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a b s t r a c t

The aim of this work was to study how age-related changes could modify several enzymatic activities
that regulate lipid mediator levels in nuclei from rat cerebellum and how these changes are modulated
by all-trans retinoic acid (RA), docosahexaenoic acid (DHA) and arachidonic acid (AA). The higher
phosphatidate phosphohydrolase activity and lower diacylglycerol lipase (DAGL) activity observed in
aged animals compared with adults could augment diacylglycerol (DAG) availability in the former.
Additionally, monoacylglycerol (MAG) availability could be high due to an increase in lysophosphatidate
phosphohydrolase (LPAPase) activity and a decrease in monocylglycerol lipase activity. Interestingly, RA,
DHA and AA were observed to modulate these enzymatic activities and this modulation was found to
change in aged rats. In adult nuclei, whereas RA led to high DAG and MAG production through inhibition
of their hydrolytic enzymes, DHA and AA promoted high MAG production by LPAPase and DAGL stim-
ulation. In contrast, in aged nuclei RA caused high MAG generation whereas DHA and AA diminished it
through LPAPase activity modulation. These results demonstrate that aging promotes a different nuclear
lipid metabolism as well as a different type of non-genomic regulation by RA, DHA and AA, which could
be involved in nuclear signaling events.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear lipids have been detected not only in the nuclear
membrane but also in the nuclear matrix and chromatin [1,2]. The
enzymes related to their metabolism generate several lipid mes-
sengers in the nucleus which appear to be involved in signaling
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processes. Nuclear events such as DNA stabilization, nuclear re-
ceptor activation, transcription factors and RNA and DNA poly-
merase activities, could be modulated by lipids [3]. Thus, lipid
signaling in nuclei could have a key role in physiological as well as
pathological events. Many studies have reported that aging,
neurodegenerative processes and various neurological disorders
are accompanied by modifications in the composition and meta-
bolism of glycerophospholipids, sphingolipids, and cholesterol
[4,5]. Previous work carried out by our research group on different
brain areas of aged rats demonstrated changes in lipid profile and
metabolismwith respect to adults. Some of these changes consisted
in a different regulation of the enzymatic activities involved in DAG
and phosphatidic acid (PA) production [6,7]. In addition, it was
shown that insulin regulates PA/DAG balance in cerebral cortex
synaptosomes and that this regulation also changes in aged animals
[8]. As regards nuclear lipid metabolism, we have demonstrated
active PA metabolism in isolated nuclei from rat cerebellum which
involves LPPs, DAGL and monocylglycerol lipase (MAGL) enzymatic
activities as well as PLA and LPAPase activities in neural and non-
neural tissue [9,10]. As with other areas of the central nervous
system (CNS), both the anatomy and functions of the cerebellum
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have been observed to undergo alteration in neurodegenerative
processes such as Alzheimer disease and aging [11,12]. It has been
shown that among other enzymes and transcription factors, RA
modifies the activities of nuclear phospholipases through a non-
genomic mechanism [13]. RA has a critical role in the develop-
ment of CNS and in neural plasticity [14] and also appears to be
involved in neuroprotective mechanisms [15,16]. In agreement
with this, a decrease in RAR expression and in its signaling in aged
animals has been related to cognitive decline, which could be
reversed by RA treatment [17]. Interestingly, previous studies have
demonstrated that RA could also bind to and activate peroxisome
proliferator-activated receptors (PPARs) although their classical li-
gands are polyunsaturated fatty acids (PUFA) and eicosanoids [18].
PPAR activation is also associated with neuroprotection [16]. In
addition, many PPAR ligands were observed to have the ability to
regulate MAPK activation, transcription factors or enzymatic ac-
tivities in a non-genomic way [19]. Among polyunsaturated fatty
acids (PUFA), DHA has also been postulated as a neuroprotective
lipid with a significant role in either attenuating or preventing
neurodegenerative processes by multiple mechanisms [20,21].

Based on this background, the aim of the present research is to
study age-related changes in enzymatic pathways involved in PA/
DAG/MAG metabolism in isolated nuclei from rat cerebellum as a
CNS model. Our research also focuses on the regulation of this
nuclear metabolism by neuromodulators such as RA and PUFA,
enabling us to analyze the effects of age-associated neuro-
degeneration on nuclear lipid metabolism and its regulation by
neuroprotection-related molecules.

