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a-Linolenic (ALA) and linoleic (LA) acids are precursors of long chain polyunsaturated fatty acids
(LCPUFAs), FAs with important biochemical and physiological functions. In this process, desaturation
reactions catalyzed by A5- and A6-desaturase play a major role, enzymes that are subjected to
hormonal and dietary regulation. The aim of this study was to assess the influence of a high fat diet
(HFD) on activity of liver A5 and A6 desaturases, in relation to LCPUFA composition in liver and
extrahepatic tissues. Male C57BL/6] mice received control diet (CD) (10% fat, 20% protein and 70%
carbohydrate) or high fat diet (HFD) (60% fat, 20% protein, and 20% carbohydrate) for 12 weeks. After this
time, blood and liver samples were taken for metabolic, morphologic, inflammatory, oxidative stress and
desaturase activity assessment, besides FA phospholipid analysis in erythrocytes, heart, adipose tissue
and brain. HFD significantly increased hepatic total fat, triacylglycerides and free FA content with
macrovesicular steatosis and oxidative stress enhancement, concomitantly with higher fasting serum
glucose and insulin levels, HOMA, and serum cholesterol, triacylglycerols, TNF-a, and IL-6. Diminution in
liver A5- and A6-desaturase activities and LCPUFA depletion were induced by HFD, the later finding
being also observed in extrahepatic tissues. In conclusion, HFD-induced reduction in the bioavailability
of liver LCPUFA is associated with defective desaturation of ALA and LA, with A5- and A6-desaturase
activities being correlated with insulin resistance development. Data analyzed point to the liver as a
major organ responsible for extrahepatic LCPUFA homeostasis, which is markedly deranged by HFD.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

(€22:6 n-3 or all-cis-4,7,10,13,16,19-docosahexaenoic acid, DHA),
two long chain PUFAs (C20-22; LCPUFAs) that have several and

a-Linolenic acid (C18:3 n-3 or 9,12,15-octadecatrienoic acid,
ALA) and linoleic acid (C18:2 n-6 or cis,cis-9,12-octadecadienoic
acid, LA) are essential fatty acids (FAs) for mammals including
humans [1]. These two polyunsaturated FAs (PUFAs) cannot be
biosynthesized from the novo, because the necessary enzymatic
machinery is not available to incorporate a double bond at the n-3
position for ALA and at the n-6 position for LA [2]. ALA is the meta-
bolic precursor of eicosapentaenoic acid (C20:5 n-3 or all-cis-
5,8,11,14,17-icosapentaenoic acid, EPA) and docosahexaenoic acid
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important biochemical and physiological functions. EPA has reg-
ulatory role in the vascular homeostasis and in the protection of
cardiovascular health [3]. DHA is specially concentrated at the
membrane phospholipids of neuronal and visual cells having crucial
roles in the development and function of brain and in visual acuity,
particularly during the perinatal and infant life [4]. Consumption of
oils rich in EPA and DHA (such as fish oil) has been associated with
cardiovascular and cerebral protection [5]. LA is the metabolic
precursor of arachidonic acid (C20:4 n-6 or 5,8,11,14-eicosatetrae-
noic acid, AA), a FA having a key role in inflammation and
immunological responses [6]. AA is also incorporated to membrane
phospholipids, particularly at neuronal and retina levels having,
such as DHA, a significant function during pregnancy and the first
years of life of the newborn [7].
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The transformation of ALA and LA to their respective metabolic
products in mammals occurs through sequential desaturation,
elongation, and partial degradation step [8]. Desaturation is accom-
plished by membrane-bound A-6 desaturase (FADS2) and A-5
desaturase (FADS1), which are non-heme iron containing enzymes
that introduce double bonds at defined carbons of the acyl-CoA
chain, a process that requires molecular oxygen, NAD(P)H, and an
electron transport system [8-10]. A-6 desaturase, the rate-limiting
step for the production of LCPUFA, is known to have desaturation
activity on ALA and LA [10] and to participate in the peroxisomal
production of DHA [9]. Microsomal PUFA elongation is catalyzed by
elongases ELOVL5 and ELOVL2 using shorter (C18-C20) and longer
(C20-C22) acyl-CoA substrates, respectively, which add two carbon
units employing malonyl-CoA as the donor and NADPH as the
reducing agent [8,9]. FA elongation is a four reactions cycle, in which
the initial condensation step catalyzed by ELOVLs constitutes the
rate-controlling process [8]. In mammalian cells, both desaturases
A-6 and A-5 in conjunctions with elongases ELOVL5 and ELOVL2
play critical roles in regulating the degree of insaturation and length
of PUFA derivatives and thereby their functions and metabolic fates,
enzymes that are subjected to hormonal and/or end-product reg-
ulation [8,11,12] and whose activities may experience dietary
influences. Accordingly, the objective of the present study was to
evaluate the effect of a high dietary ingestion of fats (high fat diet,
HFD) on the activity of liver desaturase A-6 and A-5 in association
with the levels of n-3 and n-6 LCPUFAs in the liver and extrahepatic
tissues. These parameters were correlated with HFD-induced
changes in liver morphological characteristics and oxidative stress
status.

