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Abstract Platelet mitochondrial MAO-A activity of male
albino rats (Wistar strain) was significantly inhibited
with an inhibition of its only V., during aging. This
age-induced inhibition of platelet MAO-A activity became
reversed following the application of higher dosages
(2.0-2.5 pg/kg/day, i.t. for 21 consecutive days) of carno-
sine. Though carnosine at lower dosage (0.5 pg/kg/day, i.t.
for 21 consecutive days) was ineffective to platelet mito-
chondrial MAO-A activity in both young and aged rats, at
higher dosages (2.0-2.5 pg/kg/day, i.t. for 21 consecutive
days) under similar condition this enzyme activity was
significantly enhanced. Carnosine at 1.0 pg/kg/day, i.t. for
21 consecutive days significantly enhanced MAO-A
activity only in aged (18 and 24 months) rats. These results
suggest that carnosine withdraws the aging-induced inhi-
bition of mammalian blood platelet MAO-A activity and
restores its activity towards that (MAO-A activity)
observed in young mammalian blood platelets.
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Introduction

Platelet is an important blood component, having a plasma
membrane, platelet contractile protein surrounded by a
glycocalyx outer layer, mitochondria and other organelles
without a nucleus inside [1]. The monoamine oxidase
(MAO) which oxidizes monoamines [2] is a platelet
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mitochondrial outer membrane bound enzyme [E.C.
1.4.3.4] [1, 3]. MAO, depending on substrate specificities
and inhibitor sensitivities, has been classified into two
classes: MAO-A and MAO-B [4]. Platelet MAO activity
has been found to be reduced [5] in chronic neurodegen-
erative disorders like schizophrenia [6], but in Alzheimer
which is also a neurodegenerative disease, platelet MAO
activity is increased [7, 8]. Alexopoulos et al. [8] have
shown that brain and platelet MAO activity is increased
without affecting their MAO-A activity. The platelet
MAO-A activity of bipolar depressed patients [9] and in
children with hyperactive, inattentive and combined sub-
type of attention deficit hyperactive disorder (ADHD) [10]
has been also shown to be reduced.

Carnosine, a dipeptide (-Ala-L-His), an endogenous anti-
aging and anti-glycating biomolecule [11] is present in
muscle, brain tissue and circulation [12, 13]. It is metabo-
lized by carnosinase (a degradative enzyme) and carnosine
synthase (a synthesizing enzyme) [14]. Both these enzymes
are present in blood, brain and other tissues [14—18]. Further
it has been known that there are two forms of carnosinase.
One form is called serum carnosinase [17] which is present in
serum, cerebrospinal fluid (CSF) and brain, and the other one
is tissue carnosinase which is present in liver, spleen and
kidney as a non-specific cytosolic dipeptidase [18]. It is also
known that serum carnosinase activity is increased and that
brain regional carnosine is reduced with aging [19, 20]. In
brain and other tissues including plasma, carnosine related
compounds (CRCs; e.g. homocarnosine, anserine and car-
nosine metabolites) have been also found [12]. Carnosine has
been considered a mobile organic pH buffer [21] and a metal
chelator [12]. It has a potential involvement in gene regu-
lation or signal transduction [22] as it binds with calcium and
purines [23]. Mc Farland [24] has shown that carnosine
rejuvenates the senescent morphology of cultured human
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diploid fibroblast cells, maintaining its cellular integrity by
its modulatory protein metabolism while retarding its
senescence. Advanced glycation end products (AGEs) are an
age associated phenomenon produced by the reaction with
sugar aldehyde and protein amino groups. Margles [19] has
shown that the olfactory bulb contains a high concentration
of carnosine, and loss of sense of smell has been thought to be
an indicator of Alzheimer’s disease as the carnosine content
is reduced in olfactory bulb under this condition. Like dif-
ferent brain regions, the reduction of carnosine content has
also been found in muscle tissues [25]. In addition, Margles
[19] has shown that carnosine inhibits sugar-induced pB-A4-
amyloidogenic peptide aggregation. Carnosine and its rela-
ted compounds have also been shown to be a powerful
hydrophilic reactive oxygen species (ROS) scavenger [12]
and it (carnosine) plays a role as an endogenous agent to
protect against glutamate excitotoxicity which is secondary
to ROS generation [26].

