
lable at ScienceDirect

Journal of Pharmaceutical Analysis 15 (2025) 101146
Contents lists avai
Journal of Pharmaceutical Analysis

journal homepage: www.elsevier .com/locate/ jpa
Review paper
Mitochondrial quality control disorder in neurodegenerative
disorders: Potential and advantages of traditional Chinese medicines

Lei Xu a, b, 1, Tao Zhang a, b, 1, Baojie Zhu a, Honglin Tao a, Yue Liu c, Xianfeng Liu a, ***,
Yi Zhang c, *, Xianli Meng a, b, d, **

a State Key Laboratory of Southwestern Chinese Medicine Resources, Innovative Institute of Chinese Medicine and Pharmacy, Chengdu University of
Traditional Chinese Medicine, Chengdu, 611137, China
b College of Pharmacy, Chengdu University of Traditional Chinese Medicine, Chengdu, 611137, China
c School of Ethnic Medicine, Chengdu University of Traditional Chinese Medicine, Chengdu, 611137, China
d Meishan Hospital of Chengdu University of Traditional Chinese Medicine, Meishan, Sichuan, 620032, China
a r t i c l e i n f o

Article history:
Received 12 July 2024
Received in revised form
31 October 2024
Accepted 10 November 2024
Available online 14 November 2024

Keywords:
Mitochondrial quality control
Neurodegenerative disorder
Traditional Chinese medicine
Peer review under responsibility of Xi'an Jiaotong
* Corresponding author.
** Corresponding author. State Key Laboratory of Sou
Resources, Innovative Institute of Chinese Medicine a
versity of Traditional Chinese Medicine, Chengdu, 611
*** Corresponding author.

E-mail addresses: zhangyi@cdutcm.edu.cn (Y. Zha
(X. Meng), 1697339184@qq.com (X. Liu).

1 Both authors contributed equally to this work.

https://doi.org/10.1016/j.jpha.2024.101146
2095-1779/© 2024 The Authors. Published by Elsevie
creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Neurodegenerative disorders (NDDs) are prevalent chronic conditions characterized by progressive
synaptic loss and pathological protein alterations. Increasing evidence suggested that mitochondrial
quality control (MQC) serves as the key cellular process responsible for clearing misfolded proteins and
impaired mitochondria. Herein, we provided a comprehensive analysis of the mechanisms through
which MQC mediates the onset and progression of NDDs, emphasizing mitochondrial dynamic stability,
the clearance of damaged mitochondria, and the generation of new mitochondria. In addition, traditional
Chinese medicines (TCMs) and their active monomers targeting MQC in NDD treatment have been
demonstrated. Consequently, we compiled the TCMs that show great potential in the treatment of NDDs
by targeting MQC, aiming to offer novel insights and a scientific foundation for the use of MQC stabilizers
in NDD prevention and treatment.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Neurodegenerative disorders (NDDs) are characterized by dis-
ruptions in neuronal function, synaptic impairments, and the
gradual degeneration of susceptible neuronal populations. Major
NDDs, including Alzheimer's disease (AD), Parkinson's disease (PD),
and Huntington's disease (HD), rank among the leading global
causes of disability and mortality, particularly affecting aging
populations [1]. By 2022, over 70 million individuals were diag-
nosed with NDDs, with PD alone affecting approximately 10million
people worldwide [2]. These disorders present significant health
challenge, with projected economic burdens expected to surpass
one trillion dollars by 2050 [3]. Patients with NDD typically
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experience chronic neuronal cell death, diminishedmotor function,
impaired coordination, mobility issues, respiratory complications,
and cognitive decline [4]. Therefore, NDDs have been currently
regarded as a major health threat to humanity and attracted wide
attention from medical researchers worldwide [5].

Mitochondrial dysfunction has been increasingly recognized as
a critical factor in NDDs, disrupting cellular metabolism and
signaling pathways [6]. Recent studies underscore mitochondrial
impairment as a primary driver of neurodegeneration, closely
linked to calcium (Ca2þ) dysregulation, disrupted mitochondrial
dynamics, and mitochondrial membrane permeability (MMP)
defects [7]. Therefore, maintaining mitochondrial homeostasis
and proteostasis is essential for neuronal health [8]. Mitochon-
drial quality control (MQC) constitutes a complex network
responsible for preserving mitochondrial function through pro-
cesses such as biogenesis, dynamics, and mitophagy [9,10].
Mitochondria adapt their morphology via fission or fusion in
response to cellular demands and stress. Under severe stress
conditions, mitophagy is activated to eliminate damaged mito-
chondria and generate new ones [11]. Emerging evidence sug-
gests that specific protein aggregates may interfere with
mitophagy, potentially exacerbating disease progression, an area
warranting further investigation. Given the pivotal role of MQC in
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NDDs, ongoing research is exploring therapeutic interventions
aimed at modulating MQC mechanisms.

Unfortunately, current treatments primarily address symptoms,
rather than the underlying causes [12,13]. Pharmacological in-
terventions often lead to adverse effects. For example, long-term
dopamine (DA) replacement therapy in PD can result in drug
resistance and withdrawal symptoms, which may worsen the
condition and pose significant risks [14,15]. This creates substan-
tial challenges for neurologists, necessitating careful and frequent
dosage adjustments [16]. As a result, the development of new
therapeutic strategies is critically needed. Traditional Chinese
medicine (TCM) has emerged as a promising alternative for
managing age-related neurodegenerative conditions [17]. Its
multi-pathway, multi-target nature offers potential to mitigate
drug resistance in NDDs while minimizing adverse reactions [18].
Although NDD mechanisms remain only partially understood [19],
growing evidence highlights the pivotal role of MQC and TCM's
potential in regulating these processes. Consequently, under-
standing how TCM targets MQC for NDD treatment has become
increasingly important.

Despite this, the literature summarizing the effects of TCM on
NDD progression through MQC modulation is sparse. To address
this, a systematic search of studies published up to June 29, 2024
was conducted, across Web of Science, PubMed, Google Scholar,
Chinese National Knowledge Infrastructure (CNKI), Wanfang
Database, and ScienceDirect using key terms such as “neurode-
generative disease”, “mitochondrial quality control”, “traditional
Fig. 1. Overview of mitochondrial quality control (MQC). MQC is a cellular mechanism that m
and function. This cycle encompasses (A) biogenesis, (B) dynamics, and (C) mitophagy. PGC-1
factor erythroid 2-related factor 1/2; TFAM: mitochondrial transcription factor A; mtDNA: m
related 16-like 1; WD40: WD40 repeat-containing proteins; CC: coiled-coil domain; BD: A
coordinated 51-like kinase 1; ATG: autophagy-related proteins; Drp1: dynamin-related prote
49/51; Fis1: fission protein 1.

2

Chinese medicine”, “herbal formulas”, and “plant extracts”. This
review primarily focused on the pathophysiological mechanisms
through which TCMs modulate MQC in NDDs, detailing the role of
MQC in these disorders. Additionally, it critically examined the
ongoing challenges in MQC research related to NDDs and pro-
posed specific solutions to guide future investigations.

2. Overview of MQC

Mitochondria are central to cellular energy production and
oxidative stress regulation, making MQC, which preserves mito-
chondrial homeostasis, vital for cellular health [20]. This section
outlines the processes involved in MQC and the various mecha-
nisms governing mitochondrial homeostasis (Fig. 1).

2.1. Mitochondrial dynamics

Mitochondrial dynamics refers to the ongoing changes in
mitochondrial distribution, morphology, and function through the
processes of fission and fusion [21]. These processes ensure the
equitable distribution of mitochondrial content, with MQC and
intracellular transport occurring in conjunction with fission and
fusion, to support neuronal integrity [22,23].

Mitochondrial fission is primarily regulated by the cytosolic
guanosine-triphosphate (GTP) hydrolase (GTPase) dynamin-related
protein 1 (Drp1) [24]. Identified in 1999, Drp1 functions as a GTPase
that drives mitochondrial fission [25]. Although Drp1 lacks a
aintains the healthy state of mitochondria within the cell by regulating their quantity
a: peroxisome proliferator-activated receptor-g (PPARg) coactivator-1a; Nrf1/2: nuclear
itochondrial DNA; Mfn1/2: mitofusin 1/2; OPA1: optic atrophy 1; ATG16L1: autophagy
tg5-binding domain; LC3: microtubule-associated protein 1 light chain 3; ULK1: un-
in 1; MFF: mitochondrial fission factor; MiD49/51: mitochondrial dynamics proteins of
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transmembrane domain, it shuttles between the cytoplasm and the
outer mitochondrial membrane (OMM) by interacting with pro-
teins such as fission protein 1 (Fis1), mitochondrial fission factor,
and mitochondrial dynamics protein 49 (MiD49) [26]. Specific
adaptor proteins in the OMM facilitate Drp1 recruitment, where it
translocates to contact sites with the endoplasmic reticulum. Drp1
oligomerizes into a helical structure, encircling and cleaving
mitochondria into daughter organelles in a GTP-dependent manner
[27]. Drp1 dysfunction hinders cytochrome C release during
apoptosis, underscoring its role in mitochondrial fission [28].
MiD49 and MiD51 also independently recruit Drp1 and are essen-
tial for mitochondrial fission [29]. Various stressors, both intracel-
lular and extracellular, trigger Drp1 translocation to the OMM,
activating GTPase activity and initiatingmitochondrial fission, a key
early event associated with impaired apoptosis or autophagy.
Research links mitochondrial dysfunction with reduced brain
metabolism, an early hallmark of NDDs [30].

Mitochondrial fusion complements fission by enabling the ex-
change of mitochondrial DNA (mtDNA) and supporting mitochon-
drial function [31]. Impaired fusion can lead to the accumulation of
dysfunctional mitochondria [32]. Fusion involves both the OMM
and inner mitochondrial membrane (IMM), and is regulated by 3
large GTPases: mitofusin 1 (Mfn1), Mfn2, and optic atrophy 1
(OPA1) [33]. Mfn1 and Mfn2 interact through their coiled-coil do-
mains, promoting OMM fusion and membrane tethering [34]. The
absence or inhibition of Mfn1/2 disrupts fusion, resulting in frag-
mented mitochondria, impaired protein transport, and neurode-
generative changes [35]. Mice deficient in Mfn1/2 exhibit
fragmented mitochondria and die mid-pregnancy, with their em-
bryonic fibroblasts displaying disrupted mitochondrial structures
[36]. Conversely, overexpression of Mfn1 and Mfn2 inhibits fission
and reduces B-cell lymphoma-2 (Bcl-2)-associated X (Bax)-induced
apoptosis [37].

OPA1mediates IMM fusion and exists in into two forms: long (L-
OPA1) and short (S-OPA1), both anchored to the IMM under normal
conditions [38]. Under stress, L-OPA1 is cleaved into S-OPA1, inhib-
iting mitochondrial fusion [39]. OPA1 dysfunction can lead to the
accumulation of tricarboxylic acid (TCA) cycle intermediates [40].
Impaired fusion also reduces mitochondrial mobility, disrupts
cellular fusion processes, and impairs directional cell movement
[41].

In summary, mitochondrial dynamics play a critical role in
maintaining mtDNA integrity, Ca2þ signaling, and neuronal
remodeling. Disrupted mitochondrial dynamics often result in
mitochondrial dysfunction and fragmentation. Thus, achieving a
balance between mitochondrial fusion and fission is essential for
understanding diseases related to mitochondrial dynamics.

2.2. Mitophagy

Neurons, as highly specialized post-mitotic cells with expansive
dendritic and axonal cytoplasm, rely heavily on the proper distri-
bution and function of mitochondria to maintain cellular integrity
[42,43]. Mitophagy, a form of selective mitochondrial degradation
through autophagy, is an evolutionarily conserved process essential
for cellular health [44]. Acting as a key component of MQC,
mitophagy safeguards neuronal cells by eliminating dysfunctional
or surplus mitochondria [45].

