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Abstract

AIM: To evaluate the effectiveness of omega-3 polyun-
saturated fatty acid (w-3 PUFA) administration on liver
regeneration after 90% partial hepatectomy (PH) in
rats.

METHODS: w-3 PUFAs were intravenously injected
in the w-3 PUFA group before PH surgery. PH, spar-
ing only the caudate lobe, was performed in both the
control and the w-3 PUFA group. Survival rates, liver
weight/body weight ratios, liver weights, HE staining,
transmission electron microscope imaging, nuclear-
associated antigen Ki-67, enzyme-linked immunosor-
bent assay and signal transduction were evaluated to
analyze liver regeneration.

RESULTS: All rats in the control group died within
30 h after hepatectomy. Survival rates in the w-3 PUFA
group were 20/20 at 30 h and 4/20 1 wk after PH.
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Liver weight/body weight ratios and liver weights in-
creased significantly in the w-3 PUFA group. The struc-
ture of sinusoidal endothelial cells and space of Disse
was greatly restored in the w-3 PUFA group compared
to the control group after PH. In the w-3 PUFA group,
interleukin (IL)-4 and IL-10 levels were significantly
increased whereas IL-6 and tumor necrosis factor-a
levels were dramatically decreased. In addition, activa-
tion of protein kinase B (Akt) and of signal transducer
and activator of transcription 3 signaling pathway were
identified at an earlier time after PH in the w-3 PUFA
group.

CONCLUSION: Omega-3 polyunsaturated fatty acids
may prevent acute liver failure and promote liver re-
generation after 90% hepatectomy in rats.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

The liver is a unique organ with ability to regenerate and
recover its original function after extended resection or
injury. This occurs due to the hyperplasia of the residual
lobes and mitosis of the hepatocytes which are quiescent
under normal conditions™. The development of two-
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thirds partial hepatectomy (PH) in the rat liver by Higgins
and Anderson represented a milestone in the exploration
of liver regenerationm. In this study, we found that 90%
PH was lethal for rats: the cause of death may be asso-
ciated with acute liver failure induced by small residual
liver. Hepatocyte growth factor, platelets and 5-hydroxy-
tryptamine were reported to promote liver regeneration
and ameliorate acute liver failure after 90% hepatectomy
in previous research™,

Fatty acids, as essential nutrients, have a wide range of
biological functions” and omega-3 polyunsaturated fatty
acid (w-3 PUFA) supplementation is also reported to be
involved in modifying the organic biochemical environ-
ment!”. Recently, ©-3 PUFAs were found to play signifi-
cantly protective roles in the liver, cardiovascular system
and kidney” """ and they have been widely used in clinical
perioperative total parenteral nutrition"”, In this study,
we demonstrate that »-3 PUFA plays an important role
in stimulating liver regeneration after 90% hepatectomy
in rats.

MATERIALS AND METHODS

Animals

Sprague-Dawley male rats with weights ranging from 180
to 220 g were purchased from Nanjing University. Rats
were maintained in a temperature-controlled room on a
12 h light-dark cycle, with free access to water and stan-
dard chow. Animals were divided into three groups (# =
6 in each group): the sham group; the control group (rats
without »-3 PUFA treatment); and the »-3 PUFA group
(rats with w-3 PUFA treatment). In the »-3 PUFA group,
rats were injected intravenously (vzz rat tail vein) with -3
PUFA (Fresenius Kabi Corp., Germany) at a dose of 2
mL/kg body weight once 1 d for 2 d before PH sutgery.
Animal experiments were approved by the Institutional
Animal Experiment Committee of Affiliated Drum
Tower Hospital, Medical College of Nanjing University
(China), in accordance with the Regulations for Animal
Experiments at Nanjing University and Fundamental
Guidelines for Proper Conduct of Animal Experiment
and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Cul-
ture, Sports, Science and Technology.

Surgical procedure and anesthesia

Ninety percent hepatectomy was performed in the con-
trol and the w-3 PUFA groups. The procedure is modi-
fied from the Higgins-Anderson operation by removing
the left lateral, left median and right median lobes with a
single ligature (70% PH), and subsequently resecting the
right lateral lobe (20%) and leaving only the caudate lobe.
Hepatectomy was carried out under ether anesthesia.

