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Polyunsaturated fatty acids (PUFAs) are essential structural components of all cell membranes and,
more so, of the central nervous system. Several studies revealed that n-3 PUFAs possess anti-
inflammatory actions and are useful in the treatment of dyslipidemia. These actions explain the
beneficial actions of n-3 PUFAs in the management of cardiovascular diseases, inflammatory conditions,
neuronal dysfunction, and cancer. But, the exact molecular targets of these beneficial actions of n-3
PUFAs are not known. Mice engineered to carry a fat-1 gene from Caenorhabditis elegans add a double
bond into an unsaturated fatty acid hydrocarbon chain and convert n-6 to n-3 fatty acids. This results in
an abundance of n-3 eicosapentaenoic acid and docosapentaenoic acid specifically in the brain and a
reduction in n-6 fatty acids of these mice that can be used to evaluate the actions of n-3 PUFAs. Gene
expression profile, RT-PCR and protein microarray studies in the hippocampus and whole brain of wild-
type and fat-1 transgenic mice revealed that genes and proteins concerned with inflammation,
apoptosis, neurotransmission, and neuronal growth and synapse formation are specifically modulated
in fat-1 mice. These results may explain as to why n-3 PUFAs are of benefit in the prevention and
treatment of diseases such as Alzheimer’s disease, schizophrenia and other diseases associated with
neuronal dysfunction, low-grade systemic inflammatory conditions, and bronchial asthma. Based on
these data, it is evident that n-3 PUFAs act to modulate specific genes and formation of their protein

products and thus, bring about their various beneficial actions.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fat forms an important component of the body. Sixty percent
of the brain and all cell membranes consist of fat. The fluidity of
cell membranes depends on their fatty acid content: higher the
saturated fatty acids content more the rigidity of the cell
membrane, whereas unsaturated fatty acids render cell mem-
brane more fluid. If the cell membrane is rigid, it will not react in
an optimal way to external stimuli including hormones, growth
factors, and drugs. If the saturated fatty acids in the cell
membrane are replaced by polyunsaturated fatty acids (PUFAs),
its ability to react to the external stimuli will be increased such
that optimal responses to hormones and growth factors could
be seen. This is one of the reasons why n-3 PUFAs can increase
the sensitivity of the cell to hormones and growth factors.
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Furthermore, the improved fluidity and so the plasticity of the
cell membrane can influence the enzyme activity, the number and
function of receptors, and the permeability of the cell membrane
to ions [1-3].

There are two types of PUFAs: n-3 and n-6 and both are
essential for life and cannot be produced in the body and hence,
must be supplied in the food. The number and location of double
bonds seems to be crucial for the function of PUFAs. In general,
n-6 PUFAs form precursor to pro-inflammatory eicosanoids whereas
those derived from n-3 are less pro-inflammatory and hence, have
more favorable effects in the body [1-3]. Traditionally, to obtain
the beneficial actions of n-3 PUFAs, it is recommended that the
supplementation of these fatty acids is given or consumption of
food that is rich in these fatty acids is encouraged. An approach to
eliminate the need of n-3 fatty acid supplementation is to produce
n-3 fatty acids endogenously, ideally from n-6 so that the pro-
inflammatory actions of the later are less and the beneficial
actions of n-3 are augmented. Mammals cannot convert n-6 to n-3
fatty acids since they lack the gene for this purpose. Using
transgenic approach, Kang et al. [4] and Kang [5] heterologously
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expressed the C. elegans fat-1 gene in mice. The resultant mice not
only showed enhanced concentrations of n-3 a-linolenic acid
(ALA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA),
and docosapentaenoic acid (DPA), but also significantly reduced
n-6 linoleic (LA) and arachidonic (AA) acids in muscle, red blood
cells, heart, brain, liver, kidney, lung, and spleen tissues such that
the ratio of n-6 to n-3 dropped from 20 to 50 to almost 1. Despite
such a drastic change in the ratio of n-6 to n-3 the transgenic mice
were found to be normal and healthy. Thus, the fat-1 transgenic
mouse model is ideal to study the effects of tissue n-6/n-3 ratio in
the body. Despite the fact that an increase in the tissue levels of
n-3 fatty acids has several beneficial actions, the exact molecular
mechanism is still elusive.

We hypothesized that increase in tissue concentrations of n-3
fatty acids may alter gene expression and the formation of their
specific proteins to bring about their health benefits. Our previous
findings suggested that diet rich in n-3 PUFA induced specific gene
expression changes in the brain related to different cellular
functions [6-8]. Additionally, altered expression of numerous
genes due to perinatal omega-3 PUFA deficiency have been
already known including overexpression of ZnT3 gene, that caused
abnormal zinc metabolism in the brain [9].

Since n-3 fatty acids have been reported to be useful in the
prevention and treatment of several neurological conditions such
as Alzheimer’s disease and schizophrenia [10-12], we investigated
the changes in gene expression in the hippocampus of wild-type
and fat-1 transgenic mice at the mRNA level on a DNA microarray
platform. To evaluate the significance of the changes in gene
expression observed, we performed quantitative real-time poly-
merase chain reaction (QRT-PCR) of 28 genes which showed
significant changes and proteome analysis by using protein
microarray technology to follow changes in protein expression/
modification in response to the fat-1 gene presence.

2. Materials and methods
2.1. Samples and RNA preparation

Wide-type and fat-1 transgenic male mice (18 weeks old),
housed in a room maintained at 12h light-dark cycles and a
constant temperature of 22+2°C, were fed with standard
laboratory chow. Total RNAs were isolated from hippocampus from
each animal (40 mg tissue each) (6 wide type and 6 transgenic
animals) with NucleoSpin RNA purification kit (Macherey-Nagel,
Diirren, Germany) according to the manufacturer’s instructions.
The quantity and the quality of all RNA preparations were assessed
by gel electrophoresis and spectrophotometry (NanoDrop, Rock-
land, DE, USA). Total RNA was used for microarray analysis as
well as for reverse transcription quantitative PCR. For microarray
analysis 3 pools were generated from each type of animal
(2 animals/pool).

2.2. Analysis of FA composition

Lipids were extracted with chloroform/methanol (2:1, V/V)
from individual animals and were analyzed by HPLC samples
according to the method described by Folch et al. [13]. Methyl
esters of the total phospholipid FAs were prepared by transester-
ification in absolute methanol containing 5% HCI at 80 °C for 2.5 h.
The methyl esters were separated on an FFAP column (0.25 mm
i.d. capillary column 30 m long from Supelco, Bellefonte, PA) in a
Hewlett-Packard Model 6890 gas chromatograph. The measure-
ments were made in duplicates and the averages of the
two measurements were used. Peaks were identified with the

aid of authentic standards from Sigma. The reported data are
means +SEMs of N = 3 independent experiments.

2.3. Quantitative real-time PCR

QRT-PCR was performed on a RotorGene 3000 instrument
(Corbett Research, Sydney, Australia) with gene-specific primers
and SybrGreen protocol as described [14,15]. In brief, 2 pg of total
RNA from each sample was reverse transcribed in the presence of
poly(dT) sequences in total volume of 20 pl. After dilution of the
mix with 80 pul of water, 2 pl of this mix was used as template in
the QRT-PCR. Reactions were performed in a total volume of 20 pl
containing 0.2mM of dNTP, 1 x PCR reaction buffer (ABGene,
Epsom, UK), 5pmole of each primer, 4mM of MgCl,, 1 x SYBR
Green | (Molecular Probes, Eugene, Oregon) at final concentration,
and 0.5 units of thermostart Taq DNA polymerase (ABGene). The
amplification was carried out with the following cycling para-
meters: 600 s heat start at 95 °C, 45 cycles of denaturation at 95 °C
for 25, annealing at 60 °C for 25 s and extension at 72 °C for 20s.
Fluorescent signals were gathered after each extension step at
72°C. Curves were analyzed by the RotorGene software using
dynamic tube and slope correction methods with ignoring data
from cycles close to baseline. Primers were designed by using the
PrimerExpress software (Applied Biosystems). Relative expression
ratios were normalized to the geometric mean of two house-
keeping genes, GAPDH and hypoxanthine phosphorybosyltrans-
ferase. Expression ratios were calculated using the Pfaffl method
[16]. All the PCRs were performed four times in separate runs from
the two time points.

