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Accumulating evidence suggests that altered arginine metabolism is involved in the aging and neurodegenerative processes. This
study sought to determine the effects of age and vitamin E supplementation in the form of tocotrienol-rich fraction (TRF) on
brain arginine metabolism. Male Wistar rats at ages of 3 and 21 months were supplemented with TRF orally for 3 months prior
to the dissection of tissue from five brain regions. The tissue concentrations of L-arginine and its nine downstream metabolites
were quantified using high-performance liquid chromatography and liquid chromatography tandem mass spectrometry. We
found age-related alterations in L-arginine metabolites in the chemical- and region-specific manners. Moreover, TRF
supplementation reversed age-associated changes in arginine metabolites in the entorhinal cortex and cerebellum. Multiple
regression analysis revealed a number of significant neurochemical-behavioral correlations, indicating the beneficial effects of
TRF supplementation on memory and motor function.

1. Introduction

Declined cognitive and motor functions occur during aging
even in the absence of neurodegenerative diseases.While var-
ious mechanisms, such as cellular communication, oxidative
stress, and inflammation, have been suggested to be involved
in age-related cognitive and motor deficits [1], a growing
body of evidence indicates the role of altered arginine metab-
olism in the aging and neurodegenerative processes [2–4].

L-Arginine is a semiessential amino acid that can be
metabolized by nitric oxide synthase (NOS) to produce nitric
oxide (NO) and L-citrulline, by arginase to form L-ornithine
and urea, and by arginine decarboxylase (ADC) to generate
agmatine and carbon dioxide [5]. NO plays an important role
in maintaining physiological function of the nervous system
[6]. However, it can be neurotoxic when present in excess
due to its free radical property [7]. L-Ornithine is the main

precursor of the polyamines putrescine, spermidine, and
spermine [5], which are required for optimal cell growth
and function [8], including neurogenesis [9]. L-Ornithine
can also be converted to L-glutamyl-c-semialdehyde that is
further metabolized to glutamate by P5C dehydrogenase
[5]. Glutamate can also be synthesized by glutaminase using
glutamine as a precursor [10] and can be converted to
gamma-aminobutyric acid (GABA) by glutamate decarbox-
ylase (GAD) [5]. Agmatine, decarboxylated arginine, is a
novel putative neurotransmitter and directly participates
in learning and memory processing [11–13]. It also plays
an important role in regulating the production of NO and
polyamines [14].

Given the physiological roles of L-arginine metabolites, a
considerable number of studies have investigated how brain
arginine metabolism is affected by aging. Earlier research
has demonstrated age-related changes in the L-arginine
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metabolic profiles in the brain, particularly in the brain
regions involved in learning and memory, in a region-
specific manner, and the associations of neurochemical
changes with animals’ behavioral performance in various
learning andmemory tasks [2, 3, 15, 16]. It has been well doc-
umented that NO reacts with O2

− and H2O2 to form
ONOO−, and the accumulation of these free radicals may
lead to neuronal death and learning and memory impair-
ments in the aged. To this end, pharmacological manipula-
tions of brain L-arginine metabolism during aging may be a
potential preventive or treatment strategy for age-related
cognitive decline.

Neurodegeneration and cognitive decline can be modu-
lated by dietary components rich in antioxidants such as veg-
etables and fruits and ascorbic acid [17–20]. Research has
shown that supplementation with vitamin E is able to pre-
serve cognitive function and general well-being in the elderly
[21–23]. This is in accordance with the report that low
plasma tocopherol and tocotrienol levels are associated with
increased risks of mild cognitive impairment (MCI) and Alz-
heimer’s disease (AD) [24]. Further investigation from our
laboratory [25] provides additional evidence which showed
3-month daily supplementation of TRF able to reverse
behavioral impairment in aged rats. In the study of Mangia-
lasche et al. [26], elevated serum tocopherol and tocotrienol
levels appear to be associated with reduced risk of cognitive
impairment in older adults. Moreover, cell culture studies
have demonstrated the neuroprotective effects of vitamin
E, with tocotrienol being more potent than tocopherol
[27–29]. The mechanisms of action of tocotrienol includes
but not limited to free radical scavenging and modulation
of arachidonic acid metabolism [28, 30–32], kainic acid
metabolism [33], homocysteic acid metabolism [34], and
mitochondrial metabolism [35].

