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ABSTRACT
We examined the effect of dietary fats on the kinetics of liver regeneration after one-third partial hepatectomy (PH) in
male Balb/c mice. Corn and olive supplemented diets were chosen as a model of n-6 and n-9 diets. Phospholipid fatty
acids were determined by gas chromatography (GC) after previous fractionation by solid-phase extraction using aminopropyl (NH2) column, and data were analysed by nonparametric Kruskal-Wallis test. Diet enriched with corn and olive
oil did not affect the balance of lipid disorders during liver regeneration after 1/3 PH. Desaturases activity direction has
changed depending on the used diet. The key role in the alteration of the polar fatty acids profile at all stages of liver
regeneration and examined dietary fats is played by activity of stearoyl-CoA desaturase (SCD).
Keywords: Fatty Acids; Phospholipids; One-Third Partial Hepatectomy; Olive Oil; Corn Oil; Diet

1. Introduction
Phospholipids (PL) are a class of lipids that are important
in the structure and function of all biological membranes.
Changes in the phospholipid fatty acids (PL-FA) profiles
have a wide range of effects related to the integrity of
cellular membranes, such as the membrane structure and
fluidity, the activity of membrane enzymes and the affinity of growth factor receptors. Fatty acids (FA) act as
signalling molecules involved in cell proliferation and/or
apoptosis 1,2. Polyunsaturated fatty acids (PUFA) coordinate hepatic lipid synthesis and oxidation by suppressing the transcription of hepatic genes 3,4.
Dietary fats play a dual role in the human and animal
physiology; as a source of energy and structural components of cells. As a regulator of gene expression that impacts lipid, carbohydrate and protein metabolisms, as
well as cell growth and differentiation 5.
It was observed that the liver is highly responsive to
changes in dietary lipid composition 6. The quantity of
fat intake or its composition impact several physiological
systems, many of which are cell and tissue specific. Unbalanced dietary fat intake has been implicated in the
induction and progression of several chronic diseases
both in liver and most other intact tissues.
Copyright © 2012 SciRes.

Liver regeneration is a complex physiological response to hepatic injury during which the remnant organ
initiates a series of reactions in order to re-establish the
hepatic-dependent homeostasis and promote cell growth.
Partial hepatectomy (PH) is the most frequently used model to study liver regeneration and the molecular signalling and factors involved in the proliferation of all existing mature cell populations resident in the remaining
organ. Cell proliferation begins very early during rat liver
regeneration, peaking for hepatocytes at 24 h and the
remnant liver undergoes almost complete restoration of
the lost mass and function by about one week. The degree of hepatocyte proliferation is directly proportional to
the degree of injury. Membrane proliferation is a common feature of programmed cell death and implies major changes in the metabolism, traffic and re-modelling
of intracellular membranes and their lipid constituents
7-9.
Our in vivo study was primarily directed to understanding possible alterations of the disorders in the lipid
homeostasis in the liver caused by 1/3 PH. Further analysis was included into examination of the differences in
the ongoing regeneration of the liver under the influence
of n-6 and n-9 diets reflected to the polar fatty acid profiles.
FNS

Olive and Corn Oil Enriched Diets Changed the Phospholipid Fatty Acid Composition
in Mice Liver after One-Third Hepatectomy

2. Materials and Methods
2.1. Chemicals and Reagents
All the used chemicals and reference compounds for gas
chromatography (GC) were purchased from Sigma (St.
Louis, MO, USA) and were of the highest reagent grade
available. A compound used for the formulation of diets,
the extra virgin olive oil sample was obtained from Agroprodukt d.o.o. (Pula, Croatia) and the refined corn oil
sample was obtained from Oleifico Zucchi S.p.A (Cremona, Italy). Extra virgin olive oil had 279 mg/kg of
total polyphenols.
The solid-phase extraction cartridges, NH2 (Bond Elut,
3 ml volume, 500 mg sorbents) used for the lipid classes
separation were purchased from Varian (Harbor City, CA,
USA).

