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Abstract. Chronic consumption of a diet enriched with nutritional precursors of phospholipids, including uridine and the
polyunsaturated fatty acids, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), was shown previously to enhance
levels of brain phospholipids and synaptic proteins in rodents. Vitamin C, vitamin E, and selenium may directly affect the
breakdown or synthesis of membrane phospholipids. The present study investigated the necessity of antioxidants for the effec-
tiveness of supplementation with uridine plus DHA and EPA (as fish oil) in rats. Rats were randomized to four treatment groups
and received, for 6 weeks, one of four experimental diets, i.e., a diet low in antioxidants, a diet high in antioxidants, a diet low
in antioxidants supplemented with DHA+EPA+uridine, or a diet high in antioxidants supplemented with DHA+EPA+uridine.
On completion of dietary treatment, rats were sacrificed, and brain levels of phospholipids, synaptic proteins, and two enzymes
involved in phospholipid synthesis (choline-phosphate cytidylyltransferase, PCYT1A, and choline/ethanolamine phospho-
transferase, CEPT1) were analyzed. Levels of phospholipids, the pre- and post-synaptic proteins Synapsin-1 and PSD95,
and the enzymes PCYT1A and CEPT1 were significantly enhanced by combined supplementation of DHA+EPA+uridine
and antioxidants and not enhanced by supplementation of DHA+EPA+uridine with insufficient antioxidant levels. Our data
suggest that dietary vitamin C, vitamin E, and selenium are essential for the phospholipid precursors’ effects on increasing
levels of membrane phospholipids and synaptic proteins, the indirect indicators of synaptogenesis. Their concomitant supply
may be relevant in Alzheimer’s disease patients, because the disease is characterized by synapse loss and lower plasma and
brain levels of phospholipid precursors and antioxidants.
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INTRODUCTION

Phospholipids are the main constituents of brain
membranes, and their syntheses require that precur-
sors are taken up into the brain from the circulation
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and interact via the Kennedy pathway [1]. These
precursors include choline, uridine, and polyunsatu-
rated fatty acids (PUFAs) like docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) that are
already in the circulation and can also be obtained
from nutritional sources.

Supplementation with uridine and DHA for
several weeks resulted in enhanced levels of phos-
phatidylcholine (PC), as well as other membrane
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phospholipids, in brains of healthy adult rodents [2,
3]. The same effect was observed when DHA was
substituted with another omega-3 PUFA, EPA, but not
the omega-6 PUFA arachidonic acid (AA) [4]. The
enhancement in levels of membrane phospholipids
is associated with increased levels of synaptic mem-
branes, evidenced by enhanced levels of Synapsin-1
and PSD95, specific pre- and post-synaptic proteins,
respectively, as well as structural changes reflected by
the increased number of dendritic spines [3, 5]. These
findings suggested that formation of new synapses,
i.e., synaptogenesis, is determined, at least in part,
by the availability of phospholipid precursors to the
brain. These increases are relevant for conditions that
are characterized by a loss of synapses and lower
plasma and brain levels of phospholipid precursors,
such as Alzheimer’s disease (AD) [6–10].

Phospholipid synthesis thus depends strongly on
the availability of the rate-limiting phospholipid pre-
cursors; however, other nutrients may enhance the
effects of these precursors. Vitamin C, vitamin E,
and selenium may directly affect the breakdown or
synthesis of neuronal membranes. The most impor-
tant way antioxidants act to stabilize cell membranes
is by counteracting oxidative stress, which in turn
leads to lipid peroxidation particularly in neuronal
membranes [11, 12]. Extensive lipid peroxidation
causes altered membrane composition, loss of mem-
brane fluidity, reductions in membrane potential,
and increased ionic permeability, eventually resulting
in cell death. Vitamin C, vitamin E, and sele-
nium (as part of the enzyme glutathione peroxidase)
can prevent lipid peroxidation and, in turn, protect
phospholipid precursors (i.e., DHA and EPA) and
lipid-containing membrane components from perox-
idation [12]. Vitamin E has an established role in
terminating the fatty acid free-radicals chain reaction;
each PUFA that is oxidized damages approximately
three other PUFA molecules [13]. In addition,
selenium may stimulate membrane synthesis by
increasing the activity of cholinephosphotransferase
[14], a key enzyme in the Kennedy pathway that cat-
alyzes the formation of PC from diacylglycerol and
cytidine diphosphate (CDP)-choline. Vitamin C con-
tributes to optimal collagen synthesis [15], a process
involved in neurite outgrowth and synapse formation
[16]; vitamin E is a structural component of neuronal
membranes [17], primarily associated with PC [18,
19] and concentrated at soma-neurite junctions, sug-
gesting its role in neuronal connectivity [20]; and
selenium is a constituent of selenoprotein P, which
is required for normal synaptic functioning [21].

