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INTRODUCTION

The human brain is constituted by a multitude of cell 
types each of which further divided into additional 
subclasses with distinct morphological and molecular 
differences, and different degrees of specialization. 
These cells include resident innate immune cells, the 
microglia, as well as other glial cells of support, such 
as astrocytes and oligodendrocytes, and highly differ-
entiated cells, the neurons. Neurons have a significant 
homeostatic control of the essential physiological func-
tions like propagation and generation of electrical and 
chemical signals, while glia function mainly to modulate 

neural functions. Insults and injuries that affect this 
homeostatic maintenance are observed during age-
ing. The connection between these modifications and 
the onset and progression of age-related diseases is 
profound as the incidence of such diseases like neuro-
degenerative disorders rise steeply with age. This raises 
the possibility to reduce or postpone the incidence of 
these pathologies by targeting ageing. Molecular, cel-
lular, anatomical, and neurochemical changes are all 
associated with ageing and age-associated diseases 1. 
Understanding the molecular mechanism underlying 
these processes could provide a wealth of opportuni-
ties for the development of anti-ageing therapies. 

Human brain ageing is associated with a number of specific neurobiological changes. As we age, the reduced 
neurogenesis in specific brain areas contributes to neural loss and brain shrinkage with an increased incidence 
of stroke, white matter lesions, and dementia. With age, myelin loss contributes to the decline of sensorimotor 
and cognitive processes. Moreover, β-amyloid storage, neurofibrillary tangle formation, lipofuscin accumula-
tion, are well known physio-pathological age-related disorders. In neurons, ageing-related metabolic changes 
involved a switch from aerobic glycolysis to oxidative phosphorylation. Mitochondrial dysfunction and oxida-
tive stress are two damage mechanisms that play a central role in brain ageing. 
Dietary interventions have been identified as potential means to prevent biological ageing and the related cog-
nitive decline. Increased consumption of specific nutrients such as polyphenols, fish and seafood, vitamins and 
oligoelements has demonstrated protective effects by targeting specific cellular markers and cellular functions. 
The work presented here describes patho-physiological alterations associated with brain ageing, with insights 
into the cellular mechanisms underlying this process. We also review recent relevant experimental and clinical 
data regarding the effects of supplemental substances (i.e., polyphenols, vitamins, oligoelements, ω-3 poly-
unsaturated fatty acids) that have demonstrated encouraging therapeutic properties on neurodegenerative 
processes implicated with brain ageing.
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STRUCTURAL AND METABOLIC  
CHANGES IN BRAIN DURING AGEING

The effects of ageing on the brain include specific 
structural changes, such as thinning of the cortex and 
reduced volume. Thickening of the arachnoid and 
prominence of the arachnoid granulations in the menin-
ges as well as increased ventricular volume have been 
described 2. As we age, the volume of the brain and/or 
its weight decline 3. The shrinking of the grey matter can 
be due to different aspects such as death of neuronal 
cells and/or decline in neuronal volume, decrease in 
dendritic arbour, spines and synapses. Selective loss 
of neurons in specific neuroanatomical areas like hip-
pocampus and prefrontal cortex has been described 
by several authors 4. The most substantial shrinkage is 
observed in the prefrontal cortex, where the evidence 
of a relation between volume shrinkage and ageing 
deficits in executive and working memory function 
has been found 4. Neuronal loss is closely associated 
with microglia-mediated neuroinflammation and post 
mortem studies have indeed suggested that activated 
microglia may be present in the ageing brain 5.
Histopathological and imaging studies reveal that brain 
ageing is associated with the degradation of white mat-
ter in specific brain regions. Myelin sheaths deteriorate 
during normal ageing, with a regional predominance in 
late myelinating regions of the frontal lobes followed by 
the temporal lobes 1. White matter loss might represent 
the predominant neuroanatomic change in normal hu-
man ageing. Myelin loss contributes to the cognitive 
deficits in aged individuals, since myelin is necessary 
for the efficient and rapid conduction of impulses along 
axons 6. These and other studies clearly correlate the 
cognitive impairment observed in the elderly with the 
decline in grey and white matter structures in the brain, 
indicating a complex interplay between specific brain 
structures and cognitive decline.
Studies in rodents demonstrated that ageing is associ-
ated with a reduction of hippocampal neurogenesis that 
is responsible for the decline in memory functions 7. In 
fact, hippocampus plays an important role in learning 
and memory and in spatial navigation. However, other 
studies do not support this correlation and propose that 
defects in the dendritic structures as well as changes in 
the rest of the neuronal network may be responsible for 
the ageing-related cognitive decline 7. 
Various transmitter systems are affected by ageing, 
with implications on cognitive declines that are as-
sociated with normal and pathological ageing. During 
ageing, changes in cholinergic, serotonergic, dopamin-
ergic, noradrenergic and glutamatergic systems render 
neurons vulnerable to impaired neurotransmissions 8-10.
In rats, the expression of ionotropic Gamma-Amino 

Butyric Acid (GABA) receptors, glutamate decarboxy-
lase, the rate-limiting enzyme synthesizing GABA, and 
GABAergic neurons decrease with age  11. GABA is 
the main inhibitory neurotransmitter in the mammalian 
central nervous system (CNS), with an important role 
in regulating neuronal excitability. Age-related cognitive 
decline could be explained, at least in part, to decre-
ments in GABA inhibitory neurotransmission 12. 
Studies also suggest age-related changes in dopamine 
levels and decline in dopaminergic neuromodulation 9 13. 
This affects the fidelity of neural information and gives 
rise to less distinctive neural pattern representations 
that may underlie various facets of ageing cognitive 
and, possibly also, sensorimotor phenomena 13.
Serotonin (5-hydroxytryptamine, 5-HT) is a well known 
monoamine neurotransmitter that modulates/regulates 
different neural and behavioural activities 14-18. Both the 
level of 5-HT 19 and 5-HT receptor 20 has been found 
to decrease during ageing 9. Ageing also reduces the 
activity of different 5-HT receptor subtypes 21 such as 
5-HT2A which is involved in learning 22, neuroendocrine 
function 23 and sleep behaviour 24. In mammals, decline 
in serotonin function with ageing may account for sev-
eral behavioural disturbances, such as sleep, sexual 
behaviour and mood 19. 
Like brain serotonin, alterations of another endogenous 
dipeptide (β-Ala-L-His), known as carnosine, have 
been observed during ageing  25. The decreased level 
of carnosine in olfactory bulb has been associated with 
the lost of smelling sense 26 27. Aerobic glycolysis, i.e. 
the exclusive use of glycolysis despite the presence of 
oxygen, predominates in the developing brain during 
embryogenesis to provide biosynthetic materials nec-
essary for the proliferation of neuronal and astrocytic 
stem cells  28. Within certain regions of CNS, aerobic 
glycolysis seems to be associated with long-term 
memory formation and the maintenance of long-term 
potentiation of synaptic strength 29. It is likely that astro-
cytes can be the main site of aerobic glycolysis into the 
brain and lactate produced by these cells can be then 
utilized by mitochondrial neurons as a fuel source for 
oxidative phosphorylation (OxPhos) (astrocyte-neuron 
lactate shuttle hypothesis) 30. During ageing, a shift from 
aerobic glycolysis to OxPhos has been demonstrated 
in human brain  31, with a consequent loss of cell sur-
vival mechanisms that counter pathogenic processes 
underlying neurodegeneration  28. Thus, aerobic gly-
colysis is predominately used to support axon growth 
and myelination during childhood whereas OxPhos is 
primarily used throughout human lifespan to support 
synaptic activity with a progressive increase in activity 
during ageing 28. 
However, glucose may be also taken up by neurons 
and routed preferentially toward the pentose phosphate 
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pathway for antioxidant production, in addition to bio-
synthetic pathways required for growth and synaptic 
remodelling 32 33. 
The delicate balance between glycolysis and cellular 
respiration might have a central role in ageing, inflam-
mation and disease  34-36. Such changes may also be 
induced by a reduced input of glucose or oxygen as a 
consequence of falls cerebrovascular efficiency in the 
ageing brain. Mildly impaired glucose availability in the 
synapse may be sufficient to impair cholinergic neu-
rotransmission, being acetylcholine synthesis acutely 
sensitive to brain glucose metabolism 37 38. 
Ageing is also associated to changes in sex hormone 
status, which in turn can affect cognitive performance 1. 
This aspect is particularly relevant in women at meno-
pause. It has been suggested that the decline in es-
trogens at menopause can be responsible in failing 
memory and that estrogen therapy may increase dopa-
minergic responsiveness and play a protective part in 
Alzheimer’s disease (AD) 1. 