Liver tissue collection

Six rats from each group were sacrificed and liver tissues
were collected to investigate the effect of -3 PUFA ad-
ministration on liver regeneration. At 12 h, 18 h.and 24 h
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after PH, rats were sacrificed, regenerated liver samples
were collected and wet remnant liver weights were mea-
sured. In addition, liver weight/body weight ratios were
measured (%) for each rat. Mean value was calculated for
each group at each time point. Tissues were divided into
three specimens with one immediately frozen in liquid
nitrogen and the second immersed into OCT compound
and quickly frozen in the liquid nitrogen. The third spec-
imen was fixed in 10% buffered formalin.

Serum parameters

Blood was collected from the peripheral vessels in the
quantity of 1-1.5 mL. Blood was centrifuged for 10 min at
4 °C at 3500 rpm. Supernatants were collected and stored
at -80 C until tested by a serum multiple biochemical
analyzer to measure alanine transaminase (ALT), aspartate
transaminase (AST), alkaline phosphatase, total protein,
serum albumin, total bilitubin and total bile acids.

Histology and immunohistochemistry

Liver tissues, fixed in 10% buffered formalin, were used
for histological and immunohistological analyses. Samples
were stained in hematoxylin-eosin (HE). Liver sections
were also incubated with Ki-67 antibody. OCT compound-
immersed tissue samples were used for detection of liver
sinusoidal endothelial cells (SEC) in the residual liver 24 h
after PH.

Transmission electron microscopy

Livers wete removed 5 min after hepatectomy. The liver
was cut into small pieces (approximately 1 mm) and the
specimens were fixed in 2% glutaraldehyde in 0.1 mol/L
phosphate buffer, pH 7.4, and post-fixed in 1% OsOs in
0.1 mol/L phosphate buffer. The specimens were dehy-
drated through a graded series of ethanol, passed through
propylene oxide and embedded in EPON 812. Ultra-thin
sections mounted on copper grids were stained with ura-
nyl acetate and lead citrate, and then were observed under
a Hitachi H-7000 transmission electron microscope.

Enzyme-linked immunosorbent assay

Serum samples were collected and stored at -80 'C and
serum tumor necrosis factor-a, (TNF-q), interleukin
(IL)-4, IL-6 and IL-10 were quantified using commer-
cially-available enzyme-linked immunosorbent assay kits
(Becton, Dickinson and Company, United States). Serum
TNF-q, I1.-4, I1.-6 and 11.-10 levels were measured in the
control group and the w-3 PUFA group.

Western blotting

Liver tissue extracts were prepared from the liquid ni-
trogen frozen specimens as previously described. West-
ern blotting was developed using polyclonal antibodies:
phosphoserine Akt, total Akt, phosphotyrosine signal
transducer and activator of transcription 3 (STAT3), total
STAT?3, phosphotyrosine glycogen synthase kinase (GSK)
and total GSK.
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Figure 1 Survival rates in the control and the omega-3 polyunsaturated
fatty acid groups. All rats from the control group died within 30 h after hepatec-
tomy. In contrast, in the omega-3 polyunsaturated fatty acid (w-3 PUFA) group,
20 (100%) and 4 (20%) rats were alive at 30 h and 1 wk after PH, respectively.
°P < 0.05 vs normal group.

Statistical analysis

All data are expressed as the mean = SD of samples. Sta-
tistical analyses were carried out with the T-test for inde-
pendent samples. In all cases, a P value < 0.05 was consid-
ered significant.

RESULTS

Survival rates

Twenty rats were subjected to PH surgery to examine the
survival rates. All rats from the control group died within
30 h after PH. Four rats from the w-3 PUFA group sut-
vived 1 wk after PH. According to the obtained results,
the survival rates in the w-3 PUFA group after 90% PH
were 100% at 30 h after PH and 20% (P < 0.05) 1 wk af-
ter PH, respectively (Figure 1).

Liver weight/body weight ratios

The ratios of LW/BW and liver weights were significantly
increased at 24 h after PH in the w-3 PUFA group in
comparison with the control group (P < 0.05) (Figure 2).

