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Abstract

AIM: To investigate oxidative stress and lipid peroxi-
dation in hepatic steatosis and the underlying implica-
tions in pathological mechanisms of non-alcoholic fatty
liver disease (NAFLD).

METHODS: F,-isoprostanes (iPF,,-1) in blood and
liver samples from steatotic (7 = 9) and control (7 = 7)
rats were measured as /n7 vivo marker of lipid peroxida-
tion by a mass spectrometric approach. The lipid pro-
file and endogenous antioxidant status (SOD and CAT)
in the rats were also analyzed.

RESULTS: Significantly higher levels of iPF,,-1I (mean
3.47 vs 2.40 pmol/mg tissue, P = 0.004) and lower
activities of SOD (mean 1.26 U vs 1.40 U, P < 0.001)
and CAT (mean 1026.36 U/mg vs 1149.68 U/mg pro-
tein, without significance) were observed in the livers
of steatotic rats. Plasma total iPF,, -1l was significantly
correlated with the abnormalities of blood lipids as well
as alanine aminotransferase (ALT) levels in the rats
with simple steatosis, whereas no similar tendencies
were observed in the control rats.

CONCLUSION: Enhancement of hepatic oxidative
imbalance occurring at the steatotic stage of NAFLD
suggests a possibility that manifestation of the local

oxidative damage precedes that of systemic oxidative
imbalance. Predominant metabolic features of the in-
creased lipid peroxidation further suggest a close asso-
ciation of the oxidative imbalance and the dyslipidemia
with functional deterioration of the steatotic liver. The
findings need to be further evaluated, especially in hu-
man studies.

© 2008 The WIG Press. All rights reserved.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), in the
absence of alcohol abuse, represents a pathological
spectrum of fatty liver disorders including simple
steatosis and non-alcoholic steatohepatitis (NASH)!".
The cause of the disease progression remains elusive.
The “two hits” hypothesis addresses a requirement of
one or motre “second hits”, in addition to the excessive
hepatic fat deposition (the “first hit”), for presumed
transition of simple steatosis to NASH™. Despite the
involvement of many other proinflammatory mediators,
lipid peroxidation is one hypothesis as the “second
hit” to explain the development of the disorder in
humans™*".

Lipid peroxidation as an important mechanism of
NAFLD has been a field of intense tesearch but is not
yet fully understood. Majority of previous researches
were conducted mainly in NASH in both human
subjects and animals. Only a few studies have focused
on the effects of lipid peroxidation in simple steatosis,
an earlier stage of NAFLD™". Given that ectopic lipids
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accumulation in the liver is primarily linked to hepatic
[

>

mitochondrial dysfunction and insulin resistance
the steatosis stage of the disease might be of real
importance in evaluating the cause-effect association
of lipid peroxidation with the disease progress, thus
providing clues for earlier pharmacological interventions
against the development of NASH. Furthermore,
malondialdehyde (MDA), a widely used index of lipid
peroxidation, has been considered neither the sole end
product of fatty peroxide formation and decomposition
nor a substance generated exclusively through lipid
peroxidation[m. It remains uncertain if MDA in blood
or tissues reflexes oxidative stress status associated with
biological changes observed.

F,-isoprostanes, also referred to as iPF, -1, are a
group of prostaglandin-like isomers produced by free
radical-catalyzed peroxidation of arachidonic acid"?.
Results from the Biomarkers of Oxidative Stress Study
(BOSS) suggested that the most accurate marker to
assess lipid peroxidation 7 vivo is the plasma or urinary
iPF,,-TI"". Elevated plasma or urinary levels of iPF,, -
have been reported in patients'” and in animals with
NASH"". Information in the literatures with regard to
1PF, -1 formation related to hepatic steatosis, however,
is limited. Tong ez @/'" found elevated iPF,,-1I in plasma
and liver of the rats with valproic acid-triggered liver
injury.

