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Abstract: Neurodegenerative disorders include different neurological conditions that affect nerve
cells, causing the progressive loss of their functions and ultimately leading to loss of mobility, coordi-
nation, and mental functioning. The molecular mechanisms underpinning neurodegenerative disease
pathogenesis are still unclear. Nonetheless, there is experimental evidence to demonstrate that the per-
turbation of mitochondrial function and dynamics play an essential role. In this context, mitochondrial
biogenesis, the growth, and division of preexisting mitochondria, by controlling mitochondria number,
plays a vital role in maintaining proper mitochondrial mass and function, thus ensuring efficient syn-
aptic activity and brain function. Mitochondrial biogenesis is tightly associated with the control of cell
division and variations in energy demand in response to extracellular stimuli; therefore, it may repre-
sent a promising therapeutic target for developing new curative approaches to prevent or counteract
neurodegenerative disorders. Accordingly, several inducers of mitochondrial biogenesis have been
proposed as pharmacological targets for treating diverse central nervous system conditions. The natu-
rally occurring polyphenol resveratrol has been shown to promote mitochondrial biogenesis in various
tissues, including the nervous tissue, and an ever-growing number of studies highlight its neuro-
therapeutic potential. Besides preventing cognitive impairment and neurodegeneration through its an-
tioxidant and anti-inflammatory properties, resveratrol has been shown to be able to enhance mito-
chondria biogenesis by acting on its main effectors, including PGC-1a, SIRT1, AMPK, ERRs, TERT,
TFAM, NRF-1 and NRF-2. This review aims to present and discuss the current findings concerning
the impact of resveratrol on the machinery and main effectors modulating mitochondrial biogenesis in
the context of neurodegenerative diseases.
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1. INTRODUCTION mobility, coordination, and mental functioning [1]. Symp-
toms vary depending on the affected brain regions; some
neurodegenerative disorders mainly cause mobility defects,

while others compromise memory and cognitive abilities [1,

Neurodegenerative disorders encompass a wide range of
conditions caused by the progressive damage and loss of

nerve cell functions and connections, ultimately affecting
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2]. Neurodegenerative diseases affect millions of people
worldwide and Parkinson's disease (PD), Alzheimer's disease
(AD), Huntington’s disease (HD), and amyotrophic lateral
sclerosis (ALS) are four of the most common neurodegen-
erative diseases [3]. Aging is the most significant risk factor,
but systemic conditions such as inflammation and oxidative
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stress, as well as mitochondrial dysfunctions (which, along
with oxidative stress, contribute to aging), are known to ag-
gravate neurodegeneration [4-7]. Indeed, neurodegeneration’s
crucial feature is cell death, where mitochondria, mainly
through the intrinsic mitochondrial apoptotic pathway, act as
important cell death regulators [8]. Via the mitochondrial
respiratory chain activity, mitochondria are also significant
contributors to reactive oxygen species (ROS) generation,
which at physiological concentrations are crucial regulators
of essential cell functions [7]. Moreover, functional mito-
chondria are important for activating proper stress reactions
and maintaining metabolic homeostasis, which is correlated
with lifespan extension and aging [9]. Therefore, although
the mechanisms of pathogenesis of neurodegenerative dis-
eases are still unclear, several lines of evidence show that
perturbation of mitochondrial function and dynamics has an
essential role. Because of their high energy demand, neurons
are prone to injury and death resulting from dysfunctional
mitochondria [9]. As a result, neurons possess several cellu-
lar programs designated to maintain mitochondrial quality
and integrity by eliminating and substituting dysfunctional
mitochondria with new functional ones; for instance, com-
promised mitochondria are subjected to autophagic degrada-
tion (mitophagy) and recent studies revealed that defects in
mitophagy are associated with neurodegenerative diseases
[10]. Besides, because of their dynamic nature, mitochondria
undergo continual fusion and fission events which serve to
maintain mitochondrial integrity and quantity, and are also
important for ATP production, Ca*" homeostasis, ROS pro-
duction and regulation of apoptosis regulations [11, 12]. In-
deed, mitochondrial fusion, the process where two separate
mitochondria can fuse to form a larger one, prevents the
permanent loss of essential mitochondrial components by
retaining the contents of partially damaged mitochondria
[11]. On the other hand, mitochondrial fission, the segrega-
tion into two new organelles, creates new mitochondria [13].
Both processes are balanced in the cell, and mitochondria
use fission and fusion processes in response to signals like
changes in energy and stress status [14]. Mitochondrial bio-
genesis, the growth and division of preexisting mitochondria,
a biological process different from mitochondrial fusion,
cycles and mitophagy, plays a determinant action in main-
taining mitochondrial health and energetic homeostasis with-
in the cell [9, 15]. Through this mechanism, cells can control
mitochondria number [9, 15], indeed, the balance between
the biogenesis rate and the removal of dysfunctional and old
mitochondria is essential for maintaining an adequate and
functional mitochondrial mass, as well as for ensuring an
efficient brain synaptic activity [15]. Although all these pro-
cesses work distinctly, they are interdependent and constant-
ly controlled by shared effectors and regulators. Changes in
this dynamism result in mitochondrial dysfunction and con-
sequent defects in bioenergetics [12]. In this regard, since
mitochondrial biogenesis is not only performed in associa-
tion with cell division but can also be induced in response to
increased energy demand, upon oxidative stress or to attenu-
ate mitochondrial dysfunction, for example, it represents a
promising therapeutic target for the treatment of neuro-
degenerative diseases [15, 16]. Moreover, a considerable
number of regulatory proteins, transcription factors, and sec-
ondary mechanisms involved in mitochondrial biogenesis are
good candidates for developing new therapeutics in the con-
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text of neurodegenerative diseases [17]. Accordingly, several
mitochondrial biogenesis inducers have been approved by
the U.S. Food and Drug Administration (FDA) as pharmaco-
logical agents for the treatment of various pathologies affect-
ing the central nervous system [17-19]. Due to its neuropro-
tective effects and its ability to promote mitochondrial bio-
genesis in various tissues, most importantly the nervous tis-
sue, an increasing number of studies highlighted the neuro-
therapeutic potential of the naturally occurring polyphenol
resveratrol [18, 20]. In this context, resveratrol showed to be
able to prevent cognitive impairment and neurodegeneration
in age-related diseases by reducing inflammation and ROS
levels in vitro and in animal models, inducing autophagy of
defective mitochondria in vitro and in animal models, and
reducing neuronal cell death improving synaptic plasticity in
animal models, explaining resveratrol behavioral benefits
observed in animal models and clinical trials [21]. Besides,
several in vitro and in vivo animal studies reported that
resveratrol can increase mitochondria biogenesis by acting
on its main effectors such as peroxisome-proliferator-
activated y co-activator-la. (PGC-1a), Sirtuin 1 (SIRTI1),
adenosine monophosphate protein kinase (AMPK), estrogen-
related receptor-a (ERR-a), telomerase reverse transcriptase
(TERT), transcription factor A mitochondrial (TFAM), nu-
clear respiration factors 1 and 2 (NRF-1, NRF-2 [17, 18, 20].
This review aims to present the current state of knowledge
on the mechanisms by which resveratrol modulates mito-
chondrial biogenesis in the context of neurodegenerative
diseases. Moreover, the future perspectives for the employ-
ment of resveratrol as a therapeutic approach in the neuro-
degenerative diseases field will be discussed.