The present study was therefore designed to further
investigate how brain arginine metabolism was affected by
age and to elucidate how the long-term supplementation of
TRF affected brain arginine metabolism in both young and
aged rats. The findings of this study demonstrated altered
brain arginine metabolism in the aged rats in the chemical-
and region-specific manners and the neuroprotective effect
of vitamin E in the form of TRF via the modulation of brain
L-arginine metabolism.

2. Materials and Methods

2.1. Animals. Thirty-six male Wistar rats were fed with stan-
dard rat chow (Gold Coin, Malaysia) and tap water ad libi-
tum. Animals were housed one animal per cage at room
temperature under a 12 h dark : light cycle. This study was
approved by the Universiti Kebangsaan Malaysia Animal
Ethics Committee (protocol nos. UKMAECFP/BIOK/2008/
MUSALMAH/13-FEB/215-FEB-2008-OCT-2010).

2.2. Supplementation. Gold-Tri E70 (TRF) (Golden Hope
Bioganic, Malaysia) consisted of approximately 149.2mg/g
α-tocopherol, 164.7mg/g α-tocotrienol, 48.8mg/g β-toco-
trienol, 213.2mg/g γ-tocotrienol, and 171mg/g δ-tocotrie-
nol. Olive oil was bought commercially (Basso, Italy). Rats

were randomly divided into two groups: young and old (3
and 21 months, resp.). Rats in both groups were given either
TRF (200mg/kg body weight, oral gavage) or control (equal
volume of olive oil, oral gavage) (n = 9 per group) daily, for
3 months. At the end of the treatment period, the rat’s behav-
ior was tested by the open-field test and Morris water maze
task (see Taridi et al. [25]).

Evaluation on the locomotor activity, exploration, and
anxiety of the rat in the open-field test was conducted by
placing the rat into an open-field chamber (60× 60×
20 cm3). The floor of the open-field chamber was divided into
36 equal-sized square-shape cells (10× 10 cm2). The rat’s
behavior was recorded within the 5min exploration time.
Then, the number of fecal boli, the number and duration of
wall-supported rearing and grooming, the number and per-
centage of grid squares traversed, and the number of central
squares crossed were analyzed.

To investigate spatial learning and memory, the Morris
water maze (MWM) task was carried out in a black circular
galvanized pool (140 cm diameter), filled with 30 cm water
depth. The pool was divided into four equal quadrants, and
a platform (13× 13 cm) was placed in a target quadrant (the
center of one of the quadrants), 2 cm below the water surface.
This test was conducted within 10 consecutive days: place
navigation (days 1 to 6), probe test (day 7), cued navigation
(day 8), and working memory task (days 9 and 10). During
the place navigation test, the rat was trained to find the fixed
hidden platform. The parameters measured in this place nav-
igation test were escape latency, swim path, and swim speed.
On the next day after the completion of the place navigation
test, the platform was removed and the rat was tested to find
the platform location. This test was repeated twice for each
rat. The percentage of time the rat spent in the target
quadrant and the number of platform crossings in probe 1
(the first time the rat was tested without a platform) and
probe 2 (the second time the rat was tested without a plat-
form) were measured. Meanwhile, during the cued naviga-
tion test, the platform was shifted to another quadrant and
raised 2 cm above the water surface. In order to make the
platform more visible, the edge of the platform was marked
by a masking tape. Then, the rat was allowed to find the vis-
ible platform within 60 s. Cued navigation is a control test to
ensure that the rat used in this study has an intact vision.
Escape latency was measured in this test.

On the next two days of Morris water maze, the working
memory test was carried out. In this test, the rat was given
two trials per day (each trial consisted of a sample phase
and a test phase), with the hidden platform location changed
between each trial. The sample phase involved in each trial
the first time that the rat was placed in the pool. The rats were
rested for 1min and 1 hour before they were retested in the
test phase. The parameters measured in this test were the
path length taken by the rat to reach the platform on day 1
and day 2 (sample phase) and the path length during 1min
and 1h delay time (test phase) (see Taridi et al. [25]).