2. Material and methods
2.1. Ethics statement

Experimental animal protocols and animal procedures complied
with the Guide for the Care and Use of Laboratory Animals (National
Academy of Sciences, NIH Publication 6-23, revised 1985) and were
approved by the Bioethics Committee for Research in Animals, Faculty
of Medicine, University of Chile (protocols CBA#580 FMUCH and
CBA#0630 FMUCH).

2.2. Animals and diet

Weaning male C57BL/6] mice weighing 12-14 g (Bioterio Central,
ICBM, Faculty of Medicine, University of Chile) were randomly
assigned to each experimental group and allowed free access to
specially formulated control or high fat diets. The composition of the
control diet (CD) (expressed as % total calories) was 10% fat, 20%
protein, and 70% carbohydrate, with a caloric value of 3.85 kcal/g, free
of EPA and DHA. The composition of the HFD was 60% fat, 20% protein,
and 20% carbohydrate, with a caloric value of 5.24 kcal/g, free of EPA
and DHA, and containing 0.7 g of ALA/100 g of diet (Research Diet INC,
Rodent Diet, Product data D12450K and D12492, USA). Supplementary
Table 1S depicts the fatty acid composition of CD and HFD used in this
study. Animals received water ad libitum and were housed on a 12-h
light/dark cycle from days 1 to 84 (12 weeks). Weekly controls of body
weight and diet intake were performed through the whole period. At
the end of the 12th week, animals were fasted (6-8 h), anesthetized
with ketamine and xylazine (150 and 10 mg/kg, respectively), and
blood samples were obtained by cardiac puncture for serum AST, ALT,
glucose, insulin, triacylglycerols, total cholesterol, LDL-cholesterol, and
HDL-cholesterol assessments. Blood, liver, heart, adipose tissue, and
brain samples were frozen in liquid nitrogen for the determination of
FA composition; in addition, liver samples were fixed in phosphate-
buffered formalin, embedded in paraffin, stained with hematoxylin-

eosin and analyze by optical microscopy in a blind fashion describing
the presence of steatosis and inflammation, both graded as absent,
mild, moderated and severe [13].

2.3. Measurements of serum glucose, insulin, cholesterol,
triacylglycerol levels, transaminases (AST and ALT) activities, and
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) levels

Serum glucose (mM), cholesterol (mg/100 mL), LDL cholesterol
(mg/100 mL), HDL cholesterol (mg/100 mL) and triacylglycerol levels
(mg/dL) were measured using specific diagnostic kits (Wiener Lab,
Argentina). A commercial immunoassay kit for mice serum insulin
assessment (uU/mL) was used, according to the manufacturer's
instructions (Mercodia, Uppsala, Sweden). Insulin resistance was
estimated by the homeostasis model assessment method (HOMA)
[fasting insulin (uU/mL) x fasting glucose (mM)/22.5] [14]. Serum
aspartate transaminase (AST) and alanine transaminase (ALT) activities
(units/L) were measured using specific diagnostic kits (Biomerieux SA,
Marcy |,Etoile, France). ELISA kits were used for assessment of serum
levels (pg/mL) of IL-6 and TNF-o (Thermo, Meridian, Rd, USA).

2.4. Assays for oxidative stress-related parameters in liver and
plasma

In anesthetized animals, livers were perfused in situ with a cold
solution containing 150 mM KCl and 5 mM Tris (pH 7.4) to remove
blood for glutathione and protein carbonylation assessments.
Reduced glutathione (GSH) and glutathione disulfide (GSSG) con-
tents were assessed with an enzymatic recycling method [15].
Contents of protein carbonyls, F-2 isoprostanes, and thiobarbituric
acid reactants (TBARs) in liver and the plasma levels of TBARs and
the antioxidant capacity of plasma were measured using specific
kits, according to the manufacturer's instructions (Cayman Che-
mical Company, Ann Arbor, MI, USA).

