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ABSTRACT: Peroxisomal proliferator-activated receptors (PPAR)
are a FA-response system involved in diverse cellular responses.
FA regulate PPAR activity and modulate PPAR mRNA abun-
dance. Increasing evidence indicates that PUFA are required for
optimal neuronal development and function. To gain insight into
the mechanism for nutrition-induced impairment of neuronal de-
velopment and function we investigated the effect of chronic n-3
FA deficiency on PPAR mRNA levels in rat brain and ocular tis-
sues. Rats were fed for three generations a diet designed to re-
duce DHA levels in tissues, and the abundance of PPARo and
PPARB transcripts was measured by hybridization with specific
probes. Chronic consumption of the a-linolenic acid (LNA)-
insufficient diet caused a remarkable modification in DHA con-
tent in membrane phospholipids. The results reported here indi-
cate that PPARa. mRNA levels did not exhibit significant varia-
tion in ocular, hepatic, or nervous tissues from rats fed the
experimental diet. In contrast, PPARB mRNA normalized to p-
actin mRNA was 21% higher in ocular tissue from F3 generation
rats consuming the LNA-deficient diet but was independent of
diet in hepatic and nervous tissues. The absolute abundance of
PPARP transcripts showed a 17% increase in ocular tissue from
rats consuming the LNA-deficient diet (F3 generation). The bio-
logical significance of the reported changes in PPARB mRNA in
ocular tissue remains to be determined.
Paper no. L8931 in Lipids 37, 367-374 (April 2002).

FA are one of the main energy substrates for most mammalian
species. In addition, FA serve as components of membrane
phospholipids, precursors for the synthesis of molecules in-
volved in cellular signaling, and modulators of gene expres-
sion (1-3). An inadequate FA balance, particularly a deficit
of long-chain PUFA, is associated with reduced fetal growth
and impaired neurodevelopment and nerve transmission in
animal models (4-6). Furthermore, dietary studies in humans
indicate that PUFA status affects sensory and cognitive de-
velopment in premature and term infants (7-10).
Investigations over the past decades support the involve-
ment of peroxisome proliferator activated-receptors (PPAR)
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in many of the physiological responses to FA. PPAR are
ligand-dependent transcription factors, initially recognized as
mediators of FA effects on lipid metabolism, controlling gene
expression for (3-oxidation and lipid biosynthesis. Lately, it
became apparent that PPAR not only participate in the regu-
lation of FA oxidation and lipogenesis but also play a role in
a wide array of cellular responses, including inflammation,
thermogenesis, and cell differentiation (3,11,12).

Three PPAR isoforms encoded by individual genes,
namely, a, B and vy, have been described. These isoforms dis-
play a tissue-selective pattern of expression (13). PPARa is
expressed in liver, brown adipose tissue, skeletal muscle, kid-
ney, and adrenal glands. PPARY is mainly expressed in white
adipose tissue and, to a lesser extent, in spleen, gut, and the
immune system. PPARf displays a broad pattern of expres-
sion with relatively higher levels in skeletal muscle, testis,
placenta, and neuronal tissues (i.e., cerebellum, oligodendro-
cytes) (14—17). The presence of both PPARa and PPARf
transcripts has been reported both in outer and inner layers of
rat retina (13). Regarding PPAR function, the a isoform ap-
pears primarily to regulate the transcription of several FA-
metabolizing enzymes in hepatic mitochondria and peroxi-
somes. PPARY is implicated in the control of lipogenesis, reg-
ulating the maturation of preadipocytes and the accumulation
of lipid droplets in the cytoplasm of fat cells (18,19). The
physiological role of PPARJ remains unclear, although it re-
portedly regulates acylCoA synthetase 2 in rat brain cultures
(20), but it also seems to participate in early differentiation of
adipocyte precursor cells (21). Furthermore, PPARf-null
mice display alterations in development, epidermal cell pro-
liferation, myelination of the corpus callosum, and lipid me-
tabolism (22). Recently, PPARp has also been implicated in
colorectal cancer (23), in bone resorption (24), and in the
stimulation of reverse cholesterol transport (25).