2. MITOCHONDRIA BIOGENESIS IN NEURONS
AND MAIN EFFECTORS

Neurons are complex and highly polarized cells consist-
ing of three main compartments, cell body, axon, and den-
drites, that are further composed of sub-compartments with
essential roles for proper neuronal function. Each compart-
ment requires a pool of mitochondria maintained by a con-
stant mitochondrial turnover [22]. Mitochondrial biogenesis
occurs mainly in the cell body, then mitochondria travel
forth to the synapse to exert their functions, and when dam-
aged, they travel back to the cell body for degradation. In
some cases, such as for long cells, mitochondrial biogenesis
can also occur at the periphery since this back and forth travel
is not energetically favorable [23]. Being prokaryotic in origin,
mitochondria have their own mitochondrial DNA and they can
replicate independently of the host cell. Mitochondrial DNA
(mtDNA) is composed of a double-stranded circular DNA
molecule of approximately 16.5 kb, containing 37 genes en-
coding for the 13 subunits of the electron transport chain com-
plexes I, III, IV and V. The remaining (over 1000) mitochon-
drial resident proteins are instead encoded by nuclear DNA
(nDNA) [24-26]. Accordingly, mitochondrial biogenesis is a
complex interplay of cellular and molecular processes that
includes transcription and translation of mtDNA, and the
synthesis, import and assembly of mitochondrial proteins
encoded by the nDNA. All these processes require constant
and precise communication between the nucleus and mito-
chondria, which ultimately leads to mitochondria replication
[27]. Since neurons are high energy-demanding cells, they
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require tight regulation of Ca®" concentration, which is essen-
tial for controlling oxidative phosphorylation and thereby
contributing to the maintenance of cellular energy homeosta-
sis [28]. Ca”" concentration and AMP/ATP ratio are thus the
main mitochondrial biogenesis triggers, while PGC-1a/NRF-
1/2-TFAM is the main regulatory pathway (Fig. 1) [23]. This
pathway is initiated by the activation (via either phosphory-
lation or deacetylation) of PGC-1a, the master regulator of
mitochondrial biogenesis. This, in turn, stimulates a series of
nuclear transcription factors, including NRF-1 and NRF-2,
ERR-0, and the final effector TFAM [23, 27, 29], which,
along with transcription factor B1 mitochondrial (TFB1M),
and TFB2M, control mtDNA transcription and replication
[30-33]. NRF-1 and NRF-2 also regulate other mitochondrial
genes, such as those encoding proteins of the respiratory
complex, cytochrome C oxidase subunit IV (COXIV), cyto-
chrome c, and the heme biosynthetic pathway (globin) [30-
33]. Mitochondrial replication is carried out by the mtDNA
polymerase y (POLG) which consist of a catalytic subunit
encoded by the POLG gene and an auxiliary dimeric subunit
encoded by the POLG2 gene (Fig. 1) [34]. mtDNA transcrip-
tion is instead catalyzed by the mitochondrial RNA polymer-
ase POLRMT [35, 36], whose activity is regulated by
TFAM, TFB1M and TFB2M (Fig. 1) [37, 38]. Translation of
the mtDNA-encoded genes into proteins requires the participa-
tion of specific nDNA-encoded factors such as initiation factor
2 (mtIF2) and 3 (mtIF3), translational release factor 1-like
(mtRF1L), and recycling factors (mtRRF1 and mtRRF2) (Fig.
1) [39]. mtDNA stability and damage response are controlled
by TERT activity [40]. TERT can also lower mitochondrial
ROS production and inhibit ROS-mediated apoptosis by in-
creasing the intracellular glutathione (GSH)/glutathione disul-
fide (GSSG) ratio [41, 42]. Mitochondrial biogenesis re-
quires the import of over 1000 mitochondrial proteins en-
coded in the nucleus and synthesized in the cytoplasm as
precursor proteins (pre-proteins). These contain an amino-
terminal cleavable targeting signal for the recognition by spe-
cific mitochondrial surface receptors, and once inside, they are
directed to their functional mitochondrial sub-compartments
destination [43]. The translocase of the inner mitochondrial
membrane 23 (TIM23) complex directs pre-proteins towards
the mitochondrial matrix, where they are sorted to the inter-
membrane space or to the inner mitochondrial membrane
(IMM) [44, 45]. The energy required for TIM23 channel
activation and translocation into the matrix is provided by
the mitochondrial membrane potential (Ay) across the IMM
and the oxidative phosphorylation-derived ATP [46, 47].
Several signals can activate mitochondrial biogenesis, but
the AMP/ATP ratio and Ca>" levels are the primary stimuli.
Increased levels of AMP can trigger the PGC-1a/NRF-1/2-
TFAM pathway through AMPK activation, which in turn
directly phosphorylates PGC-1a (Fig. 1) [48, 49]. Phosphor-
ylated PGC-1a can then regulate the expression of several
mitochondrial genes as well as its own expression [50, 51].
PGC-1la activation can also result from the activation of
cAMP-PKA-CREB cascade. Specifically, AMP can be con-
verted to cyclic AMP (cAMP) by adenyl cyclase (AC),
which activates the cAMP-dependent kinase (PKA). This in
turn phosphorylates the transcription factor cAMP response
element binding protein (CREB) to promote PGC-1a expres-
sion, leading thus to activation of mitochondrial biogenesis
[51, 52]. On the other hand, elevated Ca*" levels can activate
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mitochondrial biogenesis by stimulating the calcium/
calmodulin-dependent protein kinase (CaMK), which in turn
phosphorylates p38 mitogen-activated protein kinase (MAPK),
leading to the activation of PGC-1a, ultimately resulting in
increased mitochondrial biogenesis (Fig. 1) [23]. Further-
more, CaMK can also stimulate PGC-la through CREB
[23]. Finally, an increased NAD+/NADH ratio can also re-
sult in mitochondrial biogenesis activation through SIRT-1-
mediated PGC-1a deacetylation (Fig. 1) [53].