2.2. Diets and Animals
Stock standard diet (pellet, type 4RF21 GLP, Mucedola,
Settimo Milanese, Italy) was used as the standard diet in
all experiments. Olive oil (FOO) and corn oil (FCO) were
added to the stock standard diet to a 5% w/w.
Diets were freshly prepared once a week by the addition of the appropriate amounts of oils, gasses with N2
and stored at 0˚C - 4˚C to minimize fatty acid degradation. FA composition in the used dietary oils (as FA percent) is shown in Table 1.
Table 1. Fatty acid composition of the used dietary oils.
Fatty acids (g/100g oil)
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Male Balb/c mice (Medical Faculty, Rijeka, Croatia),
at the age of 2 - 3 months and weight of at least 25 to 30
g, were acclimated for 1 week at the temperature (21˚C 23˚C) and in a humidity controlled facility on a 12 h
light/dark cycle. After the acclimatisation period, animals
were divided in three dietary groups: group 1 (Control)
standard diet fed mice; group 2 (FOO) olive oil fed mice;
group 3 (FCO) corn oil fed mice. Groups 2 and 3 were
fed FOO and FCO diet for 3 weeks. Dietary groups had
their own separate control group that was killed before
implemented hepatectomy. After they were hepatictomized, each dietary group animals were further divided
into three groups having 6 animals each and killed 1-d,
2-d and 7-d post PH. 1/3 PH (or 30% PH) consisted of
the removal of the median liver lobe. To avoid possible
diurnal variability, all operations were performed between 8:00 - 9:00 a.m. The non-regenerated regions of
the liver was removed by plastic instruments for analysis
from the same region in all cases, washed several times
with a saline solution (0.9% w/w, NaCl) to remove blood,
immediately weighed and stored at –80˚C until the analysis. Sham operated animals (SH, n = 6) received the
same treatment as partial hepatectomized mice, but without hepatectomy (laparotomy only). Body weight and
food intake were monitored during the study.
All procedures with animals were designed and performed in consideration of its relevance to the improvement of human or animal health and advances of knowledge for the good of society. The acquisition, care and
use of animals were in accordance with current federal
laws and regulations. The use of animals in research
conformed to the highest ethical, humane and scientific
standards. Experimental procedures followed the guidelines for Animal Experiments of the Medical Faculty
University of Rijeka, as well as the relevant Laws (NN
135/2006) and Notifications (paragraph 25) of the Croatian Government, and were approved by the Medical
Faculty Ethics Committee.

Olive oil

Corn oil

C 14:0

nd

0.01

C 16:0

11.36

13.63

C 18:0

2.66

1.44

C 20:0

0.43

0.14

C 22:0

nd

0.05

C 24:0

0.09

0.07

 SFA

14.54

15.49

C 16:1n-7

0.93

0.06

2.3. Lipid Analyses

C 18:1n-9

74.48

25.37

C 20:1n-9

0.38

0.97

The FA composition of the dietary oil was determined
according to the modified EC Regulation 2568/91 10
by GC analysis within 5% coefficient of variance. Oils,
which were subjected to analysis, were heated under reflux with 2 M methanol-hydrochloric acid at 100˚C during 4 h. The obtained FAME were extracted with petroleum ether, passed through anhydrous sodium sulphate
and evaporated in a rotating evaporator to dryness. Test
portions, in the form of the FAME were performed in
duplicate and 1 l of each sample solute in hexane was
injected.
Total lipids were extracted from tissues with chloroform/methanol (2:1, by vol) according to Folch et al. 11

C 22:1n-9

nd

0.76

 MUFA

75.79

27.16

C 18:2n-6

9.00

57.06

 n-6

9.00

57.06

C 18:3n-3

0.67

0.30

 n-3

0.67

0.30

 PUFA

9.67

57.36

n-6/n-3

13.43

190.20

C 18:0/C 18:1n-9

0.04

0.06

nd: not detected.
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containing 0.01% butylated hydroxytoluene (BHT) as
antioxidant. The PL FA composition in the examined
tissues was determined according to Giacometti et al.
12. The lipid extracts were fractionated and purified by
solid-phase extraction (SPE) and polar lipids separated
on the NH2 column. FA of the polar lipids were transmethylated with methanol/n-hexane/sulphuric acid (75:25:1,
by vol) at 90˚C for 90 min, extracted in petrol-ether and
analyzed by gas chromatography (GC). GC analyses of
FAME were carried out using an Autosystem XL from
Perkin-Elmer with flame-ionization detection (FID). Chromatography software from Perkin-Elmer Nelson (Turbochrom 4, rev. 4.1.) was used for data acquisition from
the FID. An SP-2330 capillary column (Supelco, Bellefonte, PA, USA), 30 m × 0.32 mm I.D., 0.2 m film
thickness, was used. Helium was used as the carrier gas
with split injection (100:1). The analyses were carried
out in programmed temperature mode from 140˚C to
220˚C, at 5˚C·min–1 and then isothermal for 25 min. The
detector temperature was 350˚C and injector temperature
was 300˚C. The results were expressed as a percentage of
individual fatty acids in polar lipid fractions.