Autophagy, a lysosome-mediated degradation pathway, in-
cludes macroautophagy, microautophagy, and chaperone-
mediated autophagy [46]. Macroautophagy is a broad cellular
mechanism capable of degrading diverse structures such as or-
ganelles and protein aggregates [47]. Mitophagy, a specialized form
of macroautophagy, selectively targets damaged mitochondria,
categorizing it under selective autophagy [48]. Across all types of
3

autophagy, the process involves initiation, prolongation,
autophagosome-lysosome fusion, degradation, and clearance [49].
Triggers for mitophagy include mitochondrial aging, decreased
MMP, and mtDNA damage [50]. These triggers result in
adenosine triphosphate (ATP) depletion, excessive reactive oxygen
species (ROS) production, and defects in the electron transport
chain (ETC), ultimately leading to mitochondrial dysfunction [51].
Thus, maintaining appropriate levels of mitophagy is critical for
mitochondrial turnover, function, and overall neuronal health.

Mitophagy is regulated via both ubiquitin (Ub)-dependent and
Ub-independent pathways (e.g., Bcl-2/adenovirus E1B 19 kDa
interacting protein 3 (BNIP3), BNIP3-like (BNIP3L/NIX), FUN 14
domain-containing 1 (FUNDC1), and Bcl-2-like 13 (BCL2L13)-
mediated mitophagy) [52] (Fig. 2). Mutations in proteins of the Ub-
proteasome system (UPS), such as F-box protein 7 (FBXO7) and
Parkin, are linked to dopaminergic (DA) neuron degeneration in PD
[53]. Among these, the phosphatase and tensin homolog (PTEN)-
induced putative kinase 1 (PINK1)/Parkin-mediated Ub-dependent
mitophagy is the most extensively studied pathway [54]. Parkin, a
homologous to E6-associated protein C terminus (HECT/RING)
finger E3 ligase, functions as a catalytic hub, transferring Ub to
substrates [55]. The process initiates with PINK1 accumulation on
damaged mitochondria, which recruits Parkin from the cytosol to
themitochondria Parkin subsequently ubiquitinates OMMproteins,
activating the UPS [56]. The combined actions of UPS and adenosine
triphosphatase (ATPase)-associated with diverse cellular activities
(AAA) þ ATPase p97 then degrade OMM proteins, prompting
autophagosome formation and isolating the damaged mitochon-
dria for degradation [57].

Beyond the classical PINK1-Parkin pathway, additional re-
ceptors such as Beclin1-regulated autophagy protein 1 (AMBRA1),
NIX, and FUNDC1 also play pivotal roles in mitophagy regulation
[58]. FUNDC1 modulates mitochondrial dynamics and promotes
mitophagy under hypoxic conditions [59], while AMBRA1 interacts
with LC3 to induce mitophagy in a manner similar to Parkin [60].
NIX has been shown to mediate mitophagy across various cell
types, including neurons [61]. In summary, these autophagy-
related proteins maintain the delicate balance of mitophagy
necessary for cellular health. Emerging evidence highlights the
critical role of moderate mitophagy in preserving metabolic ho-
meostasis and cellular survival in vivo and in vitro. For instance,
inhibiting BNIP3 expression restored normal MMP in muscle cells
of patients with HD [62]. Additionally, overexpression of
AMBRA1ActA enhanced mitochondrial clearance in SH-SY5Y cells,
and AMBRA1-induced mitophagy reduced apoptosis triggered by
6-hydroxydopamine (6-OHDA) and rotenone (Rot) [63]. In a
Drosophila model of HD, PINK1 overexpression mitigated mito-
chondrial aggregation and alleviated neurotoxicity associated with
mutant huntingtin (mHTT) [64]. Furthermore, in a Drosophila PD
model, grape skin extract activated mitophagy, preserved mito-
chondrial function, and delayed PD onset [65].

Mitophagy represents a vital mechanism within MQC, with
significant implications for neuronal integrity. However, the impact
of heightened mitophagy on neuronal health requires investiga-
tion. As a key cellular process in NDDs, mitophagy will be discussed
in subsequent sections. Further research into enhancing mitophagy
holds promise for protecting neurons from functional decline and
degeneration.

2.3. Mitochondrial biogenesis

Mitochondrial biogenesis is a complex, coordinated process
encompassing the replication, transcription, and translation
necessary for generating new mitochondria, a critical function for
numerous ATP-dependent processes essential for neuronal activity



Fig. 2. Ubiquitin (Ub) dependent and independent mitophagy pathways. Ub-dependent mitophagy leads to ubiquitination of mitochondrial surface proteins and their binding to Ub
chains. In contrast, Ub-independent mitophagy occurs through direct interaction between mitochondrial receptors, such as FUN 14 domain-containing 1 (FUNDC1) and B-cell
lymphoma-2 (Bcl-2)/adenovirus E1B 19 kDa interacting protein 3 (BNIP3), with microtubule-associated protein 1 light chain 3 (LC3) on the autophagosomal membrane. This
interaction enhances the formation of autophagosomes around the mitochondria, facilitating their sequestration and subsequent degradation. PINK1: phosphatase and tensin
homolog (PTEN)-induced putative kinase 1; MUL1: mitochondrial E3 Ub protein ligase 1; SMURF1: smad ubiquitination regulatory factor 1; FKBP8: FK506 binding protein 8;
BCL2L13: B-cell lymphoma-2 (Bcl-2)-like 13; ATG16L1: Atg16-like proteins; WD40: WD40 repeat-containing proteins; CC: coiled-coil domain; BD: Atg5-binding domain; ULK1:
uncoordinated 51-like kinase 1; ATG: autophagy-related proteins.
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[66]. This process typically initiates from pre-existing mitochon-
dria, with peroxisome proliferator-activated receptor g (PPARg)
coactivator 1-a (PGC-1a) as its central regulator [67]. PGC-1a forms
transcriptional complexes with DNA, activating factors that regu-
late nuclear genes encoding mitochondrial proteins [68]. Mito-
chondrial transcription factor A (TFAM), synthesized from nuclear
DNA, is essential for transcribing 13 key enzymes encoded by the
mitochondrial genome, vital for ETC assembly [69]. Given their
substantial energy demands, neurons express high levels of PGC-1a
[70]. Cytosolic proteins are imported into the mitochondria via the
translocase of the OMM (TOM), which recognizes positively
charged N-terminal presequences. These proteins are subsequently
transferred to the IMM through the translocase of the IMM 23
(TIM23)-dependent pathway [71].
4

PGC-1a knockout mice exhibited behavioral abnormalities
consistent with NDDs, along with sponge-like lesions in the stria-
tum and dysfunctions in both the motor cortex and hippocampus,
underscoring the critical role of mitochondrial biogenesis in syn-
aptic and brain development [72].

In conclusion, MQC is fundamental to preserving neuronal
functionality and integrity, facilitating the removal of damaged
mitochondria and protein aggregates while promoting the gener-
ation of newmitochondria. Although MQC's pivotal role in NDDs is
widely recognized, a significant gap remains between the efficacy
of pharmacological interventions targeting MQC and the antici-
pated therapeutic outcomes. Therefore, further research is needed
into the specific roles of alternative MQC pathways in NDD
pathogenesis.



L. Xu, T. Zhang, B. Zhu et al. Journal of Pharmaceutical Analysis 15 (2025) 101146
3. Potential roles of MQC in NDDs

Neurons are highly energy-demanding, with mitochondria
playing a critical role in ATP production. Mitochondrial dysfunction
and impaired quality control are key features of NDDs [73].
Therefore, identifying pathways that regulate mitochondrial con-
tent and quality is essential for developing therapeutic strategies
for NDDs. This section explores the pivotal role of MQC in several
major NDDs.

3.1. AD

AD is among the most prevalent forms of dementia, affecting
approximately 50 million people worldwide, a figure expected to
rise to 150 million by 2050, imposing significant economic burdens
[74]. Pathologically, AD is marked by the deposition of amyloid b
(Ab) peptide, the formation of neurofibrillary tangles, and the
progressive loss of neurons in the brain [75]. Although the precise
etiology of AD remains elusive, growing evidence suggests that
disruptions in MQC contribute to synaptic and neuronal degener-
ation in the disease's onset and progression [76].

Mitochondria are dynamic organelles that undergo continuous
fission (regulated by Drp1 and Fis1) and fusion (regulated by OPA1,
Mfn1, andMfn2) tomaintainmitochondrial homeostasis [77]. In Ab-
overloaded mice, dysregulation of mitochondrial dynamics, partic-
ularly in the cerebral cortex andhippocampus, has been attributed to
Ab accumulation, with mitochondrial dysfunction potentially rep-
resenting an early hallmark of AD [78]. Increasing evidence suggests
that Drp1 interacts with both Ab and Tau in human brain tissues and
mousemodels [79]. Inpatientswith AD,mitochondrial dynamics are
skewed toward excessive fission [80], with elevated levels of the key
mitochondrial fission protein Drp1 observed in postmortem AD tis-
sues [81]. Research involving primary neurons has shown that
exposure to Ab peptides reduced mitochondrial fusion proteins
(Mfn1, Mfn2, and OPA1) while simultaneously increasing the
expression of Drp1 [82,83]. Drp1 knockout studies in mice revealed
that a deficiency inDrp1 led tomitochondrial fragmentationand loss,
exacerbating the neurotoxicity associated with mutant amyloid
precursor protein (APP) [81]. Additionally, in animal models pre-
treated with Ab, inhibition of Drp1 alleviated mitochondrial frag-
mentation, restored MMP, reduced ROS production, improved ATP
levels, and mitigated synaptic depression [84]. In Ab25e35-induced
rat models, PINK1 knockout led to enhanced mitochondrial fission
and fusion, resulting in more pronounced cellular damage, whereas
PINK1 overexpression mitigated the abnormal increase in mito-
chondrial fusionproteins induced byAb25e35 [85].Mdivi1, a selective
Drp1 inhibitor, has shownpromise as a therapeutic strategy forADby
promoting mitochondrial fusion and biogenesis while reducing
mitochondrial fission and dysfunction [86]. In summary, targeted
suppression of Drp1 represents a promising approach for mitigating
AD-related mitochondrial dysfunction and neurodegeneration.

Recent research suggests that C-terminal fragments (CTFs)
derived from APP-CTFs may play a critical role in the pathology of
AD [87]. Vaillant-Beuchot et al. [88] reported a correlation between
impaired mitophagy and the accumulation of mitochondrial APP-
CTFs in sporadic AD brain samples. Beyond the “amyloid hypoth-
esis”, increasing evidence emphasizes the significant involvement
of phosphorylated tau (p-tau) in AD pathogenesis [89]. Tau
hyperphosphorylation is a hallmark of AD, and both autophagy and
mitophagy are integral to the processes involved in tauopathies
[90]. Impaired mitophagy has been observed in both AD animal
models and patients [91,92], where AD hippocampal neurons
exhibit reduced mitochondrial size, increased damage, and accu-
mulated dysfunctional mitochondria compared to healthy controls
[93]. Emerging evidence highlights several potent mitophagy
5

inducers, such as nicotinamide riboside, urolithin A, and actinonin,
which have demonstrated efficacy in promoting cell survival,
enhancing mitophagy-related gene expression, and exerting neu-
roprotective effects in preclinical models [94e96]. For instance, in
the 5� familial AD (FAD) mouse model, melatonin treatment
restored mitophagy by promoting the fusion of mitophagosomes
with lysosomes, thereby alleviating mitochondrial dysfunction.
Chloroquine, an autophagy inhibitor, was found to block this
melatonin-induced mitophagy and aggravate Ab deposition pa-
thology [97]. Disruption of autophagosome-lysosome fusion has
also been identified as a contributing factor to impaired mitophagy
in AD [98]. For example, Zhang et al. [99] reported that inhibiting
autophagosome-lysosome fusion in HT22 cells exacerbated axonal
dystrophy. Additionally, transient receptor potential mucolipin 1
(TRPML1), a channel involved in Ca2þ release from endosomes and
lysosomes, was found to interact with sequestosome 1 (p62) to
promote autophagosome-lysosome fusion in APP/presenilin 1
(PS1) mouse neurons [100]. These cross-species findings under-
scored the consistent association between disrupted mitophagy
and AD.