AGE-ASSOCIATED  
BRAIN PATHOLOGICAL CHANGES

The ageing process can perturb molecular pathways 
regulating cellular homeostatic mechanisms, ultimately 
promoting disease states. Various changes such as se-
nile plaques, cerebral β-amyloid (Ab) angiopathy, neu-
rofibrillary tangles, corpora amylacea and mineralization 
develop with age in the nervous system of mammals 39. 
Moreover, the age-related increase in blood pressure, 
essentially due to brain shrinking in specific brain region 
including the frontal cortex, can increase the risk of 
stroke and ischaemia.
In humans, the incidence of several neurodegenerative 
diseases including AD, Parkinson’s disease (PD) and 
amyotrophic lateral sclerosis (ALS) raise sharply with 
age 40. Molecular alterations that occur in the nervous 
system during normal ageing set the stage for the onset 
of such conditions. Several studies, for example, de-
scribed the association between brain ageing and AD. 
During normal ageing, elderly individuals can develop 
anatomical and molecular features of AD including neu-
ritic plaques and neurofibrillary tangles, still maintaining 
their cognitive abilities 41. 
AD is a progressive and irreversible brain disorder with 
the highest incidence in people aged over 65. AD pa-
tients experience progressive cognitive and memory 
deficits as well as dementia. AD neuropathological hall-
marks include the creation of extra-cellular Aβ peptide 
plaques and the intracellular deposition of Tau protein 
tangles. Both alterations are frequently observed in 
brains over 60  years of age, particularly in the most 

vulnerable areas, such as hippocampus and entorhi-
nal cortex 42. Deposition of the microtubule-associated 
protein Tau occurs in AD but also during normal brain 
ageing  43. Tau protein has been identified as a major 
constituent of paired helical filaments (PHFs) and AD 
is characterized by a major redistribution of the nor-
mal Tau protein pool into PHFs. In neurodegenerative 
conditions, hyperphosphorylation of Tau may result in 
microtubule destabilization, in addition to the deposi-
tion of toxic aggregates 39. 
PD is the second most common neurodegenera-
tive disorder after AD, which afflicts nearly 1% of the 
population above the age of 60. A relationship between 
PD and ageing has been proposed  43. PD results in 
movement, balance, and fine motor control changes as 
a consequence of cell death of dopamine-containing 
neurons of the substantia nigra pars compacta 44. The 
dopaminergic cell death is induced by reactive oxygen 
species (ROS) overproduction and mitochondrial dys-
function among other factors 45 46.
Pathways that lead to neural death in these conditions 
include local inflammatory response, accumulation of 
damaged molecules, mitochondrial alterations  10  40  47. 
In ageing, microglia undergoes phenotypic changes 
compatible with its activation. Glial activation can lead 
to neuroinflammation, which is increasingly accepted 
as part of the pathogenesis of neurodegenerative dis-
eases, including AD  48. Furthermore, during ageing 
mitochondria in microglia accumulate DNA oxida-
tive damage an increased ROS production. ROS can 
activate the redox-sensitive nuclear factor kappa  B, 
which promotes more neuroinflammation and cognitive 
impairment  49. Dysfunctions in mitochondrial function 
have been associated with an increased activity of spe-
cific enzymes including monoamine oxidase (MAO) 49. 
MAO is localized in the mitochondrial outer membrane 
and catalyzes the oxidative deamination of biogenic 
amines. The reaction accounts for a quantitatively large 
production of H2O2 that contributes to an increase in 
the steady state concentration of ROS within the mito-
chondrial matrix and cytosol. Thereby a role of mono-
amine oxidation and MAO activity as causative factors 
in increased oxidative stress during physiological age-
ing has been underlined  50. The amount of neuronal 
lipofuscin pigment in pyramidal neurons increases with 
age  51. One of the most widely alterations that occur 
in neurons during ageing, is the accumulation of dam-
aged molecules which form insoluble aggregates within 
the cell 40. Lipofuscin consists of undigested carbohy-
drates, proteins, and lipids that are present in residual 
bodies derived from the lysosomal system. The accu-
mulation of lipofuscin contributes to abnormal intracel-
lular protein accumulation and elimination 51.
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MITOCHONDRIAL DYSFUNCTIONS 
AND OXIDATIVE STRESS IN AGEING 
BRAIN

Neurons, as much as all mammalian cells, depend on 
mitochondria for their survival and ATP production  52. 
Mitochondrial function generally declines during ageing 
due to a number of modifications that compromise the 
electron transport chain proteins  53-56. In old animals, 
brain mitochondria show reduced rates of electron 
transfer in complexes  I and IV, decreased membrane 
potential, increased content of oxidation products of 
phospholipids and proteins, and increased size and 
fragility. The complex I inactivation together with oxida-
tive damage is usually named “complex  I syndrome”, 
a condition associated with mammalian normal brain 
ageing and neurodegenerative diseases 8 47 57.
The amount of cardiolipin, an acidic phospholipid asso-
ciated to mitochondrial membranes, has been shown 
to decrease with age 58. This phospholipid is known to 
have optimal electrical insulating properties, thereby 
contributing significantly to the transmembrane poten-
tial that drives the formation of ATP via ATP synthase. 
The mitochondrial decline in ATP synthesis and con-
comitant damage caused by ROS seems to play a key 
role in ageing 8 10 59.
It was in the 1972 that mitochondria were for the first 
time associated with the process of ageing  60. Ac-
cording to this theory, free radicals generated through 
mitochondrial metabolism can act as causative factors 
of abnormal function and cell death. Mitochondria are 
known to be the main site of ROS production. Depend-
ing of their amount, ROS can regulate cell survival or 
apoptosis. Basal level of ROS can act as a second 
messenger to promote proliferation, whereas higher 
levels of ROS induce cellular damage and promote 
apoptosis 61.
It has been reported that old cell mitochondria do not 
properly control the generation of ROS and this can in 
turn generate damage to mitochondrial mtDNA and 
membranes resulting in alterations of mitochondrial 
morphology and progressive impairment of mitochon-
drial functions 62-64. Moreover, oxidation renders mtDNA 
more susceptible to mutation because oxidized bases 
are misread during replication and this leads to nucleo-
tide substitution  65. The increased in ROS production 
is also associated to a decrease age-related in the free 
radical scavenging system so that increased escape 
of ROS occurs. Indeed, a decrease in the activity of 
several ROS-scavenging enzymes including superox-
ide dismutase, catalase, glutathione peroxidase and 
glutathione reductase was also measured in the brain 
of AD patients 66.

As a consequence of ROS production, different muta-
tions can accumulate with advancing age because of 
the number of replications of mtDNA that occur inde-
pendently of the cell cycle. Several studies have found 
increased levels of 8-hydroxy-2′-deoxyguanosine 
(8-OHdG), a biomarker of the oxidative DNA damage, 
in mtDNA in the aged brain 67 68. High levels of 8-OHdG 
have been found in both nuclear DNA and mtDNA in 
post-mortem brains of aged subjects 69.
Recent data have also described the importance for 
naturally occurring replication errors, such as large 
deletions, in the formation of age-associated mtDNA 
mutations, suggesting that a model solely based on 
ROS does not properly explain the natural history of 
mtDNA mutations  70. Consistent with this hypothesis, 
other cellular and metabolic mitochondrial alterations 
may contribute to the ageing process 70. This enlarges 
the nutritional targets to a large spectrum of cellular 
pathways.
Furthermore, it is clear the association between mi-
tochondrial dysfunctions, mainly as decreases in res-
piratory chain complex activities, with the onset and 
progression of ageing-related neurodegenerative disor-
ders including PD and AD 10 47 71. Thus, mitochondria-
targeted protective compounds, that prevent or mini-
mize mitochondrial dysfunctions, constitute potential 
therapeutic strategies in the prevention and treatment 
of these CNS diseases. 

NUTRACEUTICAL INTERVENTIONS

Several researches and results of both laboratory and 
clinical studies suggest that traditional herbs and deri-
vate phytochemicals may mitigate the decline in cog-
nitive functions associate with ageing and disorders 
like dementia, AD and PD. Nutraceutical interventions 
slow physiological or/and pathological progression 
due to their anti-oxidative, anti-inflammatory and anti-
amyloidogenic properties. Nutraceuticals also regulate 
mitochondrial stress, apoptotic factors, free radical 
scavenging system, and neurotrophic factors by target-
ing specific cellular targets 72 73. Here, we summarized a 
series of nutraceutical compounds and the main stud-
ies reporting the beneficial function of nutraceuticals on 
brain functions. Main results are listed in Table I.

(Poly)phenols 
Phenolic compounds have at least one aromatic ring 
with several hydroxyl groups attached. These mol-
ecules are classified in flavonoids and non-flavonoids, 
but it is common referred to as (poly)phenols. Based 
on variations in the saturation of the ring system, their 
alkylation and/or glycosylation and the hydroxylation 
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Table I. Nutraceutical compounds with potential effects on age associated brain alterations.

Nutraceutical Experimetal model Effect Ref.

Polyphenols
Flavanones Cell cultures Neuroprotective and neuromodulator. 80
Procyanidin (pine-bark estracts) Clinical study Beneficial effects on oxidative stress and cognition. 77, 88
Flavonoids Cell cultures

Clinical study
Apoptosis inhibition-neuronal differentiation.
Vascular blood flow promotion.
ROS scavengers.

83
83
84

EGb 761 (Ginkgo biloba) Cell cultures and
clinical study

Enhances neurocognitive functions in AD  
and in older adults.

96, 97

Grape, pomegranate, strawberry 
and blueberry flavonoids

Rat and clinical study
Enhances the efficiency of memory. 93-95

Soy isoflavones Clinical study Improve neurocognitive function 
and mood in post- menopause.

102, 103

Resveratrol Cell cultures Anti-inflammatory effect.
Therapeutic effect in PD.

107
109

Epigallochatechin-3-gallate Epidemiological study Decreases the incidence of neurodegenerative disorders. 117-119
Curcumin Rat, mouse and clinical study Anti-inflammatory and antioxidant in 

neurodegeneration.
Inhibits formation of Ab oligomers, fibrils, binds 
plaques, and reduces amyloid.

112-115

113-116

Vitamins and oligoelements
Ascorbic acid Cell cultures, mouse and clinical study Antioxidant effects. 123
Vitamin E Cell culture and animal study Improves cognitive behaviors in rodents.

Neuroprotective in apoE-deficient mice.
Modifies Aβ toxicity in cultured hippocampal neurons.
Improves brain mitochondrial function.

124
125
126
57

Vitamins C and E Clinical study Reduce AD incidence. 127
1,25(OH)2D3  Cell cultures Inhibits TNF-α, IL-6, and nitric oxide production  

by the stimulated microglia. 130
Lipoic acid Rat Prevents mitochondria damage. 131
Zinc Mouse

Clinical study
Improves myelination.
Improves brain compensatory capacity.