Previous supplementation studies reporting effects
of DHA, EPA, and uridine on brain phospho-
lipid levels were performed with standard rodent
diets, containing sufficient levels (i.e., requirements
according to the National Research Council report
on the nutrient requirements of laboratory animals,
[22]) of the antioxidants, vitamin E and selenium,
and no added vitamin C as the latter is not essential
in most rodents [22]. Hence, possible necessity of
antioxidants for increasing phospholipid levels with
phospholipid precursors is unknown, and supplemen-
tation of these precursors is possibly not as effective
in conditions with lower plasma and/or brain levels
of the antioxidants, e.g., in AD [23–26].

To obtain a proof-of-principle, the effects of DHA,
EPA, and uridine supplementation were reassessed in
the current study using diets that were either nearly
devoid of vitamin C, vitamin E, and selenium or sup-
plemented with high levels of these antioxidants.

MATERIAL AND METHODS

Animals

Male Wistar Albino rats at 3-4 months of
age (300–350 g) were obtained from Experimental
Animals Breeding and Research Center, Uludag Uni-
versity Medical School, Bursa, Turkey and were
individually housed (to ensure a precise measure-
ment of body weight and food intake) in Euro Type
III H cages containing tunnels, balls, and nestlets as
enrichment and wood shaving as the bedding in a tem-
perature (22–24◦C) and humidity (60%) controlled
room with free access to standard rat chow and water
under a 12/12 h light/dark cycle. The experimen-
tal protocol was approved by the Animal Care and
Use Committee of Uludag University, Bursa, Turkey
(Approval ID: 2013-17/04). All experiments con-
formed to the “National Institutes of Health Guide for
the Care and Use of Laboratory Animals (NIH Publi-
cations No. 80-23) revised 1996” and the “Directive
2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of
animals used for scientific purposes”. All efforts were
made to minimize the number of animals used and the
individual level of discomfort.

Diets

Four diets with varying levels of vitamin C, vitamin
E, and selenium plus DHA, EPA, and uridine were
formulated: 1) Antioxidant (AOX) low diet; 2) AOX
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Table 1
Detailed compositions of the experimental diets

Diets
Ingredients (g/100 g diet) AOX low AOX high AOX low AOX high

DHA+EPA DHA+EPA
+uridine +uridine

Cornstarch, pre-gelatinized 35.59 35.11 34.59 34.11
Caseine 14.00 14.00 14.00 14.00
Maltodextrin, 10 DE 15.50 15.50 15.50 15.50
Sucrose 10.00 10.00 10.00 10.00
Dextrose 10.00 10.00 10.00 10.00
Soy oil 1.90 1.90
Coconut oil 0.90 0.90 0.10 0.10
Corn oil 2.20 2.20 1.70 1.70
Fish oil 3.20 3.20
Cellulose powder 5.00 5.00 5.00 5.00
Mineral and trace element premix

(AIN-93M-MX) without selenium
3.50 3.50 3.50 3.50

Vitamin mix (AIN-93-VX) without
vitamin E

1.00 1.00 1.00 1.00

L-cystine 0.180 0.180 0.180 0.180
Choline (choline chloride, 50%) 0.230 0.230 0.230 0.230
Tert-butylhydroquinone 0.0008 0.0008 0.0008 0.0008
Uridine 5′-monophosphate (UMP

disodium salt, 24–27%H2O)
1.000 1.000

Selenium (sodium selenite pentahydrate,
100%)

0.00038 0.00038

Vitamin E (all rac �-tocopherol acetate,
50% pure, 500 IU/kg)

0.4788 0.4788

Ascorbic acid (100%) 0.160 0.160
Sum 100.0 100.0 100.0 100.0

The AOX low diets contain no added vitamin E, vitamin C, and selenium and are therefore not listed as ingredients of the AOX low
diets. However, the AOX low diets do contain some vitamin E (3.85 mg RRR-alpha-tocopherol/kg diet) and selenium (0.07 mg/kg
diet) due to the intrinsic content of vitamin E and selenium in the raw materials. This intrinsic content also adds up to the added
vitamin E and selenium (in the table as all rac �-tocopherol acetate and sodium selenite pentahydrate) in the AOX high diets.

high diet; 3) AOX low+DHA+EPA+uridine diet; and
4) AOX high+DHA+EPA+uridine diet. Diets were
AIN-93 M based [27], isoenergetic, and identical with
respect to their protein, carbohydrate, and fiber con-
tents. The vitamin mix (AIN-93-VX) and mineral mix
(AIN-93M-MX) [27] were prepared without vitamin
E and selenium, and these were subsequently supple-
mented accordingly. The vitamin mix (AIN-93-VX)
does not contain vitamin C.