2.5. Determination of liver A-6 and A-5 desaturase activities

Liver samples frozen in liquid nitrogen were homogenized
(500 mg) in a buffer solution pH 7.9 containing 10 mmol/l HEPES,
1 mmol/l EDTA, 0.6% Nonidet P-40, 150 mmol/l NaCl, and protease
inhibitors (1 mmol/l phenylmethylsulfonyl fluoride, 1 ug/ml aprotinin,
1 pg/ml leupeptin, and 1 mmol/l orthovanadate). Liver homogenates
were centrifuged three at 4 °C, first at 2000 rpm for 30 s, followed by
centrifugation of the supernatants at 5000 rpm for 5 min, and finally at
100,000 rpm for 60 min, to obtain the extracts for desaturase activity
measurements. The activity of A-6 desaturase was assayed by measur-
ing the amount of 18:3, n-6 produced from 18:2, n-6, whereas that of
A-5 desaturase was determined by the amount of 20:3, n-6 being
converted into 20:4, n-6, using albumin-bound fatty acid precursors
(18:2, n-6 and 20:3, n-6) [16]. Desaturase activity was assayed using
1ml of incubation medium containing 4 pmol ATP, 0.1 umol coen-
zyme-A, 1.28 pmol NADH, 2.42 umol N-acetylcysteine, 0.5 pmol nicoti-
namide, 5 umol MgCl,, 62.5 pmol NaF, and 62.5 pmol phosphate buffer
pH 7, supplemented with 100 nmol albumin-bound FA precursor and
1 mg protein of cytosolic extract in a total volume of 100 pl, incubated
at 37 °C for 30 min in a shaking bath. A-6D and A-5D assays were
conducted simultaneously. The reaction was stopped by adding 6 ml of
a methanol/chloroform mixture (2/1 v/v). Freshly prepared heptadeca-
noic acid (17:0; 99%+ pure) was added (20 ug) as internal standard. To
determine the changes in the levels of products or precursors achieved
after incubation, lipids were extracted and derivatized to fatty acid
methyl esters (FAME), which were analyzed by gas-liquid chromato-
graphic analysis, as described previously [17]. The individual fatty acid
methyl ester (FAME) peaks were identified by comparison of the
retention times of the individual fatty acid from an authentic standard
mixture and converted to concentration using the 17:0 internal
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standard. A-6 desaturase (net increase in 18:3, n-6) and A-5 desa-
turase (net decrease in 20:3, n-6) activities were calculated from GC-
FID results as differences between baseline values and those obtained
after 30 min incubation, and results were expressed as nmol/mg
protein/min.

2.6. Fatty acid profile

Quantitative extraction and separation of total lipids from erythro-
cytes, liver, heart, adipose tissue and brain was carried out according
to Bligh and Dyer [18] containing butylated hydroxytoluene (BHT) as
antioxidant. Erythrocytes and tissues samples were homogenized in
ice-cold chloroform/methanol (2:1 v/v) containing 0.01% BHT in an
Ultraturrax homogenized (Janke & Kunkel, Stufen, Germany). Total
lipids from erythrocytes were extracted with chloroform/isopropanol
(2:1 v/v). Phospholipids from liver, erythrocytes, heart, adipose tissue
and brain were separated from total lipid extracts by thin layer
chromatography (TLC) on silica gel plates (aluminum sheets
20 x 20 cm?, silica gel 60F-254; Merck), using the solvent system hex-
ane/diethyl ether/acetic acid (80:20:1 v/v). After the development of
plates and solvent evaporation lipid spots were visualized by exposing
the plates to a Camag UV (250 nm) lamp designed for TLC. The solvent
system allows the separation of phospholipids, cholesterol, triacilgly-
cerols and cholesterol ester according to their relative mobility.
Phospholipid spots were removed from the plate with either diethyl
ether or chloroform/methanol (2:1 v/v), according to Ruiz-Gutierrez
etal [19].

2.7. Preparation and gas chromatographic analysis of fatty acid
methyl esters (FAME)

FAMEs from liver, erythrocytes, heart, adipose tissue, and brain
phospholipids were prepared with boron trifluoride (12% metha-
nolic solution) according to the Morrison and Smith [20], and
followed by methanolic sodium hydroxide (0.5 N) solution. Phos-
pholipids for FAME synthesis were extracted from the silica gel
spots with 15 mL of chloroform/methanol/water (10:10:1) and
evaporated under nitrogen stream. FAME samples were cooled
and extracted with 0.5 mL of hexane.

FAME were separated and quantified by gas-liquid chromatogra-
phy in an Agilent Hewlett-Packard equipment (model 7890 A, CA,
USA) using a capillary column (Agilent HP-88, 100 m x 0.250 mm; LD.
0.25 pm) and a flame ionization detector (FID). The injector tempera-
ture was set at 250 °C and the FID temperature at 300 °C. The oven
temperature at injection was initially set at 140 °C and was pro-
grammed to increase to 220 °C at a rate of 5 °C per min. Hydrogen was
utilized as the carrier gas (35 cm/s flow rate) in the column and the
inlet split ratio was set at 20:1. The identification and quantification of
FAME were achieved by comparing the retention times and the peak
area values (%) of the unknown samples with those of a commercial
lipid standard (Nu-Chek Prep Inc). C23:0 was used as internal standard
(Nu-Chek Prep Inc, Elysian MN, USA) and a Hewlett-Packard Chem-
station (Palo Alto, CA, USA) data system was used for peak analysis.