2. Materials and methods

2.1. Materials

[2e3H]Glycerol (200 mCi/mmol) was obtained from New En-
gland Nuclear-Dupont (Boston, MA, USA). Pre-blended dry fluor
2a70 (98% PPO and 2% bis-MSB) was obtained from Research
Products International Corp. (Mount Prospect, IL, USA). The deter-
gent ARKOPAL N-100 was obtained from ALSI Química Sanitaria (La
Plata, Buenos Aires, Argentina). 2-arachidonoylglycerol [glycerol-
1,2,3-3H] (40 Ci/mmol), unlabeled 2-arachidonoylglycerol, and
lysophosphatidic acid, 1-oleoyl [oleoyl-9,10-3H(N)] (54 Ci/mmol)
were obtained from American Radiolabeled Chemicals, Inc. (Saint
Louis, MO, USA). Oleoyl-L-a-lysophosphatidic acid, fatty acid-free
bovine serum albumin (BSA) and Palmitoyl-L-a-lysophosphati-
dylcholine acid (LPC) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). GSK 0660was purchased from Santa Cruz Biotechnology,
Inc. (Dallas, Texas, USA). All the other chemicals used were of the
highest purity available.

2.2. Purified nuclear fraction preparation

Wistar-INIBIBB stock adult (4 months old) and aged (24e28
months old) rats were kept under constant environmental condi-
tions and fed on a standard pellet diet. All procedures were carried
out following the guidelines issued by the Animal Research Com-
mittee (Resolution N� CDBByF 791/14) of the Universidad Nacional
del Sur (Argentina) in accordance with the Guide of the Care and
Use of Laboratory Animals of the Institute for Laboratory Animal
Research (ILAR) of the National Academy of Science (Bethesda, MD,
USA). Adult and aged rats were killed by decapitation and the
cerebellum was immediately dissected. The nuclei isolation pro-
cedure was followed as described elsewhere [9]. The purified nu-
clear fractionwas stored at�70 �C until used and re-suspended in a
buffer that preserves nuclear integrity (50 mM Tris-HCl buffer, pH
7.5, containing 25 mM KCl and 5 mM MgCl2) to perform the
enzymatic assays. The purity of nuclear preparations was assessed
as previously described [9,10].

2.3. Preparation of radioactive 1, 2-diacyl-sn-glycerol-3-phosphate
and 1, 2-diacyl-sn-glycerol and procedure of enzymatic assays

Radioactive PA and DAG were obtained from [2e3H]glycerol-PC
([3H]PC) which was synthesized from bovine retinas incubated
with [2e3H]glycerol (200 mCi/mmol) as previously described
[9,22]. [3H]PA and [3H]DAG specific activities were calculated by
measuring phosphorous or fatty acid content of an aliquot of each
substrate, respectively [9].

LPP, DAGL, MAGL, LPAPase, and PA-PLA assays were conducted
as previously specified [9,10]. LPP and DAGL enzymatic reactions
were stopped by adding chloroform:methanol (2:1, v/v), MAGL
enzymatic reaction was stopped by adding chloroform:methanol
(1:1,v/v), and LPAPase and PA-PLA assays were stopped by adding
chloroform:methanol:HCl 0.1 N (2:1:0.025, v/v/v). The blank
preparations were identical to that of each enzymatic assay except
that the membrane fraction was either boiled for 5 min or inacti-
vated by the addition of chloroform:methanol (2:1, v/v) before use.

Lipids were extracted according to Folch [23] and chromato-
graphed by TLC on silica gel G or H plates using different developing
solvents as previously described [9,24]. Chromatograms were
visualized by exposure to iodine vapors and the areas corre-
sponding to LPA, PA, MAG and DAGwere scraped off for counting by
liquid scintillation. The aqueous phase from Folch extraction con-
taining radiolabel water soluble products (glycerol or glycerol 3-
phosphate) was concentrated to dryness and counted by liquid
scintillation. Radiolabel samples were counted after the addition of
0.5 ml water and 10ml of 5% pre-blended dry fluor 2a70 in toluene/
detergent (4/1, v/v).

2.4. Experimental design

For analysis of RA (10 mM), DHA (10 mM) and AA (10 mM) effects,
each one was added simultaneously with the substrate corre-
sponding to each enzymatic activity and incubated for 60 min. To
determine whether DHA and AA action were mediated either
totally or partly by PPARs, pre-incubations were carried out for
10 min in the presence of a selective PPARs antagonist (GSK 0660,
10 mM) prior to substrate or substrate plus DHA or AA additions. RA,
DHA and AA were prepared as stock solutions in ethanol. The di-
lutions used in the assays were prepared at the moment of the
experiments. The ethanol in the assays was used at a final con-
centration (0.1%) that did not affect the enzymatic activities.

