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Introduction and objectives: The omega-3 fatty acids (w3), EPA and DHA, have been described for their
beneficial effects on metabolism and inflammation. In addition, they are interesting tools in the treatment
of acute liver disease. This investigation was conducted to assess the effect of EPA + DHA administration
before partial ischemia (IR) on survival and liver injury.

Materials and methods: Male Sprague-Dawley rats were supplemented for 7 days with ®w3 [EPA
(270 mg/kg) and DHA (180 mg/kg)]; controls received saline solution. After EPA + DHA supplementation,
liver IR was induced by temporarily occluding the blood supply for 1 h, followed up by 48 h of reperfusion.
Control animals were subjected to sham laparotomy.

Results: Previous to IR, the EPA + DHA administration improved the rate and prolonged the survival time
by decreasing the AST and ALT levels and improving liver degenerative changes generated by the IR,
which decreased TNF-a and IL-13. In addition, IL-10 increased at 20 h with a tendency to normalize at
48 h. The IR group had no differences in the IL-10 levels compared to controls.

Conclusions: The w3 supplementation could prevent and promote the restoration of the liver tissue and
significantly improve the survival rate in rats at 48 h.
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1. Introduction

Omega-3 fatty acids (w3) are essential fatty acids not synthe-
sized de novo by humans. Fish oil and flaxseed as well as some
nuts are known as highly rich sources of w3. Among w3, eicos-
apentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA,
22:6n-3) have been mainly found in seafood [1]. In humans, they
are indirectly derived from these sources by dietary intake [2]. The
dietary supplementation with EPA and DHA can reduce/regulate
the production of proinflammatory cytokines such as interleukin
(IL)-1, IL-6, IL-8, and TNF-cat, which are released when macrophages
(M®s) and monocytes are activated [1,2].

Ischemia-reperfusion (IR) occurs during major liver resection
with temporary vascular exclusion or during liver transplantation
and is a major risk factor that affects liver function and increases
morbidity and mortality [3]. The failure of microcirculatory perfu-
sion after reperfusion may be due to sinusoidal occlusion triggered
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by endothelial cell swelling, vasoconstriction, platelet aggregation,
neutrophil infiltration and lymphocyte activation [4]. Also, oxida-
tive stress causes cell death through apoptosis or necrosis, which
contributes to increased microcirculatory disturbances, cell dys-
function and inflammation [5,6].

EPA and DHA administration have well-established benefi-
cial effects on human health. Scientific evidence has shown that
w3 provides beneficial effects on cancer, cardiovascular diseases,
metabolic syndromes, inflammatory diseases, psychiatric and/or
neurodegenerative diseases, renal diseases, liver diseases, among
others [1]. In addition, w3 attenuated fibrosis, which could be an
interesting strategy for non-alcoholic liver disease (NAFLD) [7].
Previous studies investigated the role of these fatty acids on hep-
atic IR, showing alterations in the innate immune response [8].
However, few studies have investigated the role of EPA and DHA
administration in hepatic IR and the mechanisms that explain their
positive effect [7,8]. Previously, our group has reported that com-
bined administration of w3 [EPA + DHA (270 mg/kg and 180 mg/kg,
respectively)] has a protective effect over liver IR between 3 and
20h of reperfusion, evidenced by the normalization of transami-
nases, TNF-a, IL-18 and IL-10 levels and the return to oxidative
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equilibrium (GSH/GSSG and F2-isoprostanes). All of these are
related to the activation of PPARa and the sequester of NFKBp65 in
a PPARa/NFkBp65 complex with the consequent of a decrease of
NFkBp65 DNA-binding union return [4,9]. With the evidence pre-
sented, the aim of this study was to evaluate the role of EPA+DHA
over prolonged liver IR damage and their effect on the survival of
rats subjected to liver IR model.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (160-180 g) (Animals facilities, Uni-
versidad de Talca) received food and water ad libitum and were
housed on a 12 h light/dark cycle at 25°C. Animal care and exper-
imental protocols of this study were approved by the Animals
Bioethical Committee of the Universidad de Talca and conducted
in accordance with the recommendations of the European Union
regarding animal experimentation (Directive of the European
Council 86/609/EC).