2.3. Brain Tissue Collection and Preparation. Upon the com-
pletion of the behavioral test, animals were killed by decapi-
tation without anesthesia. The brains were rapidly removed,
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wrapped in tin foil, immediately frozen on dry ice, and stored
at −80°C. Before an assay, each frozen brain was sectioned at
about 200μm in the coronal plane on dry ice. The cerebellum
(CE), pons and medulla (brain stem (BS)), and striatum
(only the tissue anterior to the anterior commissure) were
collected. The entorhinal cortex (EC) and postrhinal cor-
tex (POR) were then dissected out based on the previous
studies [36–38] (see Figure 1 of Liu et al. [39]). Brain tis-
sues were weighed, homogenized in 10% ice-cold perchlo-
ric acid (~50mg wet weight per ml), and centrifuged at
10,000 rpm for 10 minutes at 4°C to precipitate protein
[40]. The supernatants (perchloric acid extracts) were
then frozen immediately and stored at −80°C until analysis
using high-performance liquid chromatography (HPLC)
and liquid chromatography tandem mass spectrometry
(LC/MS/MS).

2.4. Standard and Reagent Preparation. The standard and
reagent preparation for amino acid and polyamine analysis
was done according to the method described previously
[3, 40]. Briefly, aqueous stock solutions of amino acids
and polyamines were prepared in double-distilled water
with an initial concentration of 10mM, except for gluta-
mate (50mM) and glutamine (200mM). These stock solu-
tions were then diluted with water. High-purity standards
were used (Sigma, USA) and all other chemicals were of
analytical grade. For amino acid analysis, KHCO3-KOH
solution (pH9.8), methanol, and dansyl chloride were
added to the standards and samples. Dansyl chloride was
prepared just before derivatization by dissolving it in acetoni-
trile. The mobile phase was 30 : 70 methanol/water (v/v)
containing triethylamine and tetrabutylammonium hydrox-
ide at pH2.2. Saturated sodium carbonate, 1,7-diaminohep-
tane (internal standard), and dansyl chloride dissolved in
acetone were added to the standards and samples for poly-
amine analysis. The mobile phase used for spermidine and
spermine analysis was 70 : 30 acetonitrile/water and for
agmatine and putrescine was 80 : 20 acetonitrile/water con-
taining 0.1% formic acid. Samples from all groups were
assayed at the same time for all brain regions and between
all groups.

2.5. Amino Acid Analysis. L-Arginine, L-ornithine, gluta-
mine, L-citrulline, glutamate, and GABA in each brain region
were determined using HPLC (Shimadzu, Japan), as
described previously [3]. The samples were alkalized with
KHCO3 solution (pH9.8), mixed with methanol, derivatized
with dansyl chloride in the dark, and incubated at 80°C for 20
minutes, and 10μl acetic acid was added to stop the reaction.
The mixture was then centrifuged at 10,000 rpm for 10
minutes, and 40μl of the resultant supernatant was injected
onto the HPLC system. The HPLC system consisted of a pro-
grammed solvent delivery system at a flow rate of 1.0ml/min
and a UV detector set at a wavelength of 218nm. The column
used was reversed-phase C18 (5μm, 150mm× 4.6mm)
(Phenomenex, USA). L-Arginine, L-ornithine, L-citrulline,
glutamine, glutamate, and GABA in the brain samples were
identified by comparing the retention time of the sample with
the known standards. Amino acid concentrations were

calculated with reference to the peak area of external stan-
dards, and values were expressed in μg/g wet tissue.