2.4. DNA microarray protocols

2.4.1. Microarray probe preparation and hybridization

For probe preparation, 2 pug of total RNA was reverse tran-
scribed using poly-dT primed Genisphere Expression Array 900
Detection system (Genisphere, Hatfield, PA, USA) in 20l total
volume using 20 Unit RNAsin (Fermentas, Vilnius, Lithuania),
1 x first strand buffer and 200 Units of RNAse H (-) point mutant
M-MLYV reverse transcriptase (Fermentas) [16]. All the other probe
preparation steps were done according to the manufacturer’s
instructions (Genisphere). Both the first step cDNA hybridization
and the second step capture reagent hybridization were carried
out in a Ventana hybridization station (Ventana Discovery,
Tucson, AZ, USA) by using the “antibody” protocol. First
hybridization was performed at 40 °C for 6 h in “FGL2” hybridiza-
tion buffer (10 x Denhart solution, 0.25M sodium phosphate
buffer pH 7.0, 1 mM EDTA, 1 x SSC, 0.5% SDS), then 2.5 pl of each
Cy5 and Cy3 capture reagents were added to the slides in 200 pl
“Chiphyb” hybridization buffer (Ventana) and incubated at 42 °C
for 2 h. After hybridization, the slides were washed in 0.2 x SSC
twice at RT for 10 min, then dried and scanned.

Commercially available mouse-specific oligonucleotide micro-
arrays were used in the study (38.5K Mouse Array- Illumina
MEEBO oligos (25,000 genes and 35,302 70mer oligonucleotide
probes)) www.microarrays.com) (Microarrays Inc., Nashville,
TN, USA).

2.4.2. Scanning and data analysis

Each array was scanned under a green laser (543 nm for Cy3
labeling) or a red laser (633nm for Cy5 labeling) using a
ScanArray Lite (GSI Lumonics, Billerica, MA) scanning confocal
fluorescent scanner with 10 pm resolution (Laser power: 85% for
Cy5 and 90% for Cy3, Gain: 80% for Cy5 and 75% for Cy3) [14].
Scanned output files were analyzed using the GenePix Pro5.0
software (Axon Instruments Inc., Foster City, CA). Each spot was
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defined by automatic positioning of a grid of circles over the
image. For each channel the median values of feature and local
background pixel intensities were determined [16]. The back-
ground corrected expression data (background signals were
subtracted for each channel) was filtered for flagged spots and
weak signal. Technical replicates on the same array were
averaged. Data were excluded in cases where technical replicates
were significantly different. Normalization was performed using
the print-tip LOWESS method [16]. Next we used the one-sample
t-test in order to determine the genes to be regarded as regulated
in response treatment. A color-flip experiment was done for
replication. Color-flip data were normalized and logarithm was
taken from each expression ratio to fulfill the t-test’s requirement
for a normal distribution. Genes for which the mean of log-ratios
across the biological replicates was equal to zero at a significance
level o = 0.05 are considered to have an unchanged expression.
On the other hand, genes having a p-value smaller than « and the
average-fold change (increase or decrease) of the four data points
were at least 2.0-fold was considered as regulated genes.

The distant regulatory elements of co-expressed genes were
analyzed by using the web-based promoter analysis software
DIRE [17].

2.4.3. Protein microarray protocols

Protein microarray studies were performed using Panorama AB
Microarray Cell Signaling Kit (Sigma, Cat. No. CSAA1, Budapest,
Hungary), according to the manufacturer’s instructions. Briefly,
proteins were extracted from freshly removed cerebellum of
transgenic and control mice, each extract was then labeled with
Cy3 and Cy5 monofunctional reactive dyes (Amersham Bio-
sciences), respectively. The free dye was removed from the labeled
samples by applying on SigmaSpin column. The Cy3 and Cy5
labeled samples at equal protein concentrations were diluted in
5ml of incubation buffer and incubated on the microarray for
45 min. Then the microarray was washed 3 times for 5 min with
Protein Array Wash Buffer (Whatman Inc., Sanford, ME). Incuba-
tion and the washing procedures were done at room temperature
in dark on a platform shaker. The microarray was scanned in both
the Cy3 and Cy5 channels using ScanArray LITE (GSI Lumonics,
Billerica, MA) confocal fluorescent scanner with 10 pm resolution.
Scanned output file was analyzed using GenePix Pro 6.0 software
(Axon Instruments Inc., Foster City, CA). The background corrected
expression data were filtered for flagged spots and weak signals,
and then they were normalized to sum fluorescence intensities. A
color-flip experiment was done for replication. Average values
were calculated from signals generated from each experiment.
We used —1.40 and 1.40-fold change cut-off values for down-
regulation and up-regulation, respectively.

2.4.4. Gene ontology analysis

To determine biological significance of differentially expressed
genes, functional classification was performed using gene ontol-
ogy/pathway analysis using open-access software [18] and as
described in our previous report [19]. Gene ontology analysis gives
relative representation of up-regulated and down-regulated genes
in each function. To determine pathways associated with
differentially expressed genes, pathway analysis was performed.

3. Results

Mice engineered to carry a fat-1 gene from Caenorhabditis
elegans can add a double bond into an unsaturated fatty acid
hydrocarbon chain and convert n-6 to n-3 fatty acids as shown in
Fig. 1. In the present study, we measured the fatty acid
composition in the brain of transgenic (fat-1) and wild-type mice

kept on a normal chow (the diet used was D04 from Safe, Augy,
France; containing 3.1% of lipids). The results are shown in Table 1
and were compared to the literature data where 10% n-6 diet was
applied [4]. We found that significant changes in the n-6 to n-3
ratio were not present under normal nutrition conditions in
comparison to the changes seen in the fatty acid composition
when these fat-1 mice were fed 10% n-6 diet. However, it should
be noted here that the fatty acid data of the present study are for
the hippocampus region of the brain whereas the data given in
Ref. [4] are for the brain that could account for some of the
differences in the fatty acid composition noted. Despite this
difference in the data, it can be suggested that the changes in the
fatty acid composition in the brain of transgenic mice (fat-1) are
evident only when the animals are fed diet rich in n-6 fat,
implying that fat-1 gene is active and able to convert n-6 to n-3
fatty acids due to the presence of fat-1 gene. However, the
concentration of EPA and DPA, which are present in low quantities
in normal brain tissues, increased significantly in transgenic
(fat-1) mice kept on a normal diet (see Table 2). These results
indicate that fat-1gene from C. elegans is active only when the diet
is rich in n-6 fatty acids. Since no significant changes in the n-6 to
n-3 ratio were noted under normal nutrition conditions (when fed
normal chow) in comparison to the changes seen in the fatty acid
composition when these fat-1 mice were fed 10% n-6 diet,
indicates that only when dietary n-6 fatty acids exceed certain
limit the transgenic mice are able to convert n-6 fatty acids to
relevant n-3 fatty acids. These results also imply that certain
percentage of n-6 fatty acids are essential for various tissues that
could be the reason for no significant change in the n-6 to n-3
ratio under normal nutrition conditions and only when the
dietary n-6 fatty acids exceed this minimal percentage fat-1 gene
is able to act and convert n-6 to n-3 fatty acids in the tissues and
especially so in the brain. This is supported by the fact that brain
is rich not only in n-3 EPA and DHA but also in n-6 AA. In general,
several products of AA such as prostaglandins, thromboxanes, and
leukotrienes possess pro-inflammatory actions [2,3]. In view of
this, AA is considered harmful. But, AA also forms precursor to
anti-inflammatory compounds such a lipoxins [2,3], and is
essential for the formation of SNAP25 (synaptosomal-associated
protein of 25kDa), a syntaxin partner implicated in neurite
outgrowth, that interacts with syntaxin 3 only in the presence
of AA to form the binary syntaxin 3-SNAP 25 complex. AA
stimulated syntaxin 3 to form the ternary SNARE complex (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor),
which is needed for the fusion of plasmalemmal precursor
vesicles into the cell surface membrane that leads to membrane
fusion that facilitates neurite outgrowth [20]. Thus, AA when
present in optimal amounts could be of significant benefit in the
prevention and treatment of neurological conditions such as
Alzheimer’s disease [10,11].