135
136

PUFA
ω-3 PUFA (DHA)  Animal and clinical study Reduce impaired cognitive functions.

Protective against Ab production  
and dendritic pathology in AD.
Attenuate oxidative stress.
Reduce Aβ and Tau accumulation.
Diminish Parkinsonism symptoms and dyskinesia.
Enhancing the expression of neurotrophic factors.

140-143

152-154
156,159
175-159
160, 161

162

Other compounds
Carnosine Cell cultures, monkeys, rat, rabbit Antioxidant effects.

Modulates MAO activity.
Controls toxic effect of Ab.

167-170
172

173-175
Creatine Clinical study Efficacious as a treatment in PD. 179
Acetyl-L-carnitine Animal study

Reverses decline in mitochondrial functions.
Improves clinical features of AD. 
Improves energy to nerve terminals.

180, 181, 
183-185
181, 183

182
Taurine Cell cultures

Mouse
Ameliorates neuroinflammation.
Ameliorates age-dependent decline in spatial memory.

186
187
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pattern, flavonoids may be divided into seven sub-
classes: flavonols, flavones, flavanones, flavanonols, 
flavanols, anthocyanidins, and isoflavones. 
Regular and moderate consumption flavonoid-rich 
plant foods such as wine, tea, berries and cocoa may 
result in cognitive benefits 74-77. Preclinical and epidemi-
ological studies suggest that (poly)phenols can reverse 
neurodegenerative pathology and age-related loss in 
memory, learning and neurocognitive performance. 
They can act in several ways regulating the periph-
eral and cerebrovascular blood flow, interacting with 
intracellular signalling and reducing neuronal damage 
induced by neurotoxins and neuroinflammation 78-82. In-
deed, three main processes may account for flavonoids 
effects. First, they present a selective interaction with a 
number of protein kinase and lipid kinase (such as the 
phosphatidylinositol 3-kinase, PI3K/Akt, and mitogen-
activated protein kinase, MAPK) involved in signalling 
cascades that regulate pro-survival transcription factors 
and gene expression. This action at the brain site leads 
to the inhibition of apoptosis caused by neurotoxic 
species and promotes neuronal survival and differentia-
tion  74. Second, flavonoids induce angiogenesis, and 
new nerve cell growth in the hippocampus promoting 
in this way the peripheral and cerebral vascular blood 
flow  83. Third, these phenolic molecules react directly 
with and scavenge neurotoxic species and pro-inflam-
matory agents produced in the brain as a result of both 
normal and abnormal brain ageing 84. 
A discussed topic regards the possibility of flavonoids 
of exerting their functions in specific brain regions. 
Some experimental works describe their localization in 
the brain and their direct neuroprotective and neuro-
modulatory actions 82. Flavanones such as hesperetin, 
naringenin and their in vivo metabolites, some dietary 
anthocyanins, cyanidin-3-rutinoside and pelargonidin-
3-glucoside, have been shown to traverse the blood-
brain barrier (BBB) in vitro and in vivo models 85. Their 
ability to penetrate the BBB is dependent on com-
pound lipophilicity 86 and their interactions with specific 
efflux transporters expressed in BBB such as the P-
glycoprotein 87. 
As regards to their action on cognition and memory, 
studies show a beneficial effect of procyanidin-rich pine 
bark extracts on perception and oxidative stress in older 
individuals 77 88 and flavan-3-oil-rich cocoa on cognitive 
function in young healthy female adults 89. Consuming 
of flavonoid-rich foods such as grape juice, blueberry or 
cocoa results in positive effects on cognitive outcome 
measures 90-92. Moreover, grape, pomegranate, straw-
berry and blueberry (1%-2% [w/w freeze-dried] juice) 
affect several aspects of memory and learning 93. Blue-
berry-derived flavonoids may enhance the efficiency of 
spatial memory acting on a hippocampal sub-region 

(the dentate gyrus) most sensitive to ageing; in rats, 
blueberry-supplementation increase the proliferation of 
precursor cells in this region 94 95.
Ginkgo biloba extract EGb 761, rich in flavonoids and 
terpens, improves cognitive performance in AD patients 
with mild to moderate cognitive impairment 96. Moreo-
ver, the same extract given for short-term period (i.e., 6 
weeks) demonstrated its efficacy in enhancing certain 
neurocognitive functions/processes of cognitively intact 
old adults 97. In rats, the oral administration of EGb 761 
is effective in preventing the appearance of enlarged 
mitochondria, decreased membrane potential and in-
creased levels of mtDNA damage 98.
Soy extracts contain isoflavones such as genistein, 
diadzein and glycetin, which are structurally similar to 
estrogen. The well reported efficacy of isoflavones on 
cognition and memory is related to their potential to 
mimic the action of estrogens in the brain and to influ-
ence the synthesis of acetylcholine and neurotrophic 
factors 99 100. Moreover, supplementation with soy iso-
flovones in post-menopausal women improves ratings 
of quality of life and has positive effects on neurocogni-
tive function and mood 101-104.
Resveratrol (3,5,4’-trihydroxytrans-stilbene), is a natu-
rally occurring phenolic compound that is found in a 
variety of food sources, including wine, soy, peanuts, 
and peanut products 105 106. Resveratrol can modulate 
neuroinflammation and neurodegeneration within the 
brain. The neuroprotective effect of resveratrol has 
been investigated in several in vitro and in vivo models 
of AD 107. An in vitro study performed on microglia cells, 
demonstrated that resveratrol suppressed the mRNA 
expression of the pro-inflammatory mediator TNF-a, 
and inhibited the activation of the transcription factor 
NF-kB. Resveratrol exerts their beneficial effects also 
promoting the mRNA expression of the anti-inflamma-
tory molecule interleukin-10 (IL-10) 108. Resveratrol has 
been proposed as promising therapy for PD, because 
of its neurotrophic effects on dopaminergic neurons 
and the induction of neurotrophic factors release 109. 
Curcumin is a phenolic compound and main constitu-
ent of the spice turmeric (Curcuma longa). Curcumin in-
take is positively related to cognitive function in healthy 
elderly individuals 110 with evidence that concentrations 
of Aβ and Tau are lower in populations that consume 
large amounts of curcumin 111 112. There is also evidence 
supporting the use of curcumin as a potent antioxidant 
and anti-inflammatory agent in neurodegenerative con-
ditions and its ability to reduce amyloid plaque burden 
and disaggregating preformed Aβ fibrils 113-116.
(-)-Epigallochatechin-3-gallate (EGCG) is the main and 
active flavonol in green tea, together with (-)-epigallo-
chatechin, (-)-epicatechin and (-)-epichatechin-3-gal-
late. Despite the relatively small number of investigations 
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into the neuroprotective properties of EGCG in humans, 
epidemiological evidences report that higher consump-
tion of tea/green tea, rich in EGCG, is associated with 
a reduced risk of neurodegenerative disorders and a 
lower prevalence of cognitive impairment decreas-
ing the incidence of dementia, AD and PD 117-119. The 
mechanism by which tea chatechins exert their effects 
are very broad, due to their ability to chelate metal ion, 
above all iron 118, to promote an anti-inflammatory re-
sponse 120, to facilitate cholinergic transmission 121 and 
to enhance neurite outgrowth 122.

Vitamins

Ascorbic acid is the reduced form of vitamin C, with 
important antioxidant properties. A clear link between 
ascorbic acid deficiency and oxidative-induced neu-
ronal death during neurodegeneration has been dem-
onstrated  123. Ascorbic acid inhibits ROS production 
that is generated in neurons during synaptic activity and 
CNS metabolism. Glial cells function as ascorbic acid 
reservoir; under brain activity the vitamin is released in 
the synaptic cleft and taken up by neurons. Moreover, 
ascorbic acid can switch neuronal metabolism from 
glucose to lactate consumption to sustain synaptic 
activity 123. 
Vitamin E is a dietary antioxidant that includes a group 
of structural-related antioxidants: four tocopherols and 
tocotrienols. The molecule, when administered to ro-
dents has multiple effects including an improvement 
of cognitive behaviours  124, a neuroprotective action 
in apoE-deficient mice  125, a reduction of Ab toxic-
ity in cultured hippocampal neurons 126, and improved 
neurological and brain mitochondrial function in ageing 
rodents 57.
Although clinical trials have produced controversial re-
sults, a study conducted in 2004 has demonstrated that 
a supplement of vitamin E and vitamin C in combination 
is associated with reduced prevalence and incidence of 
AD in an elderly population 127. 
Vitamin  D levels are lower in people with AD than 
normal subjects  128, and patients with severe deficit 
in vitamin  D have a significant increased risk of cog-
nitive decline over 6 years 129. Moreover, the hormone 
1,25-dihydroxyvitamine D(3) seems to be involved in 
the maintenance of brain homeostasis, inhibiting in a 
concentration-dependent manner the production of 
TNF-α, IL-6, and nitric oxide by stimulated microglia 130.
In animal models, α-lipoic acid is able to prevent age-
related decline in neurological functions and oxidative 
damage in brain mitochondria 131. 
Folates are vitamins (B9 family) essential to the devel-
opment of the CNS. A compromised folic acid status 
is common in older people due to a reduced dietary 
intake, and intestinal malabsorption. Cognitive decline, 

dementia and depression in healthy and neuropsychi-
atric older individuals have been associated to folate 
deficiency. The mechanisms underlying include hyper-
homocysteinemia, lower occurrence of methylation 
reactions and tetrahydrobiopterin levels in neurons, 
increased incorporation of uracil into DNA, and shorter 
telomere length  132. No consistent evidences support 
the effect of folic acid supplementation, alone or in 
combination with other B  vitamins, in the prevention 
of cognitive decline or neuropsychiatric diseases in old 
patients 132.