The AOX low diets contained no added vitamin
E, vitamin C, and selenium. Due to the intrinsic
content of vitamin E and selenium in the raw mate-
rials, the minimal levels of these nutrients in the
AOX low diets were 3.85 mg vitamin E (RRR-alpha-
tocopherol)/kg diet and 0.07 mg selenium/kg diet,
which equals, respectively, 21% and 47% of the nutri-
ent requirements of rats [22]. A complete depletion of
dietary vitamin E and selenium is also not desirable,
because this would induce complications. The AOX
high diets contained 1600 mg vitamin E (RRR-alpha-
tocopherol)/kg diet, 1600 mg vitamin C/kg diet, and
1.2 mg selenium/kg diet. This equals 8889% and

800% of the nutrient requirements of rats for vitamin
E and selenium, respectively [22].

These low and high levels of antioxidants were
used to create distinctive low and high antioxidant
availability, increasing the potential impact of the
antioxidants in this proof-of-principle experiment.

The DHA+EPA+uridine supplemented diets con-
tained 32.0 g fish oil/kg diet, providing 8.0 g
DHA/kg diet (0.80%) and 1.8 g EPA/kg diet
(0.18%). These diets also contained 10.0 g uridine-
5’-monophosphate (UMP) disodium salt 24–27%
H2O/kg diet (1%). The AOX low diets did not contain
any fish oil, DHA, EPA, or added uridine.

Compositions of the diets are listed in Table 1.
Diets were manufactured by Ssniff Spezialdiäten
(Soest, Germany). All diets were stored at –20◦C until
use, in order to prevent lipid oxidation.

Experimental design

All rats (n = 40) were initially put, for two weeks,
on the AOX low diet without DHA+EPA+uridine.
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Rats were then randomized to four groups (n = 10 per
group)andreceived, for6weeks,oneof thefourexper-
imental diets. Food intake and body weight of each rat
were measured daily and weekly, respectively.

Sample preparation

On completion of dietary treatments, rats were
sacrificed under ketamine (80 mg/kg) and xylazine
(10 mg/kg) anesthesia. Brains were removed imme-
diately and frozen at –80◦C until they were
homogenized in 50 volumes of ice-cold saline on the
day of assay. Trunk blood was collected in a subset
of rats (n = 4 per group) into heparinized tubes, cen-
trifuged at 5000 rpm for 10 min, and plasmas were
separated and frozen for further analyses of the lipid
peroxidation product malondialdehyde (MDA) and
fatty acid contents.

Brain phospholipid measurement

Brain phospholipids were extracted according to
the Folch method [28] and measured as described
previously [4]. Briefly, aliquots of brain homogenates
were mixed with chloroform plus methanol mix-
ture (2 : 1 v/v), vortexed and allowed to stand
overnight at +4◦C (18–20 h). Next day, aliquots
(0.1 and 0.4 mL) of the lower (organic) phase
were vacuum-dried. Residues of 0.1 mL aliquots
were assayed for total phospholipids [4, 29].
Residues of 0.4 mL aliquots of the lower phase
were reconstituted in 40 �l methanol and subjected
to thin-layer chromatography using silica G plates
(Adsorbosil Plus-1, Alltech Associates, Deerfield, IL,
USA), and a solvent system consisting of chloro-
form/ethanol/triethylamine/water (30 : 34 : 30 : 8) as
the mobile phase [4, 29]. Bands for individual
phospholipid classes were scraped off the plates,
extracted into methanol, vacuum-dried, and assayed
for phosphorus content. Aliquots of homogenates
were assayed for total protein using a bicinchoninic
acid reagent (Perkin Elmer, Norwalk, CT, USA).
Phospholipid levels were expressed as nmol/mg
protein.

Analyses of synaptic proteins

Synaptic proteins were assayed by western blot
as described previously [2–4]. Briefly, aliquots of
brain homogenates were mixed with equal vol-
umes of Laemmi loading buffer and boiled prior to
gel electrophoresis. Equal amounts of protein were

loaded and separated using SDS-PAGE (4–20%;
Bio-Rad, Hercules, CA, USA) and transferred onto
polyvinylidene fluoride (PVDF) membranes (Milli-
pore, Billerica, MA, USA), which were then rinsed
in TBST buffer and incubated overnight in TBST
solution containing the primary antibody of inter-
est (goat anti-PSD-95 and rabbit anti-synapsin-1;
Abcam, Cambridge, MA, USA). The next day, blots
were incubated with the appropriate peroxidase-
linked secondary antibody, followed by visualization
of protein-antibody complexes using the enhanced
chemiluminescence system (Millipore, Billerica,
MA, USA), and digital images were developed using
a Licor C-Digit blot scanner (LI-COR Biotechnol-
ogy, Lincoln, NE, USA). Immunoreactive bands
were compared densitometrically using the blot
scanner’s software. Membranes were stripped off
using a stripping buffer (Thermo Fisher Scien-
tific, Rockford, IL, USA), and then incubated with
�-tubulin antibody (mouse anti-�III-tubulin; Sigma-
Aldrich, St. Louis, MO, USA) used as the loading
control.