PPAR activity is mainly controlled by ligand binding (26).
Different FA and their derivatives (such as conjugated FA, ei-
cosanoids, and prostaglandins) are able to activate PPAR iso-
forms (2,26). Among FA, DHA has been reported as a potent
PPAR activator (27). FA activation of PPARa seems to ac-
count for many of the short-term effects of dietary fat on gene
expression in liver, at least in rodents. However, there is in-
creasing evidence that under different nutritional states, not
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only PPAR activity but also its mRNA abundance are modi-
fied. After feeding, PPARY increases in adipose tissue in re-
sponse to sterol regulatory element binding protein 1 (28,29),
thus stimulating uptake of FA and their conversion to TG,
whereas, PPARY diminishes in murine liver during fasting pe-
riods (28). Starvation causes a decrease in PPARo. mRNA
levels in liver (30). In contrast, fasting results in high expres-
sion of PPARa (30,31), increasing the ketonemia and thus
providing fuel for different tissues. The recently identified
fasting-induced adipose factor gene (FIAF) seems to be a tar-
get for the PPARo-mediated response to fasting (32).

This work addresses the effect of long-term n-3 FA defi-
ciency on the abundance of PPAR mRNA in rat tissues. Rats
were chronically fed diets sufficient in linoleic acid (LA:
18:2n-6) but low or adequate in a-linolenic acid (LNA:
18:3n-3). Consumption of diets containing oils low in LNA
significantly reduced DHA (22:6n-3) content in F2 genera-
tion rat brain and liver FA. PPARa and PPAR mRNA levels
were analyzed in nervous, ocular, and hepatic tissues from F2
and F3 generation rats. Our results show a moderate increase
in PPARP mRNA in ocular tissues from rats with an inade-
quate dietary supply of n-3 FA. In contrast, levels of neither
PPARo mRNA in all three tissues nor PPARf mRNA in he-
patic or nervous tissues were significantly modified.

MATERIALS AND METHODS

Diets. Diets based on the AIN93 diet (33) were designed to
contain 10% total lipids and either deficient or adequate
amounts of LNA (34). The experimental diets were composed
of (in g/100 g diet): 20 vitamin-free casein, 60 carbohydrates
(15 cornstarch, 10 sucrose, 20 dextrose, and 15 maltose-dex-
trin), 10 cellulose vitamins/minerals, and 10 lipids. Safflower
oil was used to provide an adequate amount of LA (18:2n-6),
and flaxseed oil was the source of LNA (18:3n-3) in the LNA-
sufficient diet. The LNA-deficient diet contained 8.1 g/100 g
of hydrogenated coconut oil (abundant in lauric and myristic
acids) and 1.9 g/100 g of safflower oil. The LNA-adequate
diet contained 7.75 g/100 g of hydrogenated coconut oil, 1.77
2/100 g of safflower oil, and 0.48 g/100 g of flaxseed. Fatty
acyl composition analysis of the diets showed that 18:3n-3
was 3.1 and 0.04% of total FA in the LNA-sufficient and the
LNA-deficient diet, respectively (34).

Experimental design. Female Long-Evans rats (Charles
River, Portage, MI) were randomly divided into two groups
of 12 rats each and reared on n-3 adequate or deficient diets
beginning at 21 d of life. These females (F1 generation) were
mated with chow-fed males and similarly, F2 generation fe-
males were mated with chow-fed males. Their male offspring
(F2 and F3 generations) were weaned to the diet of the dam
and maintained on this diet until sacrifice at 12 wk of age. No
obvious differences in reproduction efficiency or pup size
were observed in this study between dietary groups. Animals
were killed by decapitation and the tissues rapidly excised
and stored at —80°C until analysis. Cerebellum, liver, and
whole eyeballs were collected from the F2 and F3 generation
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rats. All animal procedures were approved by the NIAAA
Animal Care and Use Committee, NIH.

FA analysis. FA composition was determined in rat brain
and liver. Lipids were extracted in the presence of tricosanoic
acid (23:0) as internal standard (35). FA were transmethylated
and analyzed by GC (36). The identification of individual FA
was based on the retention time, and their content was ex-
pressed as a weight percentage of total FA (37).