Zinc

Zinc (Zn) is the most abundant trace metal in the brain. 
Zn deficiency is quite common in elderly due to an in-
adequate food chewing, intestinal malabsorption, and 
other psychosocial factors. Despite this, the beneficial 
effect of Zn supplementation for brain function is con-
troversial. Current investigations suggest that zinc may 
rapidly induce Ab aggregation in senile plaque leading 
to AD development 133. Moreover, Zn can accumulate 
in post-synaptic neurons causing neuronal toxicity, cell-
death and necrosis  134. On the contrary, other results 
support the neuroprotective role of Zn supplementation 
through the improvement of myelination 135, and an in-
creased function of Zn-related proteins that contribute 
to maintain brain compensatory capacity  136. In addi-
tion, Zn metabolism and homeostasis have been sug-
gested to play a major role in many processes related 
to brain ageing and in the onset and development of 
age-related neurodegenerative diseases 137. 

ω-3 long-chain polyunsaturated fatty acids

ω-3 PUFAs (polyunsaturated fatty acids), including EPA 
(eicosapentaenoic acid) and DHA (docosahexaenoic 
acid), are dietary fats found in oily fish and seafood, with 
small amounts of DHA found in algae. DHA is highly 
incorporated into the brain with beneficial neuroprotec-
tive effects 138, 139. Several epidemiological studies have 
established that moderate fish consumption is associ-
ated with a reduced risk of impaired cognitive functions 
in both healthy aged individuals  140,  141, and patients 
with AD 142, 143. Lower DHA and ω-3 PUFA levels were 
detected in plasma 144 as well as in brain 145 of elderly 
and AD demented patients where a widespread loss of 
synaptic contacts takes place in neurons.
In longitudinal observation studies, an inverse relation 
between fish intake/DHA serum concentrations and 
cognitive impairment was reported. DHA (900  mg/d) 
administration for 6 month was able to improve learn-
ing memory function in age-related cognitive decline in 
healthy adults  146. However, it is likely that DHA may 
delay the onset of age-related cognitive decline, but not 
in individuals with already diagnosed AD progression. 
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Encouraging results come from a study in which the 
combination therapy (i.e., in combination with other di-
etary compounds or supplements, such as lipoic acid) 
stabilized or improved memory scores in patients with 
mild AD 147-149.
Epidemiological and clinical studies have shown that 
elevated intake of DHA or higher intakes of food rich 
in ω-3 PUFA is associated with reduced AD risk 150 151. 
Dietary DHA could be protective against Ab produc-
tion and increases cerebral blood volume in AD mouse 
model 152 153. In an AD mouse model, DHA also protects 
against dendritic pathology  154. DHA supplementation 
was shown to attenuate oxidative stress, specifically 
lipid peroxidation, and protect against memory loss in 
various rat models of AD and ageing 155-159 as well as 
reduce interneuronal Aβ and Tau accumulation 157-159. 
Animal models of PD supplemented with DHA showed 
diminished Parkinsonism symptoms and decreased 
dopaminergic neuronal death 160, moreover DHA sup-
plementation protects dopaminergic neurons in ex-
perimental rat model of PD by targeting inflammatory 
signalling pathways and by enhancing the expression of 
two neurotrophic factors glial-derived neurotrophic fac-
tor (GDNF) and neurturin (NT-3) 161. A meta-analysis of 
21 cohort studies demonstrated that DHA and fishery 
products are associated with lower risk of cognitive im-
pairment, a lower risk of dementia and AD but without 
a linear dose-response relation 162.

Other compounds 
Carnosine is a naturally occurring dipeptide (β-Ala-L-
His) present in muscle, brain and circulation  163  164. 
Carnosine has antioxidant and antiglycating proper-
ties  164-166, and neuroprotective effect towards brain 
diseases caused by oxidative stress 167-170. When used 
in combination with EGCG, L-carnosine prevents 
neurodegenerative diseases by reducing the neuronal 
age-associated damage caused by oxidative stress 171. 
In addition, carnosine attenuates the ageing-induced 
increase in the activity of MAO, thus indicating that car-
nosine may bring about oxidative stress and changes in 
brain regional serotonin level and hence behaviour 172.
It has been demonstrated that carnosine might be used 
to control AD for its ability to suppress the toxic effect 
of Ab in cultured cells 173 174 and in transgenic mice 175. 
Additionally, carnosine has been shown to suppress 
mitochondrial dysfunction in animal models of AD  175. 
A similar efficacy was observed in PD disease, through 
the modulation of some biochemical events associated 
with this pathology 176 177.
Creatine is a molecule that is produced both endog-
enously in the liver, and acquired exogenously from 
foods. It plays a crucial bioenergetic role in several tis-
sues acting as a spatial energy buffer. In older adults, 

creatine ingestion can improve quality of life, and ulti-
mately may reduce the disease burden associated with 
sarcopenia and cognitive dysfunction 178. Current litera-
ture suggests that exogenous creatine supplementa-
tion is most efficacious as a treatment paradigm in PD 
improving patient mood and leading to a smaller dose 
increase of dopaminergic therapy 179.
Acetyl-L-carnitine (ALC) is a metabolic intermediate 
that functions as an important trans-mitochondrial 
membrane transporter of long-chain fatty acids for 
β-oxidation. ALC is produced through endogenous 
biosynthesis of lysine and methionine, primarily in the 
brain, liver, and kidneys, and can also be consumed 
through foods and supplementation. It has been report-
ed that ALC significantly reverses the age-associated 
decline of mitochondrial membrane potential and of 
cardiolipin level  180. Moreover, ALC increases cellular 
oxygen consumption, which declines with age, to the 
level of young rats  181. Additional studies and reviews 
showed that ALC can slow pathologic decline in young 
patients with AD, improve clinical features of AD  181 
and, when administered as a component of a vitamin 
formula, can delay cognitive decline in both early- and 
late-stage of AD 180. Chronic administration of ACL to 
animals induced a positive modulation of the synaptic 
structural dynamics through improvements in energy 
provision at nerve terminals 182.
ALC chronically administered to rats induced a lower 
age-dependent decline in the mitochondrial oxidation 
rate of NAD-dependent substrates 183 and in the mito-
chondrial gene expression of complexes I, IV, and V and 
of adenine nucleotide translocase 184 185.
Taurine or 2-aminoethanesulfonic acid, is an organic 
compound that is widely distributed in animal tissues. It 
has been reported that taurine may ameliorate neuroin-
flammation sustained by activated microglia by switch-
ing the microglia from a M1 to a M2 activation status 186. 
Moreover, chronic supplementation of taurine to aged 
mice significantly ameliorated the age-dependent de-
cline in spatial memory 187.

CONCLUDING REMARKS

Normal ageing is associated with deficits in cognitive 
performance, even in healthy individuals. Neurological 
and cellular modifications observed during ageing repre-
sent risk factors for certain pathological conditions. For 
this reason, a major understanding of the mechanisms 
underlying age-related changes in neuronal functions 
can help to reduce risk for neurological disease. Two 
principal processes are under investigation for possible 
and promising therapeutic interventions: neuroinflam-
mation and neurodegeneration. Basic research into the 
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molecular mechanisms of these two processes allowed 
to identify specific cellular targets and more general cel-
lular processes and biological functions altered, among 
these the role that oxidative stress has in ageing brain.
In consideration of this, many studies suggest that a 
balance between pro-oxidants and antioxidants to 
delay oxidative damage to the brain results in decre-
ments in neuronal and behavioural decays. Approaches 
such as nutritional interventions have demonstrated to 
reverse or delay the onset of patho-physiological modi-
fications associated with normal ageing. It is quite likely 
that this approach would impact on neurodegenerative 
diseases.
Most of the molecules discussed above emerged as 
potential nutrients capable of improving health during 
ageing and neurodegenerative processes. Research 
has demonstrated that supplementing diets with fruits 
or vegetables has slowed and, in some cases, even 
reversed deficits in brain function, motor performance, 
and memory in old animals and humans. Increasing di-
etary intake of fruits and vegetables high in antioxidant 
activity may be an important component of a healthy 
living strategy designed to maximize neuronal and 
cognitive functioning into old age. How phytochemicals 
exert their beneficial effect is not only related to their 
anti-oxidant activity, but also to their capacity to bind 
in a selective way with specific intracellular targets. 
Examples of molecules and pathways targeted by 
neuroprotective phytochemicals include (i) protein and 
lipid kinase that regulate pro-survival transcription fac-
tors (such as PI3K/Akt and MAPK), (ii) the inactivation 
of pro-inflammatory mediator TNF-a and NF-kB tran-
scription factor, (iii) acetylcholine and neurotrophic fac-
tors induced by hormone-like molecules and finally (iv) 
mtDNA, Tau and Ab. These markers regulate a complex 
set of cellular processes that are important in neuronal 
plasticity. Despite these results, specific cellular targets 
remain largely unknown for a large class of nutrients. 
For this reason, there is yet an unexplored potential 
for investigating in detail these molecular targets and 
the molecular concentrations required to obtain these 
beneficial effects. 
Moreover, some of promising molecules exhibited effi-
cacy only in cellular or preclinical models and further in 
vivo studies are necessary to demonstrate their clini-
cal potential. Nutraceutics that have demonstrated to 
protect cells against ageing and age-disorders in hu-
man studies include a large number of phytochemical 
compounds, such as phenols (anthocyanidins, cate-
chins, isoflavones and curcumin) and vitamins (C and 
E), and some animal derived molecules (PUFAs and 
creatine). At the moment, they represent an important 
pool of molecules for the development of therapeutic 
strategies.

References
1 	 Peters R. Ageing and the brain. Postgrad Med J 

2006;82:84-8.
2 	 Double KL, Halliday GM, Kril JJ. Topography of brain at-

rophy during normal aging and perspectives on cognitive 
aging, neuromodulation, and representation. Neurosci 
Biobehav Rev 2002;26:795-808.

