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Abstract
Parkinson’s disease (PD) is a progressive neurodegenerative disorder caused by the loss of dopaminergic neu-
rons, leading to manifestations of motor and non-motor dysfunctions. Mitochondrial dysfunction and impaired 
mitophagy contribute to the development and progression of PD, underlying dopaminergic neurodegeneration. 
The PINK1/Parkin signalling pathway is a cellular quality control system contributing to dysfunctional mito-
chondria clearance. Its dysregulation is a canonical mechanism in both sporadic and familial PD pathogenesis. 
Phytochemicals have been reported to restore PINK1/Parkin signalling pathway and improve neuronal health 
by maintaining mitochondrial homeostasis and mitophagy cascade. This review underscores the mechanisms 
of mitophagy modulation by phytochemicals through PINK1/Parkin signalling pathway and critically synthe-
size current and associated molecular, biochemical, and functional networks, reinforcing their significance to 
dopaminergic neuroprotection in PD experimental models. Studies published between 2010 and 2025 were 
comprehensively searched across Google scholar and PubMed. Studies examining the effects of phytochemicals 
on mitochondrial function, mitophagy, and PINK1/Parkin signalling pathways in experimental PD models were 
the central focus of this review. Phytonutrients including baicalein, berberine, and resveratrol promote mito-
chondrial homeostasis and dopaminergic neuroprotection by enhancing mitophagy through PINK1 stabiliza-
tion, Parkin translocation and modulation of Nrf2 and SIRT1 pathways. Despite the promising neuroprotective 
effects of these phytonutrients, limitations including bioavailability, dosage, and experimental designs are ma-
jor drawbacks necessitating standardized studies and clinical validation to make these findings translationally 
therapeutic for human with PD. Modulatory effects of phytochemicals on PINK1/Parkin-dependent mitophagy 
pathway provide a potential strategy for dopaminergic neuron protection in PD, providing insights into devel-
opment of mitophagy-directed nutraceuticals and adjuvants. 
Keywords: Parkinson’s disease, PINK1/Parkin, mitophagy, mitochondrial homeostasis, phytochemicals, dopa-
minergic neuroprotection
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disease associated with the death or loss of dopa-
minergic neurons in the substantia nigra pars compacta. 
Nigrostriatal loss of dopamine in PD leads to manifesta-
tion of motor dysfunction including bradykinesia, rigid-
ity, tremor, and postural instability [1]. Asides motor 
dysfunctions in PD, there are non-motor symptoms of PD 
including pain, hyposmia, sleep disorders, depression and 
constipation which sometime precede the clinical mani-
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festations of PD for several years [2]. Both motor and 
non-motor symptoms of PD manifest across the spectrum 
of PD patients, including familial and sporadic PD. Most 
treatment options in PD are symptomatic treatments with 
restoration of dopaminergic tone in the nigrostriatal axis. 
However, the current treatments do not address the under-
lying mechanisms driving dopaminergic neuronal loss [3].
Many factors including neuroinflammation, protein mis-
folding, oxidative stress, and mitochondrial dysfunction 
have been implicated in the pathogenesis and progres-
sion of PD. Essentially, damaged or dysfunctional mito-
chondrial system causes generation of reactive oxygen 
species (ROS), impaired energy (ATP) production, and 
stimulate pro-apoptotic signaling pathways, all of which 
influence the death of dopaminergic neurons in the SNpc 
[4]. The cells counteract these dyshomeostasis through a 
well-orchestrated cellular machinery called mitophagy. 
Mitophagy is a cytoprotective mechanism involved in the 
selective removal or degradation of damaged or worn-out 
mitochondrial within the cell through autophagy to main-
tain cellular or mitochondrial homeostasis [5]. Mitophagy 
relies especially on the PTEN-induced kinase 1 (PINK1) 
and Parkin, an E3 ubiquitin ligase functions. Reports have 
shown that PINK1 under physiological conditions exists 
in disintegrated form in a normal mitochondrial, how-
ever, during the depolarization of mitochondrial, PINK1 
aggregate on the outer mitochondrial membrane surface 
to recruit Parkin, stimulating mitochondrial substrates 
ubiquitination through phosphorylation of both Parkin and 
ubiquitin, followed by autophagic degradation. Disrup-
tion of this signaling pathway through genetic mutation of 
PINK1 or PARK2 (encoding Parkin) has been implicated 
in the pathogenesis and progression of familial PD, rein-
forcing its significant neuroprotective role [6].
While familial PD is linked with inherited mutation and 
impaired PINK1/Parkin signaling-mediated defective mi-
tophagic clearance, Sporadic PD has also been reported 
to manifest these pathological hallmarks which is also ob-
served in neurotoxin experimental PD models [7]. These 
findings highlight the therapeutic implication of mitoph-
agy restoration. The potential of some plant-derived phy-
tochemicals in modulating cellular stress responses, mi-
tochondrial homeostasis and autophagic alterations have 
been demonstrated. Importantly, phytonutrients including 
baicalein, berberine, quercetin, curcumin, and resveratrol 
have been reported to possess antioxidant, anti-inflam-
matory, signaling modulatory properties with capacity to 
stimulate mitochondrial quality function through PINK1/
Parkin pathway direct or indirect activation.
Providing insights into mechanisms by which these phy-
tochemicals promote mitophagy will underscore develop-
ment of promising mitochondria-directed nutriceuticals 
and adjuvant for the management of PD. This mechanis-
tic narrative review therefore synthesizes data into the 
mechanisms of phytochemicals-mediated mitochondrial 
homeostasis restoration, modulation of PINK1/Parkin-
dependent and -independent mitophagy, and dopaminergic 
neuroprotective mechanisms. This review also highlights 
important knowledge gaps by integrating evidence from 

molecular, biochemical, cellular, and animal studies as ve-
hicle for the development of translational research aiding 
the development of phytochemical based nutraceuticals.

Methodology

A narrative review was conducted to synthesize mechanis-
tic evidence of how phytochemicals promote mitophagy 
through the PINK1/Parkin pathway in experimental PD 
models. Databases including Google scholar and PubMed 
were searched and complemented by manual searches of 
references found in relevant literatures. Search criteria 
were confined to “Parkinson’s disease,” “dopaminergic 
neuroprotection”, “phytochemicals,” “PINK1”, “Parkin” 
and “mitophagy”, alongside combined concepts related 
to these words. Original articles focusing on the effects 
of naturally-derived phytochemical on mitochondrial ho-
meostasis and mitophagy-associated signaling in vitro or 
in vivo PD models were emphasized. Essentially, articles 
were considered relevant to this review if they gave con-
nection of molecular or biochemical mechanisms with 
PINK1/Parkin modulation, mitochondrial homeostasis, or 
promotion of neuronal integrity. Retrieved data was narra-
tively structured into the following thematic sections; phy-
tochemical classifications and natural sources, implicated 
molecular targets in mitophagy-associated pathways, 
phytochemicals effect on mitochondria integrity, and the 
neuroprotective effects on the dopaminergic neurons. 
Studies’ findings were conceptually unified to underscore 
mechanistic signaling networks, pinpoint common signal-
ing mechanisms, and propose future directions in favour 
of translational research.