2.4. Calculations and Statistics
SFA were calculated as SFA = % (14:0 + 16:0 + 18:0 +
20:0 + 22:0 + 24:0), MUFA as MUFA = % (14:1 +
16:1 + 18:1 + 20:1) and PUFA as PUFA = % (PUFAn-3
+ PUFAn-6).
PUFAn-3 were calculated as PUFAn-3 = % (20:5n-3 +
22:5n-3 + 22:6n-3) and PUFAn–6 as PUFAn–6 = %
(18:2n-6 + 18:3n-6 + 20:2n-6 + 20:3n-6 + 20:4n-6 +
22:4n-6). Delta-9-desaturation index of the C16 (PCD)
was calculated as 16:1n-7/16:0 ratio and delta-9-desaturation index of the C18 (SCD) as 18:1n-9/18:0 ratio.
The rate-limiting step in 20:4n-6 and 22:6n-3 synthesis is
the desaturation of 18:2n-6 and 18:3n-3 by delta-6 desaturase index (D6D). D6D was calculated as D6D =
[(18:3n-6 + 20:3n-6)/18:2n-6] and delta-5 desaturation
index (D5D) was calculated as the 20:4n-6/20:3n-6 ratio.
GC data were evaluated with the StatSoft, Inc. (2008)
STATISTICA (data analysis software system), version 8.0.
Numerical data were expressed as mean  S.D. Differences
between the origin and time-points, and between themselves during PH depending diets in the examined tissues
were analyzed by the nonparametric Kruskal-Wallis test
for multiple comparisons of mean ranks for all groups.
Statistical significance was assumed with a P  0.05.

n-3 levels of 57.06% and 0.3%, respectively. Analysis of
the dietary olive oil showed that it mainly contained
18:1n-9 (74.48%), and the n-6/n-3 ratio was 13.43:1.
These differences, as well as the presence of olive oil
minor substances were the basis for the research impact of
diet during liver regeneration after one-thirds heaptectomy.
Figure 1 shows the dynamics of liver regeneration in
relation to lipids, gravimetrically determined TLL and
PLL in partially hepatectomized mice fed different diets.
Statistically significant changes during PH were found in
the TLL in the FCO diet (P = 0.011), while PLL were observed in the standard diet (P = 0.0007). Compared with
the control, PLL levels increased significantly on the 2-d
and 7-d post PH in the group fed standard diet. Significant differences were also found in the level of PLL on
the 7-d in the FCO and 1-d and 7-d in the FOO compared
to the same point in time in all used diets. We did not find
significant differences either in the level of TLL or PLL
in SH animals and groups control. Similarly there were no
significant changes in liver weight in any of the groups.
We assessed the extent of liver injury 1-d, 2-d and 7-d
post PH by monitoring changes in the PL-FA composition in the liver, as well as the n-6 and n-9 diets impact
on the regenerating liver.

3.1. PL-FA during Liver Regeneration
As presented in Tables 2 and 3, the n-6 FAs were major
FAs in the PUFA fraction in all used diets, where they
found the largest proportion of 18:2n-6 and 20:4n-6.
Compared to the control in the group that was fed standard diet, the level of 18:2n-6 elevated during PH on the
2-d, and thereafter was reduced on the 7-d. However, a
significant enhance in 18:2n-6 was found in the liver on
the 2-d and 7-d. No significant differences were found in
the total liver MUFA during liver regeneration, although
16:1n-7 was significantly increased on the 7-d, and
20:1n-9 on the 2-d post PH. Since the lipid homeostasis
is disrupted by surgical liver injury, in the early stage of
liver regeneration, the PUFA/SFA ratio was significantly
reduced after the 1-d, when PUFA significantly decreased and SFA increased. However, the n-3/n-6 ratio
was markedly reduced on the 7-d. The observation that
1/3 PH promoted the growth of initiated hepatocytes is in
itself interesting in view of the fact that only a half of the
remaining 2/3 of hepatocytes need to respond to proliferation following 1/3 PH. We found a minor change in
desaturase activities during liver regeneration in the mice
fed with standard diet.

3. Results
FA analyses of dietary oils showed (Table 1) that corn
oil mainly contained 18:2n-6 (57.06%) with an n-6/n-3
FA ratio approximately 190:1, consisting of total n-6 and

Copyright © 2012 SciRes.