Since (a) blood platelet count and platelet serotonin are
increased in dementia [27] which may stimulate megak-
aryocytopoesis [28] and enhancing the risk of platelet
aggregation [29], (b) change in platelet MAO activity in
neurodegeneration [5—10], (c) carnosine is an endogenous
anti-aging and anti-glycating agent [11] and (d) its (car-
nosine) degradative enzyme serum carnosinase activity is
known to be activated with a reduction of brain regional
carnosine level during aging or age-induced diseases [19,
20], it is not unreasonable to assume that this molecule
(carnosine) may have an effect on blood platelet MAO
activity, specifically MAO-A in different ages of rats
(4-24 months). The present study deals with the effect of
carnosine on blood platelet mitochondrial MAO-A activity,
including its kinetic behavior during aging.

Methods
Materials

5-Hydroxytryptamine (5-HT)-HCI, L-Carnosine and Triton
X-100 were purchased from Sigma chemicals (St.Louis,
MO, USA). All other chemicals, including ethylenedia-
minetetraacetic acid (EDTA), sodium—potassium tartarate,
copper sulfate, sodium hydroxide, sodium carbonate,
potassium dihydrogen phosphate, sodium hydrogen phos-
phate and semicarbazide of analytical grade were pur-
chased from Merck-India (Worli-Mumbai), India.

Animals
Male albino rats of Wistar strain were used as the experi-

mental animal. The rats were maintained in a room having a
12 h light—dark cycle and temperature 28 + 0.5 °C with a
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constant relative humidity (80 & 5 %). Animals were sup-
plemented with a normal standard laboratory diet and water
ad libitum. In the present study the guidelines of the animal
ethical committee (Department of Biochemistry, University
of Calcutta) were followed and all efforts were made to
minimize the number of animals used and their suffering.

Experimental procedures

Male albino rats of different ages (4, 18 and 24 months)
were housed in different cages. Each of these three dif-
ferent age groups of animals was divided into two sub-
groups (subgroup 1A, 1B; subgroup 2A, 2B and subgroup
3A, 3B; n = 4-6 animals in each subgroup). The rats of
subgroups 1B, 2B and 3B were treated intrathecally (i.t.)
with carnosine at various dosages (0.5, 1.0, 2.0 and 2.5 pg/
kg/day) for 21 consecutive days. The rats of subgroups 1A,
2A and 3A were considered as control groups of the cor-
responding above-mentioned experimental groups. These
control groups were treated with equivalent amount of
vehicle (20 pl saline solution) of carnosine through the
same route under similar conditions as mentioned in the
corresponding experimental group of animals. The exper-
imental and control groups of animals were sacrificed after
4 h of last administration between 9 and 10 a.m. to avoid
the circadian effect, if any.

Collection of blood and preparation of platelet rich
plasma (PRP)

Immediately after sacrifice of both control and experi-
mental rats of different age groups, the blood (with anti-
coagulant, 1 % EDTA solution) was collected under cold
(0—4 °C) conditions. The platelet rich plasma was isolated
from the blood by following the method of Collins and
Sandler [30], modified by Banerji et al. [31], and this was
used as an enzyme source.

Assay of monoamine oxidase-A (MAO-A) activity

Monoamine oxidase-A (MAO-A) was measured using
0.24 mM 5-HT (serotonin) as substrate with 100 pg
enzymes according to the method described by Dalal and
Poddar [32]. The kinetics study of MAO-A was measured
with varying concentrations (0.05-0.4 mM per 100 pg
enzyme) of serotonin. The protein content was estimated
spectrophotometrically by following the method of Lowry
et al. [33] using bovine serum albumin (BSA) as standard.