3. MITOCHONDRIAL BIOGENESIS MODULATION
BY RESVERATROL IN NEURODEGENERATIVE
DISEASES

Mitochondria are crucial for any obligate aerobic cell,
including neurons, cells react to a low-energy state by either
up or downregulating the mediators of mitochondrial bio-
genesis [54]. Any dysfunction of this cell mechanism can
lead to severe diseases such as cancer, metabolic syndrome,
and neurodegenerative diseases [55]. As a result, mitochon-
drial biogenesis is intensively investigated in the most com-
mon neurodegenerative diseases (Alzheimer’s disease, Par-
kinson’s disease, Huntington’s disease, cerebral stroke, etc.)
that share the deregulated expression of effectors of mito-
chondrial biogenesis [12, 54]. Accordingly, activation of
mitochondrial biogenesis is an important therapeutic target to
either inhibit the progression of these diseases or improve
recovery from brain injuries [56]. Various physiological fac-
tors (including fasting, exercise training, electric stimulation,
and hormones) can activate mitochondrial biogenesis by
acting on its effectors [55]. For instance, caloric restriction
and exercise can, in vitro and in animal models, activate
AMPK-SIRT1 signaling, increase mtDNA replication, and
activate PGC-1a, NRF1, TFAM, and mitochondrial proteins
in the cerebral cortex after cerebral ischemia [57, 58]. On the
other hand, pharmacological factors, drugs, and polyphenols
have been reported to activate mitochondrial biogenesis [59-
62]. Within polyphenols, resveratrol displays neuroprotective
properties in several neurodegenerative disorders, as well as
a great ability to modulate mitochondrial biogenesis by act-
ing on different key effectors (e.g., SIRT1, AMPK, PGC-1a,
cAMP), through multiple mechanisms of action [55, 61, 63].
We next describe the impact of resveratrol on mitochondrial
biogenesis modulatory machinery by analyzing and discuss-
ing its action on the main effectors of neuronal mitochondrial
biogenesis.

3.1. PGC-1a

Peroxisome proliferator-activated receptor (PPAR)y co-
activator-lo. (PGC-1a) is the master regulator of mitochon-
drial biogenesis [64], it was discovered as PPARY transcrip-
tional coactivator in several critical metabolic processes,
such as in biological responses that require the shift from
glycolytic to oxidative metabolism and in high energy-
demand tissues like the muscle tissue [64, 65]. In this regard,
PGC-1a can elevate myofibrillar protein expression, increase
oxidative metabolism, and promote muscle fiber-switching
into a type of higher mitochondrial density [66]. PGC-1a is
also important in prolonging lifespan and protecting from
metabolic diseases during aging, i, increased muscle PGC-1a
protein expression was shown to promote several functions
such as preserving mitochondrial activity, muscle integrity,
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Fig. (1). Overview of mitochondrial biogenesis in neurons. PGC-1a/NRF-1/2/TFAM is the main regulatory pathway of mitochondrial bio-
genesis. Activated PGC-1a stimulates nuclear transcription factors NRF-1, NRF-2, ERR-o and the final effector TFAM, which (along with
TFB1M, and TFB2M) controls mtDNA transcription and replication. Increased AMP/ATP ratio triggers the PGC-1a/NRF-1/2/TFAM path-
way via AMPK activation, which in turn phosphorylates PGC-1a. Elevated Ca levels induce mitochondrial biogenesis via CaMK activation,
CaMK phosphorylates p38-MAPK, activating PGC-1a. Increased NAD+/NADH ratio induces mitochondrial biogenesis via SIRT1 activa-
tion, deacetylating PGC-1a. Dashed lines are for translocation. (4 higher resolution/colour version of this figure is available in the electronic

copy of the article).

neuromuscular junctions and inhibiting proteasomal degrada-
tion, autophagy, and apoptosis in transgenic mice [67]. On
the other hand, knockout of PGC-1la in mice results in the
loss of pigmented dopaminergic neurons, the hallmark of PD
[68]. In addition, PGC-1a knockout mice displayed pheno-
typic characteristics and gene expression profiles similar to
HD transgenic mice models [68]. In confirmation, the levels
of PGC-1a and mitochondrial markers are reduced compared
to control in tissues of human PD patients and are correlated
with the severity of the disease [68]. Furthermore, PGC-1a
lentiviral delivery has been shown to reduce neuronal loss
and improve cognitive functions in the preclinical stages of
AD patients [69]. Due to its central role in maintaining neu-
ronal survival and synaptic transmission, PGC-1la activation
or upregulation is a key therapeutic approach to counteract
the development and progression of neuronal damage.
Resveratrol administration has been reported to promote
PGC-1la activity through the induction of AMPK and SIRT]I,
which are essential for increasing PGC1-a content [70, 71].
Specifically, resveratrol activates AMPK, which in turn acti-

vates PGC-1a in a SIRT1-dependent manner, for this reason,
resveratrol is not able to exert its neuroprotective effect, in
the absence of SIRT1 [71]. The ability of resveratrol to me-
diate PGC-1a activation has been reported in different phys-
iological processes, for instance, resveratrol was found to
elevate PGC-1a mRNA and protein levels and reduce oxida-
tive stress in the lungs of a rat model of chronic obstructive
pulmonary disease [72]. Hypoxia induction in a steroidogenic
human ovarian granulosa-like tumor cell line (KGN) resulted
in the downregulation of SIRT1, PGC-1a, and mtDNA, an
effect that was reversed by resveratrol through SIRTI-
mediated deacetylation and activation of PGC-1a [73]. Inter-
estingly, resveratrol promotes mitochondrial biogenesis in
hyperglycemic podocytes in vitro via the SIRT1-PGC-la
axis, while PGC-1a knockdown abolishes resveratrol's bene-
ficial effect [74]. In a rat model of diabetes-induced cardiac
myopathy, resveratrol was reported to increase mRNA and
protein levels of both PGC-1a and NRF-1 and promote mi-
tochondrial biogenesis, however, SIRT1 inhibition abolished
this effect, confirming that the effect of resveratrol occurred
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through the SIRT-mediated deacetylation and activation of
PGC-1a [75]. Accordingly, resveratrol induced the activation
of oxidative phosphorylation and mitochondrial biogenesis
genes, in vitro and in mice, through SIRT1-mediated
deacetylation of PGC-1a, leading to an increase in PGC-1la
activity [76]. Moreover, resveratrol was reported to promote
skeletal muscle type switching to the slower, more oxidative
phenotype via activation of SIRT1 and PGC-1a in a mouse
model of Duchenne muscular dystrophy [77]. Finally, the
SIRT3/FoxO3a pathway is another route used by resveratrol
for enhancing transcriptional regulation of PGC-la, as
demonstrated by Fu et al. in mouse renal tubular TCMK-1
cells [78]. In the context of neurological disorders, Zhou et
al. reported the protective effect of resveratrol in a preclini-
cal model of early brain injury following subarachnoid hem-
orrhage (SAH), a fatal cerebrovascular disease [79]. Here,
resveratrol improves mitochondrial biogenesis by increasing
the protein expression of both PGC-1a and downstream tran-
scriptional targets NRF-1 and TFAM [79]. Moreover, since
PGC-1a is a powerful ROS scavenger, by promoting the
expression of the ROS-detoxifying enzymes superoxide dis-
mutase (SOD), resveratrol-induced mitochondrial biogenesis
was able to eliminate ROS overproduction by mitochondria
and recover brain tissue from ROS-induced damage [79-81].
Furthermore, resveratrol promoted mitochondrial biogenesis
in a rat model of status epilepticus, by increasing protein ex-
pression of PGC-1a, NRF1, TFAM, as well as the mtDNA,
and attenuation of neuronal cell damage in the hippocampus
following status epilepticus [82]. Resveratrol-mediated en-
hancement of mitochondrial biogenesis mitigated the mito-
chondrial dysfunction associated with the pathogenesis of
glaucomatous neurodegeneration in vitro [83]. Specifically,
in vitro experiments performed in the RGC-5 retinal gangli-
on cell line, confirmed the SIRT1-dependent activation of
PGC-1a following resveratrol application, indeed, knock-
down of SIRT1 abolished the resveratrol-mediated PGC-1a
activation and subcellular translocation [83]. Microglia are a
type of glial cell located throughout the brain and spinal cord,
they exert immune function in the central nervous system and
are key players in the initiation of neurodegenerative diseases
[84]. Microglia display a dual phenotype: proinflammatory
(M1) and anti-inflammatory (M2). MIl-inhibition and M2-
stimulation have been suggested as potential therapeutic ap-
proaches for treatment of neuroinflammation-related diseases
[84, 85]. In this regard, resveratrol was shown to reduce in-
flammatory damage by regulating microglia M1/M2 polari-
zation via PGC-la, indeed, resveratrol-induced PGC-1a-
overexpression promoted M2 polarization in vitro and in a
mouse model of neuroinflammation. On the other hand PGC-
la- knockdown attenuated M2 polarization in vitro [85].