Mitochondrial dysfunction and mitophagy in 
Parkinson’s disease

Pathogenesis and progression of PD is a multifactorial 
process with constellation of diverse environmental, bio-
logical, and genetic dynamics. Mainstream of PD till date 
are believed to be non-Mendelian and referred to as ‘idio-
pathic PD’ (IDP). The major huddle associated with IDP 
patients is the complex pathophysiology, and to date only 
partly understood. The Mendelian form of PD, termed 
‘monogenic PD’ (mPD) has been associated with several 
signaling pathways, the evaluation of which has enhanced 
our comprehension of the molecular basis of IDP [8]. 
Mechanistic investigations suggest that many of these 
signaling pathways converge on mitophagy, the main mi-
tochondria quality control mechanism. This convergence 
makes dyshomeostasis in mitochondria a mechanistic 
bridge linking monogenic and idiopathic forms of PD. 
Mitochondrial dyshomeostasis has been linked to several 
known types of mPD, including pathways that are also 
pertinent to IDP. According to genome-wide association 
studies (GWAS), many genetic loci linked with IDP have 
been located within the genes associated with mPD. Mi-
tochondrial dysfunction has been reported to be directly 
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involved in many of these mPD genes, as well as the iden-
tified IDP risk loci [9]. At cellular level, mitochondrial 
dysfunction causes defective cellular clearance of im-
paired mitochondria, hyper-generation of reactive oxygen 
species, and sustained failure in biogenesis. According 
to Bose and Beal [10], mutations in PRKN, PINK1, and 
LRRK2 have been identified to cause distinct damages to 
mitochondrial-associated signaling pathways. Importantly, 
mutations in PRKN and PINK1 genes causes disruption 
in mitophagic labeling process and removal of depolar-
ized mitochondrial, causing pathologic aggregation of 
the depolarized mitochondria. On the other way hand, 
pathogenic variant of LRK2 gene disrupts mitochondria 
trafficking and turnover by altering the activity of kinases. 
These disruptions together compromise the mitochondrial 
homeostasis in dopaminergic neurons. Although, dysfunc-
tional cytoprotection against oxidative stress is directly 
related to DJ-1 PD, there is a plausible association with 
mitochondrial impairments, notwithstanding a lack of de-
tail on mechanistic involvement [11]. Emerging evidence 
has shown that the loss of DJ-1 functions indirectly brings 
about exacerbation of mitochondria impairments increas-
ing generation of reactive oxygen species, weakening cel-
lular redox balance, and decreasing mitochondrial stress 
resistance. Accumulating studies demonstrate that these 
networks co-influence one another; every dysfunctional 
PD-associated gene product can directly or indirectly in-
fluence several pathways. 

Role of mitochondrial impairment in the 
pathogenesis Parkinson’s disease

Mitochondrial impairment plays a pivotal role in the 
pathogenesis and progression of PD [12]. Several fac-
tors including neuronal energy failure, impairment of 
mitochondrial biogenesis, oxidative stress, variations to 
mitochondrial dynamics, calcium (Ca2+) dyshomeostasis, 
impaired mitophagy, and dysfunctional electron transport 
chain significantly contribute to dysfunctional mitochon-
drial induced PD [13, 14]. The mitochondrial abnormali-
ties are not solo events but are mechanistically and intri-
cately interconnected, with damaged mitophagy acting as 
a pivotal failure point in the clearance of mitochondrial 
that are dysfunctional. Aggregation of impaired mitochon-
dria exacerbates oxidative stress and failure in biogenesis, 
thereby promoting vulnerability and death of dopaminer-
gic neurons. Dysfunctional electron transport chain (com-
plex Ⅰ) in the dopaminergic neurons of the SNpc causes 
failure in ATP production and oxidative stress. Damage 
to complex 1 causes leakage of electron and excessive 
generation of superoxide which directly impairs the in-
tegrity of mitochondria membrane and enzymatic action. 
Sustained oxidative stress further damages mitochondria 
signaling pathways required for energy sensing and qual-
ity control. Hyper-generation of reactive oxygen species 
in the SNpc impairs the mitochondrial proteins, DNA, 
and induces mitochondria lipid peroxidation, further 
potentiating the mitochondrial impairments. Inadequate 

endogenous and exogenous defensive mechanisms against 
mitochondrial-associated oxidative stress result into a 
vicious cycle of dysregulation leading to cellular impair-
ment and ultimately dopaminergic cell death. This vicious 
cycle is strengthened by dysfunctional mitochondria flux, 
which brings about limitations in the selective removal 
of severely impaired mitochondria. Resultantly, impair-
ment of mitochondria becomes self-propagating within 
the dopaminergic neurons of the SNpc. Asides the major 
function of mitochondrial, which is ATP production, it has 
been documented that IPD and mPD are associated with 
mitochondrial-induced cellular dysfunction such as dys-
regulation of cell death via apoptosis, poor formation and 
export of iron-Sulphur (Fe-S) clusters, altered haem bio-
synthesis, Ca2+ dyshomeostasis, and altered control of cell 
division and growth [10]. Several of these cellular events 
are highly controlled and sustained mitochondrial homeo-
stasis and turnover. Disruption of mitochondrial quality 
control and mitophagy, therefore associates failure in 
energy production with abnormal cell death signaling and 
metabolic dyshomeostasis in PD. Exposures to some envi-
ronmental neurotoxins including MPTP and rotenone has 
been shown to induce these mitochondrial impairments, 
underpinning their involvements in the pathogenesis and 
progression of PD. These neurotoxins promote pathogen-
esis of PD primarily by inhibiting mitochondria complex I, 
thereby stressing endogenous antioxidant defense mecha-
nisms and mitophagic capacity. Their effects further un-
derpin impairments in mitochondrial function as a causal 
promoter rather than a secondary consequence of neuronal 
death or degeneration. Electrons can react with molecular 
oxygen after leaking from complex I and complex III of 
the electron transport chain during oxidative phosphoryla-
tion to form superoxide (O2

−), a reactive oxygen species 
(ROS) [15]. This process under physiological conditions 
is inhibited or occurs at a significantly reduced concentra-
tions through the activities of mitochondrial antioxidants, 
including manganese superoxide dismutase (MnSOD) or 
SOD2), glutathione (GSH) and peroxiredoxins. Hydro-
gen peroxide is formed when MnSOD reacts with O2

−, 
to remove H2O2 [16]. A reduction in the concentration or 
activity of GSH could be an onset and modifiable occur-
rence in the pathogenesis of PD in the SNpc. Depletion of 
glutathione as well as its activity amplifies mitochondria 
oxidative damage and indirectly disrupts the mitochondria 
quality control, mitophagy, which further amplifies dopa-
minergic neuronal death or degeneration.