3	 Svennerholm L, Boström K, Jungbjer B. Changes in 
weight and compositions of major membrane compo-
nents of human brain during the span of adult human life 
of Swedes. Acta Neuropathol 1997;94:345-52. 

4 	 Wickelgren I. The aging brain: for the cortex, neuron loss 
may be less than thought. Science 1996;273:48-50.

5 	 Schuitemaker A, van der Doef TF, Boellaard R, et al. 
Microglial activation in healthy aging. Neurobiol Aging 
2012;33:1067-72.

6	 Huang TT, Leu D, Zou Y. Oxidative stress and redox reg-
ulation on hippocampal-dependent cognitive functions. 
Arch Biochem Biophys 2015;576:2-7. 

7 	 Burke SN, Barnes CA. Neural plasticity in the ageing brain. 
Nat Rev Neurosci 2006;7:30-40.

8 	 Cassano T, Serviddio G, Gaetani S, et al. Glutamatergic al-
terations and mitochondrial impairment in a murine model of 
Alzheimer disease. Neurobiol Aging 2012;33:1121.e1-12. 

9 	 Romano A, Pace L, Tempesta B, et al. Depressive-like 
behavior is paired to monoaminergic alteration in a murine 
model of Alzheimer’s disease. Int J Neuropsychopharma-
col 2014;18. pii: pyu020. doi:10.1093/ijnp/pyu020.

10 	Cassano T, Pace L, Bedse G, et al. Glutamate and mitochon-
dria: two prominent players in the oxidative stressi-induced 
neurodegeneration. Curr Alzheimer Res 2016;13:185-97. 

11 	Marczynski TJ. GABAergic differentiation hypothesis of 
brain aging and Alzheimer’s disease revisited. Brain Res 
Bull 1998;45:341-79.

12 	Caspary DM, Palombi PS, Hughes LF. GABAergic inputs 
shape responses to amplitude modulated stimuli in the 
inferior colliculus. Hear Res 2002;168:163-73.

13 	Li SC, Sikström S. Integrative neurocomputational per-
spectives on cognitive aging, neuromodulation, and repre-
sentation. Neurosci Biobehav Rev 2002;26:795-808.

14 	Knobelman DA, Kung HF, Lucki I. Regulation of extracellu-
lar concentrations of 5-hydroxytryptamine (5-HT) in mouse 
striatum by 5-HT(1A) and 5-HT(1B) receptors. J Pharma-
col Exp Ther 2000;292:1111-7.

15 	Bonsi P, Cuomo D, Ding J, et al. Endogenous serotonin 
excites striatal cholinergic interneurons via the activation of 
5-HT 2C, 5-HT6, and 5-HT7 serotonin receptors: implica-
tions for extrapyramidal side effects of serotonin reuptake 
inhibitors. Neuropsychopharmacology 2007;32:1840-54.

16 	Guiard BP, El Mansari M, Merali Z, et al. Functional inter-
actions between dopamine, serotonin and norepinephrine 
neurons: an in vivo electrophysiological study in rats with 
monoaminergic lesions. Int J Neuropsychopharmacol 
2008;11:625-39. 

17 	Dalal A, Poddar MK. Short-term erythrosine B-induced 
inhibition of the brain regional serotonergic activity 



S. De Domenico, A.M. Giudetti88

suppresses motor activity (exploratory behavior) of young 
adult mammals. Pharmacol Biochem Behav 2009;92:574-
82. 

18	 Dupre KB, Ostock CY, George JA, et al. Effects of 5-HT1A 
receptor stimulation on D1 receptor agonist-induced stria-
tonigral activity and dyskinesia in hemiparkinsonian rats. 
ACS Chem Neurosci 2013;4:747-60. 

19 	Fidalgo S, Ivanov DK, Wood SH. Serotonin: from top to 
bottom. Biogerontology 2013;14:21-45. 

20 	Beaudet G, Bouet V, Jozet-Alves C, et al. Spatial memory 
deficit across aging: current insights of the role of 5-HT7 
receptors. Front Behav Neurosci 2015;14;8:448. 

21	 Meltzer CC, Smith G, DeKosky ST, et al. Serotonin in 
aging, late-life depression, and Alzheimer’s disease: the 
emerging role of functional imaging. Neuropsychopharma-
cology 1998;18:407-30.

22 	Harvey  JA. Role of the  serotonin  5-HT(2A) receptor in 
learning. Learn Mem 2003;10:355-62. 

23 	Zhang Y, Damjanoska KJ, Carrasco GA, et al. Evidence 
that 5-HT2A receptors in the hypothalamic paraventricular 
nucleus mediate neuroendocrine responses to (-)DOI. J 
Neurosci 2002;22:9635-42.

24 	Morairty SR, Hedley L, Flores J, et al. Selective 5HT2A and 
5HT6 receptor antagonists promote sleep in rats. Sleep 
2008;31:34-44.

25 	Bellia F, Calabrese V, Guarino F, et al. Carnosinase levels 
in aging brain: redox state induction and cellular stress 
response. Antioxid Redox Signal 2009;11:2759-75.

26 	Margles FL. Carnosine in the primary olfactory pathway. 
Science 1994;184:909-11.

27 	Cassano T, Romano A, Macheda T, et al. Olfactory mem-
ory is impaired in a triple transgenic model of Alzheimer 
disease. Behav Brain Res 2011;224:408-12.

28 	Harris RA, Tindale L, Cumming RC. Age-dependent met-
abolic dysregulation in cancer and Alzheimer’s disease. 
Biogerontology 2014;15:559-77. 

29 	Barros LF, San Martín A, Sotelo-Hitschfeld T, et al. Small is 
fast: astrocytic glucose and lactate metabolism at cellular 
resolution. Front Cell Neurosci 2013;22;7:27. 

30 	Carpenter KL, Jalloh I, Hutchinson PJ. Glycolysis and the 
significance of lactate in traumatic brain injury. Front Neu-
rosci 2015;9:112. 

31 	Wu LE, Gomes AP, Sinclair DA. Geroncogenesis: meta-
bolic changes during aging as a driver of tumorigenesis. 
Cancer Cell 2014;25:12-9. 

32 	Soucek T, Cumming R, Dargusch R, et al. The regulation of 
glucose metabolism by HIF-1 mediates a neuroprotective 
response to amyloid beta peptide. Neuron 2003;39:43-56.

33 	Bélanger M, Allaman I, Magistretti PJ. Brain energy metab-
olism: focus on astrocyte-neuron metabolic cooperation. 
Cell Metab 2011;14:724-38. 

34 	Bedse G, Di Domenico F, Serviddio G, et al. Aberrant in-
sulin signaling in Alzheimer’s disease: current knowledge. 
Front Neurosci 2015;9:204.

35 	Gatta E, Lefebvre T, Gaetani S, et al. Evidence for an imbal-
ance between tau O-GlcNAcylation and phosphorylation 

in the hippocampus of a mouse model of Alzheimer’s dis-
ease. Pharmacol Res 2016;105:186-97.

36 	Barone E, Di Domenico F, Cassano T, et al. Impairment of 
biliverdin reductase-A promotes brain insulin resistance in 
Alzheimer disease: a new paradigm. Free Radic Biol Med 
2016;91:127-42. 

37 	Sims NR, Bowen DM, Neary D, et al. Metabolic processes 
in Alzheimer’s disease: adenine nucleotide content and 
production of 14CO2 from [U-14C]glucose in vitro in hu-
man neocortex. J Neurochem 1983;41:1329-34.

38 	Sims NR, Bowen DM, Davison AN. [14C]acetylcholine syn-
thesis and [14C]carbon dioxide production from [U-14C]
glucose by tissue prisms from human neocortex. Biochem 
J 1981;196:867-76. 

39 	Firląg M, Kamaszewski M, Gaca K, et al. Age-related 
changes in the central nervous system in selected do-
mestic mammals and primates. Postepy Hig Med Dosw 
2013;67:269-75. 

40 	Mattson MP, Magnus T. Ageing and neuronal vulnerability. 
Nat Rev Neurosci 2006;7:278-94.

41 	Swerdlow RH. Is aging part of Alzheimer’s disease, or 
is Alzheimer’s disease part of aging? Neurobiol Aging 
2007;28:1465-80.

42 	Lowe J, Mirra SS, Hyman BTet al. Ageing and dementia. 
In: Ellison DW, Love S, Louis DN, Eds. Greenfield’s neuro-
pathology. Eighth Edition. London: Hodder Arnold 2008, 
pp. 1031-121.

43 	Mukaetova-Ladinska EB, Harrington CR, Roth M, et al. 
Alterations in Tau protein metabolism during normal aging. 
Dement Geriatr Cogn Disord 1996;7:95-103.

44	  Franco-Iborra S, Vila M, Perier C. The Parkinson disease 
mitochondrial hypothesis: where are we at? Neuroscientist 
2015. pii: 1073858415574600.

45 	Warner TT, Schapira AH. Genetic and environmental 
factors in the cause of Parkinson’s disease. Ann Neurol 
2003;53(Suppl 3):S16-23.

46 	Aureli C, Cassano T, Masci A, et al. 5-S-cysteinyldopamine 
neurotoxicity: Influence on the expression of α-synuclein 
and ERp57 in cellular and animal models of Parkinson’s 
disease. J Neurosci Res 2014;92:347-58. 

47 	Serviddio G, Romano AD, Cassano T, et al. Principles 
and therapeutic relevance for targeting mitochondria in 
aging and neurodegenerative diseases. Curr Pharm Des 
2011;17:2036-55. 

48 	von Bernhardi R, Eugenín-von Bernhardi L, Eugenín J. 
Microglial cell dysregulation in brain aging and neurode-
generation. Front Aging Neurosci 2015;7:124. 