2.2. Experimental groups and partial liver ischemia-reperfusion
surgery

The rats were orally supplemented for 7 days with EPA
(270 mg/kg) plus DHA (180 mg/kg) (General Nutrition Corp., Pitts-
burg, PA). Control groups received isovolumetric amounts of saline
solution. On day 8 after supplementation, rats were anaesthetized
with an intraperitoneal injection (ketamine 15mg/kg, xylazine
3mg/kg and acepromazine 2.5 mg/kg). IR was induced by tem-
porarily occluding the blood supply to the liver by means of a
Schwartz clip (Fine Science Tools, Vancouver, Canada)for 1 has pre-
viously described [9]. This was followed by up to 48 h of reperfusion.
Control animals were subjected to anesthesia and sham laparo-
tomy. Four experimental groups were designed: (a) Control-Sham,
(b) Control-IR, (c) w3-Sham and (d) w3-IR. Two sets of animals were
evaluated: (a) survival analysis (9 animals for each experimen-
tal group), during the performance of the experimental protocol,
the animals were supervised for physiological functions (exter-
nal appearance, nutritional conditions, behavior and abnormality
of feces) by a veterinarian. All animals were weighed daily from
the beginning to the end of the experiment. From the standpoint of
animal welfare, the rats that had poor health conditions were euth-
anized. For all groups, the final point was 48 h post ischemia; (b)
cellular and molecular analysis (7-9 animals for each experimen-
tal group), to evaluate the action of EPA + DHA, blood samples were
obtained by cardiac puncture for serum AST, ALT, 8-isoprostane
and cytokine assessments. At the same time, liver samples were
extracted from the medial lobes, frozen in liquid nitrogen, stored
at —80°C and cut in two pieces. One half was fixed by 10% forma-
lin and used for histopathological analysis, embedded in paraffin
and stained with hematoxylin—eosin (morphology assessment) or
Masson’s Trichrome (connective tissue deposit) stain. The histolog-
ical necrosis was evaluated using the Korourian score (percentage
areas) [10] and the liver fibrosis was analyzed by the modified Ishak
score [11]. The other halves were stored at —80 °C for biochemical
analysis.

2.3. Determination of serum transaminases and 8-isoprostanes

ALT and AST were quantified in plasma through the detec-
tion of NADH at 340 nm by commercially available kits (Spinreact,
Gerona, Spain). 8-isoprostanes were measured in plasma with
the 8-isoprostane EIA Kit (Cayman Chemical, MI, USA) through a

Table 1
Oligonucleotide sequences for quantitative real-time polymerase chain reaction.

Gene symbol  Forward primer Reverse primer
GAPDH 5'- 5'-
TTGTGAAGCTCATTTCCTGGTA-  GGCCTCTCTCTTGCTCTCAGTA-
3 3
TNFo 5-GGTTCCGTCCCTCTCATACA-  5'-
3 AGACACCGCCTGGAGTTCT-
3
IL-6 5-AGTTGCCTTCTTGGGACTGA-  5'-ACTG
3 GTCTGTTGTGGGTGGT-3’
IL-10 5'- 5'-
TGGAGTGAAGACCAGCAAAG-3' GGCAACCCAAGTAACCCTTA-
3
IL-18 5-GCTGTGG 5-AGGTCGTCATCATCCCA
CAGCTACCTATGTCTTG-3' CGAG-3’
Table 2
Summary of the mortality and survival rates at the end of the IR study.
Control IR w3-sham w3-IR
Number of animals used 9 9 9 9
Number of death 0 5 0 1
Survival rate (%) 100 47 100 88

competitive ELISA measurement at a wavelength between 405 and
420 nm according to the manufacturer’s instructions.