Plasma and brain fatty acid analyses

Plasma and brain total lipid fatty acid composi-
tion was detected using gas chromatography (GC) as
described previously [30]. Total lipids were extracted
from plasma and brain homogenates using a modified
Bligh and Dyer protocol [31] by adding methanol,
1% EDTA solution, and dichloromethane to 100 �L
of plasma or 300 �L of brain homogenate. After vor-
texing for 5 min, samples were centrifuged at 1750×g
for 10 min, and the organic phase (dichloromethane
and lipids) was collected. The dichloromethane layer
was dried using a SpeedVac® concentrator. Next,
2.0 mL methanol and 40 �L concentrated sulphuric
acid (2 v/v%) were added to the dried extract and
samples were heated at 100◦C for 60 min [32].
After cooling, 2 mL hexane and 0.5 mL 2.5 mol/L
sodium hydroxide solution were added. Samples
were subsequently vortexed and centrifuged for 5 min
at 1750×g, after which the upper layer was col-
lected and dried using a SpeedVac®. Dried samples
were subsequently dissolved in 125 �L iso-octane
and analyzed by GC (Shimadzu Corporation, Kyoto,
Japan) using flame ionization detection with a CP-
SIL88 column (50 m×0.25 mm id. 0.20 �m film
thickness; Agilent Technologies, Inc., Santa Clara,
CA, USA). Fatty acids were identified based on
retention time using an external reference stan-
dard. An internal standard was used for absolute
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quantification of fatty acids in plasma and brain
homogenate.

Plasma and brain malondialdehyde assay

Plasma and brain MDA concentration was
determined by fluorometric HPLC, as previously
described [33]. Plasma and brain homogenate sam-
ples were mixed with thiobarbituric acid (TBA) in
a sodium acetate buffer solution (pH = 3.5). After
heating and centrifugation, the supernatant contain-
ing the formed TBA-MDA adduct was separated
in a reversed-phase column and quantified by fluo-
rescence detection (excitation λ = 515 nm; emission
λ = 553 nm).

Analyses of Kennedy pathway enzymes

Brain levels of two Kennedy pathway enzymes,
namely the choline-phosphate cytidylyltransferase
(PCYT1A) and choline/ethanolamine phosphotrans-
ferase (CEPT1), were analyzed in brain homogenates
using commercial ELISA kits according to the
instructions of the manufacturer (Shanghai YeHua
Biological Technology, Pudong District, Shanghai,
China).

Statistics

Statistical analyses were performed using SPSS
software (version 19, SPSS Inc., Chicago, IL, USA).
Data were expressed as mean ± standard error of
means (SEM). p-values less than 0.05 were con-
sidered significant. All data were analyzed using
one-way analysis of variance (ANOVA) followed
by post-hoc Tukey test, except for body weight and
food intake, which were analyzed by ANOVA with
repeated measures followed by Tukey test.

RESULTS

Body weight and food intake

No significant difference was observed between
treatment groups with respect to food intake
(F(3,36) = 0.97, p = 0.42) and body weight
(F(3,36) = 1.14, p = 0.35) during the course of
the study (data not shown). Overall, average body
weight and food intake of all experimental groups
during the study period were 383 g and 19.8 g/day,
respectively.

Brain phospholipid levels

Dietary intervention affected the contents of total
phospholipids (F(3,36) = 5.70, p = 0.003) in brains
of rats (Fig. 1A). Specifically, compared with the
AOX low diet (366 ± 16 nmol/mg protein) and the
AOX high diet (363 ± 18 nmol/mg protein), con-
sumption of the AOX high+DHA+EPA+uridine diet
(458 ± 18 nmol/mg protein) for 6 weeks enhanced
levels of total phospholipids in the brain signifi-
cantly by 25.1% (p = 0.006) and 26.1% (p = 0.005),
respectively. Levels of brain total phospholipids
in rats fed the AOX high+DHA+EPA+uridine diet
also were higher compared to those fed the AOX
low+DHA+EPA+uridine diet (392 ± 22 nmol/mg
protein), but the effect did not reach statistical sig-
nificance (p = 0.075). Total phospholipid levels did
not differ between rats fed the AOX low, AOX high,
and AOX low+DHA+EPA+uridine diets.