Further on we investigated the changes in gene expression in
the hippocampus of wild-type and fat-1 transgenic mice at the
mRNA level on a DNA-microarray platform (see Fig. 2). The results
of this study are given as supplemental data (www.brc.hu/
~chiplab/Fat1.xls). We observed specific changes at transcription
level in the full-genome mouse study. Of all the genes investi-
gated, 4.2% of the genes showed significant changes in fat-1
transgenic mice: 2.2% overexpression, and 2% repression. Among
the down-regulated genes activating transcription factor 4,
protein phosphatase 1-3f, hydroxysteroid dehydrogenase-2, holo-
carboxylase synthetase, and serotonin receptor 3a showed the
most dramatic repression. Among the up-regulated genes stear-
oyl-Coenzyme A desaturase 2, potassium voltage-gated channel
Q1, solute carrier family 5 (iodide transporter) 8, prostaglandin D2
synthase, aminophospholipid transporter-like 8A2, and cadherin 4
showed more than 4-fold induction.
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Fig. 1. Identification of the proximal promoters and distant regulatory elements of the genes that showed down-regulation (A), up-regulation (B) and genes with altered

expression (C) in the fat-1 transgenic mouse.

Table 1
Differences in the ratio between n-6/n-3 fatty acids in brain of transgenic (fat-1)
and wild-type mice kept on normal chow and 10% n-6 diet (from Ref. [4]).

10% n-6 diet Normal diet

n-6/n-3 AA/(EPA+DPA+DHA) n-6/n-3 AA/(EPA+DPA+DHA)
WT TG WT TG WT TG WT TG
390 0.80 3.60 0.70 070 0.65 048 0.45

WT = wild-type mice; TG = transgenic mice (fat-1).

We have also analyzed the distant regulatory elements of co-
expressed genes exhibited changes in their expression (either up-
or down-regulation) by using the web-based promoter analysis
software [17]. The top 10 hits of the DNA-binding factors are listed
in Fig. 1. Among these hepatocyte nuclear factor 4-alpha (HNF4),
Paired box protein Pax-8, CEBPa, and two signal transducer and

activator of transcription factors (STAT3 and STAT5B) are found
most abundantly in the genes with altered expression. Among the
up-regulated genes, the NGFIC regulatory element was found in
most cases. Among the down-regulated genes, TBP, ER, and PAX5
were the most abundant regulatory element.

In order to confirm alteration at the transcription level, 28 of
these genes were examined by QRT-PCR. These QRT-PCR results
correlated well with the microarray data. These 28 genes are
believed to play an important role in diseases such as Alzheimer’s
disease (scd, apod), schizophrenia (apod), inflammation (pla2),
neuronal dysfunction, and asthma (ptgds) (Table 3).

In order to identify proteins that are differentially expressed in
the fat-1 transgenic mouse vs. wide-type mouse protein micro-
array study was performed. On the protein microarray (Panorama
AB Microarray Cell Signaling Kit from Sigma) the top four
functional classes of proteins which expression can be followed
are the following: signal transduction, cytoskeleton, neurobiology,
and apoptosis-related proteins. After preparation and differen-
tially labeling of total protein extract from both of the wide-type
and transgenic mouse brain we determined the down-regulated
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and up-regulated proteins which interacted with specific mono-
clonal and polyclonal antibodies on the protein microarray
surface. The results can be seen in Table 4. Among the up-regulated

Table 2
Brain total lipid fatty acid composition (molar percent).

Fatty acid WT Fat-1 mouse
Mean +SD Mean+SD

14:0 0.20+0.00 0.15+0.02
16:0 24.24+0.416 24.50+0.27
16:1 0.66+0.03 0.66 +0.05
18:0 19.30+0.07 19.52+0.78
18:1 21.364+0.29 20.78+1.15
18:2 n-6 0.50+0.03 0.65+0.09
18:3 n-6 0.03 +0.04 0.06 +0.00
18:3 n-3 0.03 +0.04 0.01 +0.02
20:0 0.31+0.02 0.23+0.08
20:1 n-9 2.09+0.20 2.00+0.62
20:2 n-6 0.14+0.02 0.16+0.03
20:3 n-6 0.44+0.03 0.55+0.05
20:4 n-6 8.91+0.08 8.73+£0.58
20:3 n-3 0.00 0.00

20:5 n-3 0.02 +0.02 0.18+0.03
22:0 0.12+0.01 0.09+0.03
22:1 n-9 0.16 +£0.02 0.14+0.03
22:4 n-6 2.61+0.05 2.41+0.11
22:5 n-6 0.26+0.04 0.12+0.02
22:5n-3 0.14+0.02 0.38+0.03
22:6 n-3 18.43+0.42 18.67+0.53
24:0 0.05+0.07 0.02 +0.02
24:1 n-9 0.00 0.00

n-6 12.89 12.68

n-3 18.62 19.24
n-6/n-3 0.69+0.48 0.65+0.45

Values are expressed as Mean +SD of 2 wild-type and 3 fat-1 mice.

proteins synuclein-alpha, estrogen receptor, and MAP Kinase-
activated phospothreonine are the most important ones. Among
the down-regulated proteins cytokeratin 19, 8, 12, caspase 4, and
hsp70 showed more than 60% repression. It may be noted here
that two different parts of the brain have been used for the
microarray (hippocampus) and protein (cerebellum) analysis and
hence, these results are not completely comparable though this
might give an indication as to the general changes in the gene
expression and protein synthesis in the brain.

In order to determine biological significance of differentially
expressed genes, functional classification was performed using
gene ontology/pathway analysis which revealed that genes
involved in neurogenesis and neuronal development showed
altered expression in the fat-1 transgenic mouse (see Fig. 2).

4. Discussion

It is known that modifications induced in the cell membrane
by altering its fatty acid composition can affect a number of
cellular functions, including carrier-mediated transport, the
properties of certain membrane-bound enzymes, binding to the
insulin and opiate receptors, phagocytosis, endocytosis, depolar-
ization-dependent exocytosis, immunologic and chemotherapeu-
tic cytotoxicity, prostaglandin production, and cell growth [21].
For instance, cell membrane enrichment with oleate and linoleate
increased the rate of low-density lipoprotein degradation in
mononuclear cells due to an increase in membrane fluidity. On
the other hand, stearate enrichment did not have any effect on
uptake or degradation of low-density lipoprotein, nor did it affect
membrane fluidity. This suggests that one mechanism by which
unsaturated fatty acids reduce low-density lipoprotein is by their
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Fig. 2. Scheme showing gene ontology/pathway analysis of genes that showed altered expression in the fat-1 transgenic mouse. Gene ontology analysis determines the
biological significance of differentially expressed genes that can be used to determine the functional classification of the genes whose expression has been up-regulated/
down-regulated. Black squares indicate that there is no relevance with the functional class indicated whereas green boxes are related to the functional classes indicated. The
data shown here suggests that genes involved in neurogenesis and neuronal development are predominantly altered in the brain of fat-1 mouse.
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Table 3

Differential gene expression data determined by DNA-microarrays fat-1 vs. WT mouse hypocampus and QRT-PCR (italic, >2-fold repression; bold, >2-fold overexpression,

bold italic between 1.5 and 2-fold repression).