Mitophagy as a dysfunctional mitochondrial 
clearance and quality-control mechanism

Mitophagy has been reported to play a key role in the 
pathophysiology of PD. Mitophagy removes damaged or 
dysfunctional mitochondrial from the SNpc through au-
tophagy to maintain cellular function. This process is of 
particular importance to the physiology of neurons, where 
limited regenerative capacity requires a well-organized 
mitochondria quality control to maintain viability of the 
neuron for a long time. Two important genes, responsible 
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for autosomal recessive early onset mPD are required to 
mediate mitophagy process; the PRKN and PINK1 genes 
[17]. The functionality of these genes is sequential and 
tightly regulated within a mitochondria surveillance sys-
tem. Alteration of this system disrupts the selective rec-
ognition and clearance of impaired mitochondria, thereby 
amplifying accumulation of mitochondria and neuronal 
stress. During normal physiological conditions, mem-
brane potentials or healthy mitochondrial is sustained, 
preventing PINK1 aggregation on the outer mitochondria 
membrane surface. But during depolarization of the mito-
chondrial, PINK1 is stabilized on the surface causing E3 
ubiquitin ligase Parkin recruitment from the cytosol [18]. 
Ubiquitin and Parkin are both phosphorylated by stabi-
lized PINK1, thereby stimulating the activity of Parkin 
E3 ligase activity. There is an amplification of mitophagic 
signaling pathway on account of the phosphorylation 
cascade, and ensure efficient targeting of impaired mi-
tochondria for degradation. Numerous outer membrane 
proteins are further ubiquinated from the activated Parkin 
causing degradation of the dysfunctional mitochondrial 
through autophagosome-lysosome pathway. Recruitment 
of autophagy receptors and adaptor proteins that connect 
impaired mitochondria to the autophagosomal machinery 
is stimulated by ubiquitination of these substrates. Inhi-
bition of this process causes an incomplete mitophagic 
flux and maintenance of dysfunctional mitochondria. In 
keeping with this, enhanced mitophagy has been reported 

to be a therapeutic strategy as the process guarantees the 
removal of damaged mitochondria, thus mitigating against 
oxidative stress and bioenergetics failure [18]. Applica-
tion of therapies that promote mitophagy therefore targets 
a disease-modifying mechanism and not just downstream 
symptomatic consequences. High metabolic demand and 
increased basal oxidative load of dopaminergic cells in the 
SNpc make them to be selectively vulnerable to impaired 
mitophagy, contributing to the progressive mitochondrial 
impairment, synaptic dyshomeostasis, and neuronal death, 
the pathological hallmarks of PD [19]. Even a slightest 
disruption in mitophagic process can efficiently cause a 
disproportionate effect on dopaminergic neuronal survival. 
Recognition and clearance of dysfunctional mitochondria 
is disrupted through mutations of PINK1 or Parkin caus-
ing impaired mitochondria aggregation-mediated oxida-
tive stress. Accordingly, reduced mitophagic flux and 
increased numbers of swollen dysfunctional mitochondria 
are evidenced in postmortem studies of PD brains and cel-
lular models [19]. These observations provide pathologi-
cal evidences that dysfunctional mitophagy plays a critical 
role in mitochondrial dysfunction-induced PD.

The PINK1/Parkin pathway as a key regulator 
of mitophagy

Neural cells use specialized machinery, PINK1/Parkin 
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Figure 1. PINK1/Parkin-mediated mitophagy pathway in Parkinson’s disease. Three-panel comparison showing PINK1/Parkin-mediated 
mitophagy in healthy neurons (physiological turnover), PD neurons with functional mitophagy (quality control), and PD neurons with failed 
mitophagy (pathogenic accumulation leading to neurodegeneration). Establishes the biological foundation for understanding why mitophagy failure 
drives PD pathogenesis.
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pathway in clearing damaged or impaired mitochondria 
through mitophagy. Based on the status of membrane 
potential, this pathway acts as mitochondria surveillance 
mechanism that identifies the damaged mitochondria 
from the healthy ones. PINK1 is transient serine/threonine 
kinase consisting of 581 amino acids [20]. Structurally, 
it has specialized domains including an N-terminal mi-
tochondrial targeting sequence, a serine/threonine kinase 
region, a transmembrane domains, and a C-terminal auto-
regulatory region. Using these domains, PINK1 senses mi-
tochondria integrity and stimulates downstream signaling 
processes that is needed for the activation of mitophagy. 
The concentrations of PINK1 are low under physiological 
conditions through the proteolytic processing of mito-
chondria proteases that cleave and degrade PINK1 after 
translocation into healthy mitochondria, maintaining the 
cytosolic concentration of PINK1 at low levels [21]. An 
inappropriate activation of mitophagy is prevented by this 
constitutive degradation in mitochondria that are metabol-
ically active. When the mitochondria membrane potential 
is polarized, a full length of PINK1 (63 kDa) is imported 
into the mitochondria by forming complexes with both 
outer and inner mitochondria membrane translocase [22]. 
This process converts the PINK1 into its active form (52 
kDa) and then releases it into the cytosol for degrada-
tion by the ubiquitin-proteasome system. Translocation 
of PINK1 is stopped, causing increased concentrations 
of PINK1 on the outer mitochondrial membrane (OMM) 
- a key indicator of mitochondria depolarization and 
damage. Mitochondria depolarization is converted into a 
mitophagic signal through accumulation of PINK1 on the 
OMM, a molecular switch. Errors in cleavage processes 
and increased concentrations on PINK1 on the outer mi-
tochondria membrane stabilizes PINK1 and becomes a 
downstream signal, including autophosphorylation of 
PINK1 and subsequent phosphorylation of cytosol, its 
inactive form of ubiquitin and the E3 ubiquitin ligase 
Parkin. Mitophagic signal is further amplified through 
phosphorylation of ubiquitin and Parkin by stimulating 
substrate identification and continuous activation of Par-
kin. This process is ensured by a feed-forward mechanism 
through an efficient labelling of impaired mitochondria for 
neuronal removal. Mitophagy mechanism is stimulated 
once PINK1 phosphorylates the Ub-like region of Parkin, 
activating it [22]. Mitochondria themselves are marked for 
degradation when active parkin ubiquitinates mitochon-
drial proteins such as Mfn1, VDAC1, and Mfn2. Recruit-
ment of autophagy receptors that link impaired mitochon-
dria to the autophagosomal machinery is stimulated by 
ubiquitination of these outer OMM. This complex process 
results into the PINK1/Parkin pathway [23]. Physiologi-
cally, this pathway is important as it preserves the neuro-
nal-axonal mitochondrial homeostasis. The functionality 
of dopaminergic neurons depends on the maintenance of 
axonal mitochondrial quality, a phenomenon that depends 
on continuous transportation of mitochondria and local-
ization of ATP biogenesis. This mechanism is achieved 
by local synthesis of PINK1 and transportation within the 
mitochondria, allowing mitophagic mechanism to be car-
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ried out in the axonal region of the neuron [23]. Figure 1 
above shows the PINK1/Parkin-mediated mitophagy path-