Brain levels of individual phospholipids (Fig. 1B-
F) such as PC (F(3,36) = 14.62, p < 0.001),
phosphatidylethanolamine (PE; F(3,36) = 7.60,
p < 0.001), phosphatidylserine (PS; F(3,36) = 6.21,
p = 0.002), and sphingomyelin (SM; F(3,36) = 4.92,
p = 0.006) were significantly affected by dietary
intervention, whereas phosphatidylinositol levels did
not differ among groups (F(3,36) = 1.39, p = 0.26).
Post-hoc analyses showed that in rats receiving the
AOX high+DHA+EPA+uridine diet, PC levels were
increased by 21.9% (p < 0.001), 22.8% (p < 0.001),
or 12.1% (p = 0.008); PE levels were increased by
28.7% (p = 0.001), 28.7% (p = 0.001), or 18.6%
(p = 0.032); and SM levels were increased by
21.8% (p = 0.013), 22.4% (p = 0.011), or 18.2%
(p = 0.04) compared with those receiving the AOX
low, AOX high, or AOX low+DHA+EPA+uridine
diet, respectively. AOX high+DHA+EPA+uridine
diet also significantly increased brain PS levels
by 28.5% compared with either the AOX low
(p = 0.003) or AOX high diet (p = 0.004) but not the
AOX low+DHA+EPA+uridine diet (p = 0.055). PC,
PE, and PS levels did not differ between the AOX
low, AOX high, and AOX low+DHA+EPA+uridine
groups.

Levels of synaptic proteins

Dietary intervention affected the rat brain
levels of the pre- and post-synaptic proteins,
synapsin-1 (F(3,36) = 11.42, p < 0.001) and PSD95
(F(3,36) = 10.10, p < 0.001), respectively (Fig. 2A
and 2B). Levels of �-tubulin, the structural protein
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Fig. 1. Levels of total and individual phospholipids in rat brain tissue homogenates after 6 weeks of dietary intervention. Data were expressed
as mean ± SEM and analyzed by one-way ANOVA followed by post-hoc Tukey test. Bars that do not share a common letter significantly
differ (p < 0.05).

assayed as a loading control, did not differ sig-
nificantly among groups (F(3,36) = 2.34, p = 0.089)
(Fig. 2C). Compared with the AOX low diet,
levels of Synapsin-1 was significantly enhanced
(by 36.6%; p < 0.001) in rats receiving the AOX
high+DHA+EPA+uridine diet. Synapsin-1 levels
were also significantly higher in rats fed with
this diet compared with those receiving the AOX
high (p < 0.001) and AOX low+DHA+EPA+uridine
(p = 0.006) diet. Synapsin-1 levels did not dif-
fer between the AOX low, AOX high, and
AOX low+DHA+EPA+uridine diets. Supplemen-
tation with AOX high+DHA+EPA+uridine diet
increased the levels of PSD95 by 32.9% compared
with the AOX low diet (p < 0.001), and PSD95 levels

in rats fed with this diet were significantly higher than
those in rats supplemented with AOX high (p = 0.001)
and AOX low+DHA+EPA+uridine (p = 0.048) diets.
PSD95 levels did not differ between rats fed the AOX
low, AOX high, and AOX low+DHA+EPA+uridine
diets.

Plasma and brain fatty acids profile

Plasma concentrations (Table 2A) of AA
(F(3,12) = 14.29, p < 0.001), DHA (F(3,12) = 25.38,
p < 0.001), EPA (F(3,12) = 38.11, p < 0.001),
total saturated fatty acids (SFA; F(3,12) = 6.76,
p = 0.006), total monounsaturated fatty acids
(MUFA; F(3,12) = 4.49, p = 0.025), total PUFA
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Fig. 2. Levels of PSD95, Synapsin-1, and �-tubulin in rat brain tis-
sue homogenates after 6 weeks of dietary intervention. Data were
expressed as percentage of the AOX low diet group, mean ± SEM,
and analyzed by one-way ANOVA followed by post-hoc Tukey
test. Bars that do not share a common letter significantly differ
(p < 0.05).

(F(3,12) = 7.45, p = 0.004), total omega-6 PUFA
(F(3,12) = 25.38, p < 0.001), total omega-3 PUFA
(F(3,12) = 40.10, p < 0.001), and total fatty acids
(F(3,12) = 7.07, p = 0.005) were altered by dietary
intervention. Changes were also found for brain
concentrations (Table 2B) of AA (F(3,36) = 11.85,
p < 0.001), DHA (F(3,36) = 7.03, p < 0.001), EPA
(F(3,36) = 229.17, p < 0.001), total omega-6 PUFA
(F(3,36) = 11.85, p < 0.001), and total omega-3 PUFA
(F(3,36) = 8.18, p < 0.001). In general, compared
with rats fed the diets lacking DHA+EPA+uridine,
plasma and brain concentrations of AA and total
omega-6 PUFA were decreased while concen-
trations of DHA, EPA, and total omega-3 PUFA
were increased significantly in rats supplemented
with the DHA+EPA+uridine-containing diets,

irrespective of the antioxidant content. In addition,
concentrations of total SFA, total MUFA, total
PUFA, and total fatty acids were only significantly
reduced in plasma samples of rats fed the AOX
high+DHA+EPA+uridine diet compared to the diets
without DHA+EPA+uridine.