2.5. Other methods

Protein and lipid phosphorus were determined according to
Lowry [25] and Rouser [26], respectively.

2.6. Statistical analysis

All data are given as means ± SD of 3 replicates of a minimum of
2 different experiments. Experiments were performed in samples
obtained from different pools of animals (ten animals per pool).
Student’s t-tests were performed for comparisons between aged
and adult rats and analysis of variance (ANOVA) with Tukey’s post-
test for multiple comparisons, using GraphPad software version
5.00 (San Diego, California, USA, www.graphpad.com).

3. Results

Age-related changes in the enzymatic pathways involved in PA/
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DAG/MAG metabolism in rat cerebellum nuclei.
Data shown in Fig. 1 indicate LPP/DAGL, LPAPase, PA-PLA, DAGL

andMAGL enzymatic activities in the isolated nuclear fraction from
the cerebellum of adult and aged rats. It can be observed that DAG
production by LPPs increased by 42% (p < 0.05) in aged rats
whereas MAG production by DAGL coupled to LPPs was found to
remain unmodified (Fig. 1 A). In addition, MAG production
increased by 78% (p < 0.005) by LPAPase activity (Fig. 1 B) whereas
its production by DAGL action was diminished by 35% (Fig. 1 D,
p < 0.05) in aged animals with respect to adults. MAGL activity was
inhibited by 16% (Fig. 1 E, p < 0.005) as glycerol production was
lower in aged nuclei. Moreover, PA-PLA activity was found to
decrease by 43% (p < 0.001) as shown in Fig. 1C.

Effect of RA on PA/DAG/MAG metabolism in adult and aged rat
cerebellum nuclei.

RA treatment of isolated nuclei produced significant changes in
the enzymatic activities assayed (Fig. 2). LPP (Fig. 2A) and LPAPase
(Fig. 2B) activities remained unmodified whereas a 30% (p < 0.005)
inhibitionwas detected in PA-PLA activity in adult animals (Fig. 2C).
Important changes were also observed in DAGL and MAGL activ-
ities, which were inhibited by 54% (p < 0.001) and 31% (p < 0.001),
respectively (Fig. 2D and E). RA only modified LPAPase activity in
isolated nuclei from aged cerebellum as indicated by the 31% in-
crease (p < 0.001) in MAG formation (Fig. 2B).

Effect of AA and DHA on LPP, LPAPase and PA-PLA activities in
adult and aged rat cerebellum nuclei.

When the action of AA and DHA was assessed in isolated nuclei
our results showed that neither AA nor DHAmodulated LPP activity
in adult (Fig. 3A) and aged cerebellum nuclei (Fig. 3B). Interestingly,
a slightly DHA-increasing effect (15%, p < 0.05) on LPP activity was
observed when PPARs were antagonized by GSK 0660 in aged
nuclei (Fig. 3 B). LPAPase activity was stimulated by AA (22%,
p < 0.05) and DHA (41%, p < 0.005) (Fig. 3C) in adult cerebellum
nuclei, and an inhibition (50%, p < 0.005) by both fatty acids in
LPAPase activity was observed (Fig. 3D) in aged nuclei. In contrast to
our observations in adults, the effect of AA and DHA on enzymatic
activity was reversed in aged nuclei, reaching values similar to
those of controls when PPARs were blocked by GSK0660 (Fig. 3D).
Fig. 1. Age-related changes in the enzymatic pathways involved in PA/DAG/MAG metabolism
bars) were used to obtain the highly purified nuclear fraction from their cerebellum. All enzy
(B) LPAPase activity, (C) PA-PLA activity, (D) DAGL activity and (E) MAGL activity. Statistical
respect to the corresponding enzymatic activity values in adult animals.
DHA led to a 44% (p < 0.005) and 57% (p < 0.001) PA-PLA activity
decrease in adult (Fig. 3E) and aged nuclei (Fig. 3F), respectively,
whereas AA exerted a similar inhibitory effect (43%, p < 0.005) only
in aged nuclei (Fig. 3F). Additionally, a major diminution by DHA
and AAwas observed when GSK 0660 was used both in adult (70%,
p < 0.005, Fig. 3E) and aged (95%, p < 0.001, Fig. 3F) nuclei.