AD is also characterized by the downregulation of mitochondrial
oxidative phosphorylation (OXPHOS) and disruptions in the mito-
chondrial import pathways [101]. A primary factor in impaired
mitochondrial biogenesis in AD is the increased interaction of
pathogenic proteins, such as Ab and p-tau, with mitochondria
[102]. While the exact mechanisms through which Ab disrupts
mitochondrial biogenesis remain unclear, decreased messenger
RNA (mRNA) and protein levels of key mitochondrial biogenesis
genes, including PGC-1a, nuclear factor erythroid 2-related factor 1
(Nrf1), Nrf2, and TFAM, have been observed in postmortem brain
tissue from patients with AD, as well as in cellular and mouse
models [103e105]. Building on earlier findings that neural stem
cell-derived exosomes (NSC-ex) enhanced mitochondrial function
in the mouse cerebral cortex, Li et al. [106] demonstrated that NSC-
ex upregulated sirtuin 1 (SIRT1) expression and restored the dis-
tribution of key mitochondrial biogenesis proteins, such as PGC-1a,
Nrf1, and cytochrome C oxidase subunit IV in ADmice. Additionally,
pharmacological activation or overexpression of PGC-1a has been
shown to prevent neuronal apoptosis, oxidative stress, and
inflammation, while alleviating neuronal loss and cognitive deficits
in AD models [107,108]. PGC-1a overexpression also improved
spatial and recognition memory in APP23 mice and significantly
reduced Ab deposition [109]. Furthermore, recent studies indicated
that Nrf2 activation offered protection against pro-inflammatory
microglial activation and tau pathology in AD minibrains [110].
These findings indicate that dysregulated signaling of mitochon-
drial biogenesis genes plays a key role in AD pathophysiology.
Given the pleiotropic regulatory functions of MQC in AD, closely
monitoring and targeting MQC pathways may offer promising
therapeutic strategies.

3.2. PD

PD is the most common neurodegenerative movement disorder,
currently affecting approximately 10 million individuals world-
wide, with this number projected to rise to 12 million by 2050 [74].
Key symptoms of PD include bradykinesia, resting tremors, and
abnormal gait [111]. Pathologically, PD is marked by the progressive
degeneration of DA neurons in the substantia nigra (SN) pars
compacta (SNpc) and the presence of Lewy bodies in surviving
neurons [112]. Increasing evidence suggests that impaired MQC,
particularly defective mitophagy and mitochondrial dysfunction,
plays a pivotal role in PD pathogenesis. During disease onset,
neuronal cells experience chronic stress due to failures in MQC
mechanisms [113].
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Disruption of mitochondrial dynamics has been linked to
nigrostriatal defects, posing a risk for retrograde degeneration of
DA neurons [114]. In PD, mitochondrial dynamics tend to shift to-
ward excessive fission, with cells from patients with idiopathic PD
showing greater variability in mitochondrial morphology [115].
Neurotoxins such as 6-OHDA, Rot, and 1-methy-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) have been implicated in DA neuron
loss, primarily by disturbing Drp1/Mfn2-mediated mitochondrial
dynamics [116,117]. Recent studies suggest that aberrant mito-
chondrial fission and apoptosis induced by MPTP in vitro can be
partially reversed through Drp1 knockdown [118]. Disruption in the
balance of mitochondrial fission and fusion, caused by the down-
regulation of key proteins such as Mfn1/2 and Drp1, impairs Ca2þ

homeostasis and increases mitochondrial Bax levels, leading to
excitotoxic neuronal death [119]. On the other hand, Mfn2 over-
expression has been shown to protect DA neurons from paraquat
(PQ)-induced mitochondrial dysfunction, reducing fragmentation
and selective DA neuron loss in both the SNpc and striatal axonal
terminals [120].

Mitophagy, a key protective mechanism that eliminates
damaged mitochondria, is essential for maintaining neuronal
health [121]. Abnormal mitochondrial morphology and accumula-
tion of damagedmitochondria are common pathological features of
PD, particularly in cellular and animal models with PINK1 or Parkin
deletion or mutation [122]. Approximately 50 % of recessively
inherited early-onset PD cases result from loss-of-function muta-
tions in the Parkin ring-between-ring E3 Ub protein ligase (PARK2)
gene, which encodes the E3 Ub ligase Parkin [123]. Knockout
studies in mice revealed that PINK1 downregulation led to
impaired dendritic spine maturation, reduced axonal synaptic
vesicles, abnormal synaptic connections, and diminished long-term
synaptic potentiation, underscoring the essential role of PINK1-
mediated mitophagy in polarized neurons [124]. In MPTP-
pretreated PD mouse models, activation of the PINK1-Parkin
pathway via Clostridium butyricum has been shown to reduce
oxidative stress and alleviate mitochondrial damage, suggesting a
potential neuroprotective role of PINK1-Parkin-regulated mitoph-
agy in vivo [125]. Moreover, studies on lipopolysaccharide (LPS)-1-
methyl-4-phenylpyridinium (MPP)þ-treated mouse microglia
indicated that Parkin-mediated mitophagy acted upstream in
neuroprotection, with Parkin activation alleviating downstream
effects, including DA neuron loss [121]. In addition to PINK1 and
Parkin, mutations in other PD-related genes, such as leucine-rich
repeat kinase 2 (LRRK2), glucocerebrosidase-1 (GBA1), and PD
protein 7 (PARK7/DJ-1), also contribute to mitochondrial dysfunc-
tion and altered autophagy [111]. For example, LRRK2R1441G mutant
mice exhibited abnormal mitochondrial morphology and impaired
autophagy in the striatum, while DJ-1b deletion mutant flies
showed similar autophagic defects. GBA1 knockout mice displayed
mitochondrial defects and reduced MMP [126e128].

A reduction in PGC-1a levels and the suppression of its target
genes in DA neurons are essential for supporting mitochondrial
biogenesis [129]. Laser capture microdissection of SN neurons from
patients with PD has revealed a significantly higher mtDNA dele-
tion burden compared to age-matched controls [130]. In MPPþ-
induced PD mouse models, a bionic nanoparticle designed to target
mitochondrial biogenesis effectively enhanced mitochondrial
function and MMP by activating the nicotinamide adenine dinu-
cleotide (NADþ)/SIRT1/PGC-1a/Nrf1/TFAM signaling pathway,
thereby mitigating neuronal toxicity [131]. Similarly, in 6-OHDA-
treated SH-SY5Y cells, chiisanoside (a saponin from Acanthopanax
sessiliflorus) was shown to restore the expression of PGC-1a and its
downstream genes, which had been suppressed by 6-OHDA
exposure [132]. Notably, animal studies demonstrated that inhib-
iting PGC-1a can result in DA neuron loss and mitochondrial
6

dysfunction, with PGC-1a knockout mice exhibiting progressive DA
degeneration in the SNpc and striatal DA deficits with age [133].
These findings strongly suggest that alterations disruptions in MQC
may underlie in a common pathogenic mechanism associated with
multiple genetic risk factors for PD, highlighting the therapeutic
potential of targeting these pathways for novel treatment
strategies.

3.3. HD

HD is characterized by progressive motor, psychiatric, and
cognitive decline. It is caused by the expansion of a CAG repeat
sequence (>36) in exon 1 of the huntingtin protein gene (HTT),
leading to the aggregation of polyglutamine [134]. The age of onset
and disease severity are closely correlated with the length of these
CAG repeats [135].

Pathologically, the accumulation of mHTT oligomers has been
linked to mitochondrial fragmentation, disrupted mitochondrial
dynamics, and oxidative DNA damage in affected neurons [136].
Regulators of mitochondrial fusion and fission, such as Drp1 and
Fis1, are notably altered in the brains of patients with HD [137]. The
presence of mHTT on mitochondria facilitates Drp1 recruitment,
while activated calcineurin and mitogen-activated protein kinase 1
dephosphorylate Drp1, further promoting its recruitment [138].
Evidence suggests that mitochondrial dynamics in HD are skewed
towards fission [139], with mHTT interacting with Drp1 to enhance
its GTPase activity, accelerating fragmentation [140]. Mitochondrial
dysfunction and mitochondrial fragmentation are also observed in
neurons treated with 3-nitropropionic acid (3-NP), mirroring the
abnormal mitochondrial morphology seen in HD models [141]. In
mHTT bacterial artificial chromosome (BAC) mice, mRNA levels of
Drp1 and Fis1 were elevated, while Mfn1/2 levels decreased [136].
Notably, antioxidant treatments in the 3-NPmodel restored normal
mitochondrial dynamics, indicating that mitochondrial damage in
HD likely drove these changes [142]. Furthermore, the direct
interaction between the N-terminal fragment of mHTT and Mfn2
severely disrupts mitochondrial morphology, inhibiting mito-
chondrial elongation [143].

Mitophagy plays a critical role in HD pathogenesis. Increased
Parkin levels and enhanced degradation of Mfn1 via the protea-
some have been observed in fibroblasts from juvenile patients with
HD, suggesting a protective mechanism. Overexpression of PINK1
(PINK1OE) in HD fly models has been shown to reduce mitochon-
drial aggregates, enhance ATP levels, and improve neuronal integ-
rity and survival [64]. PINK1 also mitigates mHTT neurotoxicity,
indicating that enhancing the PINK1/Parkin/MQC pathway may
preserve mitochondrial integrity and provide neuroprotection in
HD. Imbalanced mitophagy, particularly through the PINK1/Parkin
pathway, influences HD progression.

Impaired PGC-1a signaling has been associated with defective
mitochondrial biogenesis and increased vulnerability of striatal
neurons, as observed in a PGC-1a knockout mousemodel [144]. In a
CAG140 knock-in mouse model, PGC-1a mRNA levels were reduced
in medium spiny neurons but elevated in cholinergic interneurons,
though overall PGC-1a levels in HD remain largely unchanged
[145]. mHTT interferes with the transcriptional activation of PGC-
1a, reducing its capacity to stimulate downstream target genes.
Remarkably, ectopic expression of PGC-1a in transgenic HD and 3-
NP mouse models has demonstrated neuroprotective effects [146].

In conclusion, as illustrated in Fig. 3 [147], the dysregulation of
MQC leads to mitochondrial damage and fragmentation, disrupting
the balance between fusion and fission. Impaired mitophagy
further exacerbates the problem by failing to clear damaged
mitochondria, which hampers biogenesis processes. This ulti-
mately results in compromised mitochondrial energy metabolism
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and elevated oxidative stress, contributing to neurodegeneration.
Therefore, maintaining MQC is critical for mitigating the progres-
sion of NDDs.

4. Chinese herbal medicine combats NDDs through the MQC
pathway

Extensive research has explored the impact of herbal medicine
on NDDs, particularly focusing on the vital regulatory role of MQC
Fig. 3. Mitochondrial quality control (MQC) failure in neurodegenerative diseases (NDDs): (
(AD) [147]. The arrows [ indicates stimulation/promoting and Y indicates reduction/inhibitio
of the outer membrane 20; Ca2þ: calcium; Djm: mitochondrial membrane potential; P
peroxisome proliferator-activated receptor-g (PPARg) coactivator-1a; Drp1: dynamin-relate
transport chain; OPA1: optic atrophy 1; LRRK2: leucine-rich repeat kinase 2; Mfn1/2: mitofu
huntingtin; p62: sequestosome 1; BNIP3: B-cell lymphoma-2 (Bcl-2)/adenovirus E1B 19 kDa
box binding protein (TBP) associated factor 4; CREB: cyclic adenosine monophosphate (cAM
mitochondrial membrane 23; TFAM: mitochondrial transcription factor A; Nrf2: nuclear fa
permission from Ref. [147].
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in these conditions. In the following section, the specific mecha-
nisms and regulatory effects of herbal prescriptions and active
monomers will be discussed. The TCM formulas for treating NDDs
by targeting MQC are listed in Table 1 [148e160] and pharmaco-
logical effects of TCM formulas on non-target organs are listed in
Table 2 [148e160]. The active monomers of TCM for treating NDDs
by targeting MQC are listed in Table S1 [161�197]. The active
monomers of TCM for treating NDDs by targeting MQC are illus-
trated in Fig. 4.
A) Parkinson's disease (PD), (B) Huntington's disease (HD), and (C) Alzheimer's disease
n. a-Syn: a synuclein; VDAC1: voltage dependent anion channel 1; TOM20: translocase
INK1: phosphatase and tensin homolog (PTEN)-induced putative kinase 1; PGC-1a:
d protein 1; mtDNA: mitochondrial DNA; ROS: reactive oxygen species; ETC: electron
sin 1/2; ATP: adenosine triphosphate; DJ-1: Parkinson disease protein 7; mHTT: mutant
interacting protein 3; ER: endoplasmic reticulum; Fis1: fission protein 1; TAF4: TATA-
P) response element-binding protein; Ab: amyloid b; TIM23: translocase of the inner
ctor erythroid 2-related factor 2; OXPHOS: oxidative phosphorylation. Reprinted with
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4.1. TCM formulas

Over recent decades, clinical trials and animal studies have
investigated the efficacy of various Chinese herbal formulations for
NDD treatment. Reserpine, an indole alkaloid employed for hy-
pertension and psychosis, was shown by Dong et al. [148] to enable
Bu Zhong Yi Qi decoction to mitigate reserpine-induced mild
cognitive impairment by alleviating mtDNA damage through the
SIRT3/manganese superoxide dismutase (MnSOD)/8-oxoguanine
DNA glycosylase-1 (OGG1) pathway, and reducing H2O2-induced
mitochondrial damage in PC12 cells. Notably, Bu Zhong Yi Qi
decoction has been found to inhibit Ab accumulation in the hip-
pocampus of AD mice while upregulating brain-derived neuro-
trophic factor (BDNF) expression, significantly improving cognitive
deficits in these models [149].