way in Parkinson’s disease

PINK1/Parkin pathway disruption and implica-
tion in Parkinson’s disease

Death or loss of dopaminergic neurons in the SNpc is the 
pathological hallmarks of PD. This selective dopaminer-
gic neuronal vulnerability is intricately associated with 
mitochondria dysfunction and disrupts mitophagy, the 
mitochondrial quality control system. Mechanistically, 
mitochondria overload and energy failures are associated 
with the progressive neurodegeneration with the SNpc 
[24]. The overload in mitochondria is a reflection of ac-
cumulation of impaired mitochondria produced by insuffi-
cient clearance through mitophagy. Dysfunctional energy 
biogenesis arising from dyshomeostasis compromises the 
synaptic transmission and inhibits neuronal integrity as 
well as survival signaling. While there is death of dopami-
nergic neurons, surviving neurons manifest Lewy bodies, 
the intracellular inclusion made up of aggregated alpha-
synuclein proteins. Overexpression of the parkin gene in 
the SNpc has been reported to mitigate the accumulation 
of alpha-synuclein [25]. This observation is suggestive of 
a physiologic interplay between mitochondrial quality and 
α-synuclein homeostasis. Parkin-stimulated mitophagy 
may limit the aggregation of α-synuclein indirectly by 
inhibiting or reducing mitochondria-mediated oxidative 
stress. Mutations of the gene encoding Parkin (PINK1 or 
PARK2) have been associated with the early onset of PD, 
with compromised homeostatic mechanism, causing de-
fective recognition and clearance of impaired mitochon-
dria. Inhibition of recognition process impairs mitophagic 
flux at the beginning. In effect, impaired mitochondria 
are sustained within the dopaminergic neurons and acts 
as a protracted source of cellular stress. This leads to ac-
cumulation of impaired mitochondria, causing generation 
of excess reactive oxygen species and hyper-generation of 
pro-apoptotic factors that potentiate dopaminergic death. 
Progressive oxidative damage and apoptotic signaling 
further potentiate dopaminergic neuronal degeneration or 
death via feed-forward mitochondria impairment. Col-
lectively, mutations of PINK1 and parkin can work in 
consonance with other genetic mutations, resulting to 
exacerbated disease phenotypes [26]. This kind of genetic 
interaction underpins the intricate nature of mitochondria 
and mitophagy-associated networks in the pathogenesis of 
PD. A lot of IPD models have exhibited reduced activa-
tion of PINK1/Parkin in the absence of genetic mutation, 
reinforcing the assertion that environmental factors and 
age-associated oxidative stress can alternatively damage 
this pathway. Long-term oxidative stress and inflammato-
ry signaling linked with aging may result into impairment 
of PINK1 stabilization or Parkin recruitment. This patho-
logic suppression of the pathway phenocopies genetic-
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loss-of-function mutations. For instance, report has shown 
that individuals with biallelic PINK1/Parkin mutations 
manifest higher concentrations of cell-free circulating 
mitochondrial DNA (mtDNA) relative to age-linked PD 
[27]. Inflammation-associated mtDNA has been reported 
to be a biomarker for PINK1/Parkin-associated PD [27]. 
Mitochondrial DNA extrusion is an indication of defec-
tive mitochondria containment and further associates with 
impaired mitophagy and neuroinflammatory processes in 
PD.

Animal and cellular studies supporting PINK1/
Parkin pathway disruption in the pathogenesis 
of PD

Studies have shown the pivotal role of PINK1/Parkin 
pathway in the maintenance of mitochondria integrity. 
This pathway acts like a focal mitochondrial quality con-
trol axis that involves integration of stress signaling with 
mitochondria removal from neurons. While there are 
limitations in some genetic-inclined PD models, they have 
contributed immensely to the understanding of PD patho-
genesis and drug discovery. For instance, knockout of the 
PINK1 or Parkin genes in PD mouse model alone has 
given enough indication of Parkinsonism in mouse despite 
exhibition of impaired mitochondrial morphology and 
function, increased oxidative stress, and mild dopaminer-
gic dysfunction [28]. These results reveal that the loss of 
PINk1 or Parkin genes is enough to bring about disruption 
in mitochondria integrity even when there is no obvious 
neurodegeneration. Damage to the mitophagic signaling 
pathway therefore precedes and stimulates dopaminergic 
neurons to consequent degenerative insults. Of note is that 
even when these mice have genetic background with high 
concentrations of mitochondria mutations, it caused dopa-
minergic neuronal loss [28]. This event is an indication of 
a threshold effect whereby accumulation of mitochondria 
defects overburdens compensatory quality control mecha-
nisms. Studies have shown that cGAS-stimulator of inter-
feron genes (STING1), a component of cellular immune 
system mediates loss of dopaminergic neurons parkin-de-
ficient models of PD [29]. Disruption of mitophagic net-
work stimulates the release of DNA from the mitochondria 
into the cytoplasm, potentiating CGAS-STING-dependent 
immune activation. This mechanism mediates a direct re-
lationship between impairment in mitochondrial function 
and neuroinflammation in PD models. In the same vein a 
report has shown a correlation between plasma concen-
trations of free mitochondria DNA and the inflammation 
marker IL-6 patient with PINK-mutant and parkin-mutant 
PD [27]. Activation of STING proteins is required for the 
stimulation of inflammatory process in PINK1 knockout 
mice [30]. These findings point to the fact that damaged 
PINK1/Parkin signaling stimulates inflammation-induced 
neurodegeneration through mitochondria danger signaling. 
The activity of PINK1/Parkin pathway has been reported 
to increase in PD. This significant increase is suggestive 
of a complimentary response to amplified mitochondria 

stress rather than persistent functional mitophagy. Es-
sentially, this compensation may be inadequate with the 
progression of the disease. Importantly, mPD is associ-
ated with hyper-concentration of pS65-ubiquitin-positive 
structures, a biomarker of PINK1/Parkin activation in the 
SNpc. Surprisingly, pS65-ubiquitin has been reported to 
be absent in mature Lewy bodies but present in newly de-
veloped Lewy bodies and in cells that are devoid of these 
cytoplasmic inclusions [31]. This sequential distribution 
is suggestive of an early activation of PINK1/Parkin dur-
ing the pathogenic processes and declines with maturation 
of the Lewy body. In keeping with this, PINK1/Parkin 
pathway is not only activated in mPD but also implicated 
in the pathogenesis of Sporadic PD. According to Gao et 
al. [32] knockout of USP30 gene stimulates mitophagy 
and offer neuroprotection against alpha-synuclein in mito-
chondria dysfunction-induced PD. USP30 in this context 
acts as a negative regulator of mitophagy through inhibi-
tion of Parkin-induced ubiquitination. The mitophagy flux 
is therefore restored on account of this inhibition even in 
conditions where Parkin activity is compromised. This re-
port asserts that potential therapeutic approach of USP30 
in the restoration of mitophagy in the absence of parkin, 
the influencer of mitophagic mechanism. These findings 
underpin the importance of therapies targeting mitophagy 
regulator downstream or parallel to the PINK1/Parkin net-
work
Furthermore, report has shown structural alterations in-
cluding mitochondria swelling, impaired cristae structure 
and flight muscle degeneration in drosophila models of 
PD lacking PINK1/Parkin [33]. At the ultrastructural lev-
el, such structural dysfunctions are suggestive of severe 
mitochondrial quality control inhibition. It has been dem-
onstrated that these alterations can be mitigated through 
over expression of complementary gene, reinforcing their 
common pathway. Study have shown a reduction in mi-
tophagic pathway, altered MMP, and increased vulnerabil-
ity to neurotoxins such as MPTP and rotenone in human 
induced pluripotent stem cell (iPSC)-derived dopaminer-
gic neurons carrying mutant PINK1 and parkin genes. 
Reports from these human cellular models provide indi-
cations that damaged PINK1/Parkin signaling pathways 
directly disrupt the resilience of neuron to stress. PINK1/
Parkin network remains a pivotal regulatory mechanism 
or neuronal resilience and underpins its dyshomeostasis 
as critical pathogenic contributor in the pathogenesis and 
progression of PD [33]. Put together, reports from animals 
and cellular studies provide convergent evidence that 
neuroinflammation, mitochondrial dysfunction, and dopa-
minergic neurodegeneration in PD are directly mediated 
through disruption of PINK1/Parkin pathway.