Slot blot analysis. Frozen tissue samples (approximately
100 mg) were ground in a prechilled mortar. Total RNA was
extracted with guanidine isothiocyanate/phenol (TRIZOL
reagent; GIBCO BRL, Bethesda, MD) according to the man-
ufacturer’s instructions, precipitated in ethanol, and stored at
—80°C. Before use, samples were resuspended in diethyl py-
rocarbonate-treated doubly distilled water and incubated for
45 min at 37°C with 0.03 units of RNase-free RQ1 DNase
(Promega Corp., Madison, WI) per microgram of RNA.

Total RNA (0.5 to 1 ng) was denatured at 68°C in 0.21 M
sodium citrate, 0.021 M sodium chloride, pH 7.0, 69% deion-
ized formamide, 9% formaldehyde, and transferred to nitro-
cellulose membranes (Schleicher & Schuell GmbH, Dassel,
Germany) by filtration under negative pressure. RNA was
fixed to membranes using a UV cross linker (Stratagene, La
Jolla, CA) and hybridized with 3*P-labeled cDNA probes for
PPARa, PPARS, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), or p-actin. Probes for PPARa, PPARP, GAPDH,
and B-actin transcripts were obtained by reverse transcription-
PCR using primers specific for the corresponding cDNA se-
quences available on databases (PPARa, Genebank accession
# M88592; PPARf, Genebank accession # U40064; [B-actin,
Genebank accession # V01217; GAPDH Genebank accession
# X02231 X00972). PCR-amplified fragments, cloned into
pCR II (Invitrogen, Carlsbad, CA) or pBluescript (Stratagene)
vectors, constituted nucleotides 1030 to 1775 of PPARa
cDNA, nucleotides 86 to 392 of PPARP cDNA, nucleotides
1253 to 2381 of B-actin gene, and nucleotides 87 to 626 of
GAPDH cDNA. The identity of cloned fragments was con-
firmed by direct cDNA sequencing. The specificity of all
probes used in slot blot hybridizations was verified by North-
ern analysis. Unique bands of the predicted size were observed
in autoradiograms. Hybridization with nonlimiting amounts of
radioactive probes was carried out for 24 h at 42°C in 0.02 M
sodium phosphate buffer, pH 6.5, containing 6x SSC (0.9 M
sodium chloride, 0.09 M sodium citrate pH 7.0), 5x Den-
hardt’s solution (0.1% wt/vol polyvinylpyrrolidone, 0.1%
wt/vol Ficoll type 400, 0.1% wt/vol BSA), 5% wt/vol dextran
sulfate in formamide, 0.1 mg/mL denatured salmon sperm
DNA, and *?P-labeled probes. Labeling of the probes was car-
ried out by the PCR Radioactive Labeling System (GIBCO
BRL) and a-**P-dCTP (111 TBg/mmol, 370 MBg/mL; NEN
Life Science Products, Inc., Boston, MA). Membranes were
washed with a solution containing 0.2 x SSC (0.015 M sodium
chloride, 0.0015 M sodium citrate, pH 7.0), and 0.1% SDS at
60, 63, or 68°C for PPARP, PPARa, or B-actin and GAPDH,
respectively. Membranes were exposed to X-ray films using
intensifying screens, and densitometric analysis of autoradio-
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grams was carried out with a Bio-Rad GS-670 image densi-
tometer. PPAR signal intensities for each tissue in individual
animals were standardized with those of the reference mRNA
measured in parallel. The mean + SD of two experiments was
determined for each dietary group. Hybridizations to mRNA
from different tissues were carried out independently. To com-
pare PPAR mRNA abundance among samples and experi-
ments, B-actin and GAPDH mRNA were used as an internal
reference. Thus, results for PPARo and PPAR mRNA were
expressed relative to $-actin and GAPDH mRNA.

Statistical analysis. Statistical differences between the
mean values of dietary groups were assessed by the two-tailed
unpaired 7-test and were considered significantly different at
P <0.05.