Effect of AA and DHA on DAGL and MAGL activities in adult and
aged rat cerebellum nuclei.

Whereas both fatty acids produced a similar increase in DAGL
activity (69%, p < 0.001) (Fig. 4A) in adult rats, this activity
remained unmodified in aged rats (Fig. 4B). PPAR antagonist
decreased DAGL activity by 84% (p < 0.001) and by 56% (p < 0.005)
in adult (Fig. 4A) and aged (Fig. 4B) rats, respectively. The antago-
nist effect remained unmodified even after the addition of fatty
acids (Fig. 4A and B). Neither AA nor DHAmodified 2-AG hydrolysis
through MAGL activity in adult (Fig. 4C) and aged (Fig. 4D) cere-
bellum nuclei. PPAR antagonist alone reduced this activity by 28%
(p < 0.005) and 46% (p < 0.005) in adult (Fig. 4C) and aged (Fig. 4D)
nuclear preparations, respectively. Interestingly, only the addition
of DHA reversed the GSK 0660 effect, reaching control levels in
adult (p < 0.005) (Fig. 4C) and aged (p < 0.001) (Fig. 4D) nuclei.
4. Discussion

Aging is a physiological process during which important
changes occur in membrane lipid composition and metabolism,
especially in the neural tissue [6,27]. The changes in LPP and DAGL
enzymatic activities lead to a higher nuclear DAG availability in
cerebellar nuclei from aged animals with respect to adults. This is
strengthened by a marked decrease in the production of LPA from
PA by PA-PLA action, which may favor PA metabolism through LPP
activity. Likewise, an increase in DAG formation from PC by PLC
activity has also been detected in isolated nuclei from the liver of
aged rats [28]. The fact that MAGL and LPAPase activities were
observed to be respectively inhibited and stimulated in aged rats is
indicative of higher MAG availability. These changes in enzymatic
activities in aged rats could be related not only to nuclear lipid
remodeling but also to a particular intra-nuclear signaling involved
in rat cerebellum nuclei. Adult rats (4 mo, white bars) and aged rats (24e28 mo, grey
matic assays were performed as previously described [9]. (A) LPPs and DAGL activities,
analyses were evaluated by Student’s t-test. *p < 0.05, **p < 0.005, ***p < 0.001 with



Fig. 2. Effect of RA on PA/DAG/MAG metabolism in adult (white bars) and aged (grey bars) rat cerebellum nuclei. The RA effect was analyzed incubating the highly purified nuclear
fraction with RA (10 mM) simultaneously with the individual substrates for each enzyme. (A) LPPs and DAGL activities, (B) LPAPase activity, (C) PA-PLA activity, (D) DAGL activity and
(E) MAGL activity. Statistical analyses were evaluated by Student’s t-test. **p < 0.005, ***p < 0.001 with respect to control (considered as 100% of enzymatic activity). Control
represents the enzymatic activity in the presence of RA vehicle (ethanol 0.1%).

Fig. 3. Effects of AA and DHA on LPPs, LPAPase and PA-PLA activities in adult and aged rat cerebellum nuclei. Isolated nuclei were incubated with 10 mM of AA or DHA simul-
taneously with the individual substrates for each enzyme. Pre-incubation (10 min) with the PPAR antagonist GSK 0660 (10 mM) was also performed in each enzymatic assay before
AA or DHA (10 mM) and substrate addition. Statistical analyses were evaluated by analysis of variance (ANOVA) with Tukey’s post-test. *p < 0.05, **p < 0.005, ***p < 0.001 with
respect to control (considered as 100% of the enzymatic activity). Control represents the enzymatic activity in the presence of AA and DHA vehicle (ethanol 0.1%). #p < 0.05, #
#p < 0.005 with respect to GSK 0660 condition. F p < 0.05 with respect to AA or DHA condition.
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in the neurodegenerative processes of aging [16,29]. DAGL and
MAGL are the main enzymes responsible for maintaining the levels
of 2-arachidonoyl glycerol (2-AG) in the brain [30,31]. PLCb and
DAGLa, both involved in 2-AG production, were, in fact, observed to
be expressed in the cerebellum [32] and to co-localize in nuclei
from adult rat brain cortical neurons [33]. In recent years 2-AG was
found to be involved in various neuroprotective mechanisms [34].
As a consequence, the maintenance of adequate levels of neuro-
protective molecules could partially compensate the deleterious
effects of aging. In the present study, the activity of DAGL, which is
the main enzyme for 2-AG generation, was observed to decrease in
aged animals, thus possibly resulting in reduced 2-AG availability.