Overall, resveratrol-induced mitochondrial biogenesis oc-
curs through the SIRT1/PGC-10/NRF-1 and SIRT1/FoxO3a/
PGC-1a pathways (Fig. 2), leading to beneficial outcomes in
neurodegenerative disorders and other diseases. Nonetheless,
these findings need to be translated from the bench to the
bedside by performing well-designed clinical trials.

3.1.1. NRF-1 and NRF-2

NRF1 and NRF2 act downstream of PGC-1a to regulate
mtDNA transcription and replication, mainly by controlling
TFAM, TFB1M and TFB2M, as well as other mitochondrial
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processes such as the oxidative phosphorylation [29-32, 86].
For example, NRF1 and NRF2 can regulate the expression of
nuclear-encoded mitochondrial electron transfer chain (ETC)
proteins [87]. In particular, NRF2 regulates the expression of
the nuclear-encoded subunit of the mitochondrial transloca-
tion complex, mitochondrial enzyme translocase outer mito-
chondrial membrane (TOMM?20), a key enzyme involved in
mitochondrial membrane transport [88]. NRF-1 is also in-
volved in importing the nuclear-encoded precursor proteins
into the mitochondria [89]. In response to oxidative stress
and inflammation, NRF-2 translocates from the cytoplasm
into the nucleus and activates the transcription of genes with
antioxidant activity [90]. Despite this mechanism, oxidative
stress is the leading player in neurodegenerative diseases
development and progression, accordingly, NRF-2 levels
have been found to be reduced in HD transgenic mice mod-
els, as well as in autopsy of brain tissues from patients with
PD and AD [91, 92]. Moreover, NRF2 induction was shown
to ameliorate cognitive impairment in AD animal models by
suppressing oxidative stress and neuroinflammation. [93,
94]. Similarly, lower levels of NRF-1 have been reported in
PD and AD patients [95, 96], while in HD, the age of clinical
onset of the disease is associated with polymorphisms in the
NRF-1 gene [97]. Several studies pointed out NRF-1 and
NRF-2 as targets of resveratrol for enhancement of mito-
chondrial biogenesis. Yang et al. reported that resveratrol
treatment increased neuronal viability and inhibited neuronal
apoptosis in vitro, besides, the resveratrol protective action
was exerted by increasing NRF-2 protein expression and
promoting nuclear translocation of NRF-2 [98]. A similar
effect was also reported in vivo, where resveratrol admin-
istration in rats, following ischemia/reperfusion-induced cer-
ebral damage, increased nuclear NRF-2 protein levels, sug-
gesting a role of resveratrol in promoting NRF-2 nuclear
translocation (Fig. 2) [99]. Furthermore, resveratrol was
shown to ameliorate oxidative damage, increase activation
and nuclear localization of transcription factor Nrf-2 and
preserve mitochondrial function in neurons of a spinal cord
hypoxic injury rat model (Fig. 2) [100]. Finally, resveratrol
was able to revert the sodium fluoride-induced neurotoxicity
in a rat model as well as restore the suppression of NRF-2
and improve mitochondrial biogenesis in a SIRT1-PGC-1a-
dependent manner both in vitro and in vivo (Fig. 2) [101].
With regard to NRF-1, administration of a micronized prepa-
ration of resveratrol, SRT501-M, resulted in neuroprotection
of the cerebral cortex of HD transgenic mice via the en-
hanced expression of PGC-1 and NRF-1 [102]. Although not
in the context of neurological disorders, resveratrol's ability
to increase NRF-1 levels and improve mitochondrial content
has also been confirmed in human umbilical vein endothelial
cells, where resveratrol overcomes diesel exhaust particulate
extracts-induced inhibition of NRF-1 [103]. Furthermore,
two months of oral administration of resveratrol significantly
improved the gene expression of NRF-1, SIRT1, PGC-la,
PPAR-a, and TFAM, as well as the mtDNA content in cardiac
tissue of estrogen-deficient female rats [104].

3.2. SIRT1

SIRT1 belongs to the sirtuins protein family, which is
part of class III histone deacetylases that require one mole-
cule of NAD" for each deacetylation cycle [105]. SIRTI is
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synuclein accumulation. In addition, resveratrol-activated SIRT1 restores mitochondrial function by increasing PGC-1a and TFAM expres-
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present in both the nucleus and the cytoplasm [105]. Nuclear
SIRT1 deacetylates various transcription factors, thereby
enhancing the expression of several metabolic and cell cycle
genes [105]. In the liver, SIRT1 regulates and increases the
gluconeogenic/glycolytic pathways in response to fasting by
PGC-1a and FoXO1 deacetylation [106]. In contrast, during
late fasting, the presence of SIRT1 deacetylates CRCT2 fa-
cilitating its degradation [107]. SIRT1 also interferes in fatty
acid oxidation and synthesis in response to starvation and