RESULTS

Effect of diet on FA composition. Analysis of liver and brain
lipids from rats fed LNA-deficient or LNA-adequate diets
shows significant differences in FA composition (Table 1),
particularly in DHA, which accounts for over 99 and 85% of
total n-3 FA in brain and liver, respectively. A fivefold lower
level of DHA was found in brain and an 11-fold DHA de-
crease in liver from rats fed the LNA-deficient diet. A con-
comitant compensatory increase in 22-carbon n-6 FA, partic-
ularly in docosapentaenoate (DPAn-6, 22:5n-6) and, to a
lesser extent, in 22:4n-6 was detected in the lipids of hepatic
and nervous tissue. Thus, the total n-6 to n-3 ratio increased
almost 10-fold in brain lipids and 14-fold in liver lipids.

TABLE 1
FA Composition? of Total Lipid Extracts from Rat Liver and Brain
Liver Brain
FA LNA-deficient LNA-adequate LA-deficient LNA-adequate
(% total FA)
Saturated
14:0 1.60 +£0.17* 1.20 £ 0.21 0.30 +0.20 0.60 + 0.40
16:0 17.1 £ 1.00* 19.8 £ 1.90 16.30 = 0.20 17.0 £ 0.90
18:0 18.9 + 0.80 17.9 £ 1.90 18.50 = 0.20 18.6 £ 0.50
20:0 0.09 + 0.01* 0.08 + 0.00 0.70 + 0.09 0.60 + 0.07
22:0 0.30 £ 0.20* 0.20 £ 0.10 0.90 + 0.06* 0.80 + 0.05
24:0 0.65 + 0.06* 0.44 +0.03 1.70 £ 0.20 1.60 = 0.20
Total 38.60 £ 1.10 39.60 + 1.00 38.50 + 0.60 39.20 + 1.20
Monounsaturated
14:1 0.02 +0.01 0.02 +0.02 NDP ND
16:1 1.80 + 0.40 2.40 £ 0.70 0.30 + 0.03 0.40 + 0.06
18:1n-9 7.80 = 1.30 9.90 + 1.40 15.3 £ 0.50% 16.2 +£ 0.40
18:1n-7 4.70 £ 0.60 5.10 +£ 0.80 3.70 £ 0.10* 3.60 £0.10
20:1 0.19 + 0.02 0.16 + 0.04 2.00 +0.20 1.90 + 0.30
22:1 0.004 + 0.01 ND 0.20 £ 0.02 0.20 £ 0.03
24:1 0.30 £ 0.07* 0.21 +£0.20 3.30+0.30 3.30 +£0.30
Total 14.80 = 1.90 17.90 + 2.60 24.90 + 0.70 25.50 +£0.90
n-6 series
18:2n-6 10.5 £ 1.20 11.0+1.20 4.60 + 0.30* 5.10 £ 0.40
18:3n-6 0.04 + 0.01* 0.07 +0.01 ND ND
20:3n-6 0.60 = 0.10* 0.90 £ 0.10 0.30 £ 0.03* 0.30 £ 0.02
20:4n-6 22.3 +£0.80* 19.2 £ 1.60 8.80 + 0.30 8.40 + 0.40
22:4n-6 0.80 + 0.10* 0.27 +0.20 3.60 + 0.08* 2.70 +£ 0.09
22:5n-6 5.30 £ 0.70* 0.20 = 0.05 9.00 + 0.50* 0.40 + 0.05
Total 39.90 + 2.10* 31.90 £ 2.40 22.30 £ 0.70* 12.40 £ 0.50
n-3 series
18:3n-3 0.006 + 0.005* 0.28 = 0.05 ND ND
20:5n-3 ND 0.47 +£0.10 ND ND
22:5n-3 0.07 + 0.03* 0.50 + 0.09 0.008 + 0.02* 0.13 £ 0.01
22:6n-3 0.60 + 0.02* 6.60 = 0.50 2.30 £0.10% 11.8+£0.70
Total 0.70 = 0.05* 7.80 = 0.60 2.30 £0.10% 11.90 £ 0.70
20:3n-9 0.17 £ 0.02 0.14 £ 0.03 0.08 + 0.003 0.06 + 0.01
18:2n-6/18:3n-3 1062 + 83* 39.9+53 NAD NA
22:5n-6/22:6n-3 8.8 +1.1* 0.03 = 0.006 3.9 +0.2*% 0.03 + 0.004
22:5+22:6 59 +0.7* 6.8 + 0.48 11.3+0.6 12.2+0.7
Total n-6/total n-3 58.7 + 5.0* 4.1+0.3 9.6 +0.5* 1.0 +0.04
Total n-6 + total n-3 40.6 £ 2.1 39.8+2.8 24.6 £ 0.7 244 +1.1