Acc. number Gene product MA SD QPCR SD Confirm
NM_009128 Stearoyl-coenzyme A desaturase 2 (Scd2) —7.20 1.43 -1.84 0.32 Yes
NM_008963 Prostaglandin D2 synthase (brain) (Ptgds) —5.33 0.67 —4.06 0.52 Yes
NM_008791 Purkinje cell protein 4 (Pcp4) —4.25 2.23 -2.75 0.31 Yes
NM_024441 Heat shock protein 2 (Hspb2) -2.90 1.55 -1.49 0.09 Yes
NM_007470 Apolipoprotein D (Apod) —2.63 0.75 —6.28 0.21 Yes
NM_025367 Sphingosine kinase 1 (Sphk1), transcript variant 2 -2.29 1.13 —4.53 0.53 Yes
NM_008512 Low-density lipoprotein receptor-related protein 1 (Lrp1) -2.21 0.76 —1.51 0.32 Yes
NM_172266 Lysophosphatidylglycerol acyltransferase 1 (Lpgat1) -2.16 0.85 -1.58 0.40 Yes
NM_177845 Phospholipase A2, group IVE (Pla2g4e) —5.52 1.86 -9.25 0.44 Yes
NM_007878 Dopamine receptor 4 (Drd4 —3.51 0.51 —4.03 0.52 Yes
NM_016775 DnaJ (Hsp40) homolog, subfamily C, member 5 (Dnajc5) -2.02 0.76 -1.72 0.06 Yes
NM_009508 Solute carrier family 32 (GABA ves. transporter), (Slc32a1) —2.00 0.05 -2.36 0.08 Yes
NM_153193 Hydroxysteroid dehydrogenase-2, delta<5»-3-beta (Hsd3b2) 8.44 1.39 2.69 0.08 Yes
NM_172579 Signal-induced proliferation-associated 1 like 1 (Sipall1) 3.08 0.29 3.32 0.07 Yes
NM_020486 Basal cell adhesion molecule (Bcam) -2.73 0.86 -1.59 0.1 Yes
NM_009917 Chemokine (C-C motif) receptor 5 (Ccr5) -2.38 0.48 —1.85 0.11 Yes
NM_026769 Dopamine receptor D1 interacting protein (Drd1ip) 2.68 1.60 2.28 0.52 Yes
NM_011068 Peroxisomal biogenesis factor 11a (Pex11a) -3.55 1.37 142 0.52 No
NM_008302 Heat shock protein 1, beta (Hspcb) —2.55 1.90 1.38 0.44 No
NM_008071 Gamma-aminobutyric acid (GABA-A) receptor, b3 (Gabrb3) -2.12 1.90 1.1 0.11 No
NM_007600 Calpain 1 (Capn1) 3.53 0.53 1.35 0.08 No
NM_207208 Chloride channel calcium-activated 6 (Clca6) 4.65 1.45 —2.11 0.07 No
NM_009371 Transforming growth factor, beta receptor II (Tgfbr2) 2.52 0.38 —2.60 0.11 No
NM_008254 3-hydroxy-3-methylglutaryl-coenzyme A lyase (Hmgcl) 2.90 1.02 -1.37 0.15 No

MA = microarray; SD = standard deviation.

physical effects on cell membranes as it relates to metabolism of
the lipoprotein [22].

Of the two types of PUFAs, n-3 has been reported to be more
beneficial compared to n-6. This is in part attributed to the fact n-
6 PUFAs form precursor to pro-inflammatory eicosanoids whereas
those derived from n-3 are less pro-inflammatory and hence, have
more favorable effects in the body [1-5]. In the light of this, fat-1
transgenic mouse model is ideal to study the effects of tissue
n-6/n-3 ratio in the body that would enable to clearly delineate
the beneficial and harmful effects of various PUFAs. We hypothe-
sized that increase in tissue concentrations of n-3 fatty acids may
alter specific gene expression especially in the brain related to
different cellular functions [6-8].

We have also analyzed the proximal promoters and distant
regulatory elements (REs) such as enhancers, repressors, and
silencers of the affected genes in the fat-1 transgenic mouse. The
top 10 hits of the DNA-binding factors are listed in Fig. 1 of which
hepatocyte nuclear factor 4-alpha (HNF4) showed significant
alteration in its expression (Fig. 1C) in the fat-1 transgenic mouse.
HNF4 binds to DNA sites required for the transcription of alpha
1-antitrypsin, apolipoprotein CIII, transthyretin genes, and HNF1-
alpha. HNF4 concentration is high in liver, much lower in islets of
Langerhans, endocrine pancreatic tumors, and cultured insulino-
ma cells, and is scarcely detectable in adult exocrine pancreas [23]
and is known to play a critical role in regulating the expression of
many genes essential for normal functioning of liver, gut, kidney,
and pancreatic islets. A nonsense mutation (Q268X) in exon 7 of
the HNF4-alpha gene is responsible for an autosomal dominant,
early-onset form of non-insulin-dependent diabetes mellitus
(maturity-onset diabetes of the young; gene named MODY1)
[24]. MODY1 mutant protein showed that it has lost its
transcriptional transactivation activity, fails to dimerize and bind
DNA, implying that the MODY1 phenotype is because of a loss of
HNF4alpha function. Further studies revealed that several genes
encoding components of the glucose-dependent insulin secretion
pathway such as glucose transporter 2, and the glycolytic
enzymes aldolase B and glyceraldehyde-3-phosphate dehydro-
genase, and liver pyruvate kinase expression is dependent upon

HNF4-alpha. In addition, the expression of the fatty acid-binding
proteins and cellular retinol binding protein also are down-
regulated in the absence of HNF4-alpha, suggesting that HNF4-
alpha is critical for regulating glucose transport and glycolysis
and in doing so is crucial for maintaining glucose homeostasis
[24]. In this context, it is interesting to note that we previously
showed that both n-3 and n-6 fatty acids prevent chemical-
induced diabetes mellitus in experimental animals [25,26]. This
beneficial action of PUFAs could be attributed to their ability to
alter the expression of HNF4-alpha since it (HNF4-alpha) plays a
critical role in glucose homeostasis. This is supported by the
observation that PUFAs suppress the glucose-6-phosphatase gene
transcription by inhibiting the binding of HNF4-alpha to its
cognate sites in the presence of polyunsaturated fatty acyl-CoA
thioesters [27]. Furthermore, fatty acids are endogenous ligands
for HNF4-alpha [28,29] that establishes a framework for the
interaction between PUFAs and HNF4-alpha activity. In addition,
HNF4-alpha is known to be down-regulated in renal cell
carcinoma and has been shown to inhibit cell proliferation in
the embryonic kidney cell line HEK293. HNF4-alpha regulates at
least 14 genes that contribute to its inhibitory effect on cell
proliferation, including well-known cancer genes, such as
CDKN1A (p21), TGFA, MME (NEP), ADAMTS1, SEPP1, THEM2,
BPHL, DSC2, ANK3, ALDH6A1, EPHX2, NELL2, EFHD1, and PROS1
[30]. Thus, HNF4-alpha is a multifaceted cell-specific transcription
factor. Transcription factor CEBPa (for CCAAT/enhancer bind-
ing protein-a; encoded by the gene CEBPA) that is crucial
for the differentiation of granulocytes also binds to the
promoter and modulate the expression of the gene encoding
leptin, a protein that plays an important role in body weight
homeostasis [31].

Paired box protein Pax-8 is a cell differentiation-specific
transcription factor and may play a regulatory role in mammalian
development [32]. Two signal transducer and activator of
transcription factors (STAT3 and STAT5B) are also found abun-
dantly in the genes with altered expression. STAT3 binds to the
interleukin-6 (IL-6)-responsive elements identified in the promo-
ters of various acute-phase protein genes [33].
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Table 4
Proteins that are either up-regulated or down-regulated in the brain of fat-1
transgenic mouse.