fasting. SIRT1 stimulates fatty acid oxidation by activating
the nuclear receptor, peroxisome proliferator-activated re-
ceptor-a. (PPARa), which is essential for the activation of
PGC-1a [108]. Because of their roles in age-related diseases
and their involvement in biological pathways (stress re-
sponse, mitochondrial dysfunction, oxidative stress, etc.)
associated with age-related neurodegenerative disorders,
sirtuins, especially SIRT1, have attracted great interest in
recent years [109, 110]. SIRT1 is primarily expressed in neu-
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rons and in the adult brain, with high levels in the cortex,
hippocampus, cerebellum and hypothalamus [111], besides,
SIRT1 is the most extensively studied sirtuin in the context
of neurodegenerative diseases such as AD, PD, and HD
[109, 110]. In AD, SIRT1 levels in healthy individuals de-
cline during aging, increasing the risk of developing AD,
besides. In agreement, SIRT1 expression levels were lower
in the brain of a mouse model of AD compared to the control
group [110, 112]. SIRTI1 protective function has also been
observed in vitro, in animal models of PD, and to some ex-
tent in human AD patients, where aggregation of a-synuclein
protein mediated a decrease of SIRT1 expression, regulation
of apoptosis, and mitochondrial dysregulation, leading to PD
development [110, 113]. In HD, SIRT1 was reported to have
protective effects against the neurotoxicity of the mutant
huntingtin (mHTT) protein, the leading cause of HD, be-
sides, SIRT1 overexpression in a transgenic mouse model of
HD showed neuroprotective effects by reducing ROS pro-
duction [110, 114, 115]. Plenty of evidence indicates that
resveratrol improves mitochondrial function via SIRTI acti-
vation (either directly or indirectly), which then exerts its
deacetylase activity through different mechanisms [71, 116,
117]. For instance, SIRT1 can induce PGC-1a expression and
activity once activated, provoking LKB1 deacetylation and
activation, which then regulates AMPK [70, 118]. Resvera-
trol-induced increase in nuclear SIRT1 levels can also im-
prove the expression of manganese superoxide dismutase
(MnSOD) and reduce oxidative stress in cardiomyocytes
[119]. Moreover, regulation of antioxidant genes by activat-
ed SIRTI can also depend on FoxO3a/PGC-la complex
formation (Fig. 2) [120]. In the context of neurodegenerative
diseases, a plethora of evidence confirmed SIRT1-mediated
neuroprotective effects of resveratrol. For instance, in AD,
resveratrol-activated SIRT1 was suggested to deacetylate
and repress pS53 activity, preventing apoptotic cell death
of neurons (Table 1) [121]. Besides, resveratrol-activated
SIRT1 can protect neurons by reducing ROS accumulation
and AP oligomer formation in brains of AD patients [121]
(Fig. 2). This antioxidant mechanism-linked neuroprotective
property of resveratrol is promoted through both inhibition
of prooxidative factors (NADPH and iNOS) [122], and en-
hanced expression of antioxidant enzymes such as SOD,
catalase, thioredoxin, and glutathione peroxidase (GPx)
[123]. In addition, resveratrol can enhance cognitive function
and induce neuroprotection in a transgenic mouse model of
AD by improving proteostasis to prevent the accumulation of
aberrant amyloid and tau proteins (Table 1) [124]. In the
same study, resveratrol increased the levels of neprilysin, a
main amyloid-degrading enzyme [124]. Along the same lines,
resveratrol reduced the activity of fB-secretase (BACE1), es-
sential for the production of AP amyloid species, through the
activation of SIRT1 in rodent models of AD (Table 1) [125,
126], confirming its ability to reduce the amyloidogenic path-
way. Furthermore, it was reported that resveratrol can induce
neuroprotection by activating SIRT1 to inhibit autophagy, in a
mouse model of Pb-induced neurotoxicity [127]. Similarly,
resveratrol reversed the reduction in SIRT1 expression and
recovered neurons from AP1-42-induced defects in spatial
learning, synaptic plasticity, and memory in a rat model of
AD (Table 1) [128]. Recently, selenium-based nanoformula-
tions of resveratrol (RSV-SeNPs) were shown to mitigate
oxidative stress, neuroinflammation, and mitochondrial dys-
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function by upregulating the expression of SIRT1, AB pep-
tides and decreasing tau hyperphosphorylation, and reducing
the levels of microRNA-134 in aluminum chloride-induced
AD in rats. As such, RSV-SeNPs increased neurite out-
growth and improved neurocognitive functions in this animal
model (Table 1) [129]. Other studies indicated that the anti-
inflammatory mechanism-linked neuroprotective property of
resveratrol contributes to protection from brain damage. For
instance, resveratrol treatment, post-induction of ischemia in
rodent models, activates hippocampus astrocytes and micro-
glia and suppresses the inflammatory response mediated by
nuclear factor k-light-chain-enhancer of activated B cells
(NF-kB), cyclooxygenase-2 (COX-2), and nitric oxide syn-
thase (NOS) in rat hippocampal cells [130]. One clinical
study reported that resveratrol decreases AP levels in cere-
brospinal fluid, attenuates neuroinflammation, and induces
adaptive immunity in mild to moderate AD patients [131].
Anton et al. carried out a pilot trial in the elderly population
and found that chronic use of resveratrol for 90 days can
improve psychomotor speed without enhancing other cogni-
tive functions like memory (Table 1) [132]. In addition,
Wang et al. reported that resveratrol administration can act
as an AD-adjuvant therapy to help the engraftment of human
mesenchymal stem cells via the SIRT1-mediated overexpres-
sion of neurotrophic factors associated with enhanced neuro-
genesis, neuron survival, learning, and memory in a mouse
model of AD (Table 1) [133]. PD pathogenesis is linked to o-
synuclein protein misfolding and aggregation in neuronal cells
[134]. In this regard, resveratrol-activated SIRT1 was shown
to reduce a-synuclein accumulation (Fig. 2) by regulating
autophagy and heat shock factor 1(HSF1) deacetylation level
in cells overexpressing o-synuclein in vitro [113]. Moreover,
neuronal protection against apoptosis and cell death via
resveratrol-induced SIRT1 activity has also been demon-
strated in PD in vitro and in vivo studies [113]. Additionally,
in vitro studies and animal models of PD have demonstrated
that resveratrol treatment-induced SIRT1 activity leads to
protecting neurons against cell death [113]. Resveratrol also
had a neuroprotective effect in vivo in 6-OHDA-induced PD
in rats by reducing the levels of inflammatory markers [135].
A recent study demonstrated that resveratrol could rescue the
oxidative stress induced by loss of function of parkin in Dro-
sophila melanogaster (Table 1) [136]. Finally, in animal mod-
els of HD, resveratrol-activated SIRT1 restored mitochondrial
function and elevated PGC-1a and TFAM protein levels (Fig.
2) [137].