2.8. Statistical analysis

Statistical analysis was performed with GraphPad Prism 6.0 soft-
ware (GraphPad Prism Software, Inc. San Diego, USA). Values shown
represent the mean + SEM for each experimental group. Evaluations
of normality data distribution was performed using the Shapiro Wilk
test. Assessment of the statistical significance of differences between
mean values was performed by t-test for unpaired data. A p-value less
than 0.05 was considered as significant. To analyze the associa-
tion between different variables, the Pearson correlation coefficient
was used.

3. Results

3.1. HFD-induced changes in parameters related to lipid metabolism,
insulin resistance, pro-inflammatory cytokines, liver morphological
characteristics, and oxidative stress status in liver and plasma

Mice subjected to HFD for 12 weeks exhibited significant increase in
body weight and visceral adipose tissue, with concomitant enha-
ncement in liver total fat and in the content of triacylglycerols and free
fatty acids, changes that coincide with elevated levels of triacylglycerols,
total cholesterol and LDL- and HDL-cholesterol in serum over animals
given a CD (Table 1). Under these conditions, HFD induced higher
plasma levels of glucose and insulin in fasted state, with a substantial
increase in the HOMA index of insulin resistance, a parallel raise in IL-6
and TNF-a, and comparable values of AST and ALT compared to controls
(Table 1). Mice subjected to control diet (Fig. 1A) exhibited normal
histology, whereas those in the HFD group showed macrovesicular
steatosis without indications of an inflammatory response (Fig. 1B).

The evaluation of oxidative stress-related parameters under the
influence of HFD revealed major changes in liver, as evidenced by the
significant diminution in GSH content without changes in that of
GSSG, leading to reduction in total GSH equivalents and in the GSH/
GSSG ratios (p <0.05) (Table 2). Furthermore, the indicators of the
pro-oxidant status of the liver, namely, protein carbonyls, F2-isopros-
tanes, and TBARs were enhanced over controls values (p < 0.05), with
140% to 200% increments in protein carbonyl/total GSH, F2-isopros-
tane/total GSH, and TBAR/total GSH ratios over control mice (Table 2).
These data are in agreement with higher TBARs levels in plasma and
decline in the antioxidant capacity of plasma (p <0.05) (Table 2),
TBARs levels in plasma being correlated with those in liver (r=0.86;
p<0.0001) and with hepatic TBAR/total GSH ratios (r=0.88;
p < 0.0001). Besides, liver TBAR/total GSH ratios were associated with
the HOMA index of insulin resistance (r=0.96; p < 0.0001).

3.2. HFD induces significant changes in liver fatty acid composition
with loss of phospholipid insaturation

The content of hepatic 18:3,n-3 (ALA), 18:4, n-3, 20:3, n-6, 20:4,
n-6 (AA), 20:4, n-3, 20:5, n-3 (EPA), and 22:6, n-3 (DHA) was

Table 1
General and biochemical parameters in control mice and animals subjected to high
fat diet (HFD).

Groups

CcD HFD % effect
General parameters
Initial body weight (g) 146+24 142 +17 -
Final body weight (g) 321434 40.8+3.4 +27
Liver weight (g) 1.42 +0.06 1.81 +0.04 -
Visceral adipose tissue (g) 1.4+ 0.03 54+04 +286
Liver parameters
Total fat (mg/g liver) 385+3.4 99.5+4.7 +158
Triacylglycerols (mg/g liver) 316+ 1.1 84.4+32 +167
Free fatty acid (uM/g liver) 2751 +19.3 705.3 + 445" +156
Serum parameters
Triacylglycerols (mg/dL) 1246+ 7.5 1614 +11.5° +30
Total cholesterol (mg/dL) 70.5+6.8 1214+ 102" +72
LDL-cholesterol (mg/dL) 48.5+4.1 82.7+6.6 +71
HDL-cholesterol (mg/dL) 18.4+2.0 302427 + 64
Fasting glucose (mg/dL) 1253 +43 2304 +7.8 +84
Fasting insulin (units/mL) 5.61+1.2 154+28 +175
HOMA 1.81 +£0.06 88 +11° +386
IL-6 (pg/mL) 34.6+ 6.4 725+91 +110
TNF-« (pg/mL) 241+22 446+41° +85
AST (U/L) 147.5 +10.5 1584+ 12.4 -
ALT (U/L) 742 +5.5 83.2+3.7 -

Values represent means + SEM for 12 mice per experimental group. The groups
were compared by Student's t-test for unpaired data (p <0.05), with significant
differences being indicated by asterisks ().
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Fig. 1. Morphological characteristics in the liver of mice subjected to a control diet (CD) (A) and a high fat diet (HFD) (B). Representative liver sections from a total of 12

animals per experimental group (hematoxylin-eosin; original magnification x 10).