Plasma and brain MDA levels

Levels of MDA in the plasma (F(3,12) = 1.52,
p = 0.26) or brain (F(3,36) = 1.47, p = 0.24) of rats
did not differ significantly among treatment groups
(Table 3).

Kennedy pathway enzymes

Dietary intervention affected the levels of
the Kennedy pathway enzymes PCYT1A
(F(3,36) = 122.62, p < 0.001) and CEPT1
(F(3,36) = 38.70, p < 0.001) in the rat brain
(Fig. 3A and 3B). Levels of PCYT1A
were increased significantly in rats receiv-
ing the AOX high+DHA+EPA+uridine diet
(12.40 ± 0.16 ng/mL) compared with those
receiving the AOX low (9.52 ± 0.12 ng/mL),
AOX high (9.92 ± 0.09 ng/mL), and AOX
low+DHA+EPA+uridine (9.93 ± 0.09 ng/ml)
diets (p < 0.001 for all). PCYT1A levels did not
differ between the AOX low, AOX high, and AOX
low+DHA+EPA+uridine groups. Consumption of
AOX high+DHA+EPA+uridine (14.01 ± 0.20 ng/ml)
diet enhanced the levels of CEPT1 significantly
compared with AOX low (11.42 ± 0.18 ng/ml),
AOX high (12.05 ± 0.21 ng/ml), and AOX
low+DHA+EPA+uridine (12.06 ± 0.11 ng/ml)
diet (p < 0.001 for all). CEPT1 levels did not differ
between rats fed the AOX low, AOX high, and AOX
low+DHA+EPA+uridine diets.

DISCUSSION

The present data show that brain levels of phos-
pholipids and synaptic proteins are significantly
enhanced when rats are supplemented with DHA,
EPA, and uridine in the presence of sufficient amounts
of vitamin C, vitamin E, and selenium. These data
indicate that the frequently reported increase of mark-
ers of synaptogenesis by dietary neuronal membrane
precursors depends on adequate intake of vitamin C,
vitamin E, and selenium.

A substantial amount of the synthesis of phospho-
lipids is controlled by the availability of nutrients,
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Table 2
A) Plasma fatty acid quantitative concentrations in rats

Plasma concentration (mg/L) AOX low AOX high AOX low AOX high
DHA+EPA DHA+EPA

+uridine +uridine

DHA (22 : 6n3) 40.7 ± 4.9a 35.2 ± 4.2a 167.5 ± 23.8b 121.0 ± 6.5b

EPA (20 : 5n3) 7.0 ± 0.5a 6.7 ± 0.5a 90.9 ± 11.1b 74.5 ± 9.1b

AA (20 : 4n6) 478.2 ± 42.7a 406.3 ± 40.5a 225.1 ± 36.9b 204.8 ± 16.1b

Total SFA 588.5 ± 34.8a 634.1 ± 48.7a 499.5 ± 53.2a,b 384.0 ± 27.7b

Total MUFA 351.4 ± 30.6a,b 389.4 ± 65.4a 258.9 ± 47.5a,b 184.6 ± 10.9b

Total PUFA 1042.6 ± 75.1a 1034.9 ± 64.6a 828.5 ± 70.9a,b 683.3 ± 37.0b

Total n6 966.9 ± 69.1a 960.3 ± 58.0a 545.1 ± 48.2b 469.5 ± 24.8b

Total n3 71.3 ± 6.1a 68.0 ± 5.4a 281.9 ± 29.7b 212.3 ± 13.4b

n6/n3 ratio 13.6 ± 0.4a 14.2 ± 0.4a 2.0 ± 0.2b 2.2 ± 0.1b

Total FA 1987.3 ± 135.3a 2063.8 ± 170.8a 1591.5 ± 162.9a,b 1255.9 ± 74.3b

B) Brain fatty acid quantitative concentrations in rats

Brain concentration AOX low AOX high AOX low AOX high
(mg/L brain homogenate) DHA+EPA DHA+EPA