3.3. AMPK

The enzyme AMPK is considered the guardian of metab-
olism and mitochondrial homeostasis, indeed, it is activated
when ATP synthesis is impeded or when ATP is being uti-
lized at a high rate, resulting in the increased generation of
AMP [50, 138]. In low energy conditions, AMPK phosphor-
ylates specific enzymes to both increase ATP generation and
decrease ATP consumption, it also phosphorylates other pro-
teins involved in various signaling pathways, including
mTOR complex 1 (mTORCI1), lipid homeostasis, glycolysis,
and mitochondrial homeostasis [139]. AMPK is an essential
mitochondrial biogenesis activator, and key players of this
process, such as PGC-1a and SIRT1, are phosphorylated and
triggered by AMPK [138, 139]. Deregulation of AMPK has
been linked to several neurodegenerative diseases, including
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multiple sclerosis, amyotrophic lateral sclerosis, AD, HD,
and PD, but the mechanisms underlying this association are
still unclear [140]. AMPK-knockout in mice did not show
any impact on brain development in embryonic stages but
rather in the postnatal and aging brain. Moreover, depending
on the neuronal cell type, type of insult, intensity and dura-
tion of activation, AMPK effects can be either neuroprotec-
tive or pro-apoptotic [141]. Resveratrol's ability to alleviate
oxidative stress-induced damages via AMPK activation has
been observed in different cells and tissues. Indeed, resvera-
trol improves the survival of heart muscle cells by modulat-
ing the AMPK signaling pathway in H,O,-induced ischemic
conditions, and inhibition of AMPK causes the loss of the
observed protective effect, confirming resveratrol action is
AMPK-mediated [142]. In skeletal muscle cells and neuronal
cells in vitro, resveratrol ameliorates both insulin resistance
and glucose uptake, respectively, via AMPK activation [143,
144]. Moreover, resveratrol stimulates the AMPK-SIRTI-
PGC-1a axis, preventing the accumulation of renal lipids and
cell injury in an animal model of renal nephropathy [145].
With regard to mitochondrial biogenesis, Kang et al. [146]
showed that resveratrol alleviates oxidative stress-induced
mitochondrial dysfunction caused by treatment with ben-
zo(a) pyrene (BaP) in primary neurons. Specifically, resvera-
trol alleviates BaP-indued mitochondrial network fragmenta-
tion by both enhancing mitochondrial biogenesis via the
AMPK/PGC-1a pathway and activating mitophagy through
the PINK1-Parkin and AMPK/ULK1 pathways, thereby co-
ordinating mitochondrial homeostasis (Fig. 2) [146]. In SH-
SY5Y neural cells, resveratrol rescues ischemic stroke-
induced oxygen glucose deprivation (OGD), cell death and
mitochondrial dysfunction via AMPK activation [147]. Neu-
ronal activation of AMPK and the AMPK-dependent mito-
chondrial biogenesis stimulation by resveratrol have also
been reported in the study of Dasgupta ef al. [148]. Here,
authors indicate that resveratrol-stimulated AMPK activity in
neurons depends on the tumor suppressor LKB1 activity (an
upstream kinase activator of AMPK) but does not require
SIRT1(Fig. 2) [148]. However, in cellular models of PD,
resveratrol requires both AMPK and SIRTI1, specifically,
resveratrol neuroprotection is exerted via AMPK/SIRT1/
mitophagy pathway induction (Fig. 2) [149]. Resveratrol can
partially rescue mitochondrial dysfunction in cultured human
fibroblasts mutant for Parkin 2, whose mutation is responsi-
ble for a form of early-onset parkinsonism in humans. Here,
resveratrol could enhance mitochondrial respiration through
the AMPK/SIRT1/PGC-1a axis (Table 1) [150]. Besides,
suppression of AMPK causes SIRT1 inhibition and attenu-
ates resveratrol-mediated protective effects on rotenone-
induced apoptosis in vitro [149]. Resveratrol-activated AMPK/
mitophagy pathway has also been reported in a rat model of
ischemic brain injury where resveratrol increases phosphory-
lated AMPK levels in the cerebral cortex of rats subjected to
middle cerebral artery occlusion (MCAO) [151]. Moreover,
resveratrol reduces superoxide anion production in neuronal
cultures exposed to glutamate-induced excitotoxicity, pre-
vents the overload of intracellular Ca*" associated with mito-
chondrial failure, and reduces cell death [151]. Furthermore,
in both models, resveratrol promotes mitophagy (Fig. 2)
[151]. A recent study performed in a cell model of AD
showed that AP production increases in a resveratrol dose-
and time-dependent manner via stabilization of amyloid pre-
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cursor protein (APP), and AMPK-mediated inhibition of
trypsin-like proteasome activity [152]. Precisely, an interme-
diate dose of resveratrol treatment for 24 h unexpectedly
increases AP production, while higher concentrations or
shorter treatment durations do not provide the same result,
conversely, high doses of resveratrol decrease A secretion
and f-secretase activity at any treatment duration [152]. It
has also been shown that in neuronal and non-neuronal cells
in vitro and in mice models of AD, AMPK mediates resvera-
trol’s anti-amyloidogenic effects (Table 1) [153, 154]. More-
over, intracerebroventricular injection of resveratrol alleviat-
ed Ap-induced learning and cognitive defects in a mouse
model of AD. This was accompanied by upregulation of
AMPK/ PGC-1a and downregulation of markers of inflam-
mation like NF-kB/IL-13/NLRP3 (Table 1) [155]. Several
studies reported that resveratrol's effects are closely dependent
on the dosage, unlike the observation by Shaito et al., who
reported that beneficial effects are mainly associated with a
low dosage of resveratrol [156-160]. For instance, resveratrol
acts as an antioxidant and anti-apoptotic factor, improving cell
viability, at low doses, vice versa at high doses, it acts as a
pro-oxidant and pro-apoptotic, decreasing cell viability [156-
160]. Therefore, dose dependency is a crucial aspect to be
considered when therapeutic employment of resveratrol is
being planned. In the context of neurodegenerative diseases,
the AMPK-mediated resveratrol-enhanced mitochondrial
biogenesis is overall well established, although clinical stud-
ies require well-designed protocols using the appropriate
dosages and treatment durations of resveratrol.