Table 2

Oxidative stress-related parameters in control mice and animals subjected to high fat diet (HFD).

Groups

CD HFD % effect
Liver parameters
GSH (pmol/g liver) 5.80+0.7 3.78 + 04 -35
GSSG (pmol/g liver) 0.44 +0.05 0.42 +0.04 -
Total GSH equivalents (pmol/g liver) 6.68 + 0.8 462405 -31
GSH/GSSG ratio 132+14 8.64+11 -35
Protein carbonyls (nmol/mg protein) 240+0.5 4.03+0.7 +68
F2-isoprostanes (pg/mg protein) 917+ 14 15.66 +2.3" +71
TBARs (nmol/mg protein) 0.07 +£0.01 0.14 +0.01" +100
Protein carbonyl/total GSH ratio (arbitrary units) 0.36 + 0.004 0.87 +0.03° +142
F2-isoprostane/total GSH ratio (arbitrary units) 1.37 +£0.05 3.39+0.15 +147
TBAR/total GSH ratio (arbitrary units) 0.010 + 0.0005 0.030 + 0.0008" +203
Plasma parameters
TBARs (nmol/mg protein) 0.04 +0.01 0.12 +0.04" +200
Antioxidant capacity (mM Trolox equivalents) 1.23 +£0.04 0.86 +0.06" -30

Values represent means + SEM for 10 to 12 mice per experimental group. The groups were compared by Student's t-test for unpaired data (p < 0.05), with significant

differences being indicated by asterisks (). Total GSH equivalents =GSH+2GSSG.

decreased by HFD over that observed with CD (p < 0.05), whereas
total SFA levels exhibited 22% increase (mainly 16:0) and those of total
MUFA remained unaltered (Table 3). Accordingly, total levels of liver
PUFAs, LCPUFAs, n-6 LCPUFAs, and n-3 LCPUFAs were significantly
diminished by 33%, 43%, 41% and 50% by HFD over controls,
respectively (p <0.05) (Table 3). Similar changes were observed in
total liver lipid fraction (data not shown). Total levels of LCPUFAs in
liver exhibited an inversed correlation with oxidative stress status
represented by the respective TBAR/total GSH ratios (r= -0.93;
p<0.0001) and with the index of insulin resistance HOMA (r=
—0.95; p <0.0001).

3.3. Liver A5- and A6-desaturase activities and the respective n-3
and n-6 product/precursor ratios are depressed by HFD

HFD led to 41.6% diminution in the hepatic activity of A-5 des-
aturase (p < 0.05; Fig. 2A) and 61% decreased in that of A-6 desaturase
(p<0.05; Fig. 2B) compared to control values. Calculation of the
respective liver n-3 (EPA+DHA/ALA) (Fig. 2C) and n-6 (AA[LA)
(Fig. 2D) product precursor ratios revealed 43% and 28% reduction
by HFD (p < 0.05), respectively. The activities of A5-desaturase and

A6-desaturase in the studied groups showed a significant correlation
(r=0.81, p<0.0001), parameters that were also associated with the
liver n-6 product/precursor ratios (r=0.82 and r=0.84; p < 0.0001,
respectively), with the contents of total LCPUFAs (r=0.86 and r=0.82;
p<0.0001, respectively), and inversely correlated with HOMA
(r= —0.87 and r= —095; p < 0.0001, respectively).

3.4. Fatty acid composition in erythrocytes, heart, adipose tissue, and
brain is also altered by HFD

Mice subjected to HFD showed changes in fatty acid composition
in erythrocytes, heart (Table 4), adipose tissue, and brain (Table 5)
phospholipids that are similar to those found in the liver. These
changes are represented by (i) increases in the content of SFA in all
tissues (p < 0.05) and (ii) reductions in the levels of total LCPUFAs and
total n-3 LCPUFA over control values (p < 0.05) (Tables 4 and 5).Similar
effects induced by HFD were observed in total lipid fractions from the
studied tissues (data not shown).Total levels of LCPUFAs in liver were
correlated with those in erythrocytes (r=0.87; p <0.0001), heart
(r=0.93; p <0.0001), adipose tissue (r=0.92; p <0.0001), and brain
(r=0.66; p <0.001).
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4. Discussion

Studies employing monogenic or pharmacologically induced obe-
sity models in rodents have limited relevance in human obesity [21],

Table 3
Fatty acid composition of liver phospholipids obtained from control mice and
animals subjected to high fat diet (HFD).