Statistical analysis

All data are expressed as the mean = SEM and the number
of rats (n) is indicated. The averaged values from the three
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controls were compared with each of the experimental
animals. Statistical analyses of the data were assessed by
analysis of variance (ANOVA) with a post hoc Tukey’s
test. p < 0.05 was considered as significant.

Results

Changes of platelet MAO-A activity of rats
during aging with carnosine

Figure 1 depicts that the platelet MAO-A activity was
significantly reduced (48.77-56.79 %, p < 0.001) with
increase of age (4-24 months) with respect to the young
(4 months) healthy group of rats (Fig. 1a). The maximum
inhibition was observed at 24 months of age. Figure 1b
represents that carnosine at lower dosage (0.5 pg/kg/day,
i.t. for 21 consecutive days) did not significantly affect the
platelet MAO-A activity with respect to the corresponding
different age-matched (18 and 24 months) vehicle treated
rats. Further increase in dosage of carnosine (1.0-2.5 pg/
kg/day, i.t.) wunder similar conditions significantly
(p < 0.001) enhanced platelet MAO-A activity in aged rats
of both 18 months (44.58-101.20 %) and 24 months
(72.86-145.71 %); whereas in young (4 months) rats the

MAO-A activity was significantly (p < 0.001) enhanced
only at the dosages of 2.0 pg/kg/day, (28.40 %) and
2.5 pg/kg/day, (33.33 %) with respect to the corresponding
vehicle treated age-matched control group of rats. It was
also observed that carnosine (2.5 pg/kg/day, i.t. for 21
consecutive days) induced increase (33.33 %, p < 0.001)
of platelet MAO-A activity in young (4 months) rats was
potentiated to 101.20 and 145.71 % with increase of age
(from 4 to 18 and 24 months respectively; Fig. 1b). The
results of Fig. 1a and b further show that carnosine (2.0 and
2.5 pg/kg/day, i.t.) under similar condition attenuated the
age-induced decrease (48.77-56.79 %) of platelet MAO-A
activity (Fig. la) to 32.21-23.56 and 22.69-20.37 %,
respectively.

Changes in kinetic parameters of platelet MAO-A
activity in rats during aging with carnosine

It is evident from Table 1 and Fig. 2b that the kinetic
parameter, V., of platelet MAO-A activity was signifi-
cantly reduced with the increase of age to 18 months
(45.10 %, p < 0.001) and 24 months (54.90 %, p < 0.001)
of rats without any significant effect to their corresponding
K., with respect to the corresponding young (4 months)
rats. Table 1 also shows that the treatment of carnosine
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Fig. 1 Effect of carnosine on rat blood platelet MAO-A activity
during aging of male rats. Results are expressed as mean = SEM
(n = 4-6). Each observation was made from a single rat. Change (%)
was calculated with respect to the corresponding age-matched control
group of rats (4, 18 and 24 months). a Significantly different from
corresponding control were: (i) young (4 months) rats “p < 0.001, (ii)

aged (18 months) rats °» < 0.001, (iii) aged (24 months) rats
°p < 0.001. b Significantly different from corresponding carnosine
treated (dose/day for 21 consecutive days, i.t.) were: young
(4 months) rats (i) 0.5 pg/kg dp < 0.001, (i) 1.0 ug/kg °p < 0.001,
(iii) 2.0 pg/kg 'p < 0.001, (iv) 2.5 pg/kg p < 0.001
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Table 1 Effect of carnosine on kinetic parameters of blood platelet MAO-A activity during aging of male rats

Age groups  Age of animals (months)  Kinetic parameters of MAO-A activity
Control (vehicle) Carnosine (pg/kg/day, i.t. for 21 consecutive days)
Vimax (AOD/mg protein/h) K, (mM) Vimax (AOD/mg protein/h) K., (mM)
Young 4 2.04 £ 0.09 0.21 £ 0.009  2.63 £+ 0.02* 0.20 + 0.004
Aged 18 1.12 £ 0.05* 0.23 + 0.01 1.79 + 0.03"¢ 0.21 &+ 0.005
24 0.92 £ 0.05" 0.22 + 0.01 2.00 £ 0.06°¢ 0.21 + 0.003