2.4. Quantitative real-time PCR

The cytokines were analyzed by quantitative RT-qPCR. Before
PCR, total RNA was processed with RNase-free DNase (AMBION-
Turbo DNA-free kit, Life Technologies, CA, USA). After quantitation
in Nanodrop (Thermo Fisher Scientific, MA, USA) RNA was reverse-
transcribed using Revert Aid Reverse Transcriptase (Thermo
Scientific, Waltham, MA, USA) and qPCR was performed for TNF-
a, IL-6, IL-1B and IL-10 genes with GAPDH as a housekeeping
gene (Table 1). The assay was performed in a Stratagene Mx3000P
(Agilent Technologies, CA, USA) thermo cycler. The thermal cycle
conditions were: 95 °C for 5 min, 40 cycles of 95 °C for 15 s, 60 °C for
45 s and finally, a dissociation cycle. Efficiency of every primer set
was calculated through a serial dilution of a cDNA sample from 10!
to 10~8 in a final reaction volume of 20 p.L. Gene expression level
was measured on a standard curve. Additionally, relative change
was calculated using 2-44Ct methods and normalized to GAPDH.

2.5. Statistical analysis

Sample size was determined by G*Power 3.1 software (All-
gemeine Psychologie und Arbeitspsychologie, Heinrich Heine,
Universitdt Diisseldorf, Germany). The power analyses used
«=0.05 and $=0.2 in a two-sided test. Nine subjects were nec-
essary to assume a standard deviation (SD) of 0.7 and a drop-out
rate of 10% was anticipated. The survival analysis was estimated by
Kaplan-Meier (product limit estimator) and graphed. The low-rank
test for trend (Mantel-Cox) was performed to evaluate survival
functions (level of significance: 0.05). For the other experimental
analyses, values represent the mean + SD for each separate exper-
iment. Comparisons between groups were performed by analysis
by one-way ANOVA. Additionally, Newman-Keuls test was used as
a post hoc to assess differences between the means of the differ-
ent groups. A p-value of less than 0.05 was considered significant.
Statistical analyses were performed using GraphPad Prism 6.0 soft-
ware (GraphPad Software Inc., CA, USA).
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Fig. 1. Kaplan-Meier curve for the survival rate after ischemia surgery. Values were analyzed for statistical significance of differences with Kaplan-Meier survival analysis.

All p>0.05 compared with control values.

3. Results

The number of animals that died and the survival rate at the
end of study (48 h) is summarized in Table 2. There were no sig-
nificant differences in the survival rate between the control and
the w3 groups with a 100%, 100% and 88%, respectively (p <3.41,
Fig. 1). Statistical significance was observed between the control
and IR (100% and 48%, respectively, p<0.0333). 3 administration
was innocuous for rats (w3-sham). The cause of death (including
sacrifices by mercy) was estimated from clinical observation and
histopathological examination. All deaths were related to IR causes
and any other cause of death was excluded.

In agreement with our previous studies [4,9], the histological
assessment showed normal liver histology in control and w3-sham
groups from 20 to 48 h (Fig. 2a), whereas substantial liver necro-
sis, altered architecture and degenerative changes were observed
in the non-supplemented IR animal group (Fig. 2a). Masson’s Tri-
chome staining (Fig. 2b) revealed an exacerbation in extracellular
matrix (ECM) deposits in the IR group. This resulted in the for-
mation of some continuous fibrotic septa at 48 h of reperfusion.
In comparison, the ®w3-IR showed normal architecture with less
necrotic areas compared to the IR group (Fig. 3a). The IR group
showed 27.5%, 25.5% and 27.5% necrotic areas at 20, 24 and
48 h, respectively. In comparison, w3-IR has 12.5%, 12.5% and 7.5%
necrotic areas at the same assayed times (differences among the
groups: p<0.005 for 20 h; p<0.001 for 24 h and p<0.01 for 48 h).
When the fibrotic index was analyzed, the w3-IR group showed
minimal connective deposit in the tissue compared with the IR
group at 24 and 48 h (Fig. 2b). The IR group showed an increase
of fibrotic areas (Fig. 3) over time with a peak at 48 h in compar-
ison with all the other groups, with a mean fibrotic score of 3.5
(p<0.001); 3-IR had a mean score of two and the control group a
score near 0.