Roles of phytochemicals in the modulation of 
mitophagic network

The roles of plant-derived bioactive components (phy-
tochemicals) in regulating mitochondrial function have 
gained significant attention due to their antioxidant and 
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anti-inflammatory properties. Studies have shown that 
plant derived bioactive components have capacity to 
activate mitophagic axis by modulating PINK1/Parkin 
pathway, thus promoting the clearance of impaired mi-
tochondria and dopaminergic neurodegeneration. These 
phytochemicals are potential neuroprotective and thera-
peutic adjuncts in the management of neurodegenerative 
diseases including PD due to their capacity to enhance 
mitochondrial functions and reduce oxidative stress. The 
roles of resveratrol, baicalein, and berberine on mitochon-
drial functions are specifically highlighted in this review.

Resveratrol

Resveratrol is plant-derived phytochemical from peanuts, 
red wine, and red grapes associated with several biologi-
cal, neuroprotective, and therapeutic properties [34], 
such as the activation of Sirtuin 1 (SIRT1) [35], a human 
homologue of yeast silent information regulator 2 (Sir2) 
protein [36]. Resveratrol mediates neuroprotective effects 
through its anti-inflammatory and anti-oxidant effects as 
reported in vitro and in vivo models of PD (Table 1), such 
as dopamine induced apoptosis in neuronal SH-SY5Y 
cells [37], 6OHDA-treated rat model of PD [38] and 
MPTP mice model of PD [39]. Previous report by Pallàs 
et al. [40] revealed neuroprotective action of resveratrol 
through activation of SIRT1, even though authors could 
not substantiate the exact mechanism of action. Lee et 
al. [41] also reported the possibility of impaired cellular 
organelles accumulation and impaired energy biogenesis 
due to SIRT1 inhibition, suggesting the capacity of SIRT1 
to stimulate basal rate of autophagy. Wu et al. [42] re-
vealed that resveratrol mediated its neuroprotective action 
via AMPK/SIRT1–autophagy axis. Mudo et al. [43] also 
reported the neuroprotective effects of resveratrol by act-
ing on SIRT1/Peroxisome proliferator-activated receptor-
gamma coactivator-1α (PGC-1α) pathway. Authors pro-
duced transgenic mice that were overexpressing PGC-
1α in dopaminergic neurons and evaluated the degree of 
cell degeneration in the SNpc after treating the mice with 
MPTP. Results demonstrate that resveratrol treatment in 
this study significantly prevented dopaminergic neurons in 
vivo against MPTP [43]. 
Abolaji et al. [44] highlighted the potential of resvera-
trol to protect against parkin-mutant Parkinsonism in 
Drosophila melanogaster model. Authors observed that 
parkin-mutant mice exhibited locomotor dysfunction, 
increased generation of reactive oxygen species, and 
significant reduction in survival. These pathologies were 
inhibited through administration of resveratrol which in-
creased the climbing function and survival of the mice via 
restoration of acetylcholinesterase activity and mitigation 
of dopaminergic cells against oxidative stress. Authors 
observed at molecular level that resveratrol increased the 
gene expressions of ple (tyrosine hydroxylase) and Sod1 
(superoxide dismutase) against parkin-mutant mice [44]. 
In keeping with this, the mitochondria deficiency in mu-
tant mice was restored in post resveratrol administration. 
A study conducted by Ferretta et al. [45] using fibroblast 
obtained parkin-mutant PD patients revealed significant 

mitochondrial dysfunction, associated with impaired 
respiration and impaired ATP biogenesis. Authors also 
observed that upon treatment with resveratrol, there was a 
significant activation of AMPK and SIRT1, the critical en-
ergy detectors that converge on PGC-1α, pivotal regulator 
of mitochondrial synthesis. The downregulated AMPK/
SIRT1/PGC-1α signaling pathway in parkin deficiency 
was restored. PGC-1α upregulated TFAM, SOD2, and 
cytochrome c genes, enhancing the antioxidant defense 
system and mitochondria biogenesis. 
Protective role of resveratrol liposomes on dopaminergic 
cells has also been reported in 6-hydroxydopamine–in-
duced rat model of PD. The oral administration of resve-
ratrol remarkably enhanced the activity of mitochondria 
complex I and increased its subunits MT-ND1, reinstating 
the homeostasis of electron transport chain in the SNpc. 
Mechanistically, resveratrol liposomes promoted the 
MMP, reduced the cytochrome c and apoptosis-inducing 
factors release, increased phosphorylated TRAP1 and the 
p-TRAP1/TRAP1 ratio, and upregulated the expression of 
PINK1 supporting mitophagy. 
Perspectives from different experimental models of PD 
using resveratrol as an intervention highlight the emer-
gence of resveratrol as one of the most significant plant-
derived phytochemicals capable of modulating mitochon-
drial quality control, mitophagy. 
The mechanistic reviews on resveratrol collectively touch 
on the stimulation of the AMPK/SIRT1/PGC-1α pathway, 
the upstream modulator of PINK1/Parkin-dependent mi-
tophagy pathway. Resveratrol restores the homeostasis of 
mitochondria through this signaling pathway, importantly 
through reduction of oxidative stress and prevention of 
dopaminergic cells in the SNpc from degeneration.
Resveratrol mechanistically acts by stimulating AMPK 
which in turn activates SIRT1-dependent deacetylation of 
LC3 and PGC-1α, the pivotal enzymes required for au-
tophagy. This molecular crosstalk mediates the neuronal 
clearance of the hallmarks of PD pathology, impaired mi-
tochondria and misfolded α-synuclein collections through 
autophagy. For instance in parkin-mutant fibroblast, resve-
ratrol was also reported to control Ca²⁺ and cAMP homeo-
stasis and increased the affinity of endoplasmic reticulum 
and mitochondria complex, suggesting a comprehensive 
intra-organelle communication and energy metabolism. 
These events reinforce the preservation of mitochondria 
dynamics, ATP biogenesis, and neuronal integrity within 
the SNpc. Put together, activation of SIRT1 plays a pivotal 
function of bridging metabolic regulation, autophagy, and 
mitochondrial homeostasis. Notably, SIRT1-influenced 
deacetylation and stimulation of downstream autophagy 
effectors and directly or indirectly potentiates the activa-
tion of PINK1/Parkin signaling pathway. In keeping with 
this, clearance of α-synuclein and restoration of MMP 
through mitophagy are all PINK1/Parkin signaling path-
way-dependent.
Reports in Table 1 reinforce the assertion that resveratrol 
promote mitophagy with translational applicability in PD. 
Worthy of note is that resveratrol is pleiotropically func-
tional yet coherent mechanistically, concurrently engaging 
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AMPK (metabolic detector), SIRT1 (longevity proteins), 
and mitochondria control axis (PINK1/Parkin). This un-
derpins the assertion that PD pathogenesis and progres-
sion is critically centered on the loss of dopaminergic 
neurons but a collapse of mitochondrial quality control 
mechanism, a pathology resveratrol experimentally in-
hibits. Moreover, the converging mechanism of action of 
resveratrol through a plethora of PD models confers on it 
an evolutionary mechanism of action, ranging from rodent 
models to cellular models. Resveratrol appears to display 
a disease modifying capability through coordination of 
biogenic restoration, inhibition of oxidative stress, and au-
tophagy recycling rather than symptomatic relief, typical 
of some synthetic anti-PD drugs.

