lipid peroxidation was in-
creased during reperfusion after warm is-
chemia in rats with fatty livers19. Moreover, a
short course of tocopherol administration
prevented the oxidative stress in fatty livers
and improved survival following lethal is-
chemia23. Recently, by the use of a chemilu-
minescence apparatus connected to an ultra-
sensitive videocamera with image intensifier,
it has been shown that liver steatosis induced
by a choline deficient diet increases ROS
generation during post-ischemic reoxygena-
tion19.

Enhanced oxidative stress represents an
important feature in the pathogenesis of
NASH. In fact, three main intracellular sites
are supposed to be possible sources of ROS
in livers with NASH: (1) the cytochrome
P450 CYP-2E124,25, induced by free fatty
acids, generates ROS during the metabolism
of endogenous ketones and dietary con-
stituents; (2) peroxisomal β-oxidation, which
releases hydrogen peroxide [H2O2] when mi-
tochondrial β-oxidation is saturated or im-
paired; H2O2 is then converted to highly reac-
tive radicals in the presence of free iron26; (3)
mitochondria, which continuously generates
ROS and are damaged themselves if the pro-
duction of ROS is increased27. 

Insulin resistance is believed to stimulate
directly the CYP-2E1 activity by the loss of
repressive effect of insulin and through up-
regulation mechanisms common also to per-
oxisomal β-oxidation28. Activation of peroxi-
some proliferator-activated receptor-α
(PPARα), which regulates both microsomal
and peroxisomal lipid oxidation pathways, re-
sults in increased production of ROS29.
Furthermore, alterations of the intracellular
detoxification and radical scavenger systems
is present in fatty livers; in fact, both impair-
ment of the transsulfuration pathway30 and
decreased sulphydril content31 have been re-
ported in fatty livers.

Taken together, these observations suggest
that NASH may result from both an in-
creased intracellular generation of ROS and
a lower antioxidant defence. 

Mitochondrial Abnormalities and Energy
Charge in Fatty Livers

Fat accumulation in hepatocytes is accom-
panied by a number of intracellular disorders
as a consequence or cause of excessive lipid
infiltration4. Prominent abnormalities have
been described in mitochondria both in hu-
man and experimental steatosis8,14,32-35 and
with the administration of commonly used
drugs36,37.

Mitochondrial oxidative metabolism repre-
sents the main energy source for the cell.
Impairment of specific mitochondrial func-
tions may result in a deficient ATP produc-
tion and reduced exchange of substances with
the cytosol. For instance, oxidative mitochon-
drial damages observed during reperfusion
after warm or cold ischemia38,39 may con-
tribute to the deterioration of hepatic energy
metabolism observed after transplantation of
fatty livers40. Thus, the recovery time to
achieve normal energy charge after reperfu-
sion is markedly prolonged5 explaining also
the low tolerance of fatty livers to ischemia-
reperfusion injury.

In a recent study, the oxidative balance and
the capacity for ATP synthesis have been in-
vestigated in mitochondria isolated from
steatotic livers of rats fed a choline deficient
diet41. This study showed that mitochondria
of fatty livers have a reduced content of
GSH, the main organelle antioxidant, a re-
duced content of protein sulphydrils, which
are representative of several enzyme and
structural proteins, and higher levels of lipid
peroxidation products. By means of polyacril-
amide gel electrophoresis of mitochondrial
proteins, it was possible to demonstrate a
lower intensity of the band representing the
ATP-synthase complex41. The immunoblot
analysis of this band showed a 35% lower de-
tection of the catalytic β-F1 subunit of the F0-
F1 ATP synthase complex. These findings
well correlated with a significantly decreased
content of hepatic ATP.

Patients with NASH exhibit ultrastructural
mitochondrial changes, decreased mitochon-
drial respiration and impaired ATP genera-
tion capacity42. In patients with steatosis, mi-
tochondrial generation of ROS may oxida-
tively alters fat deposits; the resulting lipid
peroxides may further impair the respiratory
chain component and the membrane trans-
port capacity. This vicious circle involves
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ROS-mediated antioxidant depletion and im-
pairs the mitochondrial capacity to inactivate
ROS. Excessive lipid peroxidation might ulti-
mately trigger the release of cytotoxic cy-
tokines [TNF-α, TGF-β, IL8,…], FAS ligand
and stimulate fibrogenesis. 

Fasting and Diet Supplementation in
Fatty Livers

Obese patients with liver steatosis take ad-
vantage of weight loss. Weight reduction also
improves liver blood tests, histology and ab-
dominal pain in NASH patients43. However,
fatal hepatic failure may follow sudden
marked weight reduction in morbidly obese
patients with severe NASH44, so that, careful
clinical follow-up is recommended in patients
undergoing weight-reducing surgery45. These
clinical observations suggest that fatty livers
poorly tolerate excessive food deprivation. In
a recent report10, rats with fatty livers starved
for 18 hours showed an eight fold increase in
serum ALT; this finding was absent in rats
with normal livers undergoing a similar star-
vation. Moreover, after normothermic is-
chemia-reperfusion, the survival rate was ad-
versely affected by fasting much more in rats
with fatty liver than in rats with normal liv-
er46,47. Thus, it appears that a well preserved
nutritional state can protect the liver against
oxidative stress, and indeed conditions de-
pleting the cellular stores of free radical scav-
engers may increase the vulnerability of
steatotic cells to oxidative injury.