The present study was conducted to investigate the
oxidative imbalance by measuring local and circulating
iPF, -1 and enzymatic antioxidant status in the rats with
high-fat diet induced hepatic steatosis. The measures
of the lipid peroxidation were then correlated with
metabolic risk factors such as lipid profile, which are
believed to be greatly involved in the pathogenesis of
NAFLD among the steatotic rats.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats were obtained from the
Slac Animal Center (Shanghai, China), and maintained
with a 12 h light/datk cycle under constant temperature
and humidity. The rats were chosen according to their
lipid levels and then randomly assigned into a defined
lard-based high-fat (HF) diet (# = 9) and standard
laboratory chow (7 = 7) groups (45% »s 10% kcal as
fat, respectively). Both diets were made based on the
ingredients of products D12451 and D12450B (Research
Diets, New Brunswick, NJ, USA), respectively, and
supplied by Double Lion Ltd. (Suzhou, China). Animals
were fed ad libitum water and their corresponding diet
for up to 16 wk. At the end of the study, two rats from
each group were chosen randomly for the identification
of hepatic steatosis. All rats were anesthetized and
killed. Their fasting plasma samples were kept at
-70°C, and the liver samples were thoroughly rinsed
with ice-cold saline and frozen in liquid nitrogen and
then stored at -70°C. The study was approved by the
Animal Ethics Committee and all procedures complied
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Parameter HF (n = 9) Control (n = 7) P
Body weight (g) 560.76 + 5.59 482.37 +10.19 <0.001
Liver

TC (mg/dL) 0.42 £0.04 0.46 £ 0.02

TG (mg/dL) 0.89 £0.07 0.64 £ 0.07 0.023
Plasma

GLU (mg/dL) 9.18 £0.32 7.84 £0.15 0.004

TG (mg/dL) 0.98 £0.12 0.36 £0.16 <0.001

TC (mg/dL) 1.72+£0.11 1.39£0.11

LDL-C (mg/dL) 0.35+0.03 0.18 £ 0.03 0.001

HDL-C (mg/dL) 0.96 £ 0.06 0.90 £ 0.05

ALT (U/L) 58.11 £ 4.09 43.71+£3.17 0.019

AST (U/L) 70.22 £2.31 70.86 £ 4.76

with international standards of humane care in animal
experimentation.

Biochemical measurements

Fasting plasma glucose (GLU), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), triglycerides
(TG), alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were determined using a 7020
biochemical analyzer (Hitachi, Japan). The hepatic TC
and TG were also determined in the same manner. The
biochemical data for the control and HF rats are listed in
Table 1.

Histological examinations

Fragments of liver tissues were fixed in 10% formalin,
embedded in paraffin, and sectioned (5 mm in
thickness). The sections were mounted on the charged
microscopic slides (Okando, USA). Hematoxylin-eosin
(HE) staining was performed on all slides. The slides
were then examined and pictured using a DM4000B
flurescent microscopy (Leica, Switzerland).

Hydrolysis and solid-phase extraction of liver and
plasma iPF,, -1

The purification of iPF, -l from the liver and plasma
were performed as described®"”
Briefly, the tissue sample (50-100 mg) was homogenized
in 4 ml ice-cold chloroform:methanol (2:1, v/v). For
plasma, the aliquots (500 ul)) were transferred to
Eppendorf tubes. The internal standard iPF, -1l-d, (50
ng for liver and 5 ng for plasma) was added. For the
liver sample, the homogenate was mixed at 4°C for 1 h,
1.6 mL of 0.9% NaCl was added to the sample
followed by centrifuging at 2000 X g for 10 min.
The residual was dried under nitrogen. One mol/L
KOH (1 mL for the liver residual and 500 pl. for the
plasma) was added to the tubes containing the samples.
Both liver and plasma samples were hydrolyzed at
40°C for 45 min. One mol/L HCI (1 mL for the liver
sample and 500 pL for the plasma sample) and 1 mL
of 10 mmol/L formate buffer (pH 3.0) were then

with modifications.
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Figure 1 GC-NICI-MS SIM chromatograms of (A) plasma total iPF,,-II and (C)
hepatic iPF,,-1II isolated from a rat with simple steatosis, and (B) and (D) the
internal standard iPF,,-1II-d, in the plasma and tissue samples, respectively.

added. The sample was centrifuged at 12000 X g
for 20 min; the supernatant was removed and applied
to an Oasis HLLB extraction cartridgem]. The extraction
steps were programmed into an ASPEC XL SPE System
(Gilson S.A.S., France) and run automatically.

Derivatization and GC-MS analysis of liver and plasma
iPF,,-11
The iPF, -1l extracts were analyzed using gas

chromatography-negative ion chemical ionization-mass
spectrometry (GC-NICI-MS) as described"”. After

derivatizations with pentafluorobenzyl bromide (PFB)
and N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA),
the PFB-TMS derivatives of iPF, -1l were analyzed on
a TRACE DSQ gas chromatograph-mass spectrometer
(ThermoFisher Scientific, USA). Selected ion monitoring
(SIM) was performed to monitor the carboxylate
anion (M-181) at »/z 569 for the iPF, -l and »/g
573 for iPF, -l-d,. The representative GC-NICI-MS
chromatograms of hepatic and plasma F,-isoprostanes
are shown in Figure 1.