3.2. n-6 and n-9 Diet Effect on PL-FA during
Liver Regenerations
The dynamics of the PH in mice were significantly dif-
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ferent depending on studied diets, as shown in Table 3.
Compared to the standard diet control liver samples, corn
oil significantly elevated n-6 FA (as 18:2n-6, 20:2n-6,
20:4n-6) and reduced n-3 FA (as 20:5n-3, 22:5n-3,
22:6n-3) in the liver control-FCO samples. Also, 16:1n-7
was decreased, while 18:0 and 20:0 were increased in the
liver control-FCO samples. Olive oil supplemented diet
significantly decreased n-3 FA (as 22:5n-3 and 22:6n-3)
in the liver control-FOO samples compared to the control
fed standard diet.
As Table 3 shows, fatty acid profile of liver regeneration differs depending on dietary fats in the liver. Since
the FCO diet is a model for n-6 diet, we looked for significantly higher amounts of 20:4n-6. Contrary to expectations, a significantly reduced amount of the 20:4n-6
was found only on the 1-d in the FCO diet. Later stage of
liver regeneration significantly increased MUFA and
decreased SFA (on the 7-d) in the groups supplemented
with corn oil in the liver. Dietary oleate, as a major component of olive oil, had beneficial effects on significantly lowering 18:1n-9 in the early regeneration period
(on the 1-d). The level of MUFA in the groups with supplemented diets had a consequence in significant PUFA/
MUFA ratio changes, such as significantly elevated MUFA
and reduced PUFA/MUFA ratio in the later stage (7-d) in
the FCO diet, and significantly reduced MUFA and elevated PUFA/MUFA ratio in the early stage (1-d) in the
FOO diet group.
Hepatocyte levels of oleic acid are controlled by both
elongation and desaturation pathways, where the elongation pathway is not a constitutive. Depending on the used
diets, important differences in hepatic activity were found
neither in delta-5 desaturase (D5D) nor delta-6 desaturase (D6D) in the control-FCO and control-FOO samples.
However, significant changes were found depending used
diet. In the standard diet group, palmitoyl-CoA desaturase (PCD) was significantly increased on the 7-d. FCO
diet affect on the D6D lowering on the 1-d and 2-d, and
PCD enhancement on the 7-d. FOO diet significantly reduced stearoyl-CoA desaturase (SCD) and D6D activity
on the 1-d and PCD elevated on the 7-d as reported in
Table 3 and Figure 2.

4. Discussion
Figure 1. Effect of different diets on total liver lipids (TLL)
and total polar liver lipids (PLL) after partial hepatectomy
(PH) gravimetrically determined. Values are mean ± S.D. of
6 - 8 mice/group; *significantly different from the control
during PH using Kruskal-Wallis test: Multiple comparisons
of mean ranks for all groups (P < 0.05); ***significant differences between same time-point PH in the standard diet,
FCO and FOO-diet groups using Kruskal-Wallis test: Multiple comparisons of mean ranks for all groups (P < 0.05).
solid line: TLL; dotted line: PLL.
Copyright © 2012 SciRes.

After liver damage, the subsequent restoration of liver
function depends on the balance between replication and
metabolism, while synthesis ensures the survival of the
affected organism. The initiation and synchronization of
replication in different types of hepatic cells depend on
the extent of the resection, tissue damage, or both 13,14.
Many studies are based on a 2/3 hepatectomy, where a
greater damage excites a stronger stimulus. The present
smaller stimulus and the absence of liver function of
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Table 2. Fatty acid composition (%) of the total PL and general indices related to the PL FA composition in the mice liver
tissue samples during partial hepatectomy fed standard diet.
Standard diet
Fatty acids