3.4. ERRs

The expression of important mitochondrial biogenesis-
associated genes is under the control of both the PGC-1 fam-
ily of transcriptional coactivators and the nuclear receptors
subfamily of estrogen-related receptors (ERRs) [161]. ERR-a,
ERR-B, and ERR-y belong to this subfamily [161]. Interest-
ingly, mice null for ERRs and mice lacking PGC-1a have
some phenotypes in common, such as the decrease in mito-
chondrial gene expression, development of heart failure, and
inability to adapt their body’s temperature when exposed to a
cold environment [162]. In addition, ERRs enhance the ex-
pression of PGC-1la and activate NRF transcription factors
[161]. ERRa plays a crucial role in AD pathology and may
function as a potential therapeutic target. Indeed, overexpres-
sion of ERRa was shown to attenuate both AP extracellular
accumulation and Tau proteins hyperphosphorylation, criti-
cal AD pathogenic effectors causing neurofibrillary tangles
(NFTs) and neuronal loss [163]. In PD, parkin protein was
shown to bind ERRs and increase their ubiquitination and
degradation in vitro using cultured neuronal cell lines and in
a mouse model of PD [164], on the other hand, parkin-
mediated degradation of ERR is attenuated in PD patients’
fibroblasts with mutated parkin and parkin-null mice [164].
Furthermore, ERRa mRNA levels are significantly sup-
pressed in an HD mouse model compared to wild type [165].
In the same study, ERR mRNA levels were found to increase
in the cerebral cortex of wild type mice undergoing therapeu-
tic treatment with the creatine analog guanidinopropionic
acid, but not in HD mice treated with the same molecule
[165]. Resveratrol was also shown to enhance ETC protein
complexes, oxygen consumption, and mitochondrial
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Table 1.  Studies showing the protective roles of resveratrol in Alzheimer's disease and Parkinson's disease using different experi-
mental models.
Disease/Model Study Modality Effect of Resveratrol References
AD Clinical study Resvergtrol-aetlvated SIRT1 deacetylated p53, repressing its activity and preventing [121]
apoptotic cell death of neurons.
Resveratrol reduced levels of AP and p-tau proteins in 3xTg-AD mice.
Resveratrol reduced the levels of amyloidogenic secretase BACEL.
AD AD transgenic mouse model Resveratrol increased AMPK protein levels, and upregulated SIRT1 pathway, includ- [124]
(3xTg-AD) ing activation of PGC-1la and CREB.
Resveratrol enhanced cognitive function and induced neuroprotection by improving
proteostasis to prevent the accumulation of aberrant amyloid and tau proteins.
Resveratrol increased nuclear localization and phosphorylation of SIRT1 and increased
Pb-induced oxidative damage protein levels of AMPK and PGC-1a.
AD and cognitive impairment in Resveratrol repressed the Pb-induce amyloidogenic processing decreasing cortical [125]
mice AB1-40 levels.
Resveratrol ameliorated spatial learning and memory deficits.
Resveratrol activated SIRT1 and AMPK.
Amyloid-p protein precur- . . . . . .
AD sor/presenilinl (ABPP/PSI) Reduced the amyloid burden and increased mitochondrial complex IV protein levels in [126]
mouse brain.
mouse model
Resveratrol prevented memory loss.
Amyloid-B protein precur- Resveratrol reduced B-amyloid (AB) levels.
AD sor/presenilinl (ABPP/PS1) Resveratrol treatment or SIRT1 activation inhibited autophagy by inhibition of LC3 [127]
mouse model and Beclin-1 expression.
Resveratrol reversed the reduction in SIRT1 expression.
Rat model of AD (AB1-42 Lo .
AD injection into the Resveratrol reversed the reduction in CREB phosphorylation. [128]
hippocampus). Resveratrol recovered neurons from AB1-42-induced defects in spatial learning, synap-
tic plasticity, and memory.
Selenium-based nanoparticles of resveratrol (RSV-SeNPs) mitigate oxidative stress,
neuroinflammation, and mitochondrial dysfunction.
AD Aluminum chloride-induced RSV-SeNPs upregulate the expression of SIRT1, clear AP peptides, and decrease tau 129
AD rat model hyperphosphorylation. [129]
RSV-SeNPs reduce the levels of microRNA-134 increasing neurite outgrowth.
RSV-SeNPs improve neurocognitive functions.
Resveratrol administration can act as an AD-adjuvant therapy to help the engraftment
Engraftment of human of human mesenchymal stem cells.
PD mesenchymal stem cells in a Resveratrol action is mediated via SIRT1. [1133 30]’
mouse model of AD. SIRT1 mediates overexpression of neurotrophic factors leading to enhanced neurogen-
esis, neuron survival, learning, and memory.
.. Resveratrol decreases AP levels in cerebrospinal fluid, attenuates neuroinflammation,
AD Clinical study and induces adaptive immunity in mild to moderate AD patients. [131]
AD Pilot clinical trial Chromc use of r.esveratr(?l for 90 days can improve psychomotor speed without enhanc- [132]
ing other cognitive functions like memory.
Resveratrol treatment decreased the levels of COX-2 mRNA and protein.
PD Rat model (6-OHDA-induced Resveratrol treatment also decreased the levels of COX-2 mRNA TNF-a mRNA. [136]
PD) Resveratrol alleviated 6-OHDA-induced chromatin condensation and mitochondrial
tumefaction of dopaminergic neurons
Resveratrol protected against decreased activities of acetylcholinesterase and catalase
in parkin-mutant flies.
PD ? gﬁfgﬁﬁgﬁf{ Resveratrol mitigated the accumulation of oxidative species hydrogen peroxide, nitric [137]
P oxide and malondialdehyde in parkin-mutant flies.
Resveratrol alleviated locomotor deficits associated with loss of parkin function.
In cellular models of PD, resveratrol protected against rotenone-induced apoptosis of
PD Cellular models of PD SH-SYS5Y cells and enhanced degradation of a-synuclein in o-synuclein-expressing [151]
PC12 cell lines by induction of autophagy, an AMPK/SIRT1 dependent manner.

(Table 1) Contd....
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Disease/Model Study Modality Effect of Resveratrol References
PD In vitro (Human fibroblasts - Resveratrol can enhance mitochondrial respiration through activation of the [152]
mutant for Parkin 2) AMPK/SIRT1/PGC-1o axis.
- Resveratrol activates AMPK.
Neuronal and non-neuronal . . . . .
AD cells in culture and mouse - Resverat_rol is neuroprotective by decreasing the amyloid proteins and tau hyperphos- [155,
phorylation. 156]
models
- Resveratrol reduces cognitive impairment in mice.
- Intracerebroventricular injection of resveratrol upregulated AMPK/ PGC-1a.
AD M0}1 s¢ rr}odez.l of AD (A[i 42 Resveratrol downregulation of markers of inflammation like NF-xB/ IL-18/ NLRP3. [157]
injection into the brain)
- Resveratrol alleviated AB-induced learning and cognitive defects.

biogenesis through activation of ERRa in fibroblasts of pa-
tients with deficiency in the ETC proteins (Fig. 2) [166,
167]. Specifically, resveratrol treatment enhances ERRa ex-
pression, attenuates diet-induced cardiac hypertrophy and
stimulates mitochondrial activity in mice fed a high-fat diet
[168]. Consistently, ERRa silencing abolishes resveratrol
benefits and reduces mitochondrial functions (ATP produc-
tion, oxygen consumption, and complex I activity), confirm-
ing the critical role of ERRa in mediating resveratrol-
induced cardiac protection [168]. Studies linking resveratrol
signaling to ERRs in the process of mitochondrial biogenesis
are limited and even scarcer in relation to neurodegenerative
diseases, warranting future investigation into this area.

3.5. TERT

The primary function of TERT is ensuring the chromo-
somes' stability by maintaining telomere length, which al-
lows cells to evade senescence [169]. TERT can also regu-
late the expression of genes involved in immune responses,
inflammation, and cell differentiation, including NF-«B and
wingless/integrated (Wnt)/f catenin signaling pathway genes
[169]. TERT is commonly found in the cytoplasm, however,
it can translocate into cellular compartments like the nucleus
and the mitochondria, which contain about 20% of the total
cellular TERT [170]. TERT binds the mtDNA and protects it
from environmental damage [171], it also protects mitochon-
dria by modulating mtDNA damage signals and reducing mi-
tochondrial ROS production, thereby improving ETC activity
[41, 42, 170]. TERT was found to inhibit ROS-mediated apop-
tosis by increasing the intracellular GSH/GSSG ratio [41, 42].
Neurons of human brain tissues lack TERT activity due to
the downregulation of its RNA subunit hTERT. However,
TERT might also have some non-canonical functions since
hTERT downregulation has also been observed at very early
developmental stages, in addition, TERT protein is main-
tained without any telomerase activity in activated microglia
and in the neurons of the adult human brain [172, 173]. Alt-
hough the exact role of TERT in the brain is still unclear, it
has been suggested that it may provide protection against
oxidative damage [172]. This is supported by the finding that
in cultured neurons from TERT knockout mice, neurons rich
in hyperphosphorylated tau exhibit higher levels of oxidative
stress [172]. In addition, hyperphosphorylated tau levels are
negatively correlated with TERT protein levels [172]. Inter-
estingly, TERT protein accumulates in the mitochondria dur-
ing AD development, however, it remains unclear whether
its translocation to the mitochondria is a response to oxida-
tive stress or is part of TERT's neuroprotective function [172].