9Data are mean + SD for F2 generation rats. *Statistically significant differences P < 0.05.

bNA, not available; ND, not detectable; LNA, a-linolenic acid; LA, linoleic acid. Values may not equal 100% due to

unidentified peaks.
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Changes in lipid composition were not evaluated in ocular tis-
sue because the whole sample was used for mRNA quantifi-
cation, and other studies show that retinal responses are simi-
lar to those of brain with respect to DHA loss and replace-
ment with DPAn-6 (4,38,39).

Effect of diets on PPAR mRNA abundance. GAPDH and -
actin transcripts are widely accepted as reference genes for ex-
pression analysis. Because changes in either GAPDH or $-actin
mRNA levels have been reported under some experimental con-
ditions (40—42), the abundance of both transcripts was evalu-
ated in the tissues analyzed here (Table 2). Data are expressed
as the mean value of -actin and GAPDH mRNAs in tissues
from rats fed the LNA-deficient diet and as a percentage of the
value obtained from the LNA-adequate group. GAPDH mRNA
levels in different tissues were independent of the dietary sup-
ply of LNA, except for a 10% decrease in nervous tissue in F3
generation rats fed the LNA-deficient diet. In addition, signifi-
cantly lower levels of -actin mRNA were detected in ocular
(10%), nervous (20%), and hepatic (42%) tissues from F2 gen-
eration rats fed the LNA-deficient diet as compared to those that
consumed the LNA-adequate diet. Therefore, data normalized
to B-actin mRNA in all tissues from F2 generation rats and to
GAPDH mRNA in nervous tissue (F3 generation) were not in-
cluded for analysis. In addition, a lower level (37%) of B-actin
transcripts was also found in liver from F3 generation rats.
However, this difference was not statistically significant, proba-
bly owing to variability within the group.

The abundance of PPAR mRNA in nervous and ocular tis-
sues was evaluated and expressed relative to both $-actin and
GAPDH mRNA levels in the same tissue, as pointed out in
the Materials and Methods section (Tables 3 and 4). Analysis
of mRNA in hepatic tissue was included as a control, because
of reported high levels of PPARa mRNA expression. As
shown in Table 3, most of the differences detected in the rela-
tive abundance of PPARo. mRNA in ocular, nervous, and he-
patic tissue from F2 and F3 generation rats fed LNA-deficient
or LNA-adequate diets were not statistically significant.
PPARa mRNA abundance normalized to 3-actin mRNA was
61% higher in hepatic tissue from F3 generation rats consum-
ing the LNA-deficient diet than that measured in rats fed the
LNA-adequate diet. However, the latter could be explained,

TABLE 2
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at least in part, by the lower (3-actin mRNA measured in he-
patic tissue from these rats (Table 2). This is confirmed when
results are examined relative to GAPDH mRNA. In this case,
PPAR« levels do not significantly differ in the liver samples.
As illustrated in Table 4, PPAR mRNA abundance also dis-
played significantly higher levels when expressed relative to
B-actin mRNA but not to GAPDH mRNA.

The results of the PPAR mRNA abundance determina-
tion in nervous and hepatic tissues shown in Table 4 indicate
no significant changes, except a 51% increment in PPARP
mRNA normalized to B-actin mRNA in the F3 generation
(possibly influenced by the decrease observed in (3-actin tran-
scripts in liver). In ocular tissue, significantly higher PPARf
mRNA abundance relative to (3-actin transcripts (21%) was
found in F3 generation rats from the LNA-deficient group
(Table 4). It is likely that the increase in the normalized
PPARGp level in ocular tissue arises mainly from a moderately
higher absolute abundance of PPARf; mRNA (17%) in the
rats consuming the n-3-deficient diet (Table 4).