PH
C
1-d

2-d

7-d
*

15.96 ± 1.18*

18:2n-6

13.67 ± 1.31

16.31 ± 0.85

16.12 ± 0.52

18:3n-6

0.42 ± 0.50

0.22 ± 0.14

0.30 ± 0.15

0.24 ± 0.11

20:2n-6

0.18 ± 0.07

0.16 ± 0.04

0.17 ± 0.04

0.25 ± 0.06

20:3n-6

1.17 ± 0.32

0.98 ± 0.27

1.28 ± 0.28

1.37 ± 0.20

20:4n-6

10.89 ± 0.50

8.18 ± 1.68

9.24 ± 1.01

13.46 ± 0.75

22:4n-6

0.11 ± 0.05

0.16 ± 0.12

0.07 ± 0.05

0.20 ± 0.05

 n-6

26.43 ± 1.15

26.01 ± 2.16

27.19 ± 0.97

31.48 ± 1.33*

20:5n-3

0.95 ± 0.28

0.85 ± 0.36

0.94 ± 0.16

0.53 ± 0.14*

22:5n-3

0.66 ± 0.07

0.70 ± 0.14

0.61 ± 0.07

0.45 ± 0.06*

22:6n-3

19.61 ± 1.56

17.81 ± 0.72

17.97 ± 1.44

12.75 ± 1.10*

 n-3

21.22 ± 1.77

19.36 ± 0.28

19.52 ± 1.41

13.72 ± 1.12*

 PUFA

47.65 ± 0.91

45.37 ± 2.10*

46.71 ± 1.79

45.19 ± 1.64*

14:0

0.06 ± 0.02

0.05 ± 0.01

0.07 ± 0.03

0.07 ± 0.02

16:0

25.22 ± 1.16

27.80 ± 1.71*

26.19 ± 1.33

25.05 ± 1.02

18:0

16.14 ± 1.49

16.87 ± 2.07

17.19 ± 0.60

16.37 ± 1.20

20:0

0.33 ± 0.12

0.14 ± 0.12*

0.12 ± 0.06*

0.19 ± 0.07

24:0

0.20 ± 0.21

0.13 ± 0.09

0.09 ± 0.08

0.09 ± 0.04

 SFA

41.94 ± 2.08

44.98 ± 1.44*

43.66 ± 1.10

41.77 ± 1.09

16:1n-7

0.97 ± 0.20

1.36 ± 0.49

1.18 ± 0.20

1.35 ± 0.24*

18:1n-9

9.39 ± 1.51

8.83 ± 1.69

8.12 ± 0.74

11.57 ± 2.38

20:1n-9

0.04 ± 0.09

0.21 ± 0.10

0.33 ± 0.11*

0.11 ± 0.03

 MUFA

10.40 ± 1.58

10.39 ± 2.09

9.62 ± 0.81

13.04 ± 2.52

PUFA/SFA

1.14 ± 0.08

0.99 ± 0.09*

1.07 ± 0.07

1.08 ± 0.03

PUFA/MUFA

4.66 ± 0.63

4.44 ± 0.86

4.89 ± 0.58

3.60 ± 0.81

n-3/n-6

0.84 ± 0.11

0.79 ± 0.09

0.74 ± 0.06

0.45 ± 0.04*

SCD

0.59 ± 0.15

0.54 ± 0.16

0.47 ± 0.05

0.71 ± 0.18

PCD

0.04 ± 0.01

0.05 ± 0.01

0.04 ± 0.01

0.05 ± 0.01*

D6D

0.12 ± 0.06

0.08 ± 0.02

0.10 ± 0.02

0.10 ± 0.02

D5D

10.14 ± 3.91

8.81 ± 2.39

7.66 ± 2.74

10.07 ± 1.92

Indices

*

Values are area per cent (mean ± S.D. of 6 mice/group); significantly different from the control during PH using Kruskal-Wallis test: multiple comparisons of
mean ranks for all groups (P < 0.05). Abbreviations: PUFA-polyunsaturated fatty acid; MUFA-monounsaturated fatty acid; SFA-saturated fatty acid; SCDdelta-9 desaturase index of the 18:0; PCD-delta-9 desaturase index of the 16:0; D6D-delta-6 desaturase index; D5D-delta-5 desaturase index.
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Table 3. Fatty acid composition (%) of the total PL and general indices related to the PL FA composition in the mice liver
tissue samples during partial hepatectomy fed FCO and FOO diets.
FCO diet
Fatty acids