49 	Strolin Benedetti M, Cini M, Fusi R, et al. The effects of ag-
ing on MAO activity and amino acid levels in rat brain. J 
Neural Transm Suppl 1990;29:259-68.

50 	Alper G, Girgin FK, Ozgönül M, et al. MAO inhibitors and 
oxidant stress in aging brain tissue. Eur Neuropsychophar-
macol 1999;9:247-52. 

51 	Keller JN, Dimayuga E, Chen Q. Autophagy, proteasomes, 
lipofuscin, and oxidative stress in the aging brain. Int J Bio-
chem Cell Biol 2004;36:2376-91.



Nutraceutical intervention in ageing brain 89

52 	Picard M, McEwen BS. Mitochondria impact brain function 
and cognition. Proc Natl Acad Sci U S A 2014;111:7-8. 

53 	Bertoni-Freddari C, Fattoretti P, Casoli T, et al. Morphologi-
cal plasticity of synaptic mitochondria during aging. Brain 
Res 1993;628:193-200.

54 	Fattoretti P, Bertoni-Freddari C, Caselli U, et al. Im-
paired succinic dehydrogenase activity of rat Purkinje 
cell mitochondria during aging. Mech Ageing Dev 
1998;101:175-82.

55 	Bertoni-Freddari C, Fattoretti P, Caselli U, et al. Age-de-
pendent decrease in the activity of succinic dehydrogena-
se in rat CA1 pyramidal cells: a quantitative cytochemical 
study. Mech Ageing Dev 1996;90:53-62. 

56 	Fattoretti P, Bertoni-Freddari C, Caselli U, et al. Morpholo-
gic changes in cerebellar mitochondria during aging. Anal 
Quant Cytol Histol 1996;18:205-8.

57 	Navarro A, Boveris A. Brain mitochondrial dysfunction in 
aging, neurodegeneration, and Parkinson’s disease. Front 
Aging Neurosci 2010. pii: 34.

58 	Hoch FL. Cardiolipins and biomembrane function. Biochim 
Biophys Acta 1992;1113:71-133. 

59 	 Miquel J. Can antioxidant diet supplementation protect 
against age-related mitochondrial damage? Ann N Y Acad 
Sci 2002;959:508-16.

60	 Harman D. Free radical theory of aging: dietary implica-
tions. Am J Clin Nutr 1972;25:839-43.

61 	 Calabrese V, Scapagnini G, Giuffrida Stella AM, et al. Mi-
tochondrial involvement in brain function and dysfunction: 
relevance to aging, neurodegenerative disorders and lon-
gevity. Neurochem Res 2001;26:739-64.

62 	 Sastre J, Pallardó FV, García de la Asunción J, et al. Mi-
tochondria, oxidative stress and aging. Free Radic Res 
2000;32:189-98. 

63 	 Barja G. Free radicals and aging. Trends Neurosci 
2004;27:595-600.

64 	 Melov S. Modeling mitochondrial function in aging neu-
rons. Trends Neurosci 2004;27:601-6. 

65 	 Minnick DT, Pavlov YI, Kunkel TA. The fidelity of the human 
leading and lagging strand DNA replication apparatus with 
8-oxodeoxyguanosine triphosphate. Nucleic Acids Res 
1994;22:5658-64.

66	 Ansari MA, Scheff SW. Oxidative stress in the progression 
of Alzheimer disease in the frontal cortex. J Neuropathol 
Exp Neurol 2010;69:155-67. 

67 	Richter C, Park JW, Ames BN. Normal oxidative damage 
to mitochondrial and nuclear DNA is extensive. Proc Natl 
Acad Sci USA 1988;85:6465. 

68 	Agarwal S, Sohal RS. Aging and protein oxidative damage. 
Mech Ageing Dev 1994;75:11.

69 	Mecocci P, MacGarvey U, Kaufman AE, et al. Oxi-
dative damage to mitochondrial DNA shows marked 
age-dependent increases in human brain. Ann Neurol 
1993;34:609-16.

70 	Payne BAI, Chinnery BF. Mitochondrial dysfunction in 
aging: much progress but many unresolved questions. 
Biochim Biophys Acta 2015;1847:1347-53.

71 	Fernández-Moriano C, González-Burgos E, Gómez-Ser-
ranillos PM. Mitochondria-targeted protective compounds 
in Parkinson’s and Alzheimer’s diseases. Oxid Med Cell 
Longev 2015;2015:1-30. 

72	 Selhub J, Bagley LC, Miller J, et al. B vitamins homocys-
teine, and neurocognitive function in the elderly. Am J Clin 
Nutr 2000;71:614S-20S.

73 	Allen LH. How common is vitamin B-12 deficiency? Am J 
Clin Nutr 2009;89:693S-6S.

74 	Spencer JPE. Flavonoids: modulators of brain function? Br 
J Nutr 2008;99(Suppl 1):ES60-ES77. 

75 	Commenges D, Scotet V, Renaud S, et al. Intake of flavo-
noids and risk of dementia. Eur J Epidemiol 2000;16:357-63.

76 	 Letenneur L, Proust-Lima C, Le GA, et al. Flavonoid intake 
and cognitive decline over a 10-year period. Am J Epide-
miol 2007;165:1364-71.

77 	Nurk E, Refsum H, Drevon CA, et al. Intake of flavonoid-rich 
wine, tea, and chocolate by elderly men and women is 
associated with better cognitive test performance. J Nutr 
2009;139:120-7.

78 	Fraga CG, Oteiza PI. Dietary flavonoids: role of ( - )-epicat-
echin and related procyanidins in cell signalling. Free Radic 
Biol Med 2011;51:813-23.

79 	Spencer JP. Beyond antioxidants: the cellular and molecu-
lar interactions of flavonoids and how these underpin their 
actions on the brain. Proc Nutr Soc 2010;69:244-60.

80 	Spencer JP. The impact of flavonoids on memory: phys-
iological and molecular considerations. Chem Soc Rev 
2009;38:1152-61. 

81 	Spencer JP. The impact of fruit flavonoids on memory and 
cognition. Br J Nutr 2010;104(Suppl 3):S40-S7. 

82 	Spencer JP. The interactions of flavonoids within neuronal 
signalling pathways. Genes Nutr 2007;2:257-73. 

83 	Vafeiadou K, Vauzour D, Spencer J. Neuroinflammation 
and its modulation by flavonoids. Endocr Metab Immune 
Disord Drug Targets 2007;7:211-24. 

84 	Vauzour D. Dietary polyphenols as modulators of brain 
functions: biological actions and molecular mechanisms 
underpinning their beneficial effects. Oxid Med Cell Longev 
2012;2012:1-16.

85 	Youdim KA, Qaiser MZ, Begley DJ, et al. Flavonoid per-
meability across an in situ model of the blood-brain barrier. 
Free Radic Biol Med 2004;36:592-604. 

86 	Youdim KA, Dobbie MS, Kuhnle G, et al. Interaction be-
tween flavonoids and the blood-brain barrier: in vitro stud-
ies. J Neurochem 2003;85:180-92. 

87 	Lin JH, Yamazaki M. Role of P-glycoprotein in pharmacoki-
netics: clinical plications. Clin Pharmacokinet 2003;42:59-98. 

88 	Ryan J, Croft K, Mori T, et al. An examination of the effects of 
the antioxidant Pycnogenol on cognitive performance, serum 
lipid profile, endocrinological and oxidative stress biomarkers in 
an elderly population. J Psychopharmacol 2008;22:553-62. 

89	 Francis ST, Head K, Morris PG, et al. The effect of flava-
nol-rich cocoa on the fMRI response to a cognitive task 
in healthy young people. J Cardiovasc Pharmacol (Suppl) 
2006;2:S215-20.



S. De Domenico, A.M. Giudetti90

90 	Krikorian R, Nash TA, Shidler MD, et al. Concord grape juice 
supplementation improves memory function in older adults 
with mild cognitive impairment. Br J Nutr 2010;103:730-4. 

91 	Krikorian R, Shidler MD, Nash TA, et al. Blueberry supple-
mentation improves memory in older adults. J Agric Food 
Chem 2010;58:3996-4000.

92 	Scholey AB, French SJ, Morris PJ, et al. Consumption of 
cocoa flavanols results in acute improvements in mood 
and cognitive performance during sustained mental effort. 
J Psychopharmacol 2010;24:1505-14.

93 	 Del Rio D, Rodriguez-Mateos A, Spencer JP, et al. Dietary 
(Poly)phenolics in human health: structures, bioavailability, 
and evidence of protective effects against chronic diseas-
es. Antioxid Redox Signal 2013;18:1818-92.

94 	Casadesus G, Shukitt-Hale B, Stellwagen HM, et al. Mod-
ulation of hippocampal plasticity and cognitive behavior by 
short-term blueberry supplementation in aged rats. Nutr 
Neurosci 2004;7:309-16.

95 	Small SA, Tsai WY, DeLaPaz R, et al. Imaging hippocampal 
function across the human life span: is memory decline 
normal or not? Ann Neurol 2002;51:290-5.

96 	 Kumar A, Singh A. A review on mitochondrial restorative 
mechanism of antioxidants in Alzheimer’s disease and oth-
er neurological conditions. Front Pharmacol 2015;6:1-13.

97 	 Mix JA, Crews WD Jr. An examination of the efficacy of 
Ginkgo biloba extract EGb761 on the neuropsychologic 
functioning of cognitively intact older adults. J Altern Com-
plement Med 2000;6:219-29.

98 	 Sastre J, Millán A, García de la Asunción J, et al. A Gink-
go biloba extract (EGb 761) prevents mitochondrial aging 
by protecting against oxidative stress. Free Radic Biol 
Med 1998;24:298-304.