Berberine

Berberine is a plant-derived alkaloid associated with tradi-
tional use, importantly in Ayurvedic and Chinese medicine 
[49]. Plants such as Berberis, Coptis, and Phellodendron 
have been reported to be the natural sources of Berberine. 
There are numerous pharmacological potentials of ber-
berine, making it gain significant attention in the medical 
research setting [50]. Specifically, amidst several health 
benefits of berberine, it stands out as potent anti-inflam-
matory, antidiabetic, and antioxidant agent [51]. Reports 
have also shown the role of berberine in maintaining 

mitochondrial function and mitophagy modulation [52]. 
Berberine’s mechanism of action is pleiotropic includ-
ing direct activation of mitophagic pathway through the 
stimulation of AMPK, stimulation of hormetic cytoprotec-
tive at low concentration through PI3K/AKT, Nrf2/HO-
1, involved in pro-survival and antioxidant signaling, and 
restoration of mitochondrial impairment, including those 
associated with the deficiency of PINK1 (Table 2).
Um et al. [53] demonstrated the stimulatory effect of 
berberine on mitophagy. Authors revealed that berberine 
stimulated mitophagy across different human cell without 
distorting mitochondrial homeostasis or cellular integrity. 
Remarkably, its mitophagy stimulatory effect was medi-
ated through adenosine monophosphate (AMP)-activated 
protein kinase (AMPK), the canonical enzyme required 
for initiation of autophagy processes (ULK1 activation, 
mTOR suppression) which influences mitophagy induction 
and mitochondrial homeostasis. Authors noted that the 
activities of berberine does not resemble the (ULK1 ac-
tivation, mTOR suppression), rather it acts by preserving 
baseline mitochondrial homeostasis while assisting in the 
removal of impaired mitochondria which eventually in-
crease the production of ATP for cellular survival. A study 
conducted by Zhang et al. [54] using 6-Hydroxydopamine 
(6-OHDA)-induced PC12 cell model and zebrafish model 
of PD revealed that berberine displayed a biphasic (hor-
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Berberine

Human cell lines and 
PINK1-knockout mouse 
embryonic fibroblasts

AMPK-dependent mito-
phagy induction

↑ Mitophagy activa-
tion; ↑ ATP biogenesis 
↑ mitochondrial resp-
iration

Activation of AMPK-
mediated mitophagy 
homeostasis and com-
pensatory mitochondrial 
biogenesis promoting 
mitochondrial quality 
control

[55]

6-OHDA-treated PC12 
c e l l s  a n d  z e b r a f i s h 
model of Parkinson’s 
disease

PI3K/AKT and Nrf2/
HO-1 signaling

↑ Dopaminergic neur-
onal survival at low 
doses; improved loco-
motor function

Promotion of neuronal 
survival through horm-
etic activation of antioxi-
dant defense pathways 

[54]

6-OHDA-treated SH-
SY5Y dopaminergic 
cells

PI3K/Akt–Nrf2–HO-1 
pathway

↓ ROS generat ion; 
↓ apoptosis; ↑ HO-1 
expression

Act iva t ion  o f  Nr f2 -
mediated antioxidant 
signaling causes supp-
ress ion of  oxidat ive 
s t ress  and  promotes 
dopaminergic neuronal 
survival

[55]

Table 2. Summary of studies investigating roles of berberine in promoting dopaminergic neuroprotection and mitophagy-related mechanisms in 
Parkinsonian models.

Phytochemical Model used Main mechanism Key outcome Proposed mechanism Reference

Quercetin 6 - O H D A r a t  & 
PC12 cells AMPK–ULK1 activation ↑ Mitophagy markers; 

↓ neuronal loss
PINK1-associated mitoch-
ondrial quality control [62]

Curcumin MPTP & 6-OHDA 
models

Nrf2 activation; JNK 
inhibition

↑ Mitochondrial stability; 
↓ inflammation

Enhanced mitophagic flux & 
neuronal survival [59, 63]

Table 3. Mechanistic studies on the roles of quercetin and curcumin in the enhancement of mitophagy in Parkinson’s disease.



metic) dose response. Specifically, administration of low 
dose of berberine caused an increase in the viability of 
the cells and inhibited 6-OHDA-induced toxicity. Con-
trariwise, treatment with a high dose of berberine resulted 
to loss of cell viability and eventual cell loss. In this in-
stance, berberine acted by increasing the expression of 
Bcl-2 through activation of the PI3K/AKT signaling axis 
and also increases the expression of HO-1 through the 
activation of Nrf2 signaling cascade. The physiological 
implication of this is that PI3K/AKT activation promotes 
cellular integrity and survival and can associate with 
AKT/mTOR axis and autophagy modulator, while there is 
significant reduction in oxidative stress through Nrf2/HO-
1, fostering mitochondria protection and promoting an ef-
ficient mitophagic cascade.
Dopaminergic neuroprotective effects of berberine are 
further asserted through a study conducted by Bae et al. 
[55] using 6-Hydroxydopamine (6-OHDA)-treated SH-
SY5Y dopaminergic neuronal cells. Authors revealed that 
6-OHDA administration caused increase in the generation 
of reactive oxygen species in the SH-SY5Y cells. How-

ever, treatment with berberine at low dose significantly 
reduced the oxidative stress, inhibited caspase-3, and 
increased the expression of HO-1 through activation of 
Nrf2. Notably, Nrf2 knockout inhibited the expression of 
HO-1 and its protective role, reinforcing a direct causal 
association. In keeping with this, increased expression 
of Nrf2 is dependent on the upstream activation of PI3K/
Akt and p38 MAPK cascade signaling. Implicatively, the 
capacity of berberine to reverse mitochondria impairment 
in PINK1 knockout cells suggests its capacity in engag-
ing mitophagy and ensuring mitochondrial quality con-
trol through PINK1-independent mechanisms including 
AMPK-induced mitophagy or promotion of mitochondrial 
biogenesis by activating BNIP3/NIX, FUNDC1 cascade 
signaling that compensate for impaired PINK1/Parkin sig-
naling axis. The unique activation of mitophagy through 
a PINK1-independent axis makes berberine a little differ-
ent from compounds that act solely through established 
ubiquitin-dependent mitophagy cascade.