Fatty acid composition (g/100 g FAME)

Groups
Fatty acid CD HFD % effect
16:0 385+3.7 468 +3.6° +22
18:1, n-9 21.5+23 23.6+24 -
18:2, n-6 (LA) 134412 112+ 14 -
18:3, n-6 1.04+0.1 0.86 + 0.05 -
18:3, n-3 (ALA) 112401 0.84+0.1" —25
18:4, n-3 0.23+0.03 0.12+0.02 —48
20:3, n-6 0.19 + 0.01 0.07 +0.03" —-63
20:4, n-6 (AA) 124+ 11 743 + 110" —40
20:4, n-3 0.14+0.01 0.06 +0.01" —57
20:5, n-3 (EPA) 1.04+0.2 0.44 +0.03" -58
22:5, n-6 (DPAn-6) 0.07 +0.01 0.03 +0.01" —-57
22:5, n-3 (DPAn-3) 0.10 + 0.02 0.06 +0.01" —40
22:6, n-3 (DHA) 423104 227402 —46
Total SFA 38.5+45 468 +3.1° +22
Total MUFA 262 +22 29.4+31 -
Total PUFA 353+3.4 23.8+2.7 -33
Total LCPUFA 18.4+2.1 104+ 1.0° —43
Total n-6 LCPUFA 12.7+1.0 752+01" -4
Total n-3 LCPUFA 5.60 + 0.6 2.79+0.04" —-50

Values are expressed as g fatty acid per 100 g FAME and represent t the mean + -
SEM for n=12 mice per experimental group. The groups were compared by
Student's t-test for unpaired data (p <0.05), with significant differences being
indicated by asterisks (). Saturated fatty acids (SFA) correspond to 14:0, 16:0 and
18:0. Monounsaturated fatty acids (MUFA) correspond to 14:1, n-7, 16:1, n-7 and
18:1, n-9. Polyunsaturated fatty acids (PUFA) correspond to 18:2, n-6, 18:3, n-3,
20:4, n-6, 20:5, n-3, 22:5, n-3, and 22:6, n-3; n-6 long-chain polyunsaturated fatty
acids (LCPUFA) are 20:4, n-6; n-3 LCPUFA are 20:5, n-3, 22:5, n-3, and 22:6, n-3;
n-6/n-3 ratio: 20:4, n-6/ (20:5, n-3+22:5, n-3+22:6, n-3).
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with the exception of HFDs comprising < 60% energy as fat in inbred
strains of rodents prone to develop obesity such as AKR/J, DBA/2]J, and
C57BL/6] mice [22]. In agreement with these views, our studies in
C57BL/6Y mice subjected to a HFD with 60% of energy as fat for 12
weeks showed enhancements in body weight and visceral adipose
tissue, with hypertriglyceridemia, hypercholesterolemia, and elevation
of fasting glucose and insulin levels in serum leading to insulin
resistance development, thus resembling human obesity [22,23].
Under these conditions, liver macrovesicular steatosis is induced by
HFD, with increases in the contents of total fat, triacylglycerols, and

Table 4
Fatty acid composition of erythrocytes and heart phospholipids obtained from
control mice and animals subjected to high fat diet (HFD).

Fatty acid composition (g/100 g FAME)

Erythrocyte Heart

Groups Groups
Fatty acid CD HFD (@)) HDF
16:0 216+ 15 258 +1.0° 212+12 258+ 1.0
18:1,n-9 223+24 94+21 210+ 15 209+20
18: 2, n-6 (LA) 123+14 105+ 1.3 141+18 113+ 1.3
18: 3, n-3 (ALA) 115403  098+004 121+008 091+01
20: 4, n-6 (AA) 145+ 11 13.4+05 131+13 123+13
20: 5, n-3 (EPA) 207+02  083+002° 273+004 102+02
22:5,n-6 (DPAn-6)  0.13+0.03 0.06+0.02° 071+012 043 +0.03
22:5,n-3 (DPAn-3) 0.82+0.04 0.04+001 0.65+0.08 0.38+0.07
22: 6, n-3 (DHA) 4.05+0.3 214+0.04 501+02 231+04
Total SFA 39.8+3.2 478+24  384+37  467+24
Total MUFA 25.6+2.8 231+26 248420  244+17
Total PUFA 34.6+3.5 291431 368+29  289+13
Total LCPUFA 21.0+2.2 16.6 + 1.3 214+12 16.3 +0.8
Total n-6 LCPUFA 14.8+0.9 13.6 + 1.1 134408 12.8+0.9
Total n-3 LCPUFA 613+04  298+004 791+04  338+06

Values are expressed as g fatty acid per 100 g FAME and represent the mean + SEM
for n=10-12 mice/experimental group. The groups were compared by Student's t-
test for unpaired data (p <0.05), with significant differences being indicated by
asterisks (). Identification of saturated and unsaturated fatty acids and their
relationships are shown in Table 3.
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Fig. 2. Liver A-5 desaturase (A) and A-6 desaturase (B) activity and product/precursor ratio for n-3 (C) and n-6 (D) LCPUFA from control mice and animals subjected to high
fat diet (HFD). Values represent means + SEM for 8 to 9 mice per experimental group. The groups were compared by Student's t-test for unpaired data (p < 0.05), with

significant differences being indicated by asterisks ().
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Table 5
Fatty acid composition of adipose tissue and brain phospholipids obtained from
control mice and animals subjected to high fat diet (HFD).