+uridine +uridine

DHA (22 : 6n3) 70.3 ± 2.5a,c 67.4 ± 2.3a 80.4 ± 2.3b 79.5 ± 2.7b,c

EPA (20 : 5n3) 0.0a 0.0a 0.4 ± 0.02b 0.4 ± 0.02b

AA (20 : 4n6) 60.4 ± 1.6a 58.7 ± 1.5a 50.9 ± 1.4b 51.2 ± 1.3b

Total SFA 255.9 ± 4.3a 251.2 ± 4.5a 254.1 ± 4.1a 255.7 ± 2.6a

Total MUFA 161.2 ± 2.5a 158.3 ± 3.1a 161.8 ± 3.2a 168.9 ± 1.8a

Total PUFA 168.8 ± 5.3a 164.3 ± 5.4a 163.7 ± 4.4a 164.0 ± 4.6a

Total n6 92.6 ± 2.8a 90.9 ± 3.0a 76.4 ± 2.1b 77.4 ± 1.9b

Total n3 76.2 ± 2.5a 73.3 ± 2.3a 87.3 ± 2.4b 86.5 ± 2.7b

n6/n3 ratio 1.22 ± 0.01a 1.24 ± 0.01a 0.88 ± 0.01b 0.90 ± 0.01b

Total FA 603.6 ± 11.7a 591.8 ± 12.6a 596.9 ± 10.8a 606.5 ± 6.8a

Quantitative concentrations of fatty acids in rat plasma (A) and brain homogenates (B) after 6 weeks of dietary intervention. Data were
expressed as mean ± SEM and analyzed by one-way ANOVA followed by post-hoc Tukey test. Different letters indicate mean values were
significantly different (p < 0.05).

Table 3
Levels of MDA in the plasma and brain

AOX low AOX high AOX low AOX high
DHA+EPA DHA+EPA

+uridine +uridine

Plasma MDA (nmol/mL plasma) 1.4 ± 0.2 1.4 ± 0.1 2.0 ± 0.3 1.7 ± 0.3
Brain MDA (nmol/mL homogenate) 13.2 ± 0.4 12.7 ± 1.1 11.5 ± 0.6 11.5 ± 0.6

MDA levels in plasma samples and rat brain tissue homogenates after 6 weeks of dietary intervention. Data were expressed as mean ± SEM
and analyzed by one-way ANOVA followed by post-hoc Tukey test. No significant difference was found among groups with regard to MDA
levels either in the plasma or brain.

such as uridine [34], the PUFAs DHA and EPA [35],
choline [36], and their interaction via the Kennedy
pathway [1]. As such, supplementing adult gerbils
with uridine in the diet plus DHA [2, 3] or EPA
[4] administered by gavage increases the quantity of
phospholipids in the brain. Concomitant increases
in pre- and post-synaptic protein [2–4] levels and
increases in dendritic spine densities [3, 5] indicate
that the administration of phospholipid precursors in
particular raises levels of membranes associated with
synapses.

In the above mentioned previous studies, a
uridine-fortified standard rat chow (Teklad Global
16% Protein Rodent Diet, Evigo, former Har-

lan, Madison, WI, USA) was used that contained
110 IU vitamin E/kg diet (corresponding to 73.8 mg
RRR-�-tocopherol/kg diet) and 0.23 mg selenium/kg
diet, which is respectively 4.1 and 1.5-fold those of
the estimated nutrient requirements of rats (27 IU/kg
for vitamin E and 0.15 mg/kg for selenium; [22]).
Despite the fact that vitamin C is not part of a normal
rat diet like the Teklad Global 16% Protein Rodent
Diet, it is a potentially beneficial dietary constituent
for rats [22]. Hence, in these previous studies the con-
tent of these antioxidants in the diets was equal or
above levels recommended for rats, mice, and ger-
bils [22]. Possible contribution of antioxidants to
membrane levels was not investigated, while they
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Fig. 3. Levels of PCYT1A and CEPT1 in rat brain tissue
homogenates after 6 weeks of dietary intervention. Data were
expressed as mean ± SEM and analyzed by one-way ANOVA fol-
lowed by post-hoc Tukey test. Bars that do not share a common
letter significantly differ (p < 0.05).

may directly affect the breakdown or synthesis of
neuronal membranes through several mechanisms,
including preventing lipid peroxidation, activating
Kennedy pathway enzymes, and affecting the neu-
ronal membranes directly (reviewed in [37]).

The present study was undertaken to investigate
potential necessity of antioxidants for the effective-
ness of supplementation with uridine and fish oil
containing DHA and EPA, with regard to synaptic
membrane levels in rats. A dietary background of
vitamin C, vitamin E, and selenium inadequacy was
used to obtain a proof-of-principle of the concerted
action of the antioxidants and DHA+EPA+uridine.
Such a lower nutrient status is relevant for conditions
associated with insufficiencies of these nutrients. For
instance, people with AD have lower plasma levels of
vitamin C [23], vitamin E [23], selenium [24], uridine
[8], and DHA [7] compared with control subjects.
All of these nutrients, except for selenium, are also
lower in the AD brain or cerebrospinal fluid [9, 10,
25, 26]. The lower nutritional status in AD might
result from disease-related changes in nutrient intake
and metabolic alterations. In addition to lower blood
and brain levels of the phospholipid precursors and
antioxidants, AD patients experience synapse loss
[6], which has been linked to the breakdown of mem-
brane phospholipids [38, 39]. Hence, AD patients

may benefit from dietary concomitant supplemen-
tation phospholipid precursors and antioxidants to
support synaptic membrane formation and counteract
the consequences of synapse loss.