2.6. Polyamine Analysis.Agmatine and putrescine concentra-
tions were measured by a highly sensitive LC/MS/MS
method according to the method described previously [40].
The internal standard was added to the samples, alkalized
with saturated sodium carbonate, derivatized with dansyl
chloride in the dark, and then incubated at 70°C for 30
minutes. Agmatine, putrescine, and the internal standard
were extracted with toluene and centrifuged at 10,000 rpm
for 5 minutes. The toluene phase was evaporated to dryness,
reconstituted with 50% acetonitrile, and injected onto the
LC/MS/MS system. The column used was reversed-phase
C18 (5μm, 150mm× 2.0mm) (Phenomenex, USA). The
mobile phase was 80% acetonitrile to 20% water containing
0.1% formic acid and was run at a flow rate of 0.2ml/min.
The retention time of agmatine, putrescine, and the internal
standard was 1.7, 4.0, and 4.8min, respectively, with 15
minutes of the total run time. Detection by MS/MS used
an electrospray interface (ESI) in a positive ion mode.
The standard curves for putrescine were linear up to
1000 ng/ml (r2 > 0 99). The intra- and interassay coefficients
of variance were <15%. Agmatine and putrescine concentra-
tions in the tissues were calculated with reference to the peak
area of external standards, and values were expressed as μg/g
wet tissue.

Determination of spermidine and spermine was carried
out according to Liu et al. [40]. Briefly, the internal standard
(1,7-diaminoheptane) was added to 50μl of samples. Sam-
ples were then alkalized with saturated sodium carbonate,
derivatized with dansyl chloride in the dark, and incubated
at 70°C for 30 minutes. Spermidine, spermine, and the inter-
nal standard were extracted with toluene and centrifuged at
10,000 rpm for 5 minutes. The toluene phase was then evap-
orated to dryness, reconstituted with 50% acetonitrile, and
injected onto the HPLC system. The HPLC system had a pro-
grammed solvent delivery system at a flow rate of 1.5ml/min,
an autosampler, a reversed-phase C18 column, and a fluores-
cence detector set at excitation wavelength of 252nm and
emission wavelength of 515nm. Identification of spermidine
and spermine was by comparing the retention times of
samples with known standards. The precision of the intra-
and interassay coefficients of variance was <15%. Spermidine
and spermine concentrations in the brain tissue were calcu-
lated with reference to the peak area of external standards,
and values were expressed as μg/g wet tissue.

2.7. Statistical Analysis. Data was analyzed using two-way
ANOVA, followed by the post hoc Bonferroni test to detect
significant differences between groups by using GraphPad
Prism 5 (GraphPad Software, USA). Data are presented as
mean± standard error mean (SEM). The significance level
was set at 0.05 for all comparisons. Behavioral data (Morris
water maze and open field) obtained previously [25] was ana-
lyzed for correlation with amino acids and polyamines in the
different brain regions by multiple regression analysis. The
significance value was set at p < 0 025.
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3. Results

3.1. Effects of Age and TRF on Amino Acid Levels. The current
findings showed that the changes in the amino acid level were
primarily affected by age. All amino acid levels were altered
with age except L-arginine and glutamate. In addition,
TRF supplementation modulates the level of L-ornithine,

glutamine, glutamate/GABA ratio, and L-citrulline/L-argi-
nine ratio in several brain regions. L-Arginine in the different
brain regions across all groups are presented in Figure 1(a).
There was no significant effect of age or TRF supplementa-
tion observed. Figure 1(b) represents the L-ornithine in dif-
ferent areas of the brain. There was no significant effect of
age; however, TRF supplementation significantly decreased
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Figure 1: The levels of (a) L-arginine, (b) L-ornithine, (c) L-citrulline, (d) glutamine, (e) glutamate, (f) GABA, (g) glutamate/GABA ratio, and
(h) L-citrulline/L-arginine ratio in the postrhinal cortex (POR), entorhinal cortex (EC), brain stem (BS), striatum (ST), and cerebellum (CE)
in young and old rats. Data is presented as mean± SEM. The asterisks indicate a significant difference between groups: ∗p < 0 05, ∗∗p < 0 01,
and ∗∗∗p < 0 001.
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the L-ornithine level in the cerebellum of old rats com-
pared to the control (unsupplemented) (p < 0 01). L-
Citrulline was significantly higher in the postrhinal cortex
(POR) and striatum (ST) (p < 0 05) of old versus young
rats (Figure 1(c)). L-Citrulline was unchanged with TRF
supplementation in all groups. Age significantly increased
glutamine in the postrhinal cortex (p < 0 05), entorhinal
cortex (p < 0 01), and striatum (p < 0 05) (Figure 1(d)).
TRF supplementation resulted in an increase in glutamine
in the entorhinal cortex of young rats (p < 0 05) but was
decreased in the old rats (p < 0 05). There was no significant
effect of age nor TRF supplementation on glutamate
(Figure 1(e)). Figure 1(f) shows that there was a significant
effect of age on GABA in the cerebellum. The level of GABA
was significantly lower in the old rats compared to the young
rats (p < 0 001).