DISCUSSION

Effects of dietary FA at the level of gene expression are part
of an adaptive metabolic response to the amount and type of
fat. These are mediated, at least in part, by the PPAR system.
Although the activity of PPAR isoforms is mainly regulated
by ligand binding and phosphorylation status, control at the
transcriptional level is also apparent. Changes in the abun-
dance of PPARq, which influences the expression of enzymes
for FA oxidation, have been detected in liver during fasting
periods, with a concomitant increase in the level of PPARa
mRNA (31). Moreover, food intake increases PPARy mRNA
levels, whereas PPARy abundance decreases during fasting
periods (28). Changes in PPARa. mRNA levels in response to
total dietary fat intake and to FA composition have also been
documented. Feeding rats a diet rich in LNA for 12 wk after
weaning caused a decrease in PPARo. mRNA abundance in
the epididymal fat pads (43). In contrast, an increased expres-
sion of PPARa. mRNA in rat liver was observed in 5-wk-old
rats fed a high-fat diet (250 g/kg of either coconut oil or olive
oil or safflower oil) over a 4-wk period (44).

B-Actin and GAPDH mRNA Abundance in LNA-Deficient Rats

Tissue Rat generation B-Actin? %P GAPDH? %P
Ocular F2 233 +£1.1(6) 90.1 £4.8% 11.5+£02(0) 99.1+1.7
F3 28.0+1.8(6) 97.6+6.4 133+1.1(6) 92.7+83
Nervous F2 16.1£25(5) 80.1+154% 105+0.6(6) 985+58
F3 185+£23(5) 1104 +12.2 10.5£0.4 (6) 90.4 +3.6%¢
Hepatic F2 1.4+£0.4(5) 57.5 + 30.4%f 44+0.6(6) 843+14.0
F3 1.3 +£0.6(6) 62.9 + 46.5 53+03(6) 97.8+59

9Data are mean + SD. In parentheses are the number of samples. *Statistically significant differences:

¢p=0.03, 9P = 0.04, P = 0.0008, P = 0.02.

bThe mean value of B-actin MRNA and GAPDH mRNA for the LNA-deficient diet was expressed as a
percentage of the value for the group fed the LNA-adequate diet. GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; for other abbreviation see Table 1.
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TABLE 3

PPARc. mRNA Relative Abundance? in Tissues from LNA-Deficient Rats

Tissue Generation PPARo %C PPARa/B-actin® %° PPARW/GAPDH?  %¢

Ocular F2 0.78+0.19 109+24 0.02+0.01(6) 11825 0.04 +£0.01 (6) 111 £22
F3 0.98+0.09 113+9 0.02+0.002(6) 123 +10 0.04 £ 0.003 (6) 122 +7

Nervous F2 1.69+0.10 1066 0.06+0.01(5 133=18%% 0.16+0.02(5) 108 =9
F3 1.69+£0.10 105+6 0.05+0.01 (4) 98 £ 15 0.16 £0.01 (5) 121 = 7%

Hepatic F2 038+0.15 98+4 0.28+007(5) 171+26% 0.06+0.02(6) 11633
F3 0.34+0.05 95+15 0.31+0.14(5) 161 £45%8 0.04+0.01(6) 105=+15

“Because hybridization assays to mRNA from different tissues were carried out independently (see Materials and Methods
section), the comparison of absolute PPARo. mRNA values should be restricted to the same tissue.

bData are mean + SD. In parentheses are the number of samples. *Statistically significant differences: 9P = 0.007, ¢P =
0.0027, 'P = 0.0009, and 8P = 0.02.

“The mean value of PPARa mRNA relative to B-actin or to GAPDH mRNA for the LNA-deficient diet was expressed as per-
centage of the value for the group fed the LNA-adequate diet. PPARa, peroxisome proliferator-activated receptor o; for

other abbreviations see Tables 1 and 2.