ALT and AST levels were significantly increased in the IR group
after liver reperfusion at 3-24 h (Fig. 3c and d, respectively). This
effect was suppressed by w3 over the 48h (p<0.01). ALT values
were normalized at 48 h in all the groups, but AST remained ele-
vated in the IR animals (mean of 302 UI/L+23.5, p<0.01). Plasma
8-isoprostane levels in the control and w3-sham were comparable
throughout the entire experiment (Fig. 4). Isoprostanes showed an
elevation at 3 h of reperfusion in the w3-IR group (p <0.01), which
later declined until reaching control values at 20 h. Isoprostane lev-
els in the IR group were elevated after 3 h and maintained until the
end of study.

The cytokine tissue levels were evaluated by RT-qPCR. TNF-a
(Fig. 5a) and IL-13 (Fig. 5b) increased at 20 and 48 h in the IR group
compared to the control. The EPA+DHA administration reduced
these effects. IL-10 (Fig. 5¢) showed a significant increase in the

®3-IR group at 20 h with a normalization of the IL-10 values at the
end of the study. The IR group had no statistical differences with
the control in all the assayed times.

4. Discussion

In this study, the main idea was to assess the beneficial effect
of omega-3 fatty acids on survival in IR liver injury in an animal
model. In order to estimate the potentially harmful effect of liver
IR on survival, the animals were divided into four groups. Then,
they were analyzed until 48 h after ischemia. The survival rates
are directly related with the damage caused by IR. IR is a pro-
cess associated to the initial damage caused to tissue when oxygen
blood flow and nutrient delivery are deficient. In the liver, the IR
injury occurs in medical-surgery situations like vascular exclusion,
hepatic trauma and clamping during hepatectomy [4,14]. It was
previously reported that supravisceral aortic clamping, intestinal
cold ischemia, and fatty liver plus IR generated a decreased sur-
vival rate due to surgical damage [12,13,15]. In this study, it was
found that w3 attenuates the IR and organ damage, resulting in
an increased survival rate, mitigating the effects of hepatic injury
induced by long-stage reperfusion.

The mechanism for the w3-improved survival was related to the
inhibition of the inflammatory response with an anti-inflammatory
compensatory effect. This indicated a primary inflammation deac-
tivation response with a possible return to homeostasis, which is
a situation that apparently fails in the non-supplemented animals.
This shows an exacerbation of TNF-a and IL-1f3 with death as a
final result. IL-10 is one of the most effective anti-inflammatory
cytokines with important counterbalancing hyperactive immune
responses to protect body cells and organ damage [16,17]. Through
histological findings, pre-treatment with w3 resulted in less tis-
sue damage related to an early expression of IL-10 and a decrease
in TNF-a leading to a reduction of hepatotoxicity and a modu-
lation of the inflammatory cascade [18-20]. The suppression of
inflammation by w3 is complex; w3 suppresses inflammation by (a)
competing with w6 for cyclooxygenase and lipoxygenase-mediated
inflammatory eicosanoid production; (b) forming COX-generated
w3 eicosanoids that bind weakly to eicosanoid receptors; and
(c) forming anti-inflammatory/pro-resolving w3 derived oxylipins,
e.g., resolvins, protectins [7].

The immune response observed in this study would be directly
related with Kiipffer cells’ activity, which are specialized M®s
located in the liver. Activation and functions of these M®s are
down-regulated by several factors including the tumor growth fac-
tor (TGF)-@3, IL-4, IL-13, and IL-10. This last one appears to exert
the most important effects [21]. It has been reported that IL-10
can also down-regulate the expression of NF-kB, inhibiting the
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Fig. 2. EPA plus DHA inhibited ischemia-reperfusion liver injury in Sprague-Dawley rats. Representative micrographs of H&E (a) and Masson’s Trichrome (b) staining.

Representative images. Magnification at 400x.

proinflammatory cytokine synthesis [22]. Also, TGF-f and IL-10
have induced the activation of a subtype of M®s (M2, a phenotype
associated to anti-inflammation) that mediates (Th1/Th2) immune
responses [23]. Several lines of evidence show that M1 Kiipffer
cells induce liver damage for their ability to secrete proinflam-
matory factors (e.g., TNF-a, IL-6), reactive oxygen species (ROS)
and inducible oxide nitric synthase [24]. Furthermore, it has been
reported that the M1 M®s phenotype can aggravate liver injury
[25]. Recently, studies have shown that mice with a depletion of
M2 Kiipffer cell pathways had delayed repair in liver injury because
IL-10 was not released [26]. Moreover, M2 Kiipffer cells interplay

with bona fide stem cells or progenitor cells to contribute to liver
repair [27]. According to our data, we can postulate that EPA+DHA
generates a polarization of Kiipffer cells towards the M2 phenotype,
resolving the inflammatory response and promoting tissue repair.