The glutamate/GABA was significantly increased in the
entorhinal cortex (p < 0 05), brain stem (p < 0 01), and cer-
ebellum (p < 0 05) of the old rats compared to the young
rats (Figure 1(g)). TRF supplementation decreased gluta-
mate/GABA significantly in the entorhinal cortex of the
old group (p < 0 01). Effects of age were also observed with
L-citrulline/L-arginine in the postrhinal cortex (p < 0 05),
entorhinal cortex (p < 0 05), and striatum (p < 0 01)
(Figure 1(h)). TRF supplementation significantly decreased
the L-citrulline/L-arginine ratio in the entorhinal cortex
(p < 0 05) but was increased in the cerebellum of the old
rats (p < 0 05).

3.2. Effects of Age and TRF on Polyamines. Alterations in the
polyamine levels were mainly influenced by age. Age affects
all polyamines in various regions, while TRF supplementa-
tion only caused an alteration in the agmatine level only in

the postrhinal cortex. Figure 2(a) shows that agmatine was
significantly lower in the entorhinal cortex (p < 0 05) and
cerebellum (p < 0 05) of old rats compared to young rats.
TRF supplementation resulted in decreased agmatine in the
postrhinal cortex (p < 0 01) of young rats. Putrescine was
significantly increased in the postrhinal cortex (p < 0 05),
entorhinal cortex (p < 0 05), and cerebellum (p < 0 05) of
old rats compared to young rats (Figure 2(b)). Spermidine
was increased in the old group compared to the young group
in the postrhinal cortex (p < 0 05), brain stem (p < 0 001),
and cerebellum (p < 0 01) (Figure 2(c)). Spermine was signif-
icantly increased in the postrhinal cortex (p < 0 05), entorhi-
nal cortex (p < 0 05), and brain stem (p < 0 05) (Figure 2(d)).
Figure 3 shows the summary of the effects of age and TRF
supplementation on amino acids and polyamines in the
different parts of the brain.

3.3. Correlations between Behavior, Amino Acids, and
Polyamines. Based on the previous findings by Taridi et al.
[25], TRF supplementation to the aged rats markedly
improved the animals’ behavioral performance in the open-
field and Morris water maze tests, as shown by the increased
exploratory activity and improved spatial learning and mem-
ory, respectively. Therefore, the current study further ana-
lyzed the behavioral performance data in relation to the
neurochemical level in the rats’ brain, to further explore the
effects of age on particular behavioral parameters as well as
to elucidate the potential neuroprotective effect of TRF.

The relationships between the levels of amino acids and
polyamines and the animals’ behavioral performance in the
open-field and Morris water maze tests were analyzed using
multiple regression analysis. Only those with significant cor-
relations in each of the test group are shown in Figures 4 and
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Figure 2: The levels of (a) agmatine, (b) putrescine, (c) spermidine, and (d) spermine in the postrhinal cortex (POR), entorhinal cortex (EC),
brain stem (BS), striatum (ST), and cerebellum (CE) in young and old rats. Data is presented as mean± SEM. The asterisks indicate a
significant difference between groups: ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001.
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5. In the young control group, cerebellum L-citrulline was
positively correlated with the number of platform crossings
during probe 2 (r = 0 8909, p = 0 0172; Figure 4(a))
indicating better memory. However, cerebellum glutamate