FOO diet
PH

PH

C-FCO

C-FOO
1-d

18:2n-6

17.46 ± 1.06

**

2-d

20.16 ± 1.07

*

7-d

18.40 ± 1.22

1-d

17.38 ± 1.57

13.64 ± 1.17

16.31 ± 0.85

*

2-d

7-d

14.23 ± 1.04

14.34 ± 1.11

*

0.26 ± 0.07

0.26 ± 0.08

18:3n-6

0.36 ± 0.03

0.41 ± 0.21

0.40 ± 0.13

0.32 ± 0.13

0.37 ± 0.09

0.12 ± 0.06

20:2n-6

0.35 ± 0.02**

0.36 ± 0.07

0.30 ± 0.06

0.43 ± 0.04

0.18 ± 0.02

0.16 ± 0.04

0.16 ± 0.02

0.24 ± 0.08

20:3n-6

1.52 ± 0.15

1.03 ± 0.25 *

1.13 ± 0.39

1.31 ± 0.20

1.52 ± 0.15

0.89 ± 0.26*

1.21 ± 0.57

1.46 ± 0.17

10.51 ± 1.38

14.73 ± 1.61

10.59 ± 1.09

7.98 ± 0.95

9.19 ± 0.80

13.52 ± 1.44

**

10.00 ± 0.66

*

20:4n-6

13.32 ± 0.66

22:4n-6

0.14 ± 0.05

0.29 ± 0.20

0.09 ± 0.04

0.28 ± 0.13

0.16 ± 0.04

0.18 ± 0.17

0.08 ± 0.02

0.28 ± 0.06

 n-6

33.15 ± 0.73**

32.25 ± 0.70

30.83 ± 1.52

34.45 ± 1.44

26.46 ± 0.56

25.64 ± 0.97

25.14 ± 0.93

30.11 ± 2.09

20:5n-3

0.46 ± 0.06**

0.59 ± 0.15

0.50 ± 0.06

0.34 ± 0.17

0.69 ± 0.08

0.79 ± 0.29

0.84 ± 0.21

0.59 ± 0.10

22:5n-3

**

0.49 ± 0.06

0.45 ± 0.07

0.50 ± 0.09

13.65 ± 1.03

15.09 ± 1.01

**

18.58 ± 0.64

15.22 ± 1.74

13.53 ± 1.27

16.80 ± 1.42

14.52 ± 1.06

16.25 ± 1.10**

19.86 ± 0.84

16.51 ± 1.83

14.62 ± 1.29

48.83 ± 1.39

47.63 ± 1.91

48.96 ± 1.17

42.71 ± 1.13

45.50 ± 1.35

41.64 ± 2.32

44.72 ± 2.09

0.07 ± 0.02

0.05 ± 0.02

0.09 ± 0.07

0.07 ± 0.01

0.06 ± 0.02

0.05 ± 0.01

0.06 ± 0.01

0.08 ± 0.01

16:0

23.20 ± 0.63

24.00 ± 1.22

25.04 ± 1.40

23.33 ± 0.79

25.23 ± 1.93

24.02 ± 0.46

25.99 ± 1.27

24.92 ± 1.76

18:0

19.18 ± 0.68**

18.36 ± 1.17

17.93 ± 1.12

16.71 ± 0.85*

16.24 ± 2.48

17.22 ± 0.78

16.98 ± 1.21

14.72 ± 1.03

*

0.18 ± 0.07

*

0.23 ± 0.07

0.12 ± 0.06

0.10 ± 0.05

0.10 ± 0.05

0.44 ± 0.06

0.45 ± 0.05

0.40 ± 0.06

**

15.55 ± 0.96

15.90 ± 1.42

 n-3

15.58 ± 1.50**

16.58 ± 1.00

 PUFA

48.73 ± 1.14

14:0

22:6n-3

20:0
24:0

14.68 ± 1.44

0.56 ± 0.08

**

0.13 ± 0.04

0.17 ± 0.07

0.53 ± 0.17

0.47 ± 0.07

**

0.23 ± 0.18

0.11 ± 0.05

*

0.19 ± 0.06

0.18 ± 0.08

0.12 ± 0.06

0.13 ± 0.04

0.09 ± 0.05

42.28 ± 1.07

41.64 ± 1.25

43.27 ± 2.05

40.01 ± 1.45

0.56 ± 0.13

**

 SFA

43.13 ± 0.74

42.70 ± 1.88

43.33 ± 1.50

40.44 ± 0.66

16:1n-7

0.68 ± 0.08**

0.79 ± 0.12

0.96 ± 0.16

1.20 ± 0.28*

1.04 ± 0.39

0.97 ± 0.16

1.20 ± 0.06

1.65 ± 0.55*

18:1n-9

7.46 ± 0.50

7.38 ± 0.70

7.81 ± 0.62

9.25 ± 1.27

13.97 ± 0.45

11.56 ± 0.99 *

13.48 ± 1.04

13.50 ± 1.10

*

20:1n-9

0.00

0.31 ± 0.12

 MUFA

8.14 ± 0.55

8.47 ± 0.65

0.28 ± 0.08

*

9.04 ± 0.79

*

*

0.14 ± 0.05

0.00

0.33 ± 0.13

10.59 ± 1.48*

15.01 ± 0.77

12.86 ± 0.94 *

15.08 ± 1.09

15.27 ± 1.38

1.09 ± 0.06

0.96 ± 0.10

1.12 ± 0.09

**

0.11 ± 0.04

PUFA/SFA

1.13 ± 0.04

1.15 ± 0.08

1.10 ± 0.08

1.21 ± 0.03

PUFA/MUFA

6.02 ± 0.51

5.79 ± 0.36

5.31 ± 0.62

4.71 ± 0.81*

2.85 ± 0.19

3.56 ± 0.36*

2.72 ± 0.28

2.96 ± 0.37

0.53 ± 0.03

0.57 ± 0.05

0.44 ± 0.04

0.64 ± 0.05

0.78 ± 0.04

0.66 ± 0.05

0.50 ± 0.06

n-3/n-6

0.49 ± 0.05

**

1.01 ± 0.05

0.40 ± 0.04

*

Indices
SCD

0.39 ± 0.03

0.40 ± 0.06

0.44 ± 0.05

0.56 ± 0.10