This study showed that levels of total and individ-
ual phospholipids (except for phosphatidylinositol)
and levels of specific pre- and post-synaptic pro-
teins Synapsin-1 and PSD9 were enhanced by about
22–36% in rats receiving the DHA+EPA+uridine diet
that contained the antioxidants, as compared with the
diet low in antioxidants without DHA+EPA+uridine.
On the contrary, no significant difference was
observed with regard to levels of phospholipids
and synaptic proteins if the DHA+EPA+uridine-
containing diet lacked the antioxidants. These results
replicate the previously observed effects of supple-
mentation of DHA or EPA (300 mg/kg body weight,
by gavage) and uridine (0.5 g/100 g diet) using stan-
dard chow containing sufficient levels of antioxidants
[2–4].

The mechanisms by which quantities of synaptic
membranes were increased by DHA+EPA+uridine
diet that also included the antioxidants probably
involve the substrate saturation of enzymes in the
Kennedy pathway of phospholipid synthesis by
DHA/EPA and uridine [2, 40], as well as above-
mentioned effects of antioxidants on preventing
membrane degradation [12] and stimulating Kennedy
pathway enzymes [14]. The action of antioxidants are
of crucial importance, considering that the newly-
formed membranes by DHA+EPA-containing diets
contain relatively high amounts of DHA and EPA,
the long-chain omega-3 PUFAs that are highly vul-
nerable to oxidation [41, 42].

In addition to the presumably higher precursor sat-
uration of the Kennedy pathway enzymes, levels of
PCYT1A, the enzyme that combines cytidine triphos-
phate and phosphocholine to form CDP-choline in
the rate-limiting step of PC synthesis [1], and those
of CEPT1, the enzyme that catalyzes the formation
of PC or PE from the combination of diacylglycerol
and CDP-choline or CDP-ethanolamine [1], respec-
tively, were found to be increased significantly in
rats receiving the antioxidants in combination with
DHA+EPA+uridine in their diet. These data suggest
a cooperative effect of the antioxidants and phos-
pholipid precursors in enhancing the operation of
Kennedy pathway. Accordingly, quantities of mem-
branes are enhanced on the one hand by providing
more precursors and on the other hand by pre-
venting oxidation with antioxidants, which in turn
might result in larger amounts of Kennedy path-
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way enzymes in synapses where these enzymes are
retained.

These data also show that quantitative plasma
and brain concentrations of AA and total omega-6
PUFA were decreased while concentrations of DHA,
EPA, and total omega-3 PUFA were increased in
rats supplemented with the DHA+EPA-containing
diets, mainly irrespective of the level of antioxidants.
These data are in good accord with previous studies
reporting lowered plasma omega-6 PUFA levels and
increased omega-3 PUFA levels by supplementation
with diets rich in DHA and EPA both in rodents [43]
and humans [44]. In addition, the observed decrease
in plasma total fatty acid (and plasma total SFA,
MUFA, and PUFA) concentration is in line with well-
known plasma triglyceride-lowering effect of DHA
and/or EPA [45]. Remarkably, the current results sug-
gest a synergistic effect of antioxidants on lowering
total fatty acid content.

Levels of MDA, a lipid peroxidation product espe-
cially derived from PUFAs and a reliable marker
of oxidative stress [46], did not differ significantly
among treatment groups. Plasma MDA tended to
increase in rats receiving the DHA+EPA-containing
diets, whereas an opposite trend could be seen for
brain MDA. Unexpectedly, antioxidant supplemen-
tation had no observable effect on MDA [47], but
perhaps MDA levels were too low to induce a further
reduction.

In conclusion, data obtained in the present study
show that levels of brain membrane phospholipids
and synaptic proteins were enhanced in rats sup-
plemented with DHA+EPA+uridine when the diet
also contained sufficient quantities of the antioxi-
dants vitamin C, vitamin E, and selenium. The data
indicate that the frequently reported increase of mark-
ers of synaptogenesis by dietary neuronal membrane
precursors depends on adequate intake of vitamin C,
vitamin E, and selenium and that formation of new
synapses requires the concerted action of phospho-
lipid precursors and the antioxidants. This would be
particularly relevant for (early) AD, where there is
an increased need for synapse formation while lev-
els of plasma and brain phospholipid precursors and
antioxidants are low.
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