(r = −0 9328, p = 0 0066; Figure 4(b)) and L-citrulline/
L-arginine (r = −0 9221, p = 0 0089; Figure 4(c)) were nega-
tively correlated with the percentage of cells used during the
open field indicating decreased locomotor activity.
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Figure 4: Scattergrams of the significant correlations between behavioral measures and neurochemical variables in the postrhinal cortex,
entorhinal cortex, brain stem, striatum, and cerebellum in young rats.
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In the TRF-supplemented young group, negative correla-
tions were observed between striatum L-ornithine (r =
− 0 7444, p = 0 0214; Figure 4(d)), glutamate (r = −0 7389,

p = 0 0229; Figure 4(e)), and spermidine (r = −0 7741, p =
0 0143; Figure 4(f)) and the number of grid squares traversed
by the rats during the open field. However, positive
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Figure 5: Scattergrams of the significant correlations between behavioral measures and neurochemical variables in the postrhinal cortex,
entorhinal cortex, brain stem, striatum, and cerebellum in old rats.
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correlations were observed between brain stem L-arginine
(r = 0 7675, p = 0 0157; Figure 4(g)), glutamate (r = 0 7966,
p = 0 0102; Figure 4(h)), and GABA (r = 0 7436, p = 0 0216;
Figure 4(i)) and cerebellum spermine (r = 0 8531, p =
0 0035, Figure 4(j)) and the number of rearing during the
open field. Postrhinal cortex GABA (r = 0 7721, p = 0 0248;
Figure 4(k)) and L-citrulline/L-arginine (r = 0 7799, p =
0 0225; Figure 4(l)) were positively correlated with the per-
centage of time the rats spent in the center zone during the
open-field test.

In the old control group, entorhinal cortex glutamine
(r = −0 8050, p = 0 0159; Figure 5(a)) was negatively corre-
lated with the number of platform crossings during the water
maze probe test. Brain stem L-citrulline (r = 0 8011, p =
0 0169; Figure 5(b)) and striatum spermidine (r = 0 8536;
p = 0 0070; Figure 5(c)) were positively correlated with
the percentage of time the rats spent in the target quad-
rant during the water maze probe test. Positive correla-
tions were also observed between brain stem L-citrulline
(r = 0 8014, p = 0 0168; Figure 5(d)) and L-citrulline/L-
arginine (r = 0 8505, p = 0 0074; Figure 5(e)) and the mean
path length used by the rats to reach the hidden platform
during the working memory test. Cerebellum glutamate/
GABA was negatively correlated with the percentage of
time the rats moved during the open-field test (r = −0 7788,
p = 0 0228; Figure 5(f)).

In the TRF-supplemented old group, negative cor-
relations were observed between brain stem spermine
(r = −0 8004, p = 0 0170; Figure 5(g)) and L-arginine
(r = −0 7998, p = 0 0172; Figure 5(h)) and postrhinal cortex
L-citrulline (r = −0 7937, p = 0 0187; Figure 5(i)) and the
number of platform crossings during the probe test and
the mean of path length used during the working mem-
ory test phase for 1 hour, respectively. Striatum spermine
(r = −0 9480, p = 0 0003; Figure 5(j)) and glutamine (r =
−0 8333, p = 0 0102; Figure 5(k)) and postrhinal cortex
glutamate (r = −0 8351, p = 0 0099; Figure 5(l)) were nega-
tively correlated with the mean of path length and the per-
centage of cell used, respectively. These results showed
that changes in the amino acid and polyamine levels in
the specific regions of the brain were associated with the
rats’ cognitive and locomotor functions.

4. Discussion

The present study investigated the effects of age and TRF
supplementation on L-arginine and its metabolites in the
postrhinal cortex, entorhinal cortex, brain stem, striatum,
and cerebellum of young and old rats. The findings con-
curred with those of the previous reports that age-related
changes in L-arginine metabolism in the brain are region spe-
cific [2, 3, 16]. Figure 3 shows that the postrhinal cortex,
entorhinal cortex, and cerebellum were the regions most
affected by age. The postrhinal cortex and entorhinal cortex
play critical roles in memory processing. The postrhinal cor-
tex is the area involved in spatial memory [41], while the
entorhinal cortex receives spatial and nonspatial information
from the postrhinal and perirhinal cortex, respectively [42].
The cerebellum is the area involved in motor control [43]

as well as in emotion and cognition [44, 45]. Thus, alterations
of the neurochemicals in these areas may affect memory pro-
cessing, leading to cognitive impairment with age.