Bu Shen Yi Zhi formula, composed of 12 Chinese herbs, has long
been recognized for its efficacy in treating AD. In a bilateral com-
mon carotid artery occlusion rat model, Bu Shen Yi Zhi formula
improved cognition and memory by reducing abnormal Ab depo-
sition and exerting neuroprotective effects. It also reduced neuronal
oxidative stress by promoting spontaneous lysosome formation
and inhibiting excessive mitophagy [150]. In scopolamine-induced
AD mice, two weeks of Bu Shen Yi Zhi formula administration
alleviated neuronal apoptosis [151].

Da Bu Yin Wan, a traditional formula with over 600 years of use,
has been applied clinically for PD. Zhang et al. [152] confirmed that
Da Bu Yin Wan could regulate mitochondrial gene expression and
improvemitochondrial morphology in PDmodels. Further research
showed that Da Bu Yin Wan significantly decreased the expression
in mitochondrial fission proteins (Drp1 and Fis1) while modulating
the expression of fusion regulators (Parkin, Mfn1, Mfn2, and OPA1)
induced by MPPþ [153].

Both in vivo and in vitro studies have shown that Kai Xin San
significantly enhanced mitochondrial fusion (Mfn1 and Mfn2),
SIRT3 expression, and increased neurotrophic factors (BDNF and
nerve growth factor (NGF)) in APP/PS1mice, mitigating Ab1e42-
induced cytotoxicity [154]. Dang Gui Shao Yao San, a renowned
herbal formula, has been demonstrated to improve
cognitive deficits and activate PINK1-Parkin-dependent
mitophagy [155].

Dang Gui Bu Xue decoction is an ancient herbal combination.
Recent findings indicated that a two-month oral administration of
Dang Gui Bu Xue decoction in APP/PS1 mice effectively alleviated
memory impairments and reduced Ab plaque deposits, with these
neuroprotective effects linked to the upregulation of mitochondrial
biogenesis via PGC-1a signaling [156]. Di Huang Yi Zhi, another
traditional formula, has shown significant clinical efficacy, reducing
ROS production induced by Ab25e35 and cytochrome C release
while enhancing MMP in PC12 cells [157].

Huang Lian Jie Du decoction demonstrates neuroprotective
effects in SH-SY5Y cells exposed to PQ-induced cytotoxicity, by
restoring MMP and preventing excessive mitophagy through
the PINK1-Parkin pathway [158]. Cerebral ischemia, a leading
cause of mortality globally, has been associated with
the aggregation of NDD-related proteins and increased AD risk.
Treatment with Tao Hong Si Wu decoction upregulated LC3-II/
LC3-I, Beclin1, Parkin, and PINK1 expression, which
improved neurological outcomes and reduced cerebral infarc-
tion [159].

Suan Zao Ren decoction, an herbal formula traditionally used to
treat insomnia, has also been recognized for its beneficial effects in
AD. In 2024, Long et al. [160] reported that Suan Zao Ren decoction
significantly ameliorated synaptic damage and neuronal loss in the
hippocampus of APP/PS1 mice by activating the DJ-1/Nrf2 signaling
pathway.
8

4.2. Active monomers from TCM

4.2.1. Flavonoids
Puerarin (Pue), a flavonoid extracted from Pueraria lobata, is a

potent antioxidant isoflavone. In 2022, Wen et al. [161] demon-
strated that Pue protected rat cortical neurons from cadmium-
induced neurotoxicity by ameliorating mitochondrial dysfunction
and restoring MMP. Mechanistically, Pue activated the PINK1-
Parkin and NIX pathways, preventing the decline in neuronal
mitochondrial mass.

Oxyphylla A (OA), a novel compound derived from Alpinia
oxyphylla, which has a long history in the treatment of neuro-
logical disorders like AD and PD, has shown increasing promise.
Growing evidence supports the neuroprotective effects of Alpinia
oxyphylla extracts in AD and PD models. Subsequent studies
revealed that OA reduced APP and Ab expression levels, mitigated
cognitive decline in SAMP8 mice, and exerted antioxidant effects
through GSK-3b and Keap1-heme oxygenase-1 (HO-1) pathways
[162].

Quercetin (QUE) has been shown to inhibit acetylcholinesterase
(AChE) in PC12 cell models, reducing AChE degradation and Ab
production [163]. In the MitoPark transgenic mouse model of PD,
Ay et al. [164] found that QUE activated the protein kinase D1
(PKD1)-protein kinase B (Akt) signaling cascade, providing neuro-
protection by reversing behavioral deficits, DA depletion in the
striatum, and the loss of tyrosine hydroxylase (TH)-positive neu-
rons related to mitochondrial dysfunction.

Naringenin (NAR), a flavonoid primarily found in Citrus aur-
antium, exhibits strong neuroprotective effects. In AD mice model,
NAR enhanced hippocampal neurogenesis through the adenosine
monophosphate (cAMP)-activated protein kinase (AMPK)/BDNF/
tropomyosin receptor kinase B/cAMP response element-binding
protein (CREB) signaling pathway, reducing Ab accumulation and
improving memory function [165]. In zebrafish models of 6-OHDA-
induced neurotoxicity, NAR alleviated motor deficits and down-
regulated the expression of PD-related genes (pink1, LRRK2, ploy-
merase g gene (polg), and cysteine-aspartic acid protease 9 (casp9))
[166].

Icariin (ICA), an active compound derived from Epimedii
folium. In APP/PS1 mice, the combination of b-asarone (a styrene
compound) and ICA significantly improved memory function
and reduced levels of AD-related metabolites and toxic proteins,
such as APP, Ab, synuclein, and b-site APP cleaving enzyme 1
(BACE1), showing superior therapeutic efficacy compared to
either compound alone. This combination also preserved MMP
and increased the expression of autophagy and mitochondrial
proteins, including Beclin 1, LC3I/II, p62, and PINK1 in the hip-
pocampus [167].

Wogonin (WO), derived from Scutellaria baicalensis Georgi, has
been found to activate the cholinergic system and the BDNF-CREB
pathway in AD rat models, enhancing learning and memory pro-
cesses [168]. Furthermore, WO has been shown to reduce Ab
secretion and BACE1 levels in SH-SY5Y cells by modulating the
mechanistic target of rapamycin (mTOR)/autophagy pathway and
inhibiting GSK-3b, which decreased p-tau, highlighting its po-
tential as a therapeutic agent for AD [169].

Luteolin (LUT), found in medicinal plants such as Lonicera
japonica Thunb., Chrysanthemum morifolium Ramat, and Perilla
frutescens (L.) Britt.. Wang et al. [170] demonstrated that LUT acti-
vated AMPK pathway, improved mitochondrial dysfunction, and
restored MMP and ATP levels in APPswe/PS1dE9 mice. However, He
et al. [171] reported that LUT's anti-AD effects diminished when
peroxisome proliferator-activated receptor g (PPARg) was knocked
down using small interfering RNA (siRNA), highlighting its reliance
on this pathway.



Table 1
Traditional Chinese medicine (TCM) formulas for treating neurodegenerative disorders (NDDs) through targeting mitochondrial quality control (MQC).

Disease Formulations Composition In vivo/in vitro models Dose (in vivo; in vitro) Mode of action Refs.

NDD Bu Zhong Yi Qi decoction Astragalus membranaceus (Fisch.) Bge.
var. mongholicus (Bge.) Hsiao (Huang
Qi), Panax ginseng C.A. Mey. (Ren Shen),
Glycyrrhiza uralensis Fisch. (Gan Cao),
Angelica sinensis (Oliv.) Diels (Dang
Gui), Citrus reticulata Blanco (Chen Pi),
Cimicifuga heracleifolia Kom. (Sheng
Ma), Bupleurum chinense DC. (Chai Hu),
and Atractylodes macrocephala Koidz.
(Bai Zhu)

In vivo: reserpine-induced SD
rats;
In vitro: H2O2-induced
PC12 cells

In vivo: 7.56 g/kg/day;
In vitro: 16 mg/mL

Cognitive function [, MnSOD Y,
SIRT3 [, OGG1 [, mtDNA
oxidative damage Y, and
mitochondrial function [

[148]

AD Bu Zhong Yi Qi decoction In vivo: Ab(1e42)-induced ICR
male mice;
In vitro: H2O2-induced
HT22 cells

In vivo: 200, 400, and 800 mg/
kg/day;
In vitro: 0, 12.5, 25, and 50 mg/
mL

Cognitive impairments Y, Ab
aggregation and expression Y,
BDNF [, and cytotoxicity Y

[149]

NDD Bu Shen Yi Zhi formula Cnidium monnieri (L.) Cuss. (She Chuang
Zi), Panax ginseng C.A. Mey. (Ren Shen),
Polygonummultiflorum Thunb. (He Shou
Wu), Paeonia suffruticosa Andr. (Mu Dan
Pi), Ligustrum lucidum Ait. (Nv Zhen Zi),
and Lycium barbarum (Gou Qi)

In vivo: BCCAo induced SD rats;
In vitro: OGD/R induced
PC12 cells

In vivo: 3,6 g/kg/day;
In vitro: 2.5%e10 % serum

Cognition and memory abilities
[, neuronal apoptosis Y,
formation of autolysosomes [,
excessive mitophagy Y, cell
viability [, intracellular ROS Y,
MMP [, and lysosomal proteins
[

[150]

AD Bu Shen Yi Zhi formula In vivo: scopolamine-induced
male Kunming mice

In vivo: 1.46, 2.92, and 5.84 g/kg Cognitive ability [, SOD [, MDA
Y, GSH [, Bcl-2 [, and Bax Y

[151]

PD Da Bu Yin Wan Rehmannia glutinosa Libosch. (Di
Huang), Anemarrhena asphodeloides
Bge. (Zhi Mu), Phellodendron chinense
Schneid. (Huang Bo), Chinemys reevesii
(Gray) (Gui Jia), and the spinal cord of
Sus scrofa domestica Brisson (Zhu Ji Sui)

In vivo: MPTP-treated male
C57BL/6 mice

In vivo: 3.87 and 7.74 g/kg Behavioral impairments Y, TH
expression [,
neurotransmitters [, and
mtDNA damage Y

[152]

PD Da Bu Yin Wan In vitro: MPPþ-treated SHSY5Y
cells

In vitro: 0.5 g/mL Parkin [, Mfn1/2 [, OPA1 [,
Drp1 Y, Fis1 Y, MMP [, and ATP
[

[153]

AD Kai Xin San Acorus tatarinowii Schott (Shi Chang
Pu), Panax ginseng C.A.Mey. (Ren Shen),
and Polygala tenuifoliaWilld. (Yuan Zhi)