Fold change

Down-regulated proteins

Caspase 4 —1.74
Connexin 32 -1.71
HSP70 -1.69
Cytokeratin 19 —1.64
Cytokeratin 8.12 -1.63
TRF1 -1.59
cdk6 -1.56
Desmin —1.v4
Cytokeratin 13 —1.48
Cytokeratin 7 —1.46
Calmodulin —1.46
pan Cytokeratin -1.45
Nedd8 -1.43
aCatenin —1.43
Up-regulated proteins

Phospolipase A2 group V 1.40
FAK Phospo (pY577) 1.45
Nicastrin 1.46
b-NOS 1.46
CRK-L 147
S-100 147
SGK 1.48
Caveolinl 1.49
Bcl-x1 1.50
ARTS 1.50
i-NOS 1.51
CAM Kinase IV 1.52
PTEN 1.52
PAR4 1.52
Neurofilament 200 1.54
Gamma Tubulin 1.56
MAP Kinase(Erk1) 1.56
Phospolipase ¢ gamma 1 1.56
MAPK-activated protein kinase-2 1.56
EGF receptor 1.58
MAP Kinase-activated phospotyrosine 1.58
ERK5 1.58
Protein phosphatase 1 1.60
p35 1.60
PAK phospo (Ps212) 1.60
PKC alfa 1.62
PKD 1.62
Glutamate receptor NMDAR 2a 1.63
S-100 beta 1.63
Protein phosphatase 1 1.64
FAK Phospo (pS772) 1.65
DOPA Decarboxylase 1.66
PKC gamma 1.66
NFKB 1.67
JNK-activated diphospo 1.69
Tau Phospho (pS199/202) 1.79
Synuclein monoclonal 1.79
Estrogen receptor 1.81
GRB-2 1.95
MAP Kinase-activated phospothreonine 1.98

It is evident from the results of the present study shown in
Figs. 1 and 2 and Tables 1-4 that there is not only a significant
change in the concentrations of various n- fatty acids in the fat-1
transgenic mouse compared to wild-type but also a specific
alteration in the expression of certain genes that seem to play
critical role in various diseases. For instance, in the present study,
we noted a significant alteration in the expression of stearoyl-
Coenzyme A desaturase 2 (Scd2) that has been documented to
play a role in Alzheimer’s disease (AD). Uryu et al. [34] reported
that stearoyl-coenzyme A desaturase-1 (SCD-1), lipogenetic
enzyme, was specifically up-regulated in macrophages exposed

to amyloid-A and interferon-y suggesting of a link between AD
and SCD-1. This is further substantiated by the report of Unger et
al. [35] who noted that when gene expression patterns between
the frontal cortical (Fc) and hippocampal (Hc) transcriptomes of
wild-type, humanized presenilin-1 (PS1 [wt hPS1]) and Alzhei-
mer’s disease-linked DeltaE9 hPS1 mutant mice was studied, a
subset of genes showed disturbed regional Fc-Hc gene expression
ratios in the transgenic mice carrying the DeltaE9 hPS1 mutation
especially for stearoyl-Coenzyme A desaturase-2 (Scd2) and
prostaglandin D2 synthase (PGDS) that have been implicated in
the pathology of AD. In this context, it is interesting to note that
both n-3 and n-6 PUFAs regulate proteolytic maturation of sterol
regulatory element binding proteins (SREBPs) that accounts for
their ability to suppress hepatic lipogenic gene expression. PUFAs
regulate the stearoyl-coenzyme A desaturase gene, a key enzyme
in the cellular synthesis of monounsaturated fatty acids from
saturated fatty acids, indicating that PUFA suppress gene
transcription by a mechanism independent of SREBP maturation
[36]. Stearoyl-coenzyme A desaturase (SCD) gene expression is
up-regulated by diets high in saturated fatty acids whereas PUFAs
suppress its expression. High-density glass microarray analysis of
approximately 7800 genes confirmed that the expression of
several key genes involved in cholesterol metabolism, fatty acid
beta-oxidation and lipogenesis were affected by diet rich in DHA.
Of all the genes studied stearoyl-coenzyme A (Delta-9) desaturase,
a key enzyme involved in the regulation of triglyceride biosynth-
esis and secretion, was the most suppressed gene on treatment
with DHA. In addition, DHA also decreased the expression of
farnesoid X receptor and thus, n-3 PUFAs could lower plasma
triglyceride and cholesterol levels [37]. In this context, it is
noteworthy that n-3 PUFAs are useful both in the prevention and
treatment of AD [38-40]. In fat-1 transgenic mouse, the expres-
sion of caspase-4 is down-regulated suggesting that n-3 fatty
acids could suppress apoptosis of neurons and thus, are useful in
AD. Furthermore, prostaglandin D synthase activity is known to be
increased in patients with Alzheimer’s disease whereas n-3 PUFAs
suppress its activity [41,42], which lends additional support to
their beneficial action in AD. In addition, gene ontology/pathway
analysis on the microarray output list (see Fig. 2) revealed that
there is a significant alteration in the expression of genes in the
fat-1 transgenic mouse that are involved in neurogenesis and
neuronal development that further implicates the role of n-3
PUFAs in AD and other neurological conditions. A similar analysis
was undertaken for the protein array data (see Table 4) that
indicated that caspase 4, HSP70, and dystrophin proteins are
down-regulated whereas phospholipase A2, NOS, PTEN, and
MAPK-activated protein kinase-2 proteins are up-regulated which
indicates that proteins that are essential for neuronal survival and
function are enhanced in the brain of fat-1 transgenic mouse. This
indicates that increase in w-3 PUFAs enhance the survival and
function of neurons in the brain.

Prostaglandin that have pro-inflammatory actions are believed
to play a major role in inflammatory conditions such as bronchial
asthma, collagen vascular diseases (such as rheumatoid arthritis,
lupus), sepsis, infections [43-46], AD, type 2 diabetes mellitus,
hypertension, obesity, depression, and schizophrenia since plasma
levels of IL-6, TNF-a, and high sensitive C-reactive protein (hs-
CRP) are increased in them [47-50]. In these conditions
prostaglandin metabolism is altered [51,52] whereas n-3 PUFAs
are of significant benefit [43-46,53] in view of their anti-
inflammatory action.

Activation of phospholipase A, (PLA,) induces the release
PUFAs from the cell membrane lipid pool for the formation of
various pro-inflammatory eicosanoids. Hence, enhanced activity
of PLA, could be considered as a marker of inflammation. In the
present study, we noted that in fat-1 transgenic mouse the
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expression of PLA, is decreased. It is known that PLA, activity is
increased in AD, type 2 diabetes and hypertension, emphasizing
the pro-inflammatory nature of these conditions [54-56]. Thus,
the observed decreased expression of PLA; in fat-1 transgenic
mice supports the belief that n-3 PUFAs bring about their anti-
inflammatory action, at least in part, by suppressing the activity
of PLA,.

Abnormalities in dopamine receptor have been noted in
Alzheimer’s disease, attention deficit hyperactivity disorder
(ADHD) and other neurological conditions, type 2 diabetes and
obesity [57-61] in which n-3 PUFAs are known to be of some
benefit. This implies that n-3 PUFAs could have regulatory role in
dopamine metabolism. This is supported by the observation that
n-3 PUFAs do indeed modulate dopamine receptor expression,
metabolism, and action [62-64].

In addition, in the present study, alterations in the expression
of genes concerned with apolipoprotein D that has a role in AD
[65], and sphingosine kinase that modulates cell cycle and
apoptosis [66], hydroxysteroid dehydrogenase-2 that is involved
in the pathobiology of obesity and insulin resistance [67] was also
noted. Sphingosine kinase not only participates in apoptosis but
also induces the production of pro-inflammatory prostaglandins
by stabilizing cyclo-oxygenase-2 enzyme [66] suggesting that
there is a close interaction between these two (sphingosine kinase
and prostaglandins) pathways. Hydroxysteroid dehydrogenase
plays a role in abdominal obesity and is negatively associated
with insulin resistance [67]. It is interesting to note that
Alzheimer’s disease is considered as type 3 diabetes since
significant insulin resistance is seen in the brain of these patients
[68]. Furthermore, n-3 PUFAs interact with several genes and
modulate their expression that could explain their beneficial
actions in various conditions. These results emphasize the close
interaction between various genes and their products with n-3
PUFA and how such an interaction is relevant to various diseases.