0.88 ± 0.16

0.67 ± 0.08 *

0.81 ± 0.11

0.92 ± 0.12

PCD

0.03 ± 0.00

0.03 ± 0.01

0.04 ± 0.00

0.05 ± 0.01*

0.04 ± 0.01

0.04 ± 0.01

0.05 ± 0.00

0.07 ± 0.02*

D6D

0.11 ± 0.01

0.07 ± 0.02 *

0.08 ± 0.03*

0.09 ± 0.01

0.14 ± 0.01

0.06 ± 0.02*

0.11 ± 0.05

0.12 ± 0.01

D5D

8.83 ± 1.07

10.47 ± 3.52

10.25 ± 3.76

11.62 ± 2.95

7.04 ± 1.24

9.38 ± 1.61

8.65 ± 3.83

9.35 ± 1.47

Values are area per cent (mean ± S.D. of 6 mice/group);*significantly different from the control during PH using Kruskal-Wallis test: Multiple comparisons of
mean ranks for all groups (P < 0.05); **significant differencess between control, control-FOO and control-FCO using Kruskal-Wallis test: Multiple comparisons
of mean ranks for all groups (P < 0.05). Abbreviations: PUFA-polyunsaturated fatty acid; MUFA-monounsaturated fatty acid; SFA-saturated fatty acid; SCDdelta-9 desaturase index of the 18:0; PCD-delta-9 desaturase index of the 16:0; D6D-delta-6 desaturase index; D5D-delta-5 desaturase index.
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Day after surgery
(a)

Day after surgery
(b)

Day after surgery
(c)

Day after surgery
(d)

Figure 2. Desaturases activity direction of in the FCO and FOO diet compared to the standard diet during PH. *Significantly
different from the control during PH using Kruskal-Wallis test: Multiple comparisons of mean ranks for all groups (P < 0.05);
**
Significant differencess between control, control-FOO and control-FCO using Kruskal-Wallis test: Multiple comparisons of
mean ranks for all groups (P < 0.05); ***Significant differences between same time-point PH in the standard diet, FCO and
FOO-diet groups using Kruskal-Wallis test: Multiple comparisons of mean ranks for all groups (P < 0.05).

small-scale at 1/3 hepatectomy lead to poor possibility of
liver regeneration, and long-term may cause liver damage. This phenomenon is related to the occurrence of
fatty liver and its reduced ability to regenerate. The low
intensity of growth stimuli, such as 1/3 PH, can be very
effective in promoting the liver mass growth, undetectable at 24 h, still low at 48 h, peaked at day 3 and remained well above baseline for at least 5 days. However,
the peak labeling index in response to 1/3 PH was 50%
of that seen with 2/3 PH 15.
The present experimental study was carried out to determine the alterations in the liver polar fatty acids profile after surgical 1/3 partial hepatectomy and possible
changes that were under the influence of dietary fats
during liver regeneration in mice. We hypothesized that
during liver regeneration lipid disorders occur which
affects the desaturase activity, and that would be balanced by the n-6 and n-9 diets. A profile of the timesequential changes in the lipid metabolism as phospholipid fatty acid changes during liver regeneration in the
residual liver were investigated and compared between
animal groups that underwent hepatectomy. Compared
with the control group of each diet, sham-operated mice
showed no significant differences.
FA delivered to the regenerating liver act as a substrate
Copyright © 2012 SciRes.