In vivo: APP/PS1 mice;
In vitro: Ab(1e42) treated
HT22 cells

In vivo: 2.5, 5, and 10 g/kg/day;
In vitro: 10 %, 5%e30 % serum

Cognitive deficit Y, ROS Y, MDA
Y, neuronal apoptosis Y,
mitochondrial dysfunction Y,
Mfn1 [, Mfn2 [, Drp1 Y, BDNF
[, NGF [, SIRT3 [, cytotoxicity
Y, fusion [, and fission Y

[154]

AD Dang Gui Shao Yao San Angelica sinensis (Oliv.) Diels (Dang
Gui), Paeonia lactiflora Pall. (Bai Shao),
Ligusticum chuanxiong Hort. (Chuan
Xiong), Poria cocos (Schw.) Wolf (Fu
Ling), Alisma orientale (Sam.) Juzep.
Alisma plantago-aquatica Linn. (Ze Xie),
and Atractylodes macrocephala Koidz.
(Bai Zhu)

In vivo: Ab(1e42)-induced SD
rats

In vivo: 12, 24, and 36 g/kg/day PINK1 [, Parkin [, LC3I/LC3II[,
p62 Y, and cognitive deficits Y

[155]

AD Dang Gui Bu Xue decoction Angelica sinensis (Oliv.) Diels (Dang
Gui), Astragalus membranaceus (Fisch.)
Bge. var. mongholicus (Bge.), and Hsiao.
(Huang Qi)

In vivo: APP/PS1 mice In vivo: 4.5 mg/g/day ATP [, MMP [, MDA Y, SOD [,
PGC-1a[, mitochondrial
biogenesis [, mitochondrial
dysfunction Y, and memory
impairments Y

[156]

AD Di Huang Yi Zhi Rehmannia glutinosa Libosch. (Di
Huang), Salvia miltiorrhiza Bge. (Dan
Shen), Alpinia oxyphylla Miq. (Yi Zhi),
Poria cocos (Schw.) Wolf (Fu Ling), and
Acorus tatarinowii Schott (Shi Chang Pu)

In vitro: Ab(25e35)-indued
PC12 cells

In vitro: 10, 20, and 40 mg/mL MMP [, ROS generation Y,
apoptosis Y, and cytochrome C
release Y

[157]

PD Huang Lian Jie du decoction Coptis chinensis Franch. (Huang Lian),
Scutellaria baicalensis Georgi (Huang
Qin), Phellodendron chinense Schneid.
(Huang Bo), and Gardenia jasminoides
Ellis (Zhi Zi)

In vitro: PQ treated SH-SY5Y
cells

In vitro: 100 mg/mL MMP [, PINK1 Y, Parkin Y,
mitophagy Y, mitochondrial
dysfunction Y, and
phosphorylation of Ub-S65 and
Parkin-S65 Y

[158]

(continued on next page)
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Apigenin (APG), a natural flavonoid, exhibits broad several
pharmacological activities, including antiviral, antioxidant, and
anti-inflammatory effects. In a mouse model of LPS-induced neu-
rodegeneration, oral administration of APG for seven consecutive
days significantly alleviated neuronal degeneration and reduced
hippocampal neuron loss. Its protective mechanism involved the
regulation of mitochondrial biogenesis (PGC-1a and TFAM), mito-
chondrial fusion (Mfn2 and OPA1), and mitophagy (PINK1 and
Parkin), while preventing NADþ depletion and activating SIRT3 to
improve cognitive impairments [172].

Myricetin (MYR), primarily found in Myrica rubra Siebold et
Zuccarini, promotedmitochondrial biogenesis and integrity in N2a-
SW cells by increasing PGC-1a, Nrf1, TFAM, and mtDNA levels. MYR
also ameliorated mitochondrial dynamics and mitophagy in AD by
influencing key proteins, including OPA1, Mfn2, Drp1, Fis1, PINK1,
and Parkin. Additionally, it protected against Ab toxicity by
improving MMP and ATP production [173].

Hyperoside (HYP), a flavonoid abundant in Hyperici Perforati
Herba, has shown neuroprotective effects in both in vivo and in vitro
PD models. In Rot-treated PD rats, 28 days of oral HYP adminis-
tration improved behavioral deficits by enhancing locomotor ac-
tivity and reversing the overexpression of autophagy markers
Beclin-1, LC3II, and p62. Furthermore, in SH-SY5Y cells exposed to
Rot, HYP restored MMP [174].

Polydatin (POL), a naturally occurring stilbenoid from Polyg-
onum cuspidatum, exhibits potent antioxidant, anti-
inflammatory, and neuroprotective effects. Although its specific
role in PD is not fully elucidated, POL has been shown to pre-
vent MMP reduction and SIRT1 downregulation in SH-SY5Y
cells. Additionally, it inhibited the mTOR/Unc-51-like kinase
(ULK) pathway and enhanced PGC-1b/Mfn2-mediated mito-
chondrial fusion, ameliorating mitochondrial morphology and
motor deficits associated with Parkin deficiency [175].

4.2.2. Phenols
Curcumin (CUR), a phenolic compound from Curcuma longa L.,

has been shown to combat AD by inhibiting Ab42 and APP, attrib-
uted to its methoxyphenol structure. In SH-SY5Y-APPswe cells, CUR
ameliorated OXPHOS dysfunction and restored MMP after H2O2-
induced damage [176]. Additionally, CUR enhanced mitochondrial
fusion, promoted biogenesis, and elevated synaptic protein levels to
counteract Ab toxicity [177].

Ellagic acid, a polyphenolic compound found in fruits and
Granati pericarpium, offered protection against arsenic trioxide-
induced neurotoxicity in SH-SY5Y cells by preserving MMP and
cytochrome C levels, thus preventing mitochondrial swelling and
fragmentation [178].

Gastrodin (GAS), derived from Gastrodiae rhizoma, displays
notable anticonvulsant and neuroprotective properties. In in
Pink1B9 mutant flies, GAS delayed the onset of PD-like symptoms,
extending lifespan and increasing DA levels in the brain [179].

Resveratrol, a polyphenol from Polygonum cuspidatum, has been
shown in recent studies to protect against fluoride-induced
neurotoxicity by activating the SIRT1-dependent PGC-1a/Nrf1/
TFAM signaling pathway, which enhanced mitochondrial biogen-
esis and safeguarded cognitive function in rat models [180].

Ferulic acid (FA), derived from Angelica sinensis and Ligusticum
chuanxiong, exhibits neuroprotective effects, evidenced bymemory
recovery in streptozotocin-induced AD rats and preservation of
hippocampal pyramidal cell morphology. Mechanistically, FA sup-
pressed Drp1-mediated mitochondrial fission and upregulated
PGC-1a expression [181].

Honokiol (HKL), a biphenolic compound from Magnolia offici-
nalis. Recent studies have demonstrated that HKL protected against
fluoride-induced mitochondrial damage through the AMPK/PGC-



Table 2
Pharmacological effects of traditional Chinese formulas on non-target organs in the treatment of neurodegenerative disorders (NDDs).

Formulations Non-target organs/systems Positive effect (treatment of diseases) Toxic and side effects Refs.

Bu Zhong Yi Qi decoction Cardiovascular system, respiratory
system, digestive system, urinary
system, and immune system

Increasing myocardial contractility,
improving cardiac function and anti-
heart failure, alleviating the symptoms
of chronic obstructive pulmonary
disease and hypoxia, strengthening the
protection and repair of gastric mucosa,
and reducing blood and protein in urine

Insomnia, ptosis of stomach, and
ischemia

[148,149]

Bu Shen Yi Zhi formula Kidney and skeletal muscle Anti-mental retardation and anti-
aching and limp of the waist and the
knees

Rash, itching, dry mouth, dry tongue,
and insomnia

[150,151]

Da Bu Yin Wan Kidney, heart, lung, and immune
system

Relieving nephrotic syndrome,
intractable insomnia and diabetes,
improving spontaneous and night
sweating, anti-chronic aplastic anemia,
anti-tuberculosis, and anti-systemic
lupus erythematosus

Gastrointestinal complaints and
pruritus

[152,153]

Kai Xin San Heart and gastrointestinal tract Improving insomnia and cardiac blood
supply, relieving indigestion, and loss of
appetite

Allergic reactions: rash and itching
Digestive reactions: nausea and
vomiting

[154]

Dang Gui Shao Yao San Immune system, endocrine system, and
digestive system

Anti-inflammatory, regulating the
secretion of sex hormones, and
promoting blood circulation for remove
blood stasis

Gastrointestinal discomfort, liver
damage, and anemia

[155]

Dang Gui Bu Xue decoction Cardiovascular system and lung Improving myocardial ischemia-
reperfusion injury, alleviating diabetic
cardiomyopathy and anti-heart failure,
inhibiting pulmonary fibrosis, and anti-
lung cancer

Tired, lethargy, diarrhea, and maternal
abortion

[156]

Di Huang Yi Zhi Cardiovascular system, kidney, immune
system, and digestive system

Lowering lipid and anti-platelet
aggregation, anti-diabetes, and
boosting immunity

Diarrhea and gastrointestinal bleeding [157]

Huang Lian Jie du decoction Digestive system, skin, cerebrovascular
system, and immune system

Anti-inflammatory, antibacterial,
regulating gut microbiota, lowering
blood pressure and blood lipids, and
enhancing immunity

Diarrhea, vomiting, and liver and
kidney damage

[158]

Tao Hong Si Wu decoction Skeleton, uterus, and joint Enhancing osteoblast function and
inhibiting osteoclast bone resorption,
improving menstrual volume and
endometrial thickness, reducing
inflammatory factors, and promoting
joint function recovery

Weakness and bleeding, excessive
increase in menstrual volume, and
diarrhea and vomiting

[159]

Suan Zao Ren decoction Thyroid gland and heart Improving thyroid levels, lowering
blood pressure, improving ventricular
premature beats, and coronary
atherosclerotic heart disease

Decreasing blood pressure,
gastrointestinal discomfort, lethargy,
and numbness of the mouth

[160]
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1a/SIRT3 pathway, increasing AMPK, CREB, and PGC-1a expression
while inhibiting b-secretase activity [182].

Salidroside (SAL), the primary active compound from Rhodiola
crenulata, has been shown to enhance learning, memory, and brain
metabolism in AD models. SAL also mitigated ROS-induced mito-
chondrial damage and promotedmitochondrial autophagy through
the PINK1-Parkin pathway, providing neuroprotection in MPPþ/
MPTP-induced PD models [183].

4.2.3. Terpenoids
Senegenin, a triterpenoid from Polygala tenuifolia, possesses

anti-inflammatory and antioxidant properties. It significantly pro-
moted PINK1/Parkin-mediated mitophagy, reducing damage in
Ab1e42-exposed HT22 cells by improving cell viability and MMP
[184].

Ginsenoside Rb1 (Rb1), a key component of Panax ginseng,
shows potential in treating various NDDs and enhancing mito-
chondrial function. Rb1 has been demonstrated to inhibit a-synu-
clein aggregation and neurotoxicity and reduce depressive-like
behavior in LPS-ATP-lesioned mice. Mechanistically, Rb1 activated
mitophagy and inhibited astrocyte activation [185].

Glycyrrhizic acid, derived from Glycyrrhiza glabra, has been
shown to enhance mitochondrial function and promote biogenesis
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by upregulating PGC-1a, Nrf1, Nrf2 and TFAM, ultimately restoring
MMP and cytochrome C oxidase activity [186].

Astragaloside IV, a triterpenoid from Astragalus membranaceus,
exhibits a favorable safety profile in clinical trials. Its neuro-
protective effects in LPS/MPPþ-induced PD mouse models involved
enhancing energy metabolism and activating Nrf2 pathway, thereby
protecting DA neurons from loss and behavioral deficits [187].

Catalpol (Cat), an iridoid glycoside from Rehmannia glutinosa,
exhibits significant neuroprotective effects against AD, character-
ized by antioxidant, anti-inflammatory, and anti-apoptotic proper-
ties. Neuronal structural damage in thehippocampal CA1 region and
Ab deposition play a crucial role in progressive synaptic loss during
AD progression. Studies demonstrated that treating AD with Cat
inhibited the expression of BACE1 and apoptosis in hippocampal
CA1 region of APP/PS1 mice to improve cognitive deficits [188].