Synuclein-alpha protein was found to be differentially ex-
pressed and up-regulated in fat-1 transgenic mouse when protein
microarray study was performed. Synuclein-alpha forms insoluble
cytoplasmic aggregates in Parkinson’s disease (PD) and other
neurodegenerative disorders. Synuclein-alpha has biochemical
properties and a structural motif that renders it a novel member
of the fatty acid-binding protein family and thus, may transport
fatty acids between the aqueous and membrane phospholipid
compartments of the neuronal cytoplasm [69]. Recombinant
synuclein-alpha forms multimers in vitro upon exposure to
vesicles containing physiological concentrations of arachidonic
acid and docosahexaenoic acid and this process occurred much
faster than in aqueous solution [70]. Furthermore, exposure of
living mesencephalic neuronal (MES) neurons to PUFAs increased
synuclein-alpha oligomer levels, whereas saturated fatty acids
decreased them. PUFAs directly promoted oligomerization of
recombinant synuclein-alpha, suggesting that synuclein-alpha
interacts with PUFAs in vivo to promote the formation of highly
soluble oligomers that precede the insoluble synuclein-alpha
aggregates associated with neurodegeneration [71]. But, it is not
clear as to how normally soluble synuclein-alpha protein
assembles into insoluble aggregates associated with neuronal
dysfunction. It was reported that highly soluble oligomers of
synuclein-alpha could be detected in normal brain supernatants
and their augmentation in Parkinson’s disease and dementia with
Lewy bodies’ brains. Since PUFAs enhanced synuclein-alpha
oligomerization in intact mesencephalic neuronal cells, further
studies led to the observation that elevated PUFA levels occur
Parkinson’s disease and Lewy bodies’ brain soluble fractions.
Higher PUFA levels were also detected in the supernatants and
high-speed membrane fractions of neuronal cells overexpressing
wild-type or Parkinson’s-causing mutant synuclein-alpha. The

increased PUFA content in the membrane fraction was accom-
panied by increased membrane fluidity in the synuclein-alpha
overexpressing neurons, whereas membrane fluidity and the
levels of PUFAs were decreased in the brains of mice genetically
deleted of synuclein-alpha. These results suggest that synuclein-
alpha-PUFA interactions regulate neuronal PUFA levels as well as
the oligomerization state of synuclein-alpha both under normal
conditions and in Parkinson’s disease [72]. In contrast, there is
evidence to indicate that synuclein-alpha accumulation is asso-
ciated with neuroprotection from oxidative stress [73]. Further-
more, synuclein-alpha reduced AA turnover, whereas synuclein-
alpha ablation increased the incorporation of DHA and its
turnover in brain phospholipids [74,75] suggesting that AA is
not harmful whereas DHA could produce oligomerization of
synuclein-alpha and thus, may have a role in Parkinson’s disease.
In the present study we observed that synuclein-alpha protein
was up-regulated in fat-1 transgenic mouse. These and other
results [69-75] suggest that there is a dynamic equilibrium
maintained between various PUFAs and synuclein-alpha and thus,
both n-3 and n-6 fatty acids may play a vital role in the
pathogenesis of Parkinson’s disease and other neurodegenerative
conditions.

In summary, based on the results of the present study in fat-1
transgenic mouse and other studies, it is clear that n-3 PUFAs
modulate the expression of several genes concerned with
inflammation, apoptosis, cell cycle, neurotransmitters, and hor-
mones and thus bring about their actions. In this context, the close
interaction between n-3 PUFAs and their products and cytokines,
pro-inflammatory eicosanoids, insulin, neurotransmitters, PLA,,
sphingosine kinase, caspases, farnesoid X receptor, PPARs, SREBPs,
HMG-CoA reductase, transforming growth factor, cytokeratins,
and nitric oxide synthase seems to be important (see Figs. 1 and 2
and Tables 1-4 for the genes that are modulated in fat-1
transgenic mouse). Hence, future studies need to be performed
that delineate the interaction between n-PUFAs and the molecules
involved in the inflammatory, cytokine, and neurotransmitter
pathways to get a handle on the pathophysiological role of these
fatty acids in health and disease.

Acknowledgments

K.XK. was supported by the Janos Bolyai fellowship of the
Hungarian Ministry of Education. UND was in receipt of
Ramalingaswami Fellowship of the Department of Biotechnology,
India during the tenure of this study.

References

[1] P.Saldeen, T. Saldeen, Omega-3 fatty acids: structure, function, and relation to
the metabolic syndrome, infertility, and pregnancy, Metab. Syndr. Rel. Disord.
4 (2006) 138-148.

[2] UN. Das, Essential fatty acids: biochemistry, physiology, and pathology,
Biotech. J. 1 (2006) 420-439.

[3] U.N. Das, Essential fatty acids—a review, Curr. Pharm. Biotechnol. 7 (2006)
467-482.

[4] J.X. Kang, ]. Wang, L. Wu, Z.B. Kang, Fat-1 mice convert n-6 to n-3 fatty acids,
Nature 427 (2004) 504.

[5] J.X. Kang, Fat-1 transgenic mice: a new model for omega-3 research,
Prostaglandins Leukot. Essent. Fatty Acids 77 (2007) 263-267.

[6] K. Kitajka, L.G. Puskas, A. Zvara, L. Hackler Jr., G. Barcel6-Coblijn, Y.K. Yeo, T.
Farkas, The role of n-3 polyunsaturated fatty acids in brain: modulation of rat
brain gene expression by dietary n-3 fatty acids, Proc. Natl. Acad. Sci. USA 99
(2002) 2619-2624.

[7] L.G. Puskas, K. Kitajka, C. Nyakas, T. Farkas, Short-term administration of
omega-3 fatty acids results in elevated transthyretin transcription in old rat
hippocampus, Proc. Natl. Acad. Sci. USA 100 (2003) 1580-1585.

[8] K. Kitajka, AJ. Sinclair, R.S. Weisinger, H.S. Weisinger, M. Mathai, A.P.
Jayasooriya, J.E. Halver, L.G. Puskas, Effects of dietary omega-3 polyunsatu-
rated fatty acids on brain gene expression, Proc. Natl. Acad. Sci. USA 101
(2004) 10931-10936.

Essent. Fatty Acids (2009), doi:10.1016/j.plefa.2008.11.006

Please cite this article as: D. Ménesi, et al., Gene and protein expression profiling of the fat-1 mouse brain, Prostaglandins Leukotrienes



D. Ménesi et al. / Prostaglandins, Leukotrienes and Essential Fatty Acids i (nuii) ma-aa 9

[9] A.P. Jayasooriya, M.L. Ackland, M.L. Mathai, AJ. Sinclair, H.S. Weisinger, R.S.
Weisinger, J.E. Halver, K. Kitajka, L.G. Puskas, Perinatal omega-3 polyunsatu-
rated fatty acid supply modifies brain zinc homeostasis during adulthood,
Proc. Natl. Acad. Sci. USA 102 (2005) 7133-7138.

[10] U.N. Das, Are polyunsaturated fatty acids useful in Alzheimer's disease?,
Agric. Food Ind. Hi-Tech. 19 (2008) 27-30.

[11] UN. Das, Long-chain polyunsaturated fatty acids in the growth and
development of the brain and memory, Nutrition 19 (2003) 62-65.

[12] U.N. Das, Can perinatal supplementation of long-chain polyunsaturated fatty
acids prevents schizophrenia in adult life?, Med. Sci. Monit. 10 (2004)
HY33-HY37.

[13] J. Folch, M. Lees, G.H. Sloane-Stanley, A simple method for the isolation and
purification of total lipids from animal tissues, J. Biol. Chem. 226 (1957)
497-509.

[14] A. Palotas, L.G. Puskas, K. Kitajka, M. Palotas, J. Molnar, M. Pakaski, Z. Janka, B.
Penke, J. Kalman, The effect of citalopram on gene expression profile of
Alzheimer lymphocytes, Neurochem. Res. 29 (2004) 1563-1570.

[15] L.G. Puskas, E. Bereczki, M. Santha, L. Vigh, G. Csanadi, F. Spener, P. Ferdinandy,
A. Onochy, K. Kitajka, Cholesterol and cholesterol plus DHA diet-induced gene
expression and fatty acid changes in mouse eye and brain, Biochimie 86
(2004) 817-824.

[16] L.G. Puskas, Z.B. Nagy, Z. Giricz, A. Onody, C. Csonka, K. Kitajka, L. Hackler Jr.,
A. Zvara, P. Ferdinandy, Cholesterol diet-induced hyperlipidemia influences
gene expression pattern of rat hearts: a DNA microarray study, FEBS Lett. 562
(2004) 99-104.

[17] V. Gotea, I. Ovcharenko, DiRE: identifying distant regulatory elements of co-
expressed genes, Nucleic Acids Res. May 17 (2008).

[18] Q. Zheng, X.-J. Wang, GOEAST: a web-based software toolkit for gene ontology
enrichment analysis, Nucleic Acid Res. (2008) 1-6.