Baicalein
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Figure 2. Phytochemical enhancement of mitophagy. Hub-and-spoke diagram showing how five phytochemicals (resveratrol, berberine, baicalein, 
curcumin, quercetin) enhance mitophagy through mechanistically diverse pathways. 
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Baicalein is a plant-derived flavonoid from Scutellaria 
baicalensis. Baicalein mediates inhibitory action on do-
paminergic neuronal loss through activation of mitophagy 
via SIRT1/AMPK/mTOR signaling pathway. According 
to Chen et al. [56], administration of baicalein in 6-OHDA 
model of Parkinson’s disease caused reversal of mitochon-
dria fragmentation, promoted autophagosome formation, 
and inhibited neuronal apoptosis. Baicalein restored the 
mitochondrial homeostasis through inhibition of miR-30b-
5p, a microRNA that suppresses SIRT1 expression, in this 
manner; it relieves the inhibition imposed on the SIRT1 
and stimulates the phosphorylation of AMPK. The mTOR, 
a negative regulator of autophagy is in turn suppressed 
on account of this activation, resulting to enhanced mi-
tophagic process and improved mitochondrial biogenesis. 
Mechanistically, the action of baicalein is an indirect 
regulation of miRNA modulation and it is distinctively 
different compared to resveratrol which directly activates 
the SIRT through modulation of NAD+, revealing a spe-
cialized upstream control mechanism over SIRT pathway. 
Importantly, both pathways converge on AMPK-mediated 
mTOR inhibition which positions them with the network 
of mitochondrial homeostatic mechanism preservation.

Curcumin

Report has also shown the capacity of an important poly-
phenolic compound, curcumin, derived from Curcuma 
longa, to selectively promote autophagic clearance of im-
paired mitochondria through upregulation on PINK1 and 
Parkin expression [57]. In the same vein, curcumin has 
been shown to promote the translocation of transcription 
factor EB (TFEB), a critical regulator of lysosomal bio-
genesis, which accelerates the disintegration of damaged 
cellular organelles by complementing the activities of mi-
tophagy [58]. The mechanism of action of curcumin goes 
beyond just initiation of mitophagy, but it extends to the 
completion of the autophagy flux, a canonical mechanism 
that is impaired in the Parkinson’s disease. Curcumin links 
redox regulation to mitophagic homeostasis through acti-
vation of the Nrf2. The crosstalk between Nrf2 activation 
(oxidative defense) and PINK1/Parkin upregulation (mi-
tochondria clearance) exceptionally positions curcumin as 
a good candidate having dual modulation of mitochondria 
renewal, and having a striking difference compared with 
resveratrol which relies on the SIRT-LC3 deacetylation 
pathway [59].

Quercetin

Quercetin is a plant-derived flavonol reported to promote 
activation of AMPK and phosphorylation of ULK1, stimu-
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Figure 3. From mitophagy to dopaminergic neuroprotection: iranslational pathway. Left-to-right flow diagram showing the translational 
pathway from PD pathology (damaged mitochondrial, neurodegeneration, motor/non-motor symptoms) through phytochemical intervention (enhanced 
mitophagy via multiple mechanisms) to neuroprotection (restored mitochondrial homeostasis, preserved dopaminergic neurons, motor function 
improvement)



lating mitophagy independent of SIRTs [60]. According 
to Lin et al. [61], administration of quercetin in MPP+-
treated neuronal models caused preservation of mitochon-
dria membrane potential and inhibited aggregation of 
α-synuclein. Remarkably, administration of quercetin also 
upregulated the expression of PINK1, indicating partial 
convergence with established PINK1/Parkin pathway. 
Put together, quercetin stimulates AMPK through direct 
energy sensing axis, showing a SIRT-independent mecha-
nism unlike other compounds that appear to primarily 
activate AMPK via SIRT-mediated NAD+ modulation [62]. 
The mechanistic actions of individual phytochemicals dis-
cussed in this section provides insights into the molecular 
entry points into mitophagy regulation. These details are 
provided in Table 3, giving a comparative synthesis sum-
marizing mitophagic-related outcomes across studies. In 
the same vein, Figure 2 provides the phytochemical en-
hancement of mitophagy. Figure 3 above shows how the 
phytochemical enhancement of mitophagy translates to 
dopaminergic neuroprotection through restoration of mi-
tochondrial homeostasis.

Integration of mechanistic strategies of phyto-
chemical-modulated mitophagy in PD

The loss of dopaminergic neurons in PD is intricately 
linked to dyshomeostasis in mitochondrial function and 
ultimate failure of mitophagy, the main mitochondrial  
quality control mechanism. While the above reviewed 
phytochemicals are structurally and pharmacologically 
different, there appears a focal feature which centers on 
mitochondrial homeostasis, regulating mitophagic func-
tion. These phytochemicals modulate interrelated signal-
ing processes that control the integrity of mitochondria, 
oxidative balance, and viability of dopaminergic neurons 
of the substantia nigra pars compacta (SNpc) rather than 
acting through individual targets. PINK1/Parkin signaling 
cascade, the key regulator of mitophagy operates at the 
core of this convergence. Exposure to toxins induces neu-
roinflammation and mitochondria depolarization, a shared 
consequence of oxidative stress. This inhibits import and 
proteolytic degradation of PINK1, resulting in outer mi-
tochondria membrane accumulation of PINK1. Stabilized 
PINK1 is autophosphorylated which in effect activates the 
phosphorylation of ubiquitin and Parkin, thereby activat-
ing Parkin’s E3 ubiquitin ligase function. Important outer 
mitochondria membrane proteins are ubiquitinated by the 
activated Parkin. This process characterizes the impaired 
mitochondria for recognition by autophagy receptors 
and consequential removal through the autophagosome-
lysosome axis. Preservation or promotion of this signaling 
pathway is an important focus on which many phyto-
chemicals perform their modulatory functions in the dopa-
minergic neurons.
Persistence of dysfunctional mitochondria in the dopami-
nergic neurons is limited through phytochemical induced-
modulation of PINK1/Parkin pathway, which facilitates 
an efficient mitophagic flux. This process enhances energy 