Ganoderic acid A (GAA), a tetracyclic triterpenoid from Gano-
derma lucidum. Several studies have disclosed that GAA amelio-
rated cognitive deficits in AD mouse models by regulating Axl
receptor tyrosine kinase (Axl) and the Park1 pathway in autophagy
[189]. In the subsequent studies, ganoderic acid C2 enhanced NGF
expression, activated the downstream effector PGC-1a, restored
sensorimotor functions, and reduced neuronal degeneration in 3-
NP-induced HD models [190].



Fig. 4. Traditional Chinese medicine (TCM) active monomers target mitochondrial quality control (MQC) to treat neurodegenerative diseases (NDDs). Evo: evodiamine; HupA:
huperzine A; Rb1: ginsenoside Rb1; Cat: catalpol; BACE1: b-site amyloid precursor protein cleaving enzyme 1; GAA: ganoderic acid A; ICA: icariin; NADþ: nicotinamide adenine
dinucleotide; LUT: luteolin; WO: wogonin; Axl: Axl receptor tyrosine kinase; SIRT1/3: sirtuin 1/3; AMPK: adenosine monophosphate (cAMP)-activated protein kinase; POL: pol-
ydatin; Pak1: p21-activated kinase 1; mTOR: mechanistic target of rapamycin; ULK: uncoordinated 51-like kinase; Pip: piperine; PPARa: peroxisome proliferator-activated receptor
a; TFAM: mitochondrial transcription factor A; Nrf1: nuclear factor erythroid 2-related factor 1; PGC-1a: PPARg coactivator 1-a; GA: glycyrrhizic acid; RSV: resveratrol; CUR:
curcumin; MYR: myricetin; APG: apigenin; FA: ferulic acid; HKL: honokiol; GAC2: ganoderic acid C2; mtDNA: mitochondrial DNA; EA: ellagic acid; PI3K: phosphoinositide 3-kinase;
NAR: naringenin; Akt: protein kinase B; CREB: cAMP response element-binding protein; MAT: matrine; GSK-3b: glycogen synthase kinase-3b; Keap1: Kelch-like ECH-associated
protein 1; OA: oxyphylla A; HO-1: heme oxygenase-1; ROS: reactive oxygen species; HYP: hyperoside; LC3: microtubule-associated protein 1 light chain 3; p62: sequestosome 1;
PINK1: phosphatase and tensin homolog (PTEN)-induced putative kinase 1; GAS: gastrodin; SAL: salidroside; AS-IV: astragaloside IV; SEN: senegenin; BBA: berberine; AG:
andrographolide; Drp1: dynamin-related protein 1; Fis1: fission protein 1; OPA1: optic atrophy 1; Mfn1/2: mitofusin 1/2; MFF: mitochondrial fission factor; MiD49/51: mito-
chondrial dynamics proteins of 49/51.

L. Xu, T. Zhang, B. Zhu et al. Journal of Pharmaceutical Analysis 15 (2025) 101146
Andrographolide, the principal diterpene lactone from Androg-
raphis herba, has been demonstrated to offer neuroprotection
across various NDDs models by regulating Drp1 to inhibit excessive
mitochondrial fission [191].
4.2.4. Alkaloids
Berberine (BBA) is an isoquinoline alkaloid derived from

Andrographis herba. Recent studies have demonstrated that BBA
alleviated cognitive impairment and reduced AD pathology in APP/
PS1 mice by restoring mitophagy mediated by the PINK1-Parkin
pathway [192].
12
Evodiamine (Evo), a quinazolinone alkaloid extracted from
Euodia rutaecarpa, is a candidate for AD treatment and has been
clinically used for headaches, abdominal pain, dysentery, and
postpartum hemorrhage. In AD mouse models induced by D-
galactose and aluminum trichloride, Evo significantly enhanced
mitochondrial function, improved AD-like behavior, and decreased
Ab42 deposition in brain [193].

Matrine (MAT), a quinolizidine alkaloid from Sophora flavescens,
inhibited oxidative damage to DA neurons in MPTP-induced PD
models by promoting the Nrf2 signaling pathway [194]. Addition-
ally, MAT has been shown to mitigate memory deficits in AD mice
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through the Ab/receptor for advanced glycation end products
pathway [195].

Huperzine A, extracted from Huperzia serrata, acts as an AChE
inhibitor and mitochondrial protector. Its mechanisms in AD
involved in preserving mitochondrial function and reducing intra-
cellular Ab42 levels [196].

Piperine (Pip), derived from Piperis fructus, is implicated in the
early stages of PD, where a-synuclein/synuclein alpha (SNCA)
abnormal deposition occurs in the olfactory bulb. Recent studies
have demonstrated that Pip promoted autophagic flux through the
macroautophagy/autophagy-lysosome pathway, facilitating a-syn-
uclein degradation and delaying motor deficits in mice [197].

In summary, TCMs and their active compounds target MQC
disruptions and cell death mechanisms, offering therapeutic po-
tential against NDDs. Mitochondrial fission, fusion, mitophagy, and
biogenesis emerge as promising therapeutic targets for addressing
MQC disorders in NDDs through the use of TCMs.

5. Conclusions and future perspectives

NDDs present a significant challenge for both families and the
global healthcare community. Current treatment strategies pri-
marily focus on pharmacological and non-pharmacological in-
terventions aimed at symptom relief and improving quality of life,
with no curative options available. Mitochondria, as essential en-
ergy suppliers, play a pivotal role in regulating both physiological
and pathological processes. Mitochondrial dysfunction is a key
contributor to cellular injury and functional decline in numerous
neurological disorders. The maintenance of mitochondrial function
and structure governed by MQC. Disruptions in the balance of
mitochondrial fission and fusion, impaired clearance of damaged or
aged mitochondria, and suppression of mtDNA expression can
contribute to MQC dysregulation, compromising mitochondrial
integrity and function. The downregulation of mtDNA expression
hampers the renewal and replenishment of mitochondria, leading
to the accumulation of dysfunctional mitochondria, further
damaging cellular structure and function, and ultimately causing
neuronal death. This is characterized by reduced ATP production,
decreased MMP, excessive production of mtROS, and increased
mitochondrial fission, outcomes linked to impaired MQC. Conse-
quently, targeting MQC mechanisms may represent a promising
therapeutic strategy for these disorders.

In recent years, there has been a surge in studies exploring the
potential of TCM to modulate MQC in the treatment of NDDs.
Notably, many herbal medicines and their active compounds have
shown therapeutic potential by promoting the clearance of
damaged mitochondria and ameliorating abnormal mitochondrial
fission. This review delves into the neuroprotective effects of TCM
and its active monomers, which act through various molecular
pathways to inhibit excessive mitochondrial fission, induce
mitophagy or mitochondrial clearance, and upregulate of tran-
scription factors to enhance mtDNA expression. These compounds
target diverse mechanisms, providing valuable insights for the
development of novel therapeutics in NDDs. Both in vivo and
in vitro studies have demonstrated the significant impact of TCM on
damaged neuronal cells, underscoring the potential of MQC-
targeted therapies for NDD treatment.

Current research on targeting MQC in NDDs faces several limi-
tations and challenges. First, while TCM monomers, such as flavo-
noids, phenolic compounds, terpenoids, and alkaloids, show
considerable potential in preventing and treating NDDs, the ma-
jority of studies remain at the animal and cellular levels. To
establish the efficacy and safety of MQC-targeted therapies for
NDDs, real-world evidence and randomized controlled trials are
critically needed. Additionally, the potential toxicity of TCM
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monomers on normal cells and their impact on normal MQC pro-
cesses should not be overlooked, particularly when targeting MQC
to treat or eliminate damaged neuronal cells. This issue requires
further investigation in large-scale, multi-center studies. Another
concern is the lack of comprehensive pharmacokinetic and toxicity
data for many TCM monomers discussed in this review. Further
research is necessary to evaluate the pharmacokinetic properties
and toxicological profiles of these compounds in both target and
non-target organs. Second, the pathogenesis of NDDs is highly
complex, involving damage across multiple organs and systems.
TCM and its formulations, known for their multi-target and multi-
pathway effects, have been applied to NDDs, adding complexity to
research efforts. The neuroprotective effects of TCM may result
from modulating several MQC pathways, including the PINK1/
Parkin/Drp1, Fis1/OPA1, Mfn1/2, and PGC-1a/Nrf2 signaling cas-
cades. However, themechanisms bywhich TCM formulations, often
administered as decoctions, specifically target cells and organs
in vivo remain unclear. Recent studies have suggested that the
multiple components of TCM formulations may enhance the
bioavailability and efficacy of one another through synergistic ef-
fects, providing neuroprotection. Nonetheless, a significant chal-
lenge is that TCM formulations may affect non-target organs while
treating NDDs, potentially leading to side effects such as nausea and
palpitations. Therefore, future research should focus on screening
TCM components to identify those that can selectively target spe-
cific biomarkers. Moreover, the development of advanced drug
delivery systems, such as nanocarriers based on MQC-targeting
molecular docking, should aim to improve the precision of drug
targeting, minimizing adverse effects on non-target organs while
enhancing therapeutic efficacy in target tissues.

In brief, MQC plays a pivotal role in the molecular regulation of
NDDs progression. This review highlights the potential of TCM and
its active monomers in the prevention and treatment of NDDs
through the modulation of MQC, providing a foundation for the
future screening of novel therapeutic agents for NDDs.

CRediT authorship contribution statement

Lei Xu: Writing e review & editing, Writing e original draft,
Investigation, Data curation. Tao Zhang: Writing e original draft.
Baojie Zhu: Investigation, Data curation. Honglin Tao: Investiga-
tion, Data curation. Yue Liu: Supervision. Xianfeng Liu: Writing e

review & editing. Yi Zhang: Writing e review & editing, Supervi-
sion, Resources, Funding acquisition. Xianli Meng: Writing e re-
view & editing, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare there are no conflicts of interest.

Acknowledgments

This work was supported by the Natural Science Foundation of
China (Grant No.: 82130113), the “Xinglin Scholars” Research Pro-
motion Program of Chengdu University of Traditional Chinese Med-
icine, China (Program No.: ZDZX2022005), the China Postdoctoral
Science Foundation (Grant No.: 2021MD703800), and the Science
Foundation for Youths of Science & Technology Department of
SichuanProvince, China (GrantNo.: 2022NSFSC1449). Figs.1, 3, and4
and Graphical abstract were partly drawn by using pictures from
Servier Medical Art, which is licensed under the Creative Commons
Attribution 4.0 Unported License (https://creativecommons.org/
licenses/by/4.0/). The herbal pictures shown in Graphical abstract
were available from:https://www.gbif.org. Theherbal picture shown
in Fig. 4 was available from https://www.gigaomics.com.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.gbif.org
https://www.gigaomics.com


L. Xu, T. Zhang, B. Zhu et al. Journal of Pharmaceutical Analysis 15 (2025) 101146
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jpha.2024.101146.

References

[1] D.M. Teleanu, A.G. Niculescu, I.I. Lungu, et al., An overview of oxidative stress,
neuroinflammation, and neurodegenerative diseases, Int. J. Mol. Sci. 23
(2022), 5938.

[2] World Health Organization. Parkinson’s disease: A public health approach:
Technical brief. https://www.who.int/publications/i/item/9789240050983/.
(Accessed 24 June 2022).

[3] R. Al-Kharboosh, J.J. Perera, A. Bechtle, et al., Emerging point-of-care autol-
ogous cellular therapy using adipose-derived stromal vascular fraction for
neurodegenerative diseases, Clin. Transl. Med. 12 (2022), e1093.

[4] R. Hussain, H. Zubair, S. Pursell, et al., Neurodegenerative diseases: Regen-
erative mechanisms and novel therapeutic approaches, Brain Sci. 8 (2018),
177.

[5] M. Mistretta, A. Farini, Y. Torrente, et al., Multifaceted nanoparticles:
Emerging mechanisms and therapies in neurodegenerative diseases, Brain
146 (2023) 2227e2240.

[6] M.A. Eldeeb, R.A. Thomas, M.A. Ragheb, et al., Mitochondrial quality
control in health and in Parkinson’s disease, Physiol. Rev. 102 (2022)
1721e1755.

[7] G.E. Choi, H.J. Han, Glucocorticoid impairs mitochondrial quality control in
neurons, Neurobiol. Dis. 152 (2021), 105301.