99 	File SE, Jarrett N, Fluck E, et al. Eating soya improves hu-
man memory. Psychopharmacology 2001;157:430-6.

100	Fournier LR, Ryan Borchers TA, Robison LM, et al. The ef-
fects of soy milk and isoflavone supplements on cognitive 
performance in healthy, postmenopausal women. J Nutr 
Health Aging 2007;11:155-64.

101	Howes JB, Bray K, Lorenz L, et al. The effects of dietary 
supplementation with isoflavones from red clover on cog-
nitive function in postmenopausal women. Climacteric 
2004;7:70-7. 

102	Kreijkamp-Kaspers S, Kok L, Grobbee DE, et al. Effect of soy 
protein containing isoflavones on cognitive function, bone 
mineral density, and plasma lipids in postmenopausal wom-
en: a randomized controlled trial. JAMA 2004;292:65-74.

103	Casini M, Marelli G, Papaleo E, et al. Psychological as-
sessment of the effects of treatment with phytoestro-
gens on postmenopausal women: a randomized, dou-
ble-blind, crossover, placebo-controlled study. Fertil Steril 
2006;85:972-8. 

104	File S, Hartley D, Elsabagh S, et al. Cognitive improvement 
after 6 weeks of soy supplements in postmenopausal 
women is limited to frontal lobe function. Menopause 
2005;12:193-201. 

105	Baur JA, Sinclair DA. Therapeutic potential of resveratrol: 
the in vivo evidence. Nat Rev Drug Discov 2006;5:493-506.

106	Burns J, Yokota T, Ashihara H, et al. Plant foods and 
herbal sources of resveratrol. J Agric Food Chem 
2002;50:3337-40. 

107	Ma T, Tan MS, Yu JT, et al. Resveratrol as therapeutic agent 
for Alzheimer’s disease. Biomed Res Int 2014; Nov 26.

108	Song J, Cheon SY, Jung W, et al. Resveratrol induces 
the expression of interleukin-10 and brain derived neuro-
trophic factor in BV2 microglia under hypoxia. Int J Mol Sci 
2014;15:15512-29.

109	Zhang F,  Wang YY,  Liu H,  et al. Resveratrol produces 
neurotrophic effects on cultured dopaminergic neurons 
through prompting astroglial BDNF and GDNF release. 
Evid Based Complement Alternat Med 2012;2012:1-7. 

110	TP Ng, Chiam PC, Lee T, et al.  Curry consumption 
and cognitive function in the elderly.  Am J Epidemiol 
2006;164:898-906.

111	Subramanian S, Sandhyarani B, Shree AN, et al.  Lower 
levels of cerebrospinal fluid amyloid beta (Abeta) in non-de-
mented Indian controls. Neurosci Lett 2006;407:121-3.

112	Kandimalla RJ, Prabhakar S, Binukumar BK, et al. Cere-
brospinal fluid profile of amyloid beta42 (Abeta42), hTau 
and ubiquitin in North Indian Alzheimer’s disease pa-
tients. Neurosci Lett 2011;487:134-8.

113	Kumar A, Naidu PS, Seghal N, et al. Effect of curcumin 
on intracerebro-ventricular colchicine-induced cogni-
tive impairment and oxidative stress in rats. J Med Food 
2007;10:486-94.

114	Lim GP, Chu T, Yang F, et al. The curry spice curcumin 
reduces oxidative damage and amyloid pathology in an 
Alzheimer transgenic mouse. Neurosci 2001;21:8370-7.

115	Yang F, Lim GP, Begum AN, et al. Curcumin inhibits forma-
tion of amyloid beta oligomers and fibrils in vivo. Biol Chem 
2005;280:5892-901.

116	Mishra S, Mishra M, Seth P, et al. Tetra-hydrocurcumin 
confers protection against amyloid β-induced toxicity. 
Neuroreport 2011;22:23-7.

117	Weinreb O, Mandel S, Amit T, et al. Neurological mecha-
nisms of green tea polyphenols in Alzheimer’s and Parkin-
son’s diseases. J Nutr Biochem 2004;15:506-16.

118	Mandel SA, Amit T, Weinreb O, et al. Simultaneous manip-
ulation of multiple brain targets by green tea catechins: a 
potential neuroprotective strategy for Alzheimer and Par-
kinson diseases. CNS Neurosci Ther 2008;14:352-65.

119	Kuriyama S, Hozawa A, Ohmori K, et al. Green tea 
consumption and cognitive function: a cross-section-
al study from the Tsurugaya Project 1. Am J Clin Nutr 
2006;83:355-61.

120	Kim SJ, Jeong HJ, Lee KM, et al. Epigallocatechin-3-gallate 
suppresses NF-kappa B activation and phosphorylation of 
p38 MAPK and JNK in human astrocytoma U373MG cells. 
J Nutr Biochem 2007;18:587-96.

121	Katayama Y, Homma T, Hara Y, et al. Tea catechin, (-)-epi-
gallocatechin gallate, facilitates cholinergic ganglion trans-
mission in the myenteric plexus of the guinea-pig small 
intestine. Neurosci Lett 2002;319:63-6.

122	Reznichenko L, Amit T, Youdim MBH, et al. Green tea poly-
phenol (-)-epigallocatechin-3-gallate induces neurorescue 



Nutraceutical intervention in ageing brain 91

of long-term serum-deprived PC12 cells and promotes 
neurite outgrowth. J Neurochem 2005;93:1157-67. 

123	Covarrubias-Pinto A, Acuña AI, Beltrán FA, et al. Old things 
new view: ascorbic acid protects the brain in neurodegen-
erative disorders. Int J Mol Sci 2015;16:28194-217.

124	Joseph JA, Shukitt-Hale B, Denisova NA, et al. Long-term 
dietary strawberry, spinach, or vitamin E supplementation 
retards the onset of age-related neuronal signal-trans-
duction and cognitive behavioral deficits. J Neurosci 
1998;18:8047-55.

125	Veinbergs I, Van Uden E, Mallory M, et al. Role of apo-
lipoprotein E receptors in regulating the differential in 
vivo neurotrophic effects of apolipoprotein E. Exp Neurol 
2001;170:15-26.

126	Butterfield DA, Koppal T, Subramaniam R, et al. Vitamin 
E as an antioxidant/free radical scavenger against amy-
loid beta-peptide-induced oxidative stress in neocortical 
synaptosomal membranes and hippocampal neurons in 
culture: insights into Alzheimer’s disease. Rev Neurosci 
1999;10:141-9.

127	Zandi PP, Anthony JC, Khachaturian AS, et al. Reduced 
risk of Alzheimer disease in users of antioxidant vitamin 
supplements: the Cache County Study. Arch Neurol 
2004;61:82-8. 

128	Annweiler C, Llewellyn DJ, Beauchet O. Low serum vitamin 
D concentrations in Alzheimer’s disease: a systematic re-
view and meta-analysis. J Alzheimers Dis 2013;33:659-74. 

129	Llewellyn DJ, Lang IA, Langa KM, et al. Vitamin D and risk 
of cognitive decline in elderly persons.  Arch Intern Med 
2010;170:1135-41.

130	Lefebvre d’Hellencourt C, Montero-Menei CN, Bernard R, 
et al. Vitamin D3 inhibits proinflammatory cytokines and 
nitric oxide production by the EOC13 microglial cell line. 
Neurosci Res 2003;71:575-82.

131	Chakrabarti S, Munshi S, Banerjee K, et al. Mitochondri-
al dysfunction during brain aging: role of oxidative stress 
and modulation by antioxidant supplementation. Aging Dis 
2011;2:242-56.

132	Araújo JR, Martel F, Borges N, et al. Folates and aging: role 
in mild cognitive impairment, dementia and depression. 
Ageing Res Rev 2015;22:9-19.

133	Weiss JH, Hartley DM, Koh JY, et al. AMPA receptor activa-
tion potentiates zinc neurotoxicity. Neuron 1993;10:43-9.

134	Dreosti IE, MacLennan A. Maternal plasma zinc levels and 
first trimester abortion. Early Hum Dev 1990;21:141-2.

135	Doraiswamy PM, Finefrock AE. Metals in our minds: ther-
apeutic implications for neurodegenerative disorders. Lan-
cet Neurol 2004;3:431-4.

136	Mocchegiani E, Giacconi R, Cipriano C, et al. Zinc-bound 
metallothioneins as potential biological markers of ageing. 
Brain Res Bull 2001;55:147-53.

137	Mocchegiani E,  Bertoni-Freddari C,  Marcellini F,  et al. 
Brain, aging and neurodegeneration: role of zinc ion avail-
ability. Prog Neurobiol 2005;75:367-90.

138	Hashimoto M, Hossain S. Neuroprotective and ameliora-
tive actions of polyunsaturated fatty acids against neuronal 
diseases: beneficial effect of docosahexaenoic acid on 

cognitive decline in Alzheimer’s disease. J Pharmacol Sci 
2011;116:150-62. 

139	Lauritzen L, Hansen HS, Jørgensen MH, et al. The essen-
tiality of long chain n-3 fatty acids in relation to develop-
ment and function of the brain and retina. Prog Lipid Res 
2001;40:1-94.

140	Heude B, Ducimetière P, Berr C. Cognitive decline and fat-
ty acid composition of erythrocyte membranes – The EVA 
Study. EVA Study Am J Clin Nutr 2003;77:803-8.

141	Beydoun MA, Kaufman JS, Satia JA, et al. Plasma n-3 fat-
ty acids and the risk of cognitive decline in older adults: the 
atherosclerosis risk in communities study. Am J Clin Nutr 
2007;85:1103-11.

142	Conquer JA, Tierney MC, Zecevic J, et al. Fatty acid anal-
ysis of blood plasma of patients with Alzheimer’s disease, 
other types of dementia, and cognitive impairment. Lipids 
2000;35:1305-12. 