Serum parameters

Serum ALT and AST levels were increased in both con-
trol and the w-3 PUFA groups at 24 h after PH. There
was a significant difference, with higher levels in the con-
trol group (P < 0.05) (Figure 3A and B). Serum alkaline
phosphatase levels were lower in the w-3 PUFA group
with significant differences at 12 h after PH (P < 0.05) in
comparison with the control group (Figure 3C). Serum
albumin and total protein levels were attenuated in both
groups after PH with more rapidly decrease in the con-
trol group (P < 0.05) (Figure 3D and E). No significant
differences were identified between the control and the
w-3 PUFA groups in the levels of total bilirubin, direct
bilirubin and total bile acids (P > 0.05) (data not shown).

Histological findings
HE staining showed that the structure of liver lobules
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Figure 2 Change in liver weight/body weight ratios and liver weights after
partial hepatectomy. Liver weight/body weight ratios (A) and liver weights (B)
in the control and the omega-3 polyunsaturated fatty acid (w-3 PUFA) group at
12 h, 18 h and 24 h post-hepatectomy. Data are expressed as mean + SD. n =
6 in each group. *P < 0.05 vs normal group.

was severely damaged; hepatocyte swelling and necrosis
of hepatocytes were observed after PH at every time
point in the control group. Nevertheless, hepatocytes and
the structure of liver lobules were greatly restored at 24 h
after PH in the w-3 PUFA group (Figure 4). The number
of Ki-67 positive cells in the liver tissue 24 h after 90%
PH was much higher in the w-3 PUFA group (P < 0.05)
(Figure 5).

Transmission electron microscopy

In the control group, the space of Disse was enlarged
and the structure of sinusoidal endothelial cells (SECs)
was sevetrely damaged at 24 h after PH. However, the
SEC structure and space of Disse were greatly restored

at 24 h after PH in the w-3 PUFA group (Figure 0).

Serum cytokines

Compared with the control group, the level of pro-
inflammatory cytokines 1L-6 and TNF-a significantly
decreased at 18 h and 24 h after PH (P < 0.05). The lev-
els of anti-inflammatory cytokines 1L.-4 and IL-10 signifi-
cantly increased in the w-3 PUFA group at 24 h after PH
(P < 0.05) (Figure 7).

Phosphorylation of Akt, STAT3, GSK343

In the w-3 PUFA group, Akt was phosphorylated in the
samples at 12 h after PH and phosphorylated Akt was
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Figure 3 Serum parameters of the control and the omega-3 polyunsaturated fatty acid groups. Serum alanine aminotransferase (ALT) (A), aspartate amino-
transferase (AST) (B), alkaline phosphatase (C), total protein (D) and albumin (E) levels at 12 h, 18 h and 24 h post-hepatectomy. n = 6 in each group. °P < 0.05 vs

control group. w-3 PUFA: Omega-3 polyunsaturated fatty acid.

increased in the samples at 18 h after PH. In contrast,
phosphorylated Akt expression was much lower at 18 h
after PH in the control group. In addition, GSK3f was
expressed at 12 h after PH in the w-3 PUFA group, which
was much earlier than in the normal group. Moreover, the
expression of phosphorylated STAT3 was much higher
and was sustained longer in the w-3 PUFA group at 12 h,
18 h and 24 h after PH (Figure 8).

DISCUSSION

PH is the accepted gold standard of treatment for benign
and malignant hepatic space-occupying lesions. The pre-
cise liver resection, which is based on preoperative evalu-
ation, meticulous surgical procedure and postoperative
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management, has been well developed. However, acute
liver failure after extended hepatectomy has been shown
to be a major contributor to post-operative mortality
and morbidity"'". Thus, how to control post-operative
liver failure remains an urgent problem to be solved.
It has been shown that w-3 PUFA plays an important
role in gastrointestinal surgery; it can protect hepato-
cytes through inhibiting liver cell peroxidation iz anti-
oxidation and anti-inflammatory mechanisms of action
after PH™'. Nevertheless, no report has shown the ef-
fects of -3 PUFA on liver regeneration and acute liver
failure after extended hepatectomy. Our study is the first
to demonstrate that »-3 PUFA plays a beneficial role on
liver regeneration after 90% hepatectomy, which may of-
fer hope for protecting from post-operative liver failure