Determination of activities of liver and erythrocyte
superoxide dismutase (SOD) and blood catalase (CAT)
Liver and erythrocyte SOD activities were measured with
a SOD Assay Kit-WST (Dojindo Laboratories, Japan),
and liver and blood CAT activities and the protein levels
of the samples were determined using the Catalase Assay
Kit and the BCA Protein Assay Kit (Beyotime Institute
of Biotechnology, Jiangsu, China), using the protocols
provided by the manufacturers, respectively.

Statistical analysis

Data were expressed as the mean * SE. The differences
between the mean values of two groups were
determined by paired # test. Associations between the
different variables were examined by Pearson correlation
analysis. Statistical significance was set at P < 0.05.

RESULTS

Effects of high-fat diet on body weight, metabolic
indices and occurrence of hepatic steatosis

Prolonged feeding with the high-fat diet led to significant
increases in body weight (P < 0.001) and fasting plasma
glucose levels (P < 0.005) in HF rats compated to the
control rats. Plasma LDL-C (P = 0.001) and TG (P <
0.001) were significantly higher in HF rats than those in
the controls, whereas no difference in TC and HDL-C
levels was found between the groups. Notably, feeding
with high-fat diet increased the hepatic TG levels (P =
0.023), and typically resulted in steatosis in approximately
40% of hepatic lobules in the liver section examined
(Figure 2). The hepatic steatosis was further supported
by a significant increase in plasma ALT in HF rats (P =
0.019) (Table 1). No development of NASH was found

in the rats.

Liver and plasma iPF, -1l as indices of oxidative
imbalance in vivo in rats with hepatic steatosis

Hepatic and plasma total iPF, -l levels and the activities
of antioxidant enzymes were examined (Figure 3).
While no significant difference appeared in circulating
total iPF, -1II, an elevated hepatic iPF, -1l was observed
in HF rats as compared to the control rats (mean 3.47
pmol/mg »s 2.40 pmol/mg tissue, P = 0.004) (Figure 3).
Analysis of the endogenous antioxidant capacity revealed
that the SOD activities in the liver, but not in circulation,
were significantly reduced in the rats with steatosis as
compared with that in the control (mean 1.26 U »5 1.40 U,
P < 0.001) (Figure 3). Similar changes were also found
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Figure 2 Enhanced lipid accumulation in the liver of rat by high-fat diet. (A)
Control, and (B) Steatotic liver (HE, magnification x 100).

for the liver CAT activities, however, the difference did
not reach statistical significance.

Relationship between oxidative imbalance and
metabolic risk factors in rats with hepatic steatosis
Pearson correlation analysis was performed between
iPF,,-Il and the metabolic risk factors, e.g. the
abnormal lipid status, in HF rats. There were no
significant associations of plasma total iPF, -1l with
either erythrocyte SOD and blood CAT activities or
fasting plasma glucose among HF rats. The significant
associations were found between the plasma iPF, -
Il concentrations and the plasma TC (r = 0.799, P =
0.005) as well as TG (r = 0.624, P = 0.036) in the HF
rats (Figure 4A and B). A similar correlation but without
significance was also found in the plasma LDL-C levels
(r=0.578, P = 0.052). Furthermore, there was a strong
relationship between the iPF, -1l levels and the plasma
ALT concentrations (r = 0.629, P = 0.035) (Figure 4C).
In the liver, however, there were no relationships of
iPF, -l with either TC and TG or SOD and CAT in
HF rats.

DISCUSSION

In the present study, a Sprague-Dawley rat model with
simple steatosis was established by feeding the rats
for up to 16 wk with a high-fat diet. The purpose of
using such dietary regimen in the normal rats was, by
resembling a common fat-rich diet in humans (60% kcal
of fat) without toxin ingestion and alimentary deficiency,
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Figure 3 Plasma and hepatic levels of iPF,,-II and antioxidant enzymes in
rats. (A) Significant differences in iPF,,-1II levels were found in the liver, but
not in plasma between HF rats and control; (B) Significant decreases in SOD
activity were found in the liver, but not in erythrocytes of HF rats compared to
that in control, and (C) Reducing tendency of CAT activities was observed in
liver, but not in blood of HF rats. "P < 0.01 and °P < 0.001.