biogenesis through reduction in mitochondria-derived ox-
ygen species and inhibits the release of pro-inflammatory 
mitochondria components, including mitochondrial DNA. 
Inhibition of this downstream stress signals mitigates ac-
tivation of inflammation-related networks, such as cGAS–
STING signaling, bringing about reduction in the ampli-
fication of neuroinflammation that stimulates progressive 
neuronal loss in PD.
Emerging evidence indicates that phytochemical-induced 
reinforcement of mitophagy particularly enhances the vi-
ability and survival of SNpc dopaminergic neurons, the 
high metabolic demanding neurons with increased basal 
oxidative load and low resistance to mitochondria stress. 
In SNpc dopaminergic neuron, even a low mitochondrial 
dysfunction can cause cumulative neuronal damage, syn-
aptic dysfunction, and eventual neuronal death. Applica-
tion of phytochemicals may confer selective dopaminergic 
neuroprotection by stabilizing mitophagic process, the 
mitochondrial quality control system.
The highlighted observations collectively reinforce a 
network-based view wherein phytochemicals function by 
modulating the mitophagy, the mitochondrial quality con-
trol system rather than as a single-target agent. The ability 
of these phytochemicals to stimulate upstream mitochon-
dria stability, amplify PINK1/Parkin-dependent mitoph-
agy, and inhibit downstream oxidative and inflammatory 
signaling pathways suggests a mechanistic pathway link-
ing the application of phytochemicals as neuroprotectants 
for dopaminergic neurons. This consolidative perspective 
gives indications that mitophagy plays a pivotal role in the 
application of therapies in PD and underpins the potential 
of phytochemical approaches in restoring the resilience of 
mitochondria in neurodegenerative conditions, especially 
PD.

Limitations

Despite the robust preclinical data, there are still limita-
tions as most conclusions are drawn from cell culture and 
rodent models. There are few translational studies or phar-
macokinetic validations in human subjects. Of importance 
is the suboptimal bioavailability and limited or inability 
of some phytochemicals to cross the blood-brain bar-
rier, raising arguments about whether the central nervous 
system can receive the required concentration needed for 
its protection. Another striking limitation to some these 
preclinical studies is the therapeutic optimization which 
is challenged by streamlined dose windows and hormetic 
responses as displayed by most phytochemicals where 
benefits obtained from low dose may not scale predictably 
to human physiology and therefore necessitate a thorough 
pharmacokinetics and pharmacodynamics characteriza-
tion. Mechanistically, AMPK activation is a canonical 
mechanism of most phytochemicals; however, the body of 
knowledge is still limited about the specific downstream 
mitophagy pathways involved by different phytochemi-
cals. Furthermore, potential questions about metabolic or 
potential off-target effect of prolonged AMPK activation 
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need to be put into consideration.
It is important to acknowledge that the current body of 
knowledge about phytochemical-mediated mitophagy in 
PD is predominantly based on in vitro experiments and 
animal models, which may not totally provide the intricate 
pathophysiology and progression of PD as experienced 
by humans. Notably, variations in dosing regimen, experi-
mental designs, and PD models across studies make direct 
comparability of findings difficult. Notwithstanding the 
robustness of many preclinical data, providing compelling 
evidence for the neuroprotective potential of phytochemi-
cals directed to mitophagic pathways, well-designed trans-
lationally and clinical investigations are further needed in 
order to determine the therapeutic effectiveness of phyto-
chemicals in individuals with PD.

Translational and therapeutic implications

The collective evidence reviews are clear indications that 
phytochemical-mediated mitophagic modulation repre-
sents a potential paradigm shift from purely symptomatic 
dopamine replacement therapy towards mitochondrial 

quality-control-based dopaminergic neuroprotection. Phy-
tochemicals may serve as adjuvant therapeutic candidates, 
with capacity to enhance neuronal survival by restoring 
mitochondrial integrity rather than functioning as a direct 
dopaminergic substitute. On this premise, potential pre-
clinical effects of the phytochemicals can translate into 
meaningful clinical outcomes.
Integration of phytochemicals as adjunctive strategies 
alongside existing therapeutic approaches, such as L-
DOPA therapy and neurorehabilitation interventions, may 
offer synergistic benefits by addressing the pathophysi-
ological mechanisms as well as symptomatic deficits as-
sociated with PD. Despite promising preclinical evidence, 
bioavailability challenges can be overcome through ad-
vances in intranasal delivery systems, nanoformulation, 
and structural optimization, which may further increase 
the bioavailability of the compounds in the CNS, thereby 
improving translational feasibility. In the same vein, fu-
ture clinical trials should incorporate mitophagy biomark-
ers (mtDNA, LC3-II, PINK1 in CSF/blood) to assess 
target engagement. Figure 4 above shows the limitations 
and the solutions to bridging the knowledge gaps in the 
development of evidenced-based, mitochondria-directed 

Figure 4. Knowledge gaps and future directions: bridging the translational gap. Four-quadrant diagram addressing critical limitations 
(bioavailability, dosage/standardization, experimental design, clinical translation) and proposing solutions (nanoformulations, dose-response studies, 
long-term/primate models, clinical trials with biomarkers) for translating phytochemical-enhanced mitophagy from preclinical evidence to clinical 
application.
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nutraceuticals for PD management.

Conclusions

Modulation of the PINK1/Parkin signaling pathways 
remains a pivotal mechanism in the restoration of mito-
chondrial homeostasis and enhancement of mitophagy 
in Parkinson’s disease. Application of phytochemicals, 
which are plant-derived molecules, has shown promis-
ing effects in driving mitochondrial homeostasis. Reports 
from molecular and cellular studies using animal models 
of Parkinson’s disease reveal that phytochemicals such as 
resveratrol, berberine, and baicalein offer dopaminergic 
neuroprotective property by stabilizing PINK1, promoting 
Parkin translocation, improving mitochondria membrane 
potential, and stimulating biological factors including 
AMPK, SIRT1, Nrf2, and PGC-1α. Clearance of impaired 
mitochondria is enhanced through these mechanisms, 
which inhibit generation of reactive oxygen species, and 
protect the integrity of dopaminergic cells.
There are still limitations, specifically knowledge gaps 
despite the up to date stimulating findings. Importantly, 
there is poor body of knowledge about bioavailability, 
optimal dosing, pharmacokinetics, and long term safety 
of phytochemical interventions. Many studies are focused 
on preclinical research which is limited by heterogeneity 
in experimental design, limited mechanistic depth, and 
a poor standardized outcome evaluation. More rigorous 
mechanistic researches are required to bridge this knowl-
edge gap and harmonize methodologies to promote well-
designed translational studies involving human-obtained 
cellular systems and early phase of clinical trials.
A better understanding of the mechanisms by which 
phytochemicals modulate PINK1/Parkin-dependent and 
independent mitophagy give a critical framework for the 
development of mitochondria-focused adjunctive and nu-
traceutical therapies. Mitophagic axis remains a disease 
modifying approach, and there is need to investigate on 
targeting it as a potential strategy in Parkinson’s disease 
management. Further investigation of the molecular as-
sociations remains critical for promoting phytochemical 
based strategies from preclinical models to clinical strat-
egy.
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