The effect of high- and low-fat diets on PPARa mRNA
abundance in kidney of 3-wk-old rats also has been investi-
gated previously (45). In this study, pups were kept on a low-
fat diet (less than 1% fat) from day 16 to 21; then a group was
placed on a high-fat diet (supplemented with 25% coconut
oil) for 24 h. Despite marked changes in the mRNA levels for
enzymes involved in B-oxidation in the kidney cortex, the au-
thors reported no significant modification of PPARo. mRNA
abundance, suggesting that modulation of the expression of
the PPARa gene is not involved in this physiological re-
sponse to a high-fat diet. A diet high in fat causes a small
increase in PPARY in rat adipose tissue (28). However, the in-
fusion of lipids (Intralipid) in humans results in a marked in-
crease in subcutaneous adipose tissue PPARY mRNA (46).
Considering the PPARf ligand-binding profile (26), it is
likely that FA are physiological regulators of its activity as a
transcription factor. However, information regarding the reg-
ulation of PPARf gene expression is not yet available.

Many investigations support the role of n-3 FA, particu-
larly DHA, on the development and function of the nervous
system in humans (4,38,47,48), particularly in the visual sys-
tem (7,10,47). High DHA levels are found in the inner mem-
branes of photoreceptor outer segments, in certain brain areas,

and in specific neuronal cell types. Dietary n-3 FA deficiency
alters rat retinal function (49). Moreover, DHA promotes dif-
ferentiation of developing photoreceptors in culture (50). In-
terestingly, PPARf} mRNA is more prominent than other
PPAR isoforms in many areas of the rat adult brain (15) and
its level is particularly high during embryonic development
(51). Expression of PPAR is also abundant in differentiating
oligodendrocytes, cells involved in myelin sheath formation
(16). Consistently, PPARP null mice show alterations in
myelination of the corpus callosum and in lipid metabolism
(22). As in other cell types, it likely that PPAR transcriptional
activity is modulated by FA in neuronal cells although their
PPAR-responsive genes have not been identified.

The purpose of this study was to explore whether long-
term modification of FA intake, specifically n-3 FA defi-
ciency, affects the abundance of PPARa and p mRNA in
neural tissues. It is well known that the content and composi-
tion of dietary lipids can alter FA composition in biological
membranes (38,39,52-54). These studies demonstrate that
when two or more generations of animals are maintained on
an n-3-deficient diet, a marked modification of the FA com-
position in the nervous system occurs. Therefore, in the pres-
ent study, rats were fed the experimental diet for three gener-

TABLE 4

PPARB mRNA Relative Abundance? in Tissues from LNA-Deficient Rats

Tissue  Generation PPARp? % PPARB/B-actin® % PPARB/GAPDH?  9%¢

Ocular F2 1.63 £0.33 122 +20 0.04 + 0.01 (6) 136 = 14%4  0.09 + 0.02 (6) 123 +20
F3 1.59+0.10 117 £6%¢ 0.03+0.004 (6) 121 +12%" 0.07+0.01(6) 12614

Nervous F2 2.14 +£0.26 96 + 12 0.07 = 0.01 (5) 122 + 14 0.20 = 0.02 (5) 97 +£9
F3 1.65+0.10 100 + 6 0.06 £ 0.01 (5) 104 +9 0.16 £ 0.01 (5) 112 +4*8

Hepatic F2 0.18 + 0.06 75 + 33 0.12 £ 0.02 (5) 130 + T4*’f1 0.04 £ 0.01 (6) 87 + 31
F3 035+0.09 117 +12 0.27 £0.10 (5) 151 £36%'  0.04 £0.01(6) 112 +2

“Because hybridization assays to mRNA from different tissues were carried out independently (see Materials and Methods
section), the comparison of absolute PPARB mRNA values should be restricted to the same tissue.

bData are mean + SD. In parentheses are the number of samples. *Statistically significant differences: 9P = 0.001, ¢P =
0.005, /P =0.004, 8P = 0.03, "P = 0.02, and 'P = 0.02.