to naturally reproduce typical features of metabolic
abnormalities at the simple steatotic stage of NAFLD
seen in humans™?". As shown in Table 1, hepatic TG
in the HF rats were clevated significantly, indicating an
occurrence of lipotoxicity due to the imbalance between
TG synthesis and degradation in the liver. The enhanced
plasma ALT activity also suggested the lipotoxicity-
induced impairment in the liver function. A recent
cross-sectional and observational study in 257 Italians
also showed that elevation of TG and ALT levels is the
most predictive condition for hepatic steatosis”. In
the present study, the presence of hepatic steatosis in
HF rats was further confirmed histologically, showing
mild to moderate macrovesicular fat accumulation in
the liver samples observed (Figure 2). Despite of being
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Figure 4 The formation of plasma total iPF, -1l was significantly correlated
with the levels of fasting plasma TC (A), TG (B) and ALT (C) in HF rats.

multifactorial in nature in the onset of steatosis”™, these
data clearly demonstrate that prolonged treatment with
the high-fat diet can successfully cause liver steatosis
in the experimental rats. Our results are supportive
to the previous publications™ . Given that NAFLD
is an important hepatic manifestation of metabolic
syndrome®, as expected, the steatotic rats in the present
study were also featured with a spectrum of metabolic
risk factors (Table 1), suggesting a close association of
hepatic steatosis with obesity and insulin resistance, as
commonly seen in humans®’,

With the rat model established, we investigated

the oxidative imbalance status specifically at the earlier
steatotic stage of NAFLD. The hepatic and blood
iPF, -l and enzymatic antioxidants (SOD and CAT)
were measured to characterize the effects of oxidative
imbalance on the underlying pathogenesis of NAFLD.
The main finding is that hepatic iPF,,-Ill concentrations
were significantly higher in HF rats than that in the
control rats (P = 0.004). Associated with this marked
elevation in iPF,,-Ill, hepatic activities of SOD (P <
0.001) and CAT (P = 0.068) of the HF rats were declined
as compared to the control, though the decrease of CAT
activity did not show statistical significance. In contrast,
circulating levels of iPF, -Ill as well as the activities of
SOD and CAT were not different between two groups
of rats (Figure 3). The results demonstrate that there
was a local but possibly not systemic enhancement of
oxidative imbalance in the rats with steatosis. It has been
postulated that abnormal hepatic accumulation of TG
has implication as the “first hit” in the formation of
steatosis™. This accumulation is believed to be mediated,
not exclusively, by alteration in intracellular fatty acid
trafficking and the decrease in mitochondrial fatty
acid B—oxidation[zﬂ. All of these mediators can trigger
oxidative imbalance by excessive production of free
oxygen radicals capable of inducing lipid peroxidation
of hepatocyte membranes. In this regard, while being
consistent with those postulations, increased iPF, -l
in the steatotic livers observed in the present study is
also compatible with the Fj -isoprostanes results!'” and
the MDA results” detived from the animals with simple
steatosis. Taking together with these observations, our
data also demonstrate enhanced oxidative imbalance
mechanisms especially at the steatotic stage of NAFLD.
The discrepancy in circulating status of oxidative stress
exists between our study and others in steatotic animal
models"”. One explanation for the disagreement could
be the way to induce steatosis used in the present study
is different from that of Tong ez al'”, possibly resulting
in two distinct pathways towards different biochemical
and physiological manifestations of systemic oxidative
stress. In addition, in the study by Tong e# 4/, the local as
well as systemic antioxidant status was not characterized
as to whether the valproic acid treatment would also
parallelly lead to significant damages in antioxidative
capacities of the rats with liver injury is unclear. Given
that in the present study the circulating SOD and CAT
activities were not changed among the experimental
rats, it should make sense to postulate that the absence
of increase in plasma iPF, -1l in HF rats may simply
reflect an apparent systemic balance between oxidative
stress and antioxidant defense existing temporally in
simple steatosis before NASH develops. Indeed, as
in the NASH mice fed with a choline-deficient diet,
Yoshida ez al'” reported a more prominent elevation of
iPF, -1 in the liver than that in plasma. Machado e7 al™
also observed that there was no significant difference in
plasma concentrations of 8-OHdG, a DNA oxidation
marker, and 4-HNE, a toxic lipid peroxidation product,
between patients with NASH and the control. These
findings from both animals and human studies suggest a
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possibility that manifestation of oxidative imbalance in
the local might precede that in circulation in the steatotic
stage of NAFLD. This possibility certainly needs to be
validated further.