Prolonged fasting impairs the antioxidant
capacity of the liver cells48 by reducing the
availability of amino acids precursor for GSH
synthesis49. Food deprivation can be even
more deleterious in steatotic hepatocytes,
which basically show an alteration of the
transsulfuration pathway30,50. Indeed, a recent
experimental study showed that starvation in-
duces a significantly greater decrease of the
hepatic concentrations of α-tocopherol, GSH
and vitamin C in steatotic than normal livers.
The fall of antioxidant molecules was accom-
panied by enhanced contents of oxidative
products of both lipids and proteins. 

Interestingly, the deleterious effect of star-
vation is evident also in the mitochondrial
compartment of fatty livers where fasting
lowered significantly the GSH concentration
(Table I) and altered the ATP-synthase,
whose band almost completely disappeared

in steatotic livers. This latter finding was ac-
companied in fatty livers by a 70% decrease
of the immunodetected β-F1 subunit and by a
25% reduction of the hepatic content of ATP.
Fasting also predisposes mitochondria to a
greater oxidative injury during ischemia-
reperfusion by further depleting mitochondri-
al GSH.

These studies show that nutrition is an im-
portant determinant of the extent of oxida-
tive injury in the liver either normal and,
even more, if fatty. A good nutritional status
renders hepatocytes more resistant to is-
chemic insults51 and more protected against
oxidative stress52 because of the larger glyco-
gen stores. In this respect, GSH level is likely
to play a fundamental protective role, since
GSH-depleting substances exacerbate lipid
and protein oxidation in liver tissue53,54.
Mitochondrial swelling and ultrastructural al-
terations observed by electron microscopy in
food deprived rats during post-ischemic
reperfusion finally represent indirect evi-
dence of mitochondrial suffering and dys-
function. Considered together, these findings
strengthen the idea that liver parenchymal
cell function is deranged only once the en-
dogenous glucose reserves are completely
utilised. This means that in the presence of
glycogen depletion, hepatocytes are more
susceptible to be damaged55 as it occurs in
steatosis46. These observations open the way
to further investigations suggesting supple-
mentation of substances rather than simple
diet restriction as a measure to ameliorate
fatty liver response to damaging insults.

Metabolic Differences Among Models
and Susceptibility to Necrosis

A series of experimental evidence, as
above reported, indicates that livers with
steatosis present some disturbances in the
hepatic and mitochondrial GSH regula-
tion10,39. Under stress conditions, these or-
gans are further disadvantaged because ex-
tremely poor in ascorbate10, thus not allow-
ing an antioxidant sparing activity in the
presence of low GSH levels16. Several meta-
bolic derangement have been identified in
fatty livers including subcellular or-
ganelles4,8,28,35; however, differences seem to
exist among the experimental models used to
induce liver steatosis. While hepatocyte
death is not increased in obese mice under
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basal condition, the higher ALT level found
in the choline-deficiency model indicates a
higher grade of hepatocyte lysis. Difference
are also reported at mitochondrial level,
where in obese mice mitochondrial GSH
content was found increased and the ATP
synthase unchanged56, both these parameters
were found to be affected in choline-defi-
cient rats41. However, nevertheless these dif-
ferences in the mitochondrial energy produc-
tion and antioxidant status, both these mod-
els of fatty livers elicited an increased vulner-
ability to necrosis when challenged by insults
which produce minor damages in normal liv-
ers. Fatty livers of obese mice probably be-
cause their mitochondria appear to be adapt-
ed to a chronic increased release of oxygen
radicals and promote an increased expres-
sion of anti-apoptotic molecules thus result-
ing hepatocytes protected toward
apoptosis56, choline-deficient rats because
show an easy loss of cytosolic antioxidants,
an inefficient mitochondrial ATP synthesis
and a deep loss of mitochondrial GSH under
stressing conditions10, all factors associated
with a high susceptibility to cell necrosis.
These differences clearly suggest the need to
investigate the metabolic response to stress
conditions in every experimental model of
fatty liver.

Perspectives
A better understanding of the mecha-

nisms leading to fat accumulation and ox-
idative balance impairment in steatotic liv-
ers is expected to improve the therapeutic
approach against the risk to develop NASH
and might suggest preventive care to in-
crease the tolerance of these organs toward
oxidative stress.

Although diet restriction remains the
mainstay of treatment in patients with
NASH, encouraging results have been re-
ported with pilot studies evaluating gemfi-
brozil, ursodeoxycholic acid, N-acetylcys-
teine, vitamin E and insulin-sensitizer
drugs12,57,58. However, these medications still
have to be evaluated in carefully controlled
long-term studies. Among them, a special at-
tention may deserve the use of drugs able to
decrease insulin resistance, which is believed
to contribute in these patients to the accumu-
lation of triglycerides in the liver and to the
impairment of the fatty acid β-oxidation59-61.

Drugs that increase the efflux of triglyc-
erides from the liver or that increase their
utilisation, might be another option.
Carnitine and coenzyme A, for example, are
essential co-factors in the transport of fatty
acids into mitochondria and their subsequent
oxidation. The need for high dose parenteral
administration to reach appreciable hepatic
concentrations, however, is against their clini-
cal use, so far. 

Based on the evidence reported in the
previous paragraphs, any strategy that en-
ables fatty liver to increase the resistance to
stress conditions must necessarily improve
the basal function of these organs. Thus, a
rationale approach aiming to increase the
tolerance of steatotic livers to ischemia-
reperfusion injury should enhance the he-
patic content in antioxidant molecules, en-
large the glycogen reserves and ameliorate
their utilisation.
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