[19] U.N. Das, A.A. Rao, Gene expression profile in obesity and type 2 diabetes
mellitus, Lipids Health Dis. 6 (2007) 35.

[20] F. Darios, B. Davletov, Omega-3 and omega-6 fatty acids stimulate cell
membrane expansion by acting on syntaxin 3, Nature 440 (2006) 813-817.

[21] A.A. Spector, M.A. Yorek, Membrane lipid composition and cellular function,
J. Lipid Res. 26 (1985) 1015-1035.

[22] ]J. Loscalzo, J. Freedman, M.A. Rudd, I. Barsky-Vasserman, D.E. Vaughan,
Unsaturated fatty acids enhance low density lipoprotein uptake and
degradation by peripheral blood mononuclear cells, Arteriosclerosis 7
(1987) 450-455.

[23] L. Miquerol, S. Lopez, N. Cartier, M. Tulliez, M. Raymondjean, A. Kahn,
Expression of the L-type pyruvate kinase gene and the hepatocyte nuclear
factor 4 transcription factor in exocrine and endocrine pancreas, J. Biol. Chem.
269 (1994) 8944-8951.

[24] M. Stoffel, S.A. Duncan, The maturity-onset diabetes of the young (MODY1)
transcription factor HNF4alpha regulates expression of genes required for
glucose transport and metabolism, Proc. Natl. Acad. Sci. USA 94 (1997)
13209-13214.

[25] Y. Suresh, U.N. Das, Long-chain polyunsaturated fatty acids and chemically
induced diabetes mellitus. Effect of w-3 fatty acids, Nutrition 19 (2003)
213-228.

[26] Y. Suresh, U.N. Das, Long-chain polyunsaturated fatty acids and chemically
induced diabetes mellitus: effect of -6 fatty acids, Nutrition 19 (2003)
93-114.

[27] E. Rajas, A. Gautier, 1. Bady, S. Montano, G. Mithieux, Polyunsaturated fatty
acyl coenzyme A suppress the glucose-6-phosphatase promoter activity by
modulating the DNA binding of hepatocyte nuclear factor 4 alpha, J. Biol.
Chem. 277 (2002) 15736-15744.

[28] S. Dhe-Paganon, K. Duda, M. Iwamoto, Y.I. Chi, S.E. Shoelson, Crystal structure
of the HNF4 alpha ligand binding domain in complex with endogenous fatty
acid ligand, J. Biol. Chem. 277 (2002) 37973-37976.

[29] G.B. Wisely, A.B. Miller, R.G. Davis, A.D. Thornquest Jr., R. Johnson, T. Spitzer,
A. Sefler, B. Shearer, ].T. Moore, A.B. Miller, TM. Willson, S.P. Williams,
Hepatocyte nuclear factor 4 is a transcription factor that constitutively binds
fatty acids, Structure 10 (2002) 1225-1234.

[30] K. Grigo, A. Wirsing, B. Lucas, L. Klein-Hitpass, G.U. Ryffel, HNF4 alpha
orchestrates a set of 14 genes to down-regulate cell proliferation in kidney
cells, Biol. Chem. 389 (2008) 179-187.

[31] R.L. Erickson, N. Hemati, S.E. Ross, O.A. MacDougald, p300 coactivates the
adipogenic transcription factor CCAAT/enhancer-binding protein alpha, J. Biol.
Chem. 276 (2001) 16348-16355.

[32] A. Mansouri, M. Hallonet, P. Gruss, Pax genes and their roles in cell
differentiation and development, Curr. Opin. Cell Biol. 8 (1996) 851-857.

[33] T. Kordula, J. Travis, The role of Stat and C/EBP transcription factors in the
synergistic activation of rat serine protease inhibitor-3 gene by interleukin-6
and dexamethasone, Biochem. J. 313 (1996) 1019-1027.

[34] S. Uryuy, S. Tokuhiro, T. Oda, Beta-Amyloid-specific upregulation of stearoyl
coenzyme A desaturase-1 in macrophages, Biochem. Biophys. Res. Commun.
303 (2003) 302-305.

[35] T. Unger, Z. Korade, O. Lazarov, D. Terrano, N.F. Schor, S.S. Sisodia, K. Mirnics,
Transcriptome differences between the frontal cortex and hippocampus of
wild-type and humanized presenilin-1 transgenic mice, Am. J. Geriatr.
Psychiatry 13 (2005) 1041-1051.

[36] J.M. Ntambi, H. Bene, Polyunsaturated fatty acid regulation of gene
expression, J. Mol. Neurosci. 16 (2001) 273-278.

[37] J.A. Kramer, J. LeDeaux, D. Butteiger, T. Young, C. Crankshaw, H. Harlow, L. Kier,
B.G. Bhat, Transcription profiling in rat liver in response to dietary

docosahexaenoic acid implicates stearoyl-coenzyme a desaturase as a
nutritional target for lipid lowering, ]. Nutr. 133 (2003) 57-66.

[38] S. Gamoh, M. Hashimoto, S. Hossain, S. Masumura, Chronic administration of
docosahexaenoic acid improves the performance of radial arm maze task in
aged rats, Clin. Exp. Pharmacol. Physiol. 28 (2001) 266-270.

[39] G.P. Lim, F. Calon, T. Morihara, F. Yang, B. Teter, O. Ubeda, N. Salem Jr., S.A.
Frautschy, G.M. Cole, A diet enriched with the omega-3 fatty acid
docosahexaenoic acid reduces amyloid burden in an aged Alzheimer mouse
model, J. Neurosci. 25 (2005) 3032-3040.

[40] M. Hashimoto, S. Hossain, T. Shimada, O. Shido, Docosahexaenoic acid-
induced protective effect against impaired learning in amyloid beta-infused
rats is associated with increased synaptosomal membrane fluidity, Clin. Exp.
Pharmacol. Physiol. 33 (2006) 934-939.

[41] M.A. Lovell, B.C. Lynn, S. Xiong, ]J.F. Quinn, J. Kaye, W.R. Markesbery, An
aberrant protein complex in CSF as a biomarker of Alzheimer disease,
Neurology 70 (2008) 2212-2218.

[42] D. Raederstorff, U. Moser, Influence of an increased intake of linoleic acid on
the incorporation of dietary (n-3) fatty acids in phospholipids and on
prostanoid synthesis in rat tissues, Biochim. Biophys. Acta 1165 (1992)
194-200.

[43] Y. Shiraishi, K. Asano, K. Niimi, K. Fukunaga, M. Wakaki, ]. Kagyo, T. Takihara,
S. Ueda, T. Nakajima, T. Oguma, Y. Suzuki, T. Shioma, K. Sayama, S. Kagawa, E.
Ikeda, H. Hirai, K. Nagata, M. Nakamura, T. Miyasho, A. Ishizaka, Cycloox-
ygenase-2/prostaglandin D2/CRTH2 pathway mediates double-stranded
RNA-induced enhancement of allergic airway inflammation, ]J. Immunol.
180 (2008) 541-549.

[44] S. Tomasoni, M. Noris, S. Zappella, E. Gotti, F. Casiraghi, S. Bonazzola, A.
Benigni, G. Remuzzi, Upregulation of renal and systemic cyclooxygenase-2 in
patients with active lupus nephritis, J. Am. Soc. Nephrol. 9 (1998) 1202-1212.

[45] M.P. Fink, Prostaglandins and sepsis: still a fascinating topic despite almost
40 years of research, Am. ]. Physiol. Lung Cell Mol. Physiol. 281 (2001)
L534-1536.

[46] C.C. Bowman, K.L. Bost, Cyclooxygenase-2-mediated prostaglandin E2
production in mesenteric lymph nodes and in cultured macrophages and
dendritic cells after infection with Salmonella, J. Immunol. 172 (2004)
2469-2475.

[47] U.N. Das, Is metabolic syndrome X a disorder of the brain with the initiation
of low-grade systemic inflammatory events during the perinatal period?,
J. Nutr. Biochem. 18 (2007) 701-713.

[48] UN. Das, Is obesity an inflammatory condition?, Nutrition 17 (2001)
953-966.