Age-related alterations in glutamine, L-citrulline, GABA,
glutamate/GABA, and L-citrulline/L-arginine, as well as in
levels of polyamines agmatine, putrescine, spermidine, and
spermine were observed in the present study (Figure 3).
Glutamine and L-citrulline increased with age in the post-
rhinal cortex and striatum while GABA decreased with age
in the cerebellum. Glutamate/GABA increased with age in
the entorhinal cortex, brain stem, and cerebellum. The L-
citrulline/L-arginine ratio was increased in the striatum,
postrhinal cortex, and entorhinal cortex.

Glutamine is the most abundant free amino acid in the
human blood and regulates a variety of target genes involved
in cell proliferation, differentiation, and survival [46]. Gluta-
mine is produced by glutamine synthetase (GS), which cata-
lyzes the formation of glutamine from glutamate and
ammonia [47]. Thus, increased glutamine in aged rats may
be a consequence of increased GS activity. Glutamine serves
as a precursor for glutamate and hence is involved in energy
production [48]. Changes in glutamine-glutamate cycle flux
therefore could affect brain mitochondrial metabolism
during aging [49].

In the present study, an age-related increase in L-
citrulline was observed in the postrhinal cortex (Figure 1(c))
and striatum (Figure 1(c)), even though its precursors, L-
arginine and L-ornithine, were largely unaffected. L-
Citrulline is formed from L-ornithine by OTC as well as from
L-arginine by NOS. Thus, alterations in L-citrulline level may
reflect changes in the activities of NOS and/or OTC with age.
Increased NOS activity with age had been reported in the
postrhinal and entorhinal cortex [2, 3]. Conversion of L-
citrulline to L-arginine by argininosuccinate synthase (ASS)
and argininosuccinate lyase (ASL) [5] may explain why
L-arginine is not affected by age. Increased L-citrulline
without any changes in the L-arginine results in the increase
in the L-citrulline/L-arginine observed. Increased glutamate/
GABA in the entorhinal cortex, brain stem, and cerebellum
(Figure 1(g)) may indicate changes in the glutamatergic and
GABAergic systems which have been suggested to alter
cognitive functions [50–52].

Polyamines are ubiquitous small molecules that play
essential roles in learning and memory [53]. The effect of
age on polyamines was also noted to be region specific
(Figure 3). These changes may reflect the alterations of the
activities of the enzymes involved in their synthesis. L-
Arginine and L-ornithine are considered the main precursors
of polyamines. Putrescine is converted to spermidine by
spermidine synthase (SRM), which is then converted to sper-
mine by spermine synthase (SMS). In this study, only agma-
tine was observed to decrease with age. Possible explanations
may include the roles of agmatine as competitive inhibitors
for NOS [54] and ODC [5, 55].

The present findings agreed with those of the earlier
reports on the effect of age on amino acids [16, 56] and poly-
amines [16, 40]. However, there were some differences
observed: glutamate and GABA in the brain stem [57] and
L-arginine, L-ornithine, L-citrulline, glutamate, GABA,
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putrescine, spermidine, spermine, and agmatine in the vari-
ous parts of the brain [2, 3, 16]. Discrepancies in the findings
on L-arginine and its metabolites in young and aged brains
have also been reported previously. For example, decreased
glutamate was reported in the rat entorhinal cortex [2, 3],
the whole cerebral cortex [58–60], and the frontal region
[61–63] while others reported increased levels [64]. Some
authors have attributed these differences to differences in
the animals’ experience (with and without behavioral testing
and treatment) [2, 3, 16].