The resolution of inflammation involves the termination of
neutrophil recruitment, counter-regulation of proinflammatory
mediators, stimulation of M®s-mediated clearance, and tissue
remodeling. In other words, they actively dismantle the inflamma-
tory cascade, leading the “come back” to homeostasis and tissue
function [28,29]. Serhan and Chiang [30] postulate that the resolu-
tion of inflammation is related to DHA/EPA lipid mediators, coined
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resolvin, protectins and maresins. They have the ability to stimu-
late the resolution of inflammation without immune suppression
[30], limiting PMN infiltration and stimulating phagocytosis and
the uptake of apoptotic cells [31-33]. Moreover, Maresin 1, a DHA
lipid derivative, mitigates acute carbon tetrachloride-induced liver
injury in mice with the depletion of ROS activity and enhances IL-
10 [34]. The presence of these lipid derivatives could explain the
positive effects observed by the EPA+DHA administration in this
study.

In addition, histopathological changes in connective tissue
deposits undergoing IR were analyzed. An accumulation of con-
nective tissue was observed, which resulted in the formation of
some continuous fibrotic septa by collagen ECM deposit, necrosis
and alterations in the central vein. This situation was not exhib-
ited when w3 was supplemented. ECM regulates various cellular
functions, such as differentiation, proliferation, and survival. A
deregulation of ECM production and proteolysis is often associated
with the development of a liver pathology, associated to a persis-
tentinflammatory response and an increased accumulation of ECM.
This deregulation progressively replaces the liver parenchyma by
scar fibrotic tissue [35]. Additionally, it has been described that
animals that gradually increase hepatic ECM is associated with
a progressive systemic derangement, splanchnic hemodynamic
changes and altered serum concentration of transaminases, similar
to events observed in humans [36].

Recent data has shown that EPA and/or DHA have beneficial
effects on the liver in several aspects but the number of studies
focusing on the effects on liver regeneration is relatively few. Firat
et al.,, demonstrated that w3 alleviates the oxidative stress that
resulted during the regeneration process of the liver and propose
that the suppression of IL-1 and TNF-« are in part responsible for
the retardation in liver regeneration [37]. The data reported here

-A&° w3-sham
V¥ w3-IR

-@- control
250, M IR

(pg/mL)

Plasma Isoprostanes

0 3 20 24 438

Reperfusion (hours)

Fig. 4. Effect of w3 supplementation on the plasma levels of 8-isoprostanes after
hepatic IR, as a function of the reperfusion time. Data are expressed as means & SD
(n=7-9 per experimental group). p <0.05 versus values at time 0, 20, 24 and 48 h of
reperfusion. All statistical analyses were done by one-way ANOVA followed by the
Newman-Keuls’ test. *p <0.05.

supports the role of w3 in the prevention of extended stages of IR.
The w3 administration prevented and promoted the restoration of
the liver tissue of the animals subjected to liver injury, observed
by recovering the liver architecture and depleting inflammation.
The effects in this study may be due to the return to homeostasis
that was mediated by the production of w3 lipid derivatives. These
derivatives reduce proinflammatory cytokines with an increase in
IL-10, probably by promoting a M2 over M1 Kiipffer cells pheno-

type.
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Abbreviations
ALT alanine aminotransferase

AST aspartate aminotransferase

DHA docosahexaenoic acid

EPA eicosapentaenoic acid

GAPDH glyceraldehide-3-phosfate dehydrogenase
IR ischemia-reperfusion

KC Kiipffer cells

Ms macrophages

NADH nicotinamide adenine dinucleotide
NAFLD non-alcoholic liver disease

ROS reactive oxygen species

RT-qPCR real time quantitative polymerase chain reaction

TGF-B  tumor growth factor beta
TNF-o  tumor necrosis factor
w3 the omega-3 fatty acids
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