[49] U.N. Da, Risk of type 2 diabetes mellitus in those with hypertension, Eur.
Heart J. 29 (2008) 952-953.

[50] U.N. Das, Is depression a low-grade systemic inflammatory condition?, Am. J.
Clin. Nutr. 85 (2007) 1665-1666.

[51] J. Helmersson, B. Vessby, A. Larsson, S. Basu, Association of type 2 diabetes
with cyclooxygenase-mediated inflammation and oxidative stress in an
elderly population, Circulation 109 (2004) 1729-1734.

[52] N.G. Bazan, V. Colangelo, W.J. Lukiw, Prostaglandins and other lipid mediators
in Alzheimer’s disease, Prostaglandins Other Lipid Mediat. 68-69 (2002)
197-210.

[53] U.N. Das, A Perinatal Strategy for Preventing Adult Diseases: The Role of Long-
chain Polyunsaturated Fatty Acids, Kluwer Academic Publishers, Boston,
2002.

[54] G.S. Moses, M.D. Jensen, L.F. Lue, D.G. Walker, A.Y. Sun, A. Simonyi, G.Y. Sun,
Secretory PLA2-IIA: a new inflammatory factor for Alzheimer's disease,
J. Neuroinflammat. 3 (2006) 28.

[55] J. Krakoff, T. Funahashi, C.D. Stehouwer, C.G. Schalkwijk, S. Tanaka, Y.
Matsuzawa, S. Kobes, P.A. Tataranni, R.L. Hanson, W.C. Knowler, R.S. Lindsay,
Inflammatory markers, adiponectin, and risk of type 2 diabetes in the Pima
Indian, Diabetes Care 26 (2003) 1745-1751.

[56] H. Kawaguchi, H. Yasuda, Increased phospholipase A2 activity in the kidney of
spontaneously hypertensive rats, Arch. Biochem. Biophys. 248 (1986)
401-417.

[57] Y. Tanaka, K. Meguro, S. Yamaguchi, H. Ishii, S. Watanuki, Y. Funaki, K.
Yamaguchi, A. Yamadori, R. Iwata, M. Itoh, Decreased striatal D2 receptor
density associated with severe behavioral abnormality in Alzheimer’s disease,
Ann. Nucl. Med. 17 (2003) 567-573.

[58] D. Li, P.C. Sham, M.]. Owen, L. He, Meta-analysis shows significant association
between dopamine system genes and attention deficit hyperactivity disorder
(ADHD), Hum. Mol. Genet. 15 (2006) 2276-2284.

[59] C.P. Jenkinson, R. Hanson, K. Cray, C. Wiedrich, W.C. Knowler, C. Bogardus, L.
Baier, Association of dopamine D2 receptor polymorphisms Ser311Cys and
TaqlA with obesity or type 2 diabetes mellitus in Pima Indians, Int. ]. Obes.
Relat. Metab. Disord. 24 (2000) 1233-1238.

[60] P. Prasad, K.M. Kumar, A.C. Ammini, A. Gupta, R. Gupta, B.K. Thelma,
Association of dopaminergic pathway gene polymorphisms with chronic
renal insufficiency among Asian Indians with type-2 diabetes, BMC Genet. 9
(2008) 26.

[61] G.J. Wang, N.D. Volkow, ]J. Logan, N.R. Pappas, C.T. Wong, W. Zhu, N. Netusil,
].S. Fowler, Brain dopamine and obesity, Lancet 357 (2001) 354-357.

[62] F. Kuperstein, E. Yakubov, P. Dinerman, S. Gil, R. Evlam, N. Salem Jr., E. Yavin,
Overexpression of dopamine receptor genes and their products in the
postnatal rat brain following maternal n-3 fatty acid dietary deficiency,
J. Neurochem. 95 (2005) 1550-1562.

Essent. Fatty Acids (2009), doi:10.1016/j.plefa.2008.11.006

Please cite this article as: D. Ménesi, et al., Gene and protein expression profiling of the fat-1 mouse brain, Prostaglandins Leukotrienes



10 D. Ménesi et al. / Prostaglandins, Leukotrienes and Essential Fatty Acids n (1usi) sa-amn

[63] S.M. Innis, S. de La Presa Owens, Dietary fatty acid composition in pregnancy
alters neurite membrane fatty acids and dopamine in newborn rat brain,
J. Nutr. 131 (2001) 118-122.

[64] S. De La Presa Owens, S.M. Innis, Docosahexaenoic and arachidonic acid
prevent a decrease in dopaminergic and serotoninergic neurotransmitters in
frontal cortex caused by a linoleic and alpha-linolenic acid deficient diet in
formula-fed piglets, J. Nutr. 129 (1999) 2088-2093.

[65] B. Belloir, E. Kovari, M. Surini-Demiri, A. Savioz, Altered apolipoprotein D
expression in the brain of patients with Alzheimer disease, ]. Neurosci. Res. 64
(2001) 61-69.

[66] A.M. Johann, A. Weigert, W. Eberhardt, A.M. Kuhn, V. Barra, A. von Knethen,
J.M. Pfeilschifter, B. Brune, Apoptotic cell-derived sphingosine-1-phosphate
promotes HuR-dependent cyclooxygenase-2 mRNA stabilization and protein
expression, J. Immunol. 180 (2008) 1239-1248.

[67] K. Mussig, T. Remer, A. Haupt, B. Gallwitz, A. Fritsche, H.U. Haring, C. Aser-
Gluth, 11beta-hydroxysteroid dehydrogenase 2 activity is elevated in severe
obesity and negatively associated with insulin sensitivity, Obesity (Silver
Spring) 16 (2008) 1256-1260.

[68] S.M. De la Monte, M. Tong, N. Lester-Coll, M. Plater Jr., ].R. Wands, Therapeutic
rescue of neurodegeneration in experimental type 3 diabetes: relevance to
Alzheimer's disease, ]J. Alzheimer’s Dis. 10 (2006) 89-109.

[69] R. Sharon, M.S. Goldberg, I. Bar-Josef, R.A. Betensky, J. Shen, D.]. Selkoe, Alpha-
Synuclein occurs in lipid-rich high molecular weight complexes, binds fatty

acids, and shows homology to the fatty acid-binding proteins, Proc. Natl.
Acad. Sci. USA 98 (2001) 9110-9115.

[70] RJ. Perrin, W.S. Woods, D.F. Clayton, ].M. George, Exposure to long chain
polyunsaturated fatty acids triggers rapid multimerization of synucleins,
J. Biol. Chem. 276 (2001) 41958-41962.

[71] R. Sharon, 1. Bar-Joseph, M.P. Frosch, D.M. Walsh, J.A. Hamilton, D.J. Selkoe,
The formation of highly soluble oligomers of alpha-synuclein is regulated by
fatty acids and enhanced in Parkinson’s disease, Neuron 37 (2003)
583-595.

[72] R. Sharon, I. Bar-Joseph, G.E. Mirick, C.N. Serhan, D.J. Selkoe, Altered fatty acid
composition of dopaminergic neurons expressing alpha-synuclein and
human brains with alpha-synucleinopathies, ]J. Biol. Chem. 278 (2003)
49874-49881.

[73] M.C. Quilty, A.E. King, W.P. Gai, D.L. Pountney, A.K. West, J.C. Vickers, T.C.
Dickson, Alpha-synuclein is upregulated in neurones in response to chronic
oxidative stress and is associated with neuroprotection, Exp. Neurol. 199
(2006) 249-256.

[74] M.Y. Golovko, T.A. Rosenberger, S. Federsen, N.J. Faergeman, E.J. Murphy,
Alpha-synuclein gene ablation increases docosahexaenoic acid incorporation
and turnover in brain phospholipids, J. Neurochem. 101 (2007) 201-211.

[75] A. Adamczyk, M. Kacprzak, A. Kazmierczak, Alpha-synuclein decreases
arachidonic acid incorporation into rat striatal synaptoneurosomes, Folia
Neuropathol. 45 (2007) 230-235.

Essent. Fatty Acids (2009), doi:10.1016/j.plefa.2008.11.006

Please cite this article as: D. Ménesi, et al., Gene and protein expression profiling of the fat-1 mouse brain, Prostaglandins Leukotrienes