Results are expressed as mean == SEM (n = 4-6). V.« and K,,, values were calculated from Line—Weaver Burk plot (Fig. 2b)
Kinetic studies were carried out using varying concentrations (0.05-0.4 mM) of serotonin

Significant differences from (a) corresponding control rats of (i) young (4 months) *p < 0.001, (ii) aged (18 months) °p < 0.001, (iii) aged
(24 months) “p < 0.001. Significant differences from (b) corresponding carnosine treated rats (2.0 pg/kg/day, i.t.) (i) young (4 months)

dp < 0.001

2.5 1
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Fig. 2 a Effect of serotonin concentration variation (0.05-0.4 mM)
on platelet MAO-A activity. Results are expressed as mean == SEM
(n = 4-6). Each observation was made from a single rat. Line (-)
represents control, filled circle young (4 months) rats, filled square
aged (18 months) rats, filled triangle aged (24 months) rats. Broken
line (—) indicates carnosine treated, open circle young (4 months)

(2.0 pg/kg/day, i.t.) significantly enhanced Vy,,x (59.82 and
117.39 %, p < 0.001) of platelet MAO-A activity with an
apparent change in corresponding K, in aged [18 months
(—13.04 %) and 24 months (—4.55 %)] rats. Unlike aged
rats, in young (4 months) rats carnosine at the same dosage
significantly increased the V.. (28.92 %, p < 0.001)
without affecting the K, value of platelet MAO-A activity
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rats, open square aged (18 months) rats, open triangle aged
(24 months) rats. b Line-Weaver Burk plot of blood platelet MAO-
A activity in different ages of rats. Line—Weaver Burk plots were
drawn from the progress curve with varying substrate concentration as
presented in a

with respect to the corresponding vehicle treated young
rats. It was further observed that in the carnosine treated
aged (18 and 24 months) rats the V,,,x values of platelet
MAO-A activity still remained reduced (31.94 and
23.95 %, p < 0.001, respectively) but without any signifi-
cant effect in their corresponding K, value with respect to
the corresponding young (4 months) group.
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Discussion

Monoamine oxidase (MAO) is known to play an important
role in the metabolism of biogenic amines in both neuronal
and non-neuronal tissues [34]. In non-neuronal tissues it
plays a protective influence over the harmful effect of
circulating monoamines [35]. This enzyme exists in two
isoforms, MAO-A and MAO-B [4], in different tissues
including blood platelet mitochondria [1, 3]. Aging is a
naturally developing biological process which reduces life
span and promotes age pathology. Since MAO-A is sero-
tonin substrate specific [4] and the authors are interested
about the involvement of the serotonergic system in rela-
tion to aging the present study deals with the effect of
carnosine, an endogenous biomolecule having anti-glycat-
ing and anti-aging properties [11], on blood platelet mito-
chondrial MAO-A activity during aging.

In our present study the blood platelet mitochondrial
MAO-A activity has been found to be reduced with the
advancement of age (Fig. la), with a significant reduction
in Viax (45.10-54.90 %) without affecting its corre-
sponding K,, (Table 1; Fig. 2). This suggests that there
may be a quantitative as well as qualitative modulation by
unmasking the substrate binding site and a significant
quantitative inhibition of catalytic activity of platelet
mitochondrial enzyme with a destabilization of the blood
platelet mitochondrial membrane [31] during aging. The
present age-induced reduction in MAO-A activity may be
supported by others’ reports which have shown that platelet
MAO activity reduces [5-10] during age-induced neuro-
degeneration and neurodegenerative diseases like schizo-
phrenia, ADHD, bipolar depression and dementia. This
may be due to the dysfunction of platelet mitochondria at
the level of its structure and function [36-38]. The inhi-
bition (Fig. 1a) of age-induced platelet mitochondrial
MAO-A activity may be corroborated with the observa-
tions of others who have shown that the activity of platelet
mitochondrial other enzyme, cytochrome oxidase and the
mitochondrial oxydative phosphorylation are reduced with
increase of age [39, 40]. In addition, Xu et al. [41] have
shown that platelet number and mitochondrial membrane
potential (Ay,,) are decreased with aging as an effect of
amyloid-beta-induced change in platelet mitochondrial
function due to age and the down regulation of mito-
chondrial biogenesis, which has been shown to be associ-
ated with the mitochondrial dysfunction during aging
[36-38]. It is well known that stress plays as one of the
age-induced factors at the hormonal level and glucocorti-
coid is one of them [42]. It is also known that stress acti-
vates MAO-A activity at the level of its transcription and
translation [43] in nucleated tissues like heart [44] and
brain [45]. As platelet is an enucleated tissue [42], the role
of this stress-induced hormone in platelet mitochondrial