July 7, 2012 | Volume 18 | Issue 25 |
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Figure 4 Histopathological examination of rats livers. Swelling and balloon degeneration of hepatocytes were observed at all time points after partial hepatectomy
(PH) in the control group (hematoxylin and eosin staining, original magnification x 400). By contrast, no significant hepatocyte swelling or balloon degeneration were
observed at 12 h after PH in the omega-3 polyunsaturated fatty acid (w-3 PUFA) group (arrow). Hepatocytes are normal and structure of liver lobules was obvious at
24 h after PH.
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Figure 5 Change in Ki-67-positive cells after partial hepatectomy. A: The number of Ki-67-positive cells in the liver tissue 24 h after 90% partial hepatectomy (PH)
was much higher in the omega-3 polyunsaturated fatty acid (w-3 PUFA) group; B: Compared with control group, Ki-67-positive cells were significantly increased in the
w-3 PUFA group 24 h after PH. n = 6 in each group. °P < 0.05 vs control group.
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Figure 6 Change in the structure of sinusoidal endothelial cell after partial hepatectomy. A: Normal structure of liver tissue; B: Space of Disse was enlarged
and the structure of sinusoidal endothelial cell (SEC) was severely damaged at 24 h after partial hepatectomy (PH) in the control group (arrow); C: Compared with
control group, the SEC structure and space of Disse were greatly restored at 24 h after PH in the omega-3 polyunsaturated fatty acid group.
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Figure 7 Change in serum cytokines. Cytokines interleukin (IL)-4 (A) and IL-10 (B) significantly increased at 24 h in the omega-3 polyunsaturated fatty acid (w-3
PUFA) group after partial hepatectomy, while IL-6 (C), and tumor necrosis factor (TNF)-a (D) significantly decreased at 18 h and 24 h after operation in the w-3 PUFA

group. °P < 0.05, °P < 0.01 vs control group.

after clinical extended hepatectomy.

In general, serum parameters are a significant index
to evaluate liver function. Serum AST and ALT concen-
trations are inversely related to the severity of liver dam-
age. Albumin is a marker of synthetic function of the
liver™"™. In this research, both ALT and AST levels were
significantly lower in the -3 PUFA group at 24 h after
PH. In addition, total protein and albumin levels were
higher in the »-3 PUFA at 12 h, 18 h and 24 h after PH.
These results strongly indicate that w-3 PUFA plays a
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protective role in liver function after 90% hepatectomy.
SECs are a type of special endothelium, which not
only take part in the formation of blood vessels' but
also play a key role in hemodynamic changes of the
liver, even physiological and metabolic functions™ .
The structural feature of the SEC is a spindle type of
cell with plenty of clusters of cribriform fenestrae™
which can accelerate the exchange of substances be-
tween hepatocytes and blood plasmam]. -3 PUFA has

been reported to modulate both nitric oxide synthase
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Figure 8 Phosphorylation of activation of protein kinase, signal trans-
ducer and activator of transcription 3, glycogen synthase kinase-3(.
Phosphorylation of activation of protein kinase B (Akt), signal transducer and
activator of transcription 3 (STAT3), glycogen synthase kinase (GSK)-3p in the
control and the omega-3 polyunsaturated fatty acid (w-3 PUFA) groups at 12
h, 18 h and 24 h after partial hepatectomy. Liver lysates at 12 h, 18 h and 24 h
time points in the quantity of 25 g per lane were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were trans-
ferred to polyvinylidene fluoride membrane and then incubated with specific
antibodies. There was stronger phosphorylation of Akt at the 18 h time points
and earlier phosphorylation of GSK3 at the 12 h time points compared to the
control group. Phosphorylation of STAT3 was stronger and lasted longer at all
time points in the w-3 PUFA group.

(NOS) activity and cyclooxygenase expression as antioxi-
dants™*". Oxidative stress and the inactivation of NO by
superoxide anions play an important role in disease states.
NO is synthesized by three distinct NOS isoforms (neu-
ronal, inducible, and endothelial NOS) ®1 The endothelial
NOS I plays physiologically important roles in vascular
homeostasis, such as keeping the vasculature dilated, pro-
tecting the intima from platelet aggregates and leukocyte
adhesion, and combining superoxidelzsj. This procedure
can generate non-toxic metabolite NOs', which could
circumvent oxygen-free radical damage to the integrity of
the structure and function of SECs™”. In our study, the
space of Disse was enlarged and the structure of SECs
was severely damaged in the control group, in contrast
to the favorable integrity of the SEC structure in the ©-3
PUFA group. These results suggest that w-3 PUFA pro-
motes liver regeneration through protecting the structure
of the SEC in the acute phase after hepatectomy.