Fatty acid composition (g/100 g FAME)

Adipose tissue Brain

Groups Groups
Fatty acid cD HFD cD HDF
16:0 258+ 14 303+11 206+14  27.6+17
18:1, n-9 223415 18.8 + 1.0 211+ 11 191+ 14
18: 2, n-6 (LA) 734+ 0.5 8.20+0.8 406+05 397+04
18: 3, n-3 (ALA) 1.84+04 0.62+004 124406 0.64+01
20: 4, n-6 (AA) 7.96 + 0.3 5.44+0.5 166+17 123408
20: 5, n-3 (EPA) 1.08+0.06 0344002 084+006 0.55+0.04
22:5,n-6 (DPAn-6)  0.09+0.01 0.05+0.01 028+0.02 127+0.3
22:5,n-3 (DPAn-3) 0.08+0.01 0.03 +0.01" 0.41+0.08 0.29+0.07
22: 6, n-3 (DHA) 262402 098+03  101+14 727404
Total SFA 48.1+3.7 57.3+34  414+26 509+31
Total MUFA 30.6 +3.4 26.5+3.0 246+18  227+16
Total PUFA 213+ 19 162+16  340+23 264+18
Total LCPUFA 11.9+0.9 701+06  28.0+25 215+ 16
Total n-6 LCPUFA 8.10+0.5 568+03  169+12 13.6+ 0.8
Total n-3 LCPUFA 3.84+0.2 132+01" 11.0+08  790+04

Values are expressed as g fatty acid per 100 g FAME and represent the mean + SEM
for n=10-12 mice per experimental group. The groups were compared by
Student's t-test for unpaired data (p <0.05), with significant differences being
indicated by asterisks (). Identification of saturated and unsaturated fatty acids and
their relationships are shown in Table 3.

free FAs, but devoid of histological evidence of an inflammatory
response, which agrees with the constancy of serum AST and ALT
levels found after 12 weeks of HFD administration (Table 1) or foll-
owing treatment for 10 to 19 weeks [23]. These data suggest that
steatohepatitis is a late event after chronic exposure to HFDs, which is
fully developed after 34 and 50 weeks [23]. Enhancements in the
levels of TNF-ot, IL-6 (Table 1), and IL-1p [24] in serum and in liver
TNF-a and IL-13 mRNA expression [25] found in mice subjected to
HFD for 12 weeks represent a pre-inflammatory state associated with
its pro-steatotic effect, a response that might be due to activation of
transcription factor NF-kB controlling pro-inflammatory cytokine
expression [25]. HFD-induced liver steatosis was associated with two
major alterations in hepatic physiology, namely, oxidative stress
development and LCPUFA depletion, parameters that exhibited a
significant inverse correlation.

Oxidative stress in the liver of HFD-fed mice is evidenced by
depletion of total GSH equivalents, with a fall in the GSH/GSSG ratio,
and enhancements in protein carbonyl, F2-isoprostane, and TBAR
levels over control values. These data support the establishment of a
higher free radical activity in the liver by HFD, a finding that may be
associated with greater rates of mitochondrial FA oxidation [26] with a
consequent ketogenic response [27,28], as result of the insulin
resistance developed that favors FA oxidation, in addition to the free
FA overload observed, thus representing a nutritional redox imbalance
[29] also occurring in obese patients with liver steatosis [30]. In
addition, upregulation of TNF-o« by HFD may contribute to hepatic
oxidative stress, a cytokine effectively inhibiting mitochondrial
respiration with concomitant reactive oxygen species (ROS) generation
[31,32]. Oxidative stress evidenced by significant 142% to 203%
increments in hepatic protein carbonyl/total GSH, F2-isoprostane/total
GSH, and TBAR/total GSH ratios is associated with related parameters
measured in plasma, a feature that may be of importance in
contributing to the induction of insulin resistance [33].