for the synthesis of phospholipids and cholesterol. The
saturated FA in the residual liver are intensively converted to unsaturated acids, which are essential for the
synthesis of phospholipids and cholesterol 16. Since the
largest proportion of phospholipids is present in cell
membranes, phospholipid fatty acid profiles provided
knowledge about the activities of membrane enzymes
and membrane fluidity. We found that the conversion of
saturated to unsaturated fatty acids was more intense in
all phases of liver regeneration in the groups fed with
corn and olive oil.
It has long been recognized that the regenerating liver
generates signals that couple FA release from peripheral
adipose stores to augmented hepatic FA uptake, which in
turn promotes hepatic lipogenesis 17 and leads to a
rapid accumulation of intracellular triglyceride (TG)
within the regenerating liver 18. The accumulation of
fats in the liver depends on the type and grade of tissue
damage. Liver steatosis is a major factor determining the
outcome after surgery, a consequence of altered lipid
metabolism. Diet and nutrition, in particular the amount
and type of fat intake, are linked to the risk of impaired
lipid metabolism and the possibility of regeneration. The
major part of the beneficial effect of Mediterranean diet
is a high supply of energy from MUFA, mainly from live
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oil (n-9 diet). Linoleic acid as the major n-6 PUFA in the
diet is metabolised in many tissues and tumour cells to
arachidonic acid, as a precursor for eicosanoids, which
are directly responsible for growth stimulation and cytokines promotion by n-6 PUFA. Corn oil, rich in linoleic
acid, increases cell proliferation ~3.5-fold in hepatocytes,
so that olive oil and saturated fats have no significant
effect on hepatocyte proliferation 18. Moreover, corn
oil activates NFB in Kupffer cells via oxidant-dependent mechanisms and in this way probably result early in
subsequent increase in TNF leading to increased cell
proliferation in the liver 18.
Our study showed that desaturases, SCD, PCD and
D6D have a key role in the lipid metabolism during liver
regeneration. Desaturases activities were dependent on
the used diet (n-9 or n-6) and in particular on SCD. During the early stages of liver regeneration (1st day), when
the greatest amount of accumulated fats in the liver was
found, the significant decrease of 18:1n-9 in the FOOgroup compared to the control of the same group was
found. Diet enriched with olive oil significantly reduces
activity SCD and thus lowers the triglyceride levels. Hepatocyte levels of 18:1n-9 is controlled by both the elongation and desaturation pathways, but the strain path is
not a constitutive pathway and cellular levels 18:1n-9 is
not determined solely by changes in the delta-9 de- saturase expression, but also in the change involving D6D.
Regulation of SCD is of physiological importance because the ratio of saturated fatty acids to unsaturated fatty
acids is thought to modulate the membrane fluidity by
changing the composition of the phospholipids of the cell
membranes. Significant decrease of 18:1n-9 on the 1st
day after PH in the group fed olive oil and an increase of
22:6n-3 (and n-3) leads to increased membrane fluid- ity.
Similarly, in the later phase of PH, these fatty acids affect the reduction of membrane fluidity. These results
connect the input of n-9 diet and the level of n-3 fatty
acids in the membranes as results of intracellular metabolism of fatty acids and membrane fluidity in the liver
during regeneration. Changes in membrane fluidity can
lead to alteration in the cell differentiation.
We found a diversity of the SCD activity comparing
the n-6 and n-9 diets during all stages of liver regeneration. The SCD activity was inhibited by the n-9 diet and
activated by the n-6 diet during all examined stages of
liver regeneration. The SCD activity was inhibited by the
n-9 diet and activated by the n-6 diet during all examined
stages of liver regeneration. The n-6 diet activated PCD
more and D6D less in the early stage of liver regeneration while the n-9 diet contributed to the PCD and D6D
inhibition in the later stage.
D6D catalyses the first and rate-limiting reaction of
high unsaturated fatty acid (HUFA) synthesis and thus is
subject to regulation by dietary fatty acids. Dietary PUFA
Copyright © 2012 SciRes.
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suppress the induction of lipogenic genes in the liver,
whereas essential fat-deficient diets such as fat-free diet
and triolein diet (FOO diet) induce these genes 4,19.
When the diet is supplemented with polyenoic FA of the
n-6, n-3 and n-9 families, enzymatic activities of hepatic
D5D and D6D desaturase are reduced in the liver. Thus,
increased degradation of HUFA and demand for membrane phospholipids may at least in part account for the
marked induction of D6D by peroxisomal proliferators.
Consistent with this hypothesis, the induction of desaturases by peroxisomal proliferators was slower than the
induction of fatty acid oxidation enzymes 20,21. Two
transcription factors, sterol regulatory element-binding
protein-1c (SREBP-1c) and PPAR are involved in the
regulation of the D6D gene. SREBP-1c induces a set of
genes for fatty acid and glycerolipid synthesis 22, including all three mammalian desaturases: SCD for MUFA
synthesis 23,24 and D6D and D5D for HUFA synthesis
25,26.
Our initial hypothesis is partially proved to be true.
Corn and olive oil supplemented diets affect the desaturases activities and can be lead to different course of liver
regeneration. The key role in the liver regeneration and
examined dietary fats was SCD activity.
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