[8] P. Cilleros-Holgado, D. G�omez-Fern�andez, R. Pi~nero-P�erez, et al., Mitochon-
drial quality control via mitochondrial unfolded protein response (mtUPR) in
ageing and neurodegenerative diseases, Biomolecules 13 (2023), 1789.

[9] H. Xu, Y. Liu, L. Li, et al., Sirtuins at the crossroads between mitochondrial
quality control and neurodegenerative diseases: Structure, regulation,
modifications, and modulators, Aging Dis. 14 (2023) 794e824.

[10] X. Yan, B. Wang, Y. Hu, et al., Abnormal mitochondrial quality control in
neurodegenerative diseases, Front. Cell. Neurosci. 14 (2020), 138.

[11] A. Roca-Portoles, S.W.G. Tait, Mitochondrial quality control: From molecule
to organelle, Cell. Mol. Life Sci. 78 (2021) 3853e3866.

[12] P. Mensah-Kane, N. Sumien, The potential of hyperbaric oxygen as a therapy
for neurodegenerative diseases, Geroscience 45 (2023) 747e756.

[13] F. Dur~aes, M. Pinto, E. Sousa, Old drugs as new treatments for neurodegen-
erative diseases, Pharmaceuticals (Basel) 11 (2018), 44.

[14] J. Koschel, K. Ray Chaudhuri, L. T€onges, et al., Implications of dopaminergic
medication withdrawal in Parkinson’s disease, J. Neural Transm. (Vienna)
129 (2022) 1169e1178.

[15] P. Sivanandy, T.C. Leey, T.C. Xiang, et al., Systematic review on Parkinson’s
disease medications, emphasizing on three recently approved drugs to
control Parkinson’s symptoms, Int. J. Environ. Res. Public Health 19 (2021),
364.

[16] J. Dong, Y. Cui, S. Li, et al., Current pharmaceutical treatments and alternative
therapies of Parkinson’s disease, Curr. Neuropharmacol. 14 (2016) 339e355.

[17] I. Solanki, P. Parihar, M.S. Parihar, Neurodegenerative diseases: From avail-
able treatments to prospective herbal therapy, Neurochem. Int. 95 (2016)
100e108.

[18] X. Chen, W. Pan, The treatment strategies for neurodegenerative diseases by
integrative medicine, Integr. Med. Int. 1 (2015) 223e225.

[19] C. Ricci, Neurodegenerative disease: From molecular basis to therapy, Int. J.
Mol. Sci. 25 (2024), 967.

[20] N. Pfanner, B. Warscheid, N. Wiedemann, Mitochondrial proteins: From
biogenesis to functional networks, Nat. Rev. Mol. Cell Biol. 20 (2019)
267e284.

[21] D.H. Mendelsohn, K. Schnabel, A. Mamilos, et al., Structural analysis of
mitochondrial dynamics-from cardiomyocytes to osteoblasts: A critical re-
view, Int. J. Mol. Sci. 23 (2022), 4571.

[22] M. Krols, B. Asselbergh, R. De Rycke, et al., Sensory neuropathy-causing
mutations in ATL3 affect ER-mitochondria contact sites and impair axonal
mitochondrial distribution, Hum. Mol. Genet. 28 (2019) 615e627.

[23] D. Larrea, M. Pera, A. Gonnelli, et al., MFN2 mutations in Charcot-Marie-
Tooth disease alter mitochondria-associated ER membrane function but do
not impair bioenergetics, Hum. Mol. Genet. 28 (2019) 1782e1800.

[24] J.E. Lee, L.M. Westrate, H. Wu, et al., Multiple dynamin family members
collaborate to drive mitochondrial division, Nature 540 (2016) 139e143.

[25] A.M. Labrousse, M.D. Zappaterra, D.A. Rube, et al., C. elegans dynamin-related
protein DRP-1 controls severing of the mitochondrial outer membrane, Mol.
Cell 4 (1999) 815e826.

[26] O.C. Los�on, Z. Song, H. Chen, et al., Fis1, Mff, MiD49, and MiD51 mediate Drp1
recruitment in mitochondrial fission, Mol. Biol. Cell 24 (2013) 659e667.

[27] M. Zerihun, S. Sukumaran, N. Qvit, The Drp1-mediated mitochondrial fission
protein interactome as an emerging core player in mitochondrial dynamics
and cardiovascular disease therapy, Int. J. Mol. Sci. 24 (2023), 5785.

[28] J. Hu, Y. Zhang, X. Jiang, et al., ROS-mediated activation and mitochondrial
translocation of CaMKII contributes to Drp1-dependent mitochondrial
fission and apoptosis in triple-negative breast cancer cells by isorhamnetin
and chloroquine, J. Exp. Clin. Cancer Res. 38 (2019), 225.
14
[29] H. Otera, N. Miyata, O. Kuge, et al., Drp1-dependent mitochondrial fission via
MiD49/51 is essential for apoptotic cristae remodeling, J. Cell Biol. 212 (2016)
531e544.

[30] T. Song, X. Song, C. Zhu, et al., Mitochondrial dysfunction, oxidative stress,
neuroinflammation, and metabolic alterations in the progression of Alz-
heimer’s disease: A meta-analysis of in vivo magnetic resonance spectros-
copy studies, Ageing Res. Rev. 72 (2021), 101503.

[31] J. Balog, S.L. Mehta, R. Vemuganti, Mitochondrial fission and fusion in sec-
ondary brain damage after CNS insults, J. Cereb. Blood Flow Metab. 36 (2016)
2022e2033.

[32] J. Gao, L. Wang, J. Liu, et al., Abnormalities of mitochondrial dynamics in
neurodegenerative diseases, Antioxidants (Basel) 6 (2017), 25.

[33] H. Grel, D. Woznica, K. Ratajczak, et al., Mitochondrial dynamics in neuro-
degenerative diseases: Unraveling the role of fusion and fission processes,
Int. J. Mol. Sci. 24 (2023), 13033.

[34] C. Larrue, S. Mouche, S. Lin, et al., Mitochondrial fusion is a therapeutic
vulnerability of acute myeloid leukemia, Leukemia 37 (2023) 765e775.

[35] A.H. Pham, S. Meng, Q.N. Chu, et al., Loss of Mfn2 results in progressive,
retrograde degeneration of dopaminergic neurons in the nigrostriatal circuit,
Hum. Mol. Genet. 21 (2012) 4817e4826.

[36] H. Chen, S.A. Detmer, A.J. Ewald, et al., Mitofusins Mfn1 and Mfn2 coordi-
nately regulate mitochondrial fusion and are essential for embryonic
development, J. Cell Biol. 160 (2003) 189e200.

[37] C. Brooks, S.G. Cho, C. Wang, et al., Fragmented mitochondria are sensitized
to Bax insertion and activation during apoptosis, Am. J. Physiol. Cell Physiol.
300 (2011) C447eC455.

[38] V. Del Dotto, P. Mishra, S. Vidoni, et al., OPA1 isoforms in the hierarchical
organization of mitochondrial functions, Cell Rep. 19 (2017) 2557e2571.

[39] R. Gilkerson, P.D.L. Torre, S. St Vallier, Mitochondrial OMA1 and OPA1 as
gatekeepers of organellar structure/function and cellular stress response,
Front. Cell Dev. Biol. 9 (2021), 626117.

[40] R. S�anchez-Rodríguez, C. Tezze, A.H.R. Agnellini, et al., OPA1 drives macro-
phage metabolism and functional commitment via p65 signaling, Cell Death
Differ. 30 (2023) 742e752.

[41] Y. Yu, H.C. Lee, K.C. Chen, et al., Inner membrane fusion mediates spatial
distribution of axonal mitochondria, Sci. Rep. 6 (2016), 18981.

[42] T. Misgeld, T.L. Schwarz, Mitostasis in neurons: Maintaining mitochondria in
an extended cellular architecture, Neuron 96 (2017) 651e666.

[43] A. Mandal, H.C. Wong, K. Pinter, et al., Retrograde mitochondrial transport is
essential for organelle distribution and health in zebrafish neurons, J. Neu-
rosci. 41 (2021) 1371e1392.

[44] B. Sharma, D. Pal, U. Sharma, et al., Mitophagy: An emergence of new player
in Alzheimer’s disease, Front. Mol. Neurosci. 15 (2022), 921908.

[45] J. Wang, C. Xu, Astrocytes autophagy in aging and neurodegenerative dis-
orders, Biomed. Pharmacother. 122 (2020), 109691.

[46] A. Fleming, M. Bourdenx, M. Fujimaki, et al., The different autophagy
degradation pathways and neurodegeneration, Neuron 110 (2022) 935e966.

[47] W. Li, P. He, Y. Huang, et al., Selective autophagy of intracellular organelles:
Recent research advances, Theranostics 11 (2021) 222e256.

[48] J.D. Magalh~aes, L. F~ao, R. Vilaça, et al., Macroautophagy and mitophagy in
neurodegenerative disorders: Focus on therapeutic interventions, Bio-
medicines 9 (2021), 1625.

[49] D. Glick, S. Barth, K.F. MacLeod, Autophagy: Cellular and molecular mecha-
nisms, J. Pathol. 221 (2010) 3e12.

[50] M. Onishi, K. Yamano, M. Sato, et al., Molecular mechanisms and physio-
logical functions of mitophagy, EMBO J. 40 (2021), e104705.

[51] D.A. Chistiakov, T.P. Shkurat, A.A. Melnichenko, et al., The role of mito-
chondrial dysfunction in cardiovascular disease: A brief review, Ann. Med. 50
(2018) 121e127.

[52] L.E. Fritsch, M.E. Moore, S.A. Sarraf, et al., Ubiquitin and receptor-dependent
mitophagy pathways and their implication in neurodegeneration, J. Mol. Biol.
432 (2020) 2510e2524.

[53] Z.D. Zhou, S. Sathiyamoorthy, D.C. Angeles, et al., Linking F-box protein 7 and
parkin to neuronal degeneration in Parkinson’s disease (PD), Mol. Brain 9
(2016), 41.

[54] A. Hamacher-Brady, N.R. Brady, Mitophagy programs: Mechanisms and
physiological implications of mitochondrial targeting by autophagy, Cell.
Mol. Life Sci. 73 (2016) 775e795.

[55] J.S. Kerr, B.A. Adriaanse, N.H. Greig, et al., Mitophagy and Alzheimer’s dis-
ease: Cellular and molecular mechanisms, Trends Neurosci. 40 (2017)
151e166.

[56] A. Rakovic, J. Ziegler, C.U. Mårtensson, et al., PINK1-dependent mitophagy is
driven by the UPS and can occur independently of LC3 conversion, Cell Death
Differ. 26 (2019) 1428e1441.

[57] Q. Cai, P. Tammineni, Alterations in mitochondrial quality control in Alz-
heimer’s disease, Front. Cell. Neurosci. 10 (2016), 24.

[58] K. Kaarniranta, J. Blasiak, P. Liton, et al., Autophagy in age-related macular
degeneration, Autophagy 19 (2023) 388e400.

[59] L.P. Poole, K.F. MacLeod, Mitophagy in tumorigenesis and metastasis, Cell.
Mol. Life Sci. 78 (2021) 3817e3851.

[60] M. Di Rienzo, A. Romagnoli, F. Ciccosanti, et al., AMBRA1 regulates mitophagy
by interacting with ATAD3A and promoting PINK1 stability, Autophagy 18
(2022) 1752e1762.