143	Schaefer EJ, Bongard V, Beiser AS, et al. Plasma phos-
phatidylcholine docosahexaenoic acid content and risk of 
dementia and Alzheimer disease: the Framingham Heart 
Study. Arch Neurol 2006;63:1545-50.

144	Conquer JA, Tierney MC, Zecevic J, et al. Fatty acid anal-
ysis of blood plasma of patients with Alzheimer’s disease, 
other types of dementia, and cognitive impairment. Lipids 
2000;35:1305-12.

145	Cunnane SC, Plourde M, Stewart K, et al. Docosahexae-
noic acid and shore-based diets in hominin encephaliza-
tion: a rebuttal. Am J Hum Biol 2007;19:578-81.

146	Yurko-Mauro K, McCarthy D, Rom D, et al. Beneficial ef-
fects of docosahexaenoic acid on cognition in age-related 
cognitive decline. Alzheimers Dement 2010;6:456-64.

147	Shinto L, Quinn J, Motine T, et al. Omega-3 fatty ac-
ids and lipoic acid in Alzheimer’s disease. Neurology 
2008;70:A393.128.

148	Scheltens P, Kamphuis PJ, Verhey FR, et al. Efficacy of a 
medical food in mild Alzheimer’s disease: a randomized, 
controlled trial. Alzheimers Dement 2010;6:1-10.

149	Boudrault C, Bazinet RP, Ma DW. Review  experimental 
models and mechanisms underlying the protective effects 
of n-3 polyunsaturated fatty acids in Alzheimer’s disease. J 
Nutr Biochem 2009;20:1-10.

150	Swanson D, Block R, Mousa SA. Omega-3 fatty acids EPA 
and DHA: health benefits throughout life. Adv Nutr 2012;3:1-7.

151	Gu Y, Nieves JW, Stern Y, et al. Food combination and 
Alzheimer disease risk: a protective diet. Arch Neurol 
2010;67:699-706.

152	Cole GM, Frautschy SA. Docosahexaenoic acid protects 
from amyloid and dendritic pathology in an Alzheimer’s 
disease mouse model. Nutr Health 2006;18:249-59.

153	Hooijmans C. Changes in cerebral blood volume and 
amyloid pathology in aged Alzheimer APP/PS1 mice on a 
docosahexaenoic acid (DHA) diet or cholesterol enriched 
typical western diet. Neurobiol Dis 2007;28:16-29.

154	Bigford  GE,  Del Rossi  G. Supplemental substances de-
rived from foods as adjunctive therapeutic agents for treat-
ment of neurodegenerative diseases and disorders. Adv 
Nutr 2014;5:394-403.



S. De Domenico, A.M. Giudetti92

155	Hashimoto M, Hossain S, Shimada T, et al. Docosahexae-
noic acid provides protection from impairment of learning 
ability in Alzheimer’s disease model rats. J Neurochem 
2002;81:1084-91. 

156	Hashimoto M, Tanabe Y, Fujii Y, et al. Chronic administra-
tion of docosahexaenoic acid ameliorates the impairment 
of spatial cognition learning ability in amyloid beta-infused 
rats. J Nutr 2005;135:549-55.

157	Oksman M, Iivonen H, Hogyes E, et al. Impact of different 
saturated fatty acid, polyunsaturated fatty acid and cho-
lesterol containing diets on beta-amyloid accumulation in 
APP/PS1 transgenic mice. Neurobiol Dis 2006;23:563-72. 

158	Green KN, Martinez-Coria H, Khashwji H, et al. Di-
etary docosahexaenoic acid and docosapentaenoic 
acid ameliorate amyloid-beta and tau pathology via 
a mechanism involving presenilin 1 levels. J Neurosci 
2007;27:4385-95. 

159	Lebbadi M, Julien C, Phivilay A, et al. Endogenous con-
version of omega-6 into omega-3 fatty acids improves 
neuropathology in an animal model of Alzheimer’s disease. 
J Alzheimers Dis 2011;27:853-69.

160	Hacioglu G, Seval-Celik Y, Tanriover G, et al. Docosahex-
aenoic acid provides protective mechanism in bilaterally 
MPTP-lesioned rat model of Parkinson’s disease. Folia 
Histochem Cytobiol 2012;50:228-38.

161	Tanriover G, Seval-Celik Y, Ozsoy O, et al. The effects of 
docosahexaenoic acid on glial derived neurotrophic factor 
and neurturin in bilateral rat model of Parkinson’s disease. 
Folia Histochem Cytobiol 2010;48:434-41. 

162	Zhang Y, Chen J, Qiu J, et al. Intakes of fish and polyunsat-
urated fatty acids and mild-to-severe cognitive impairment 
risks: a dose-response meta-analysis of 21 cohort studies. 
Am J Clin Nutr 2016;103:330-40.

163	Kohen R, Yamamoto Y, Cundy KC, et al. Antioxidant activity 
of carnosine homocarnosine and anserine present in mus-
cle and brain. Proc Natl Acad Sci USA 1988;85:3175-9.

164	Shelly JE, Marshall FD. Carnosine levels in blood. Experen-
tia 1981;37:1256-7.

165	Holliday R, McFarland GA. A role for carnosine in cellular 
maintenance. Biochemistry (Mosc) 2000;65:843-8.

166	Hipkiss AR, Brownson C, Carrier MJ. Carnosine, the an-
ti-ageing, anti-oxidant dipeptide, may react with protein 
carbonyl groups. Mech Ageing Dev 2001;122:1431-45.

167	Bellia F, Vecchio G, Cuzzocrea S, et al. Neuroprotective 
features of carnosine in oxidative driven diseases. Mol As-
pects Med 2011;32:258-66.

168	Boldyrev AA, Aldini G, Derave W. Physiology and patho-
physiology of carnosine. Physiol Rev 2013;93:1803-45. 

169	Calabrese V, Colombrita C, Guagliano E, et al. Protective 
effect of carnosine during nitrosative stress in astroglial cell 
cultures. Neurochem Res 2005;30:797-807.

170	Kalaz EB, Çoban J, Aydın AF, et al. Carnosine and taurine 
treatments decreased oxidative stress and tissue damage 

induced by D-galactose in rat liver. J Physiol Biochem 
2014;70:15-25. 

171	Davinelli S, Di Marco R, Bracale R, et al. Synergistic effect 
of L-Carnosine and EGCG in the prevention of physiologi-
cal brain ageing. Curr Pharm Des 2013;19:2722-7.

172	Banerjee S, Poddar MK. Carnosine: effect on ageing-in-
duced increase in brain regional monoamine oxidase-A 
activity. Neurosci Res 2015;92:62-70. 

173	Preston JE, Hipkiss AR, Himsworth DT, et al. Toxic effects 
of beta-amyloid(25-35) on immortalised rat brain endo-
thelial cell: protection by carnosine, homocarnosine and 
beta-alanine. Neurosci Lett 1998;242:105-8.

174	Fu Q, Dai H, Hu W, et al. Carnosine protects against Abe-
ta42-induced neurotoxicity in differentiated rat PC12 cells. 
Cell Mol Neurobiol 2008;28:307-16.

175	Corona C, Frazzini V, Silvestri E, et al. Effects of dietary 
supplementation of carnosine on mitochondrial dysfunc-
tion, amyloid pathology, and cognitive deficits in 3xTg-AD 
mice. PLoS One 2011;6:e17971.

176	Boldyrev A, Fedorova T, Stepanova M, et al. Carnosine in-
creases efficiency of DOPA therapy of Parkinson’s disease: 
a pilot study. Rejuvenation Res 2008;11:821-7.

177	Boldyrev AA, Stvolinsky SL, Fedorova TN, et al. Car-
nosine as a natural antioxidant and geroprotector: from 
molecular mechanisms to clinical trials. Rejuvenation Res 
2010;13:156-8.

178	Rawson ES, Venezia AC. Use of creatine in the elderly and 
evidence for effects on cognitive function in young and old. 
Amino Acids 2011;40:1349-62.

179	Bender A, Koch W, Elstner M, et al. Creatine supplemen-
tation in Parkinson disease: a placebo-controlled random-
ized pilot trial. Neurology 2006;67:1262-4.

180	Ames BN, Liu J. Delaying the mitochondrial decay of ageing 
with acetylcarnitine. Ann N Y Acad Sci 2004;1033:108-16.

181	Hagen TM, Ingersoll RT, Wehr CM, et al. Acetyl-l-carnitine fed 
to old rats partially restores mitochondrial function and ambu-
latory activity. Proc Natl Acad Sci USA 1998;95:9562-6. 

182	Bertoni-Freddari C, Fattoretti P, Caselli U, et al. Acetylcar-
nitine modulation of the morphology of rat hippocampal 
synapses. Anal Quant Cytol Histol 1996;18:275-8.

183	Cocco  T, Sgobbo P, Clemente M, et al. Tissue-specific 
changes of mitochondrial functions in aged rats: effect of 
a long-term dietary treatment with N-acetylcysteine. Free 
Radic Biol Med 2005;38:796-805.

184	Ames BN, Liu J. Delaying the mitochondrial decay of ageing 
with acetylcarnitine. Ann N Y Acad Sci 2004;1033:108-16.

185	Nicoletti VG, Marino VM, Cuppari C, et al. Effect of antiox-
idant diets on mitochondrial gene expression in rat brain 
during ageing. Neurochem Res 2005;30:737-52.

186	Ward RJ, Dexter DT, Crichton RR. Ageing, neuroinflamma-
tion and neurodegeneration. Front Biosci 2015;7:189-204.

187	El Idrissi A, Shen CH, L’amoreaux WJ. Neuroprotective role 
of taurine during ageing. Amino Acids 2013;45:735-50.