Besides, telomerase activators increased TERT levels in neu-
rons and exerted protection against neuronal damage in vitro
and in mice models of AD [173]. Resveratrol was shown to
increase TERT and telomerase activity in various cells and
tissues, for instance, it activates TERT in human aortic smooth
muscle cells, and increases telomerase activity in mouse heart
and liver tissues, supporting the anti-aging effect of TERT in
these cells [174]. Here, the resveratrol action is exerted via the
NAMPT-SIRT4-hTERT axis, indeed, resveratrol-mediated
activation of TERT is dependent on nicotinamide phosphori-
bosyltransferase (NAMPT) activation, which in turn activates
SIRT4 (Fig. 2) [174]. Resveratrol also augments telomerase
activity and increases TERT phosphorylation in endothelial
progenitor cells, delaying the onset of their senescence [175].
An opposite effect has been observed in different cancer cell
lines where resveratrol reduces TERT and induces cellular
apoptosis [176, 177]. Resveratrol also inhibits the expression
of TERT in metastatic glioblastom cancer cells, a phenome-
non associated with dose-dependent prevention of cell pro-
liferation and tumor regression [178]. Data on resveratrol-
enhanced mitochondrial biogenesis through TERT are still
limited, especially regarding neurodegenerative diseases.
However, mechanisms of resveratrol-mediated protection
similar to those discovered in other cells and tissue may be
conceivable in neuronal cells. Indeed, this area remains an
area of intense exploration, hoping to uncover new therapeu-
tic targets for neurodegenerative diseases.

3.6. TFAM

TFAM is part of the PGC-1a/NRF-1-2/TFAM signaling
pathway, the main mitochondrial biogenesis regulatory
pathway [9]. Several studies report that resveratrol can mod-
ulate mitochondrial biogenesis in pathological neurons by
regulating the expression of this transcription factor. In a rat
model of brain injury induced by subarachnoid hemorrhage
(SAH), resveratrol was able to significantly upregulate the
protein levels of signaling molecules acting downstream of
PGC-1a like TFAM [79]. The final effect of resveratrol ad-
ministration was the reduction of SAH-induced brain edema,
along with the amelioration of apoptosis, and restoration of
mitochondrial membrane potential and ATP levels [79].
Overall, the results from this study pointed out that resvera-
trol exerts neuroprotection in a model of brain injury by
promoting mitochondrial biogenesis and function via the
activation of PGC-la and its downstream signaling mole-
cules [79]. Resveratrol was also reported to be able to exert
neuroprotection in a manganese (Mn)-induced model of
brain injury in cultured primary neurons from mice. Data
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from this study demonstrated resveratrol’s ability to counter-
act ROS increase, MMP reduction, and the associated Mn-
elicited mitochondrial dysfunction. This resveratrol-mediated
phenomenon was in part due to SIRT3-mediated TFAM
deacetylation (Fig. 2) [179]. Similar to Mn, sodium fluoride
(NaF) was reported to cause mitochondrial dysfunction in
vitro and in vivo and impair mitochondrial biogenesis by
inhibiting SIRT1 deacetylase activity and decreasing PGC-
la, NRF1, and TFAM protein levels. The ability of resvera-
trol to ameliorate NaF-induced neuronal damage involved
SIRT1-dependent activation of PGC-1a/NRF1/TFAM sig-
nals and an increase of the protein levels of all the signaling
pathway components (Fig. 2) [79, 180]. In an in vivo rodent
model of kainic acid-induced seizure, resveratrol attenuated
epilepsy-induced neuronal apoptosis and increased the ex-
pression of the mitochondrial biogenesis modulators PGC-
la, NRF1, and TFAM. In this case, data also indicated the
potent neuroprotective effects of resveratrol and further high-
lighted its capability to affect PGC-1a downstream mole-
cules, including TFAM, leading to enhanced mitochondrial
functionality and neuronal protection [82]. In a cell model of
HD, resveratrol reversed the disease-associated PGC-1a and
TFAM protein decrement, restoring the lost mitochondrial
membrane potential and rescuing mitochondrial function
[137]. Consonant with the in vitro findings, 24 days of
resveratrol administration to YAC128 mice, a model of HD,
significantly improved both learning activity and motor co-
ordination by augmenting the gene expression of ETC-
associated proteins [137]. Overall, the presented data strong-
ly indicate that resveratrol-elicited neuroprotection in neuro-
degenerative conditions is associated with an improvement
of mitochondrial biogenesis/function due to activation/ over-
expression of PGC-1a/NRF1/TFAM pathway components

(Fig. 2).

CONCLUSION

Over the past years, an ever-growing number of studies
have indicated that naturally occurring polyphenol resvera-
trol can provide protection in several neurodegenerative con-
ditions. Interestingly, besides acting through its well-known
antioxidant and anti-inflammatory properties, resveratrol can
provide neuroprotection by impacting the process of mito-
chondrial biogenesis, a phenomenon of paramount im-
portance for maintaining proper neuronal plasticity and func-
tion. The discovery that resveratrol can interact with several
important mitochondrial biogenesis effectors could pave the
way to identify new druggable targets and markers of onset
and progression of neurodegenerative conditions. Indeed,
this peculiar action that resveratrol plays on specific mito-
chondrial biogenesis effectors might be exploited to develop
a preventive treatment to counteract/delay age-related neuro-
degenerative diseases. It can also have applications in neuro-
logical conditions with limited therapeutic options where
new therapeutic strategies are urgently needed.

Despite the promising results of the studies discussed in
this review, further research is needed to confirm the poten-
tial therapeutic effects of resveratrol in animal models and
human trials of neurodegenerative diseases. Building on the-
se findings, future studies should employ different resvera-
trol concentration ranges, routes of administration and treat-
ment durations, and rules of patient selection. This is of par-
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ticular importance in light of resveratrol's complex pharma-
cokinetics and the delicate balance between its beneficial and
adverse effects. In fact, besides the limitation of its low bio-
availability, resveratrol dosage and the redox environment in
the location of its application appear to have primary im-
portance in determining the final outcome, whether neuro-
toxic or neuroprotective [156, 181]. Moreover, the ability of
resveratrol to modulate disease-associated non-coding RNA
(ncRNA) deserves deeper investigations as it may result in
new therapeutic approaches against neurodegenerative dis-
eases and other pathological conditions [182].
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