[61] L.P. Wilhelm, J. Zapata-Mu~noz, B. Villarejo-Zori, et al., BNIP3L/NIX regulates
both mitophagy and pexophagy, EMBO J. 41 (2022), e111115.

https://doi.org/10.1016/j.jpha.2024.101146
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref1
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref1
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref1
https://www.who.int/publications/i/item/9789240050983/
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref3
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref3
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref3
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref4
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref4
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref4
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref5
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref5
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref5
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref5
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref6
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref6
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref6
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref6
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref7
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref7
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref8
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref8
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref8
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref8
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref8
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref8
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref8
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref9
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref9
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref9
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref9
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref10
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref10
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref11
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref11
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref11
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref12
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref12
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref12
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref13
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref13
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref13
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref14
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref14
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref14
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref14
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref14
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref15
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref15
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref15
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref15
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref16
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref16
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref16
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref17
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref17
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref17
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref17
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref18
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref18
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref18
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref19
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref19
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref20
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref20
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref20
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref20
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref21
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref21
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref21
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref22
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref22
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref22
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref22
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref23
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref23
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref23
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref23
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref24
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref24
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref24
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref25
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref25
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref25
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref25
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref26
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref26
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref26
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref26
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref27
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref27
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref27
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref28
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref28
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref28
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref28
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref29
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref29
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref29
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref29
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref30
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref30
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref30
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref30
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref31
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref31
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref31
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref31
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref32
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref32
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref33
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref33
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref33
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref34
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref34
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref34
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref35
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref35
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref35
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref35
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref36
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref36
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref36
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref36
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref37
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref37
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref37
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref37
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref38
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref38
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref38
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref39
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref39
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref39
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref40
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref40
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref40
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref40
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref40
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref41
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref41
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref42
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref42
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref42
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref43
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref43
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref43
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref43
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref44
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref44
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref45
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref45
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref46
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref46
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref46
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref47
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref47
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref47
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref48
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref48
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref48
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref48
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref48
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref49
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref49
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref49
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref50
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref50
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref51
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref51
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref51
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref51
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref52
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref52
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref52
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref52
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref53
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref53
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref53
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref54
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref54
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref54
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref54
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref55
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref55
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref55
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref55
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref56
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref56
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref56
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref56
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref57
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref57
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref58
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref58
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref58
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref59
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref59
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref59
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref60
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref60
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref60
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref60
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref61
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref61
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref61


L. Xu, T. Zhang, B. Zhu et al. Journal of Pharmaceutical Analysis 15 (2025) 101146
[62] J. Sassone, C. Colciago, P. Marchi, et al., Mutant Huntingtin induces activation
of the Bcl-2/adenovirus E1B 19-kDa interacting protein (BNip3), Cell Death
Dis. 1 (2010), e7.

[63] A. Di Rita, P. D’Acunzo, L. Simula, et al., AMBRA1-mediated mitophagy
counteracts oxidative stress and apoptosis induced by neurotoxicity in
human neuroblastoma SH-SY5Y cells, Front. Cell. Neurosci. 12 (2018),
92.

[64] B. Khalil, N. El Fissi, A. Aouane, et al., PINK1-induced mitophagy promotes
neuroprotection in Huntington’s disease, Cell Death Dis. 6 (2015), e1617.

[65] Z. Wu, A. Wu, J. Dong, et al., Grape skin extract improves muscle function and
extends lifespan of a Drosophila model of Parkinson’s disease through acti-
vation of mitophagy, Exp. Gerontol. 113 (2018) 10e17.

[66] S.M. Raefsky, M.P. Mattson, Adaptive responses of neuronal mitochondria to
bioenergetic challenges: Roles in neuroplasticity and disease resistance, Free
Radic. Biol. Med. 102 (2017) 203e216.

[67] R.C. Scarpulla, Metabolic control of mitochondrial biogenesis through the
PGC-1 family regulatory network, Biochim. Biophys. Acta 1813 (2011)
1269e1278.

[68] P.A. Li, X. Hou, S. Hao, Mitochondrial biogenesis in neurodegeneration, J.
Neurosci. Res. 95 (2017) 2025e2029.

[69] H.S. Hillen, D. Temiakov, P. Cramer, Structural basis of mitochondrial tran-
scription, Nat. Struct. Mol. Biol. 25 (2018) 754e765.

[70] B. Leaw, S. Nair, R. Lim, et al., Mitochondria, bioenergetics and excitotoxicity:
New therapeutic targets in perinatal brain injury, Front. Cell. Neurosci. 11
(2017), 199.

[71] Y. Kang, L.F. Fielden, D. Stojanovski, Mitochondrial protein transport in
health and disease, Semin. Cell Dev. Biol. 76 (2018) 142e153.

[72] P. Guedes-Dias, B.R. Pinho, T.R. Soares, et al., Mitochondrial dynamics and
quality control in Huntington’s disease, Neurobiol. Dis. 90 (2016) 51e57.

[73] S. Kaushik, A.M. Cuervo, Proteostasis and aging, Nat. Med. 21 (2015)
1406e1415.

[74] P. Chopade, N. Chopade, Z. Zhao, et al., Alzheimer’s and Parkinson’s disease
therapies in the clinic, Bioeng. Transl. Med. 8 (2022), e10367.

[75] M. Fakhoury, Microglia and astrocytes in Alzheimer’s disease: Implications
for therapy, Curr. Neuropharmacol. 16 (2018) 508e518.

[76] J. Wang, W. Liu, H. Shi, et al., A role for PGC-1a in the control of abnormal
mitochondrial dynamics in Alzheimer’s disease, Cells 11 (2022), 2849.

[77] J. Xing, L. Qi, X. Liu, et al., Roles of mitochondrial fusion and fission in breast
cancer progression: A systematic review, World J. Surg. Oncol. 20 (2022),
331.

[78] M. de la Cueva, D. Antequera, L. Ordo~nez-Gutierrez, et al., Amyloid-b impairs
mitochondrial dynamics and autophagy in Alzheimer’s disease experimental
models, Sci. Rep. 12 (2022), 10092.

[79] V.K. Medala, B. Gollapelli, S. Dewanjee, et al., Mitochondrial dysfunction,
mitophagy, and role of dynamin-related protein 1 in Alzheimer’s disease, J.
Neurosci. Res. 99 (2021) 1120e1135.

[80] J. Grohm, S.W. Kim, U. Mamrak, et al., Inhibition of Drp1 provides neuro-
protection in vitro and in vivo, Cell Death Differ. 19 (2012) 1446e1458.

[81] L.Y. Shields, H. Li, K. Nguyen, et al., Mitochondrial fission is a critical
modulator of mutant APP-induced neural toxicity, J. Biol. Chem. 296 (2021),
100469.

[82] M.E. Ahmed, G.P. Selvakumar, D. Kempuraj, et al., Synergy in disruption of
mitochondrial dynamics by Ab(1?42) and glia maturation factor (GMF) in SH-
SY5Y cells is mediated through alterations in fission and fusion proteins, Mol.
Neurobiol. 56 (2019) 6964e6975.

[83] X. Wang, B. Su, H.G. Lee, et al., Impaired balance of mitochondrial fission and
fusion in Alzheimer’s disease, J. Neurosci. 29 (2009) 9090e9103.

[84] S.H. Baek, S.J. Park, J.I. Jeong, et al., Inhibition of Drp1 ameliorates synaptic
depression, Ab deposition, and cognitive impairment in an Alzheimer’s dis-
ease model, J. Neurosci. 37 (2017) 5099e5110.

[85] X. Wang, Y. Xue, Y. Yao, et al., PINK1 regulates mitochondrial fission/fusion
and neuroinflammation in b-amyloid-induced Alzheimer’s disease models,
Neurochem. Int. 154 (2022), 105298.

[86] P.H. Reddy, M. Manczak, X. Yin, Mitochondria-division inhibitor 1 protects
against amyloid-b induced mitochondrial fragmentation and synaptic dam-
age in Alzheimer’s disease, J. Alzheimers Dis. 58 (2017) 147e162.

[87] S.E. Lee, D. Kwon, N. Shin, et al., Accumulation of APP-CTF induces mitophagy
dysfunction in the iNSCs model of Alzheimer’s disease, Cell Death Discov. 8
(2022), 1.

[88] L. Vaillant-Beuchot, A. Mary, R. Pardossi-Piquard, et al., Accumulation of
amyloid precursor protein C-terminal fragments triggers mitochondrial
structure, function, and mitophagy defects in Alzheimer’s disease models
and human brains, Acta Neuropathol. 141 (2021) 39e65.

[89] E. Zenaro, G. Piacentino, G. Constantin, The blood-brain barrier in Alz-
heimer’s disease, Neurobiol. Dis. 107 (2017) 41e56.

[90] X. Liu, M. Ye, L. Ma, The emerging role of autophagy and mitophagy in
tauopathies: From pathogenesis to translational implications in Alzheimer’s
disease, Front. Aging Neurosci. 14 (2022), 1022821.

[91] M. Eshraghi, A. Adlimoghaddam, A. Mahmoodzadeh, et al., Alzheimer’s dis-
ease pathogenesis: Role of autophagy and mitophagy focusing in microglia,
Int. J. Mol. Sci. 22 (2021), 3330.

[92] P.H. Reddy, X. Yin, M. Manczak, et al., Mutant APP and amyloid beta-induced
defective autophagy, mitophagy, mitochondrial structural and functional
changes and synaptic damage in hippocampal neurons from Alzheimer’s
disease, Hum. Mol. Genet. 27 (2018) 2502e2516.
15
[93] E.F. Fang, Y. Hou, K. Palikaras, et al., Mitophagy inhibits amyloid-b and tau
pathology and reverses cognitive deficits in models of Alzheimer’s disease,
Nat. Neurosci. 22 (2019) 401e412.

[94] E.F. Fang, Mitophagy and NADþ inhibit Alzheimer disease, Autophagy 15
(2019) 1112e1114.

[95] S. Kshirsagar, N. Sawant, H. Morton, et al., Mitophagy enhancers against
phosphorylated Tau-induced mitochondrial and synaptic toxicities in Alz-
heimer disease, Pharmacol. Res. 174 (2021), 105973.

[96] J.A. Pradeepkiran, A. Hindle, S. Kshirsagar, et al., Are mitophagy enhancers
therapeutic targets for Alzheimer’s disease? Biomed. Pharmacother. 149
(2022), 112918.

[97] C. Chen, C. Yang, J. Wang, et al., Melatonin ameliorates cognitive deficits
through improving mitophagy in a mouse model of Alzheimer’s disease, J.
Pineal Res. 71 (2021), e12774.

[98] K. Zeng, X. Yu, Y.A.R. Mahaman, et al., Defective mitophagy and the etiopa-
thogenesis of Alzheimer’s disease, Transl. Neurodegener. 11 (2022), 32.

[99] L. Zhang, Y. Fang, X. Zhao, et al., BRUCE silencing leads to axonal dystrophy
by repressing autophagosome-lysosome fusion in Alzheimer’s disease,
Transl. Psychiatry 11 (2021), 421.

[100] L. Zhang, Y. Fang, X. Cheng, et al., Interaction between TRPML1 and p62 in
regulating autophagosome-lysosome fusion and impeding neuroaxonal
dystrophy in Alzheimer’s disease, Oxid. Med. Cell. Longev. 2022 (2022),
8096009.

[101] A. Adlimoghaddam, G.G. Odero, G. Glazner, et al., Nilotinib improves bio-
energetic profiling in brain astroglia in the 3xTg mouse model of Alzheimer’s
disease, Aging Dis. 12 (2021) 441e465.

[102] W. Li, L. Kui, T. Demetrios, et al., A glimmer of hope: Maintain mitochondrial
homeostasis to mitigate Alzheimer’s disease, Aging Dis. 11 (2020)
1260e1275.

[103] R. Grewal, M. Reutzel, B. Dilberger, et al., Purified oleocanthal and ligstroside
protect against mitochondrial dysfunction in models of early Alzheimer’s
disease and brain ageing, Exp. Neurol. 328 (2020), 113248.

[104] M.P. Singulani, C.P.M. Pereira, A.F.F. Ferreira, et al., Impairment of PGC-1a-
mediated mitochondrial biogenesis precedes mitochondrial dysfunction and
Alzheimer’s pathology in the 3xTg mouse model of Alzheimer’s disease, Exp.
Gerontol. 133 (2020), 110882.