Accumulation of polyamines can be toxic to the cells.
Normally, cell protects itself against toxic accumulation of
polyamines by synthesizing an antizyme, a regulatory protein
that can inhibit ODC activity [65]. However, protein oxida-
tion during aging could diminish the synthesis of an anti-
zyme, leading to the accumulation of these polyamines to
toxic level. A free radical scavenger such as vitamin E is
suggested to prevent the degradation of an antizyme by
quenching free radicals [66]. In the present study, TRF
supplementation was observed to reduce some amino acids
primarily in the entorhinal cortex and the cerebellum
(Figure 3). However, TRF supplementation did not result
in any changes in polyamines except for agmatine in the
young rats suggesting that the neuroprotective effects of
TRF could be mediated by the modulation of L-arginine
metabolism rather than its antioxidant activity.

The present data shows that TRF supplementation in old
rats reversed the age effect on glutamine, as well as on gluta-
mate/GABA and L-citrulline/L-arginine in the entorhinal
cortex. Glutamine is a precursor for an excitatory neuro-
transmitter, glutamate, while the entorhinal cortex plays a
vital role in memory processing. Thus, the alteration of gluta-
mine in the entorhinal cortex with TRF supplementation
may possibly represent the involvement of TRF in modulat-
ing learning and memory. Apart from the entorhinal cortex,
TRF also modulated L-ornithine and hence L-citrulline/L-
arginine in the cerebellum. L-Ornithine is a precursor for
putrescine and L-citrulline, catalyzed by ODC and OTC,
respectively. Conversion of L-ornithine to L-glutamyl-c-sem-
ialdehyde can be further metabolized by P5C dehydrogenase
for glutamate synthesis [5]. TRF modulation on L-ornithine
in the cerebellum may affect cognition and locomotor
activity in old rats. On the other hand, modulation of TRF
on glutamate/GABA and L-citrulline/L-arginine suggested
the involvement of TRF in maintaining brain glutamate,
GABA, L-citrulline, and L-arginine balance.

Amino acids and polyamines were further correlated
with behavioral variables observed with the same rats under
the same experimental procedure, and the findings were pub-
lished previously [25]. The behavioral studies were carried
out using the open-field test and the Morris water maze test.
The open-field tests were for the animals’ locomotor activity
while the Morris water maze tests for memory retention.
Multiple regression analysis revealed a number of significant
correlations between amino acid and polyamine levels and
the rats’ behavior in each group. In the young control group,
higher L-citrulline in the cerebellum was correlated with bet-
ter performance in the water maze (better memory). Lower
glutamate and L-citrulline/L-arginine in the cerebellum were

correlated with higher locomotor activity in the open field.
It is interesting to note that only changes in the cerebel-
lum amino acids influenced the cognitive behavior in the
young group.

The data from this study indicate that with age, more
neurochemicals from wider brain areas influenced behavior.
In the old control group, poor memory was correlated with
higher entorhinal cortex glutamate and glutamine; higher
brain stem L-citrulline, glutamine, and L-citrulline/L-argi-
nine; and lower brain stem L-citrulline and striatum spermi-
dine. Higher cerebellum glutamate/GABA was correlated
with the lower percentage of movement (lower locomotor
activity) in the open-field test.

TRF supplementation in the young triggers the involve-
ment of more neurochemicals from different areas of the
brain to influence behavior, particularly the locomotor activ-
ity. Lower striatum L-ornithine, glutamate, and spermidine
and higher brain stem L-arginine, glutamate, and GABA; cer-
ebellum spermine; and postrhinal cortex GABA and L-citrul-
line/L-arginine were correlated with better performance in
the open-field test (higher locomotor activity). However,
TRF was able to influence both memory and locomotor activ-
ity in the old group. Lower brain stem spermine and higher
postrhinal cortex L-arginine and L-citrulline were correlated
with better performance in the water maze (better memory)
while lower striatum spermine and postrhinal cortex gluta-
mine and glutamate were correlated with better performance
in the open-field test (higher locomotor activity). Hence,
the data shows that neurotransmitters affect behavior and
cognition and that this can be influenced by age and
TRF supplementation.

5. Conclusion

In conclusion, the present study shows that age-related
changes in L-arginine and its metabolites are region spe-
cific in the brain. TRF supplementation was able to reverse
some of the age-related alterations in amino acids of the
brain regions involved in both memory processing and
motor control.
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