MAO-A inhibition does not arise. In addition, the MAO-A
gene is present on chromosome X (Xp 11.23) [46].

MADO is known to play in the metabolism of biogenic
amines and regulation of neurotransmitter levels as well
as intracellular amine stores [47], however in the gastro-
intestinal tract and circulatory system they (biogenic
amines) serve a protective function by regulating mono-
amine levels with potent vasopressor effects [48].
Therefore, it may be suggested that the reduction in blood
platelet MAO-A activity in aged rats (Fig. la) may
increase the platelet serotonin levels [26] and increase the
platelet activating factor content [49] which may stimu-
late megakaryocytopoesis [27] by stimulating platelet
serotonin release [50] and causing platelet aggregation
[29] and hence vascular blockage [51] with the
advancement of age. Further it is not unlikely to assume
that the reduction of platelet MAO-A activity with
increase of age (Fig. la) may be due to an age-induced
structural and functional deterioration of the platelet
mitochondrial membrane [36-41] as an effect of depletion
in platelet population during aging [41], though this needs
further clarification with a platelet mitochondrial prepa-
ration under similar conditions.

The present study (Fig. 2; Table 1) has shown that the
application of higher dosage (2.0 pg/kg/day, i.t.) of car-
nosine for 21 consecutive days reverses the age-induced
inhibition of blood platelet MAO-A activity and restores it
towards the activity of MAO-A observed in young adult
(4 months; Fig. 1b). The analysis of kinetic parameters of
MAO-A activity (Table 1) suggests that the age-induced
inhibition in blood platelet MAO-A activity is significantly
attenuated with carnosine (2.0 pg/kg/day, i.t. for 21 con-
secutive days) at the level of its up regulation in only V.«
(Table 1; Fig 2b). This attenuating effect of carnosine on
age-induced inhibition of platelet MAO-A activity may be
supported by its enhancing effect on both young and aged
animals (Fig. 1a). In fact, carnosine in both young and aged
rats enhances only the catalytic activity (Vy.x) of MAO-A
enzyme without affecting its substrate binding affinity
(1/K,,; Table 1), suggesting that carnosine in both ages
may act in a dual way with quantitative increases as well as
qualitative changes [52, 53] of this platelet mitochondrial
enzyme. This present thought may further be strengthened
by age-induced potentiation on its (carnosine) enhancing
effect on platelet MAO-A activity (Fig. 1b). Also it may be
stated that carnosine acts at the level of mitochondrial
biogenesis and attenuates the age-induced platelet mito-
chondrial structural and functional deterioration [36—41] as
well as platelet population [41] within the cell and restores
its mitochondrial MAO-A activity towards the activity that
has been observed in normal young rats (Fig. 1b) by
upgrading the vascular system towards a normal condition
during aging.
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Finally, it may be concluded that: (a) carnosine may
have a great role to (i) protect age-induced platelet
aggregation by reversing the age-induced reduction of
platelet mitochondrial MAO-A activity and hence
enhancement of its (platelet) serotonin content, (ii) restore
the age-induced depletion in protective function of the
circulatory system with the up regulation of reduced
platelet MAO-A activity during aging and hence attenuat-
ing its (monoamines) potent vasopressor effects; (b) plate-
let MAO-A activity may be considered as a diagnostic
index in the clinical practice of geriatrics.
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