Fig. 4. Effects of AA and DHA on DAGL and MAGL activities in adult and aged rat cerebellum nuclei. Isolated nuclei were incubated with 10 mM of AA or DHA simultaneously with
the individual substrates for each enzyme. Pre-incubation (10 min) with PPAR antagonist GSK 0660 (10 mM) was also performed in each enzymatic assay before AA or DHA (10 mM)
and substrate addition. Statistical analyses were evaluated by analysis of variance (ANOVA) with Tukey’s post-test. *p < 0.05, **p < 0.005, ***p < 0.001 with respect to control
(considered as 100% of the enzymatic activity). Control represents the enzymatic activity in the presence of AA and DHA vehicle (ethanol 0.1%). # #p < 0.005, # # #p < 0.001 with
respect to GSK 0660 condition. F p < 0.05, F F p < 0.005, F F F p < 0.001 with respect to AA or DHA condition.
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This could be compensated either by an increase in the activity of
LPAPase, another enzyme that generates 2-AG from a 2-
arachidonoyl-LPA, or by a decrease in the activity of MAGL, an
enzyme that hydrolyzes it. These aging-related changes may thus
preserve neuroprotective signaling in nuclei where a nuclear
endocannabinoid system could be involved.

RA, DHA and AA have multiple effects not only on cell growth,
CNS development and neural plasticity, but also on the modulation
of inflammatory processes by means of the regulation of gene
expression through RAR or PPAR activation [14,35]. In this respect,
it has been demonstrated that RA and some fatty acids have non-
genomic effects on cell morphology and on some kinase and
transcription factor activities [19,36,37]. It has also been demon-
strated that RA modulates different enzymes related to phospho-
lipid metabolism, such as PLD, PLC and PLA2 in isolated nuclei from
LA-N1 cells. In addition, RA which induces differentiation in these
cells, was reported to increase nuclear DAG formation from PC, thus
suggesting that RA affects PC-PLC or PLD/LPPs activities in this
organelle [38e40]. Interestingly, our results show that RA appears
to modulate lipid metabolism in isolated nuclei from adult and
aged rat cerebellum. Our findings on the effect of RA on nuclear
enzymatic activities in adults reveal a RA-dependent non-genomic
inhibitory effect on DAGL, MAGL and PA-PLA activities, which may
preserve nuclear DAG, MAG and PA levels. Interestingly, these RA-
dependent changes have an effect similar to that observed in
aging. In both cases, PA-PLA, DAGL and MAGL activities were found
to be inhibited whereas only in aged animals was augmented
LPAPase activity observed (Fig. 5).

As previously discussed, 2-AG and RA exert their neuro-
protective properties through different mechanisms [16,34,41,42].
Based on our observations in nuclei from adult animals, although
RA inhibits the DAGL enzyme involved in 2-AG production, this
lipid could partially contribute to neuroprotection by diminishing
the MAGL activity which prevents 2-AG degradation. The fact that
MAG production was observed to be higher only as a result of
LPAPase activity strongly suggests in our study that RA differently
affects PA metabolism in aged nuclei. This, in turn, leads to the
conclusion that in the aging process RA is also involved in neuro-
protection by increasing one of the synthesis pathways of 2-AG.

To further clarify the possibility that this metabolism is involved
in neuroprotective mechanisms, assays were carried out using
other neuromodulators, such as AA and DHA, in adult and aged
nuclei. These PUFA are ligands of PPARs. Moreover, other possible
ligands of PPARs, such as stearic acid, oleic acid and linoleic acid
[43], were tested but produced no changes in the enzymatic ac-
tivities assayed in our study (data not shown). PPARs are nuclear
receptors that heterodymerize with RXR and participate not only in
energy metabolism but also in neurodegeneration-related inflam-
mation [16]. Thus, experiments were also performed using GSK
0660, a selective PPARs antagonist, in order to determine possible