©-3 PUFA is known to play a crucial role in the func-
tion of the immune system and its receptors such as Toll-
like receptors (TLRs). Recently, TLRs were observed to
influence the development of adaptive immune responses
in T-helper-1 (Th1) and T-helper-2 (Th2) cells which are
characterized by their distinct cytokine patterns including
1I-4, 1L-6, 11.-10 and TNF-q.. Jerin e# al™ suggested that
the intensity of inflammation could be assessed by the
ratio of IL-6/IL-10. In the present study, we showed that
pro-inflammatory cytokines IL-6 and TNF-q, significantly
decreased, and anti-inflammatory cytokines I1L.-4 and
IL-10 significantly increased, in the w-3 PUFA group in
comparison with the control group. TNF-q is produced
mainly by resident hepatic macrophages (Kupffer cells) b
and the expression of IL-6 has been shown to be stimu-
lated in hepatocytes as well as in Kupffer cells™. Activa-
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tion of nuclear factor-kB induced by TNF-q is a key step
in liver regeneration™. 11-6 is also predominantly pro-
duced in Kupffer cells. The role of 1L-6 in liver regenera-
tion has not been clearly defined™. However, it was found
to be one of the strongest inducers of STAT?3 in hepato-
cytes. After 1L-6 binds to its receptor on the hepatocyte
surface, signal transduction occurs by phosphorylation of
cytoplasmic STAT protein 3™, STAT3 is an important
signal pathway in regulating cell proliferation, transforma-
tion and apoptosis of hepatocytes™. A previous study has
shown that a significantly higher mortality rate occurred
in the early phase after 70% PH in STAT3-knockout
mice®. The Akt pathway 1s downstream of growth fac-
tor receptors”, and promotes cell proliferation through
activation of GSK3[ to accelerate nuclear accumulation
of cyclin D1"”. Cyclin D1 can strongly stimulate cell divi-
sion and thus enhance liver regeneration. In the present
study, STAT3 was strongly phosphorylated at 12 h and 18
h after PH in the -3 PUFA group. Phosphorylated Akt
was also detected at 18 h after PH which was much eatlier
and stronger than that in the control group. Our results
demonstrate that »-3 PUFA is responsible for eatlier and
stronger phosphorylation of the STAT3 and Akt in the
signaling pathway. However, IL-6 and TNF-q, key cyto-
kines for liver regeneration, were found to decrease in the
-3 PUFA group. The mechanism of these two opposite
effects on liver regeneration is not clear in the present
study and needs to be clarified in the future.

Taken together, our results provide strong evidence
that intravenous injection of «w-3 PUFA could slow the
progress of acute liver failure through an anti-inflamma-
tory action and significantly promote liver regeneration
after 90% hepatectomy.

COMMENTS

Background

Liver regeneration after the loss of hepatic tissue is a fundamental parameter of
liver response to injury. Omega-3 polyunsaturated fatty acid (w-3) PUFA could
promote liver regeneration as an anti-inflammatory agent.

Research frontiers

Although a previous study has demonstrated that intravenous administration
of w-3 PUFA is beneficial in the treatment of fatty liver in rats, the effect of liver
regeneration was not detected.

Innovations and breakthroughs

This study demonstrated that w-3 PUFA plays a beneficial role in liver regen-
eration. w-3 PUFA decreased the expression of pro-inflammatory cytokines
and increased the expression of anti-inflammatory cytokines. w-3 PUFA could
slow the progress of acute liver failure through its anti-inflammation effect and
promote liver regeneration.

Applications

The results of this study suggest w-3 PUFA can promote liver regeneration in
rats. Further studies are required before applying this treatment to patients with
partial hepatectomy.

Terminology

The w-3 PUFA enter human bodies mainly through consumption of cold-water
fish products, and they have been widely clinically used in total parenteral nutri-
tion treatment.

Peer review

Itis of interest and importance that w-3 PUFA may contribute to the recovery of
severely damaged livers.
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