Depletion of PUFAs is an additional derangement in the liver of
HFD-fed mice affecting both n-6 and n-3 LCPUFAs, as reported in
human obesity [34]. Several mechanisms may trigger liver LCPUFA
depletion after HFD feeding. These include (i) substantial peroxidation
of LCPUFA due to their high susceptibility to free-radical reactions and

the ROS activity achieved, a view that is supported by the inverse
correlation between LCPUFA levels with the oxidative stress status
attained; (ii) reduced availability of ALA in the case of n-3 LCPUFA; and
(iii) defective desaturation and/or elongation of ALA and LA [35]. In
this respect, HFD elicited significant reduction in the A5- and A6-
desaturase activity of the liver, which is associated with the respective
product/precursor ratios of the n-6 and n-3 series of LCPUFAs,
suggesting a functional loss of desaturation capacity. In this respect,
decreases in the desaturation indexes AA/LA and (EPA-+DHA)/ALA
were found in the liver of obese non-alcoholic fatty liver disease
(NAFLD) patients with simple steatosis or steatohepatitis compared to
controls [34], a feature also reported in chronic hepatitis C (CHC)
patients with steatosis over those with CHC without steatosis [36] and
in HIV-infected men with NAFLD compared to healthy controls [37].
HFD-induced diminution in liver A5- and A6-desaturase activity may
be explained by several means including hormonal and dietary
mediated mechanisms. (i) Insulin resistance induced by HFD at the
hepatic level, as reflected in that inhibition of liver glucose production
does not properly respond to insulin thus establishing hyperglycemia,
may downregulate the protein content of A5- and A6-desaturase,
considering that insulin upregulates the mRNA expression of both
desaturases [38]. (ii) HFD-induced depletion of LCPUFAs in liver cell
membrane phospholipids decreasing cell membrane fluidity may
compromise the activity of both desaturases, which are membrane-
bound enzymes localized in the endoplasmic reticulum (ER) [8,39], a
factor proposed to predispose to insulin resistance development [39].
(iii) The enhanced free radical activity induced by HFD in the liver is
likely to produce free radical-protein interactions, as evidenced by the
high levels of protein carbonyls found, an oxidative process that
may involve A5- and A6-desaturases leading to their inactivation
due to protein unfolding followed by proteasomal degradation [40].
(iv) Defective liver desaturase activity can also be accomplished by a
higher-than normal consumption of trans-fatty acids that are effective
A6-desaturase inhibitors [41]. Although this factor is unlikely to play a
role in our study due to the use of commercial diets devoid of trans
isomers, greater levels of elaidic acid (18:1, n-9 trans) were detected in
the adipose tissue from obese patients than in controls [34], a para-
meter considered a suitable biomarker of dietary FA intake [42]. In
addition to HFD-induced liver LCPUFA depletion, hepatic steatosis was
accompanied by a significant increment in the content of SFA, palmitic
acid specifically, a pro-lipogenic condition that may be secondary to
the development of endoplasmic reticulum stress, rather than an
insulin-mediated response due to the high insulin resistant status
achieved [43].

A part from the decreasing effect of HFD on liver A5- and A6-
desaturase activity, a second major finding of our work is that the
HFD-induced depletion of total LCPUFAs is not only observed in the
liver, but in extrahepatic tissues as well, with hepatic total LCPUFA
levels being significantly correlated with those in erythrocytes,
heart, adipose tissue, and brain, besides their direct association with
hepatic A5- and A6-desaturase activities. In this respect, previous
studies have shown that liver is one of the most active organs in the
synthesis and secretion of LCPUFAs from ALA and LA, for provision
for less active tissues [44,45], particularly the brain [46,47]. In fact,
using stable isotope tracer, techniques, it was demonstrated that
liver DHA synthesis rates from ALA markedly exceed brain and heart
DHA synthesis [48], and that only liver is able to upregulate both
DHA synthesis and mRNA expression and activity of desaturases and
elongases when dietary ALA is reduced [49]. It is also interesting to
note that depletion of brain DHA levels is offset by an increase in
C22: 5 n-6 content, a situation described as a way to maintain a
sufficient level of polyunsaturated fatty acids at the neuronal level
[50]. These data support the contention that the liver has a
fundamental role in extrahepatic LCPUFA homeostasis, a function
that may be accomplished by adequate hormonal and end-product
regulation, with involvement of LCPUFA secretion in the form of
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very low density lipoproteins [44,46], which is markedly deranged
by HFD.

In conclusion, using a well-established HFD eliciting metabolic
change leading to liver steatosis in mice, which resemble those in
human obesity, we demonstrate that high dietary ingestion of fats
(i) significantly reduces liver A5- and A6-desaturase activities with
depletion of hepatic LCPUFA levels; and (ii) consequently deranges
extrahepatic LCPUFA homeostasis, pointing to the importance of the
liver as the main site for LCPUFA biosynthesis and secretion. These
findings strengthen the importance of dietary supplementation with
n-3 LCPUFA in the treatment of liver steatosis [51], either alone or in
combination with other nutrients such as B vitamins, antioxidants
(vitamins C and E, selenium) and uridine monophosphate, as recom-
mended for the prevention of cognitive decline in ageing [52].
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