Fig. 5. Scheme showing the principal findings reported in this study on the enzymatic activities involved in lipid metabolism in isolated nuclei from rat cerebellum. (A) Effect of RA,
AA and DHA in these enzymes in adult rat cerebellum nuclei. RA inhibits DAGL, MAGL and PA-PLA activities, thus probably leading to higher DAG, MAG and PA availability. In
contrast, AA and DHA (PUFA) stimulate both DAGL and LPAPase activities that generate high MAG availability. PA-PLA activity is inhibited by DHA. These effects seem to be PPAR-
independent. (B) Age-related changes in LPPs, DAGL, MAGL, PA-PLA and LPAPase activities. Arrow thickness indicates the relative changes in the enzymatic activities. DAG and MAG
within squares indicate their high availability as a result of aging. RA stimulates only LPAPase activity which promotes a higher MAG production from LPA. In contrast, PUFA di-
minishes MAG production due to an inhibition in PA-PLA and LPAPase activities. The PUFA effect on LPAPase activity appears to be PPAR-dependent. The other non-genomic effects
of RA, AA and DHA observed both in (A) and (B) could be mediated by a receptor other than PPAR (such as RAR, RXR) or by another unknown mechanism.
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PPAR involvement in AA and DHA action. Although AA and DHA do
not alter the activities of LPPs in adult and aged animals, a slightly
DHA-increasing effect was observedwhen PPARs were antagonized
by GSK 0660 in aged animals, thus indicating that another mech-
anism, independent of PPARs action, is involved in the DHA effect.
The fact that LPAPase activity was observed to increase in adult rats
but to decrease in aged rats confirms that AA and DHA generate
opposite effects on this enzymatic activity.

In adult rats, the fact that fatty acid effects were observed to
remain unmodified evenwhen PPARs were blocked confirmed that
their effect on LPAPase activity is PPAR-independent. Conversely, in
the presence of GSK 0660 in aged animals, there was no inhibitory
effect of AA and DHA on LPAPase, thus indicating that these re-
ceptors are involved in this inhibitory effect. On the other hand, the
inhibitory effect exerted by DHA on PA-PLA from adult and aged
rats and the inhibitory effect exerted by AA on PA-PLA from aged
rats was more pronounced in the presence of PPARs antagonist,
whereas the effect of AA was evidenced only in the presence of the
antagonist in adults. These observations suggest the possibility that
the effect of AA and DHA on PA-PLA is PPAR-independent.

DAGL activity was also significantly modified by AA and DHA
only in adults. Interestingly, the antagonist alone produced a
decrease in DAGL activity both in adult and aged animals. This ef-
fect could be related to its ability to exert inverse agonist action on
PPARs [44]. Nonetheless, the possible activation of PPARs by an
endogenous ligand that is blocked by the antagonist could not be
discarded. A direct inhibitory effect of GSK0660 on the enzyme
could also occur. The regulation of DAGL activity by AA and DHA in
adult animals appeared to be PPAR-dependent, as the subsequent
addition of fatty acids after pre-incubation with the antagonist
produced no changes in enzymatic activity. Neither in adult nor in
aged animals was MAGL activity affected by PUFA. As was observed
for DAGL, MAGL activity was also diminished by the presence of the
antagonist. Interestingly, the addition of DHA reversed the GSK
0660 effect, reaching control levels in adult and aged nuclei. Thus,
DHA modulation in MAGL activity seems to be PPAR-independent.
In line with this, previous research has concluded that DHA and AA
not only bind to but also activate RXR nuclear receptors. DHA or AA
concentrations required for PPAR or RXR activation are, in fact,
similar [45]. Thus, AA and DHA effects on PPAR-independent
enzymatic activities could also be exerted by RXR activation, as
suggested by PPAR blockage, which in turn increases AA and DHA
availability for RXR activation. A mechanism other than receptor
activation could also be involved. It is worthy of note that both fatty
acids yield similar effects on these lipid-related enzymes assayed in
adult as well as in aged animals although, unlike DHA, AA is more
related to pro-inflammation. Nevertheless, the metabolites pro-
duced from DHA and AA are, in fact, those having antagonistic
properties with respect to inflammation [46].

5. Conclusion

Summing up, this study shows that LPP, LPAPase, PA-PLA, DAGL
and MAGL activities involved in the regulation of lipid signals and
messenger levels in nuclei undergo changes in aged animals and
are non-genomically modulated by important molecules respon-
sible for the maintenance of neural tissue homeostasis, such as RA
and DHA (Fig. 5). As shown by our results, RA as well as AA and DHA
produce different effects in aged animals. This indicates a possible
role of these nuclear enzymes and their modulators, AA and DHA,
in the process of aging. Although further studies are necessary to
fully understand the mechanisms involved in this different regu-
lation, our results strongly suggest that lipids at the nuclear level
play key roles in pathophysiological neurodegenerative processes.
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