In agreement with the present observation, there
have also been increasingly concerns as to whether
circulating oxidative stress status can accurately be a
reflection of hepatic oxidative damage in NAFLD?
Despite of the absence of increased circulating iPF, -
Il in HF rats, the present study found that plasma iPF, -
Il concentrations were strongly correlated not only with
plasma TC and TG (and LDL, but without significance)
but also with plasma ALT in rats with steatosis (Figure
4), whereas such a correlation was not found in the
control rats. Thus, the abnormal lipid profile could be,
at least in part, important contributors to oxidation
imbalance related to the high-fat induced steatosis,
whereas systemic relationship of lipid peroxidation
with lipid status could be an important reflection of the
functional decline of steatotic liver. While it might be
expected that enhanced lipid peroxidation in NAFLD
would be dependent, at least partially, on some lipidamic
measures, there was little published support for such a
correlation to date. Konishi ez a/” found no significant
associations of plasma iPF, -l with TC and TG in
patients with NAFLD. In addition, Madan ez al™ failed
to find relationship between oxidant stress and ALT
levels in either NAFLD patients or diseased controls.
Nevertheless, the present data suggest that oxidative
imbalance and lipid peroxidation play a significant role
in pathogenesis of NAFLD, especially at the steatotic
stage. The results may indicate a potential value of
measuring circulating total iPF, -1l to assess the extent
of hepatic lipotoxicity during 7z vive oxidative imbalance
and its relevance to the progression of simple steatosis
to NASH. This might further provide the rationale for
interventions to slow the steatosis in human studies.

In summary, the present study demonstrates an
enhanced oxidative imbalance at the steatotic stage of
NAFLD. Such oxidative imbalance was not observed in
the circulation, suggesting a possibility that manifestation
of the local oxidative damage precedes that of systemic
oxidative imbalance. The association analysis shows
predominant metabolic features of the increased lipid
peroxidation and also suggests a close association of the
oxidative imbalance and the dyslipidemia with functional
deterioration of the steatotic liver. Although there is no
confirmatory conclusion in terms of the cause-effect
relationship between oxidative stress and occurrence
of steatosis from the present study, the results suggest
that the steatotic stage of NAFLD might be a valuable
model for evaluating the roles of oxidative imbalance
in pathogenesis of NAFLD and for providing clues for
eatlier interventions against the development of NASH
in human studies.

COMMENTS

Background

Oxidative imbalance as an important mechanism of non-alcoholic fatty liver
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disease (NAFLD) has been a field of intense research but is not yet fully
understood. While majority of previous researches were conducted mainly in
NASH, only a few studies have focused on the effects of lipid peroxidation in
simple steatosis, an earlier stage of NAFLD. As ectopic lipids accumulation
in the liver is primarily linked to hepatic mitochondrial dysfunction and insulin
resistance, it is reasonable to postulate that the steatotic stage of NAFLD
might be of real importance in evaluating the cause-effect association of lipid
peroxidation with the disease progression, thus providing clues for earlier
pharmacological interventions against the development of NASH.

Research frontiers

This study utilized the quantitative assay of F,-isoprostanes (i.e. iPF,,-1I),
which has been considered to be the most accurate in vivo lipid peoxidation
marker, along with endogenous enzymatic antioxidants SOD and CAT to
characterize hepatic as well as peripheral oxidative imbalance and its metabolic
relevance in a rat model with simple steatosis.

Innovations and breakthroughs

F,-isoprostanes, also referred to as iPF,,-1II, are a group of prostaglandin F,-
like isomers produced by free radical-catalyzed peroxidation of arachidonic
acid. Increased plasma or urinary levels of iPF,,-l have been reported both
in humans and animal models with NASH. Information in the literatures with
regard to iPF,,-III production related to hepatic steatosis, however, is limited.
The basic findings of the study are (1) significantly higher levels of iPF,,-1II
and lower activities of SOD and CAT were observed in the steatotic livers
as compared with the control rats, while no such oxidative imbalance was
found in the circulation; and (2) the formation of iPF,,-1Il in the circulation was
significantly correlated with the abnormalities of blood lipids as well as ALT
levels in the rats with simple steatosis, whereas no similar tendencies were
evident in the control rats.

Applications

The findings of the present study suggest an enhanced oxidative imbalance
at the steatotic stage of NAFLD prior to the appearance of NASH, and it may
further suggest a possibility that manifestation of the local oxidative damage
precedes that of systemic oxidative imbalance. Furthermore, the results reveal
not only a predominant metabolic feature of the increased lipid peroxidation, but
also a close association of the oxidative imbalance and the dyslipidemia with
functional deterioration of the steatotic liver in the rats with simple steatosis. We
believe that these findings do provide supports to the postulation mentioned
above.

Peer review

This study performed a fine measurement of iPF-1I using GC-MS to show a
strong evidence for oxidative imbalance in the steatotic liver. It demonstrated in
this paper that F-isoprostanes (iPF,-1II) in the liver increased when steatosis
was induced in rats by treatment of high fat diet. This result together with
decreased in SOD and catalase levels led to the conclusion that oxidative
imbalance proceeds in early stages of NAFLD.
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