“The mean value of PPARa mRNA relative to B-actin or to GAPDH mRNA for the LNA-deficient diet was expressed as a
percentage of the value for the group fed the LNA-adequate diet. For abbreviations see Tables 1-3.
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ations. The effects of the diet deficient in LNA were com-
pared to those of a diet providing adequate levels of this FA.
One would expect that n-3 FA deficiency would resemble ge-
netic diseases associated with impaired DHA synthesis,
which preferentially affect the function of excitable tissues
such as brain, retina, and muscle (55,56). Despite no apparent
differences in body or brain weight, siblings of these rats that
consumed the n-3-deficient diet showed poorer performance
in spatial and olfactory-cued learning tests than those that re-
ceived the control diet (33,57,58). As shown here, long-term
inadequate dietary provision of n-3 fat sources results in a re-
markable decrease in DHA in rat brain phospholipids (five-
fold) and in liver (11-fold), and a concomitant increase in
DPAn-6 FA (>20-fold).

In the present study, quantitation of PPAR mRNA in he-
patic, ocular, and nervous tissues from rats fed the LNA-defi-
cient or -adequate diet was referred to both (-actin and
GAPDH mRNA abundance. Results shown here indicate that
reference transcripts did not differ significantly in most tissues
from rats consuming the LNA-deficient diet. However, (3-actin
mRNA levels in the F2 but not in the F3 generation were con-
sistently lower in the LNA-deficient rats for all three tissue
types analyzed here. In addition, GAPDH mRNA was also
significantly lower in nervous tissue of F3 generation rats fed
the LNA-deficient diet. We do not have a clear explanation for
the apparent selective decrease in B-actin mRNA. As a matter
of speculation, we propose that the expression of B-actin and
GAPDH genes is sensitive, to a different extent, to an unde-
fined factor that is dissimilarly present in F2 vs. F3 generation
rats fed the LNA-deficient diet. Therefore, taking into account
the results discussed above, PPAR data normalized to (3-actin
mRNA (F2 generation) and GAPDH mRNA (F3 generation,
nervous tissue) were excluded from the analysis.

Our findings indicate that the marked decrease in DHA
levels in tissues did not correlate with substantial changes in
the level of PPARa or PPARS transcripts in rat liver or brain.
We found a modest increase in the abundance of PPARP
mRNA in ocular tissues from rats consuming the LNA-defi-
cient diet compared to those fed the LNA-adequate diet. In
F3 generation rats, the PPAR mRNA level was 17% higher,
and PPARP mRNA normalized to p-actin showed a 21% in-
crease in ocular tissues from the n-3 FA deficient group.

Given that the biological activity of PPAR transcription
factors is primarily controlled by ligand binding, the func-
tional relevance of an increment in the abundance of the cor-
responding transcripts remains a matter of speculation. Con-
sidering that the precise function of PPARf has not been de-
termined, the theoretical outcome of an eventual increase in
PPARp protein (as a consequence of higher mRNA levels)
could be inferred from emerging information that supports the
role of PPARP as a dietary lipid sensor and modulator of lipid
homeostasis. Reportedly, PPARB-null mice have reduced adi-
pose tissue depots. Moreover, the advent of a selective
PPARP ligand has provided evidence for its role as a regula-
tor of the expression of the gene encoding the ABCA1 reverse
cholesterol transporter (25). Therefore, changes in PPAR
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mRNA absolute abundance in ocular tissue could hypotheti-
cally stimulate the efflux of cholesterol from cells. However,
modulation of other cellular pathways cannot be excluded.
Our results indicate that PPAR gene expression is moder-
ately sensitive to long-term n-3 FA deficiency in the whole-
body experimental model tested here. The dietary intervention
in this study is highly specific to the n-3 FA series, preserving
the total amount of fat as well as the amount of n-6 FA. The
response to this dietary intervention conceivably includes
mechanisms other than the transcriptional control of PPAR
genes. It is possible that the consequences of dietary intake of
n-3 FA primarily involve modulation of the activity rather than
amount of PPAR. In addition, other transcription factors may
be involved in the response to n-3 deficiency. Recent experi-
ments using cell lines show that DHA is a potent activator of
the transcriptional activity of 9-cis retinoic acid receptor
(RXR) isoforms. Moreover, the reported effect was highly
specific to DHA in comparison to other C,,, Czo’ and C18 un-
saturated FA (59). Given the fact that RXR responsiveness to
DHA is affected by heterodimerization and that PPAR and
RXR are common partners, it is possible that DHA deficiency
alters cellular pathways under the transcriptional control of
both RXR and PPAR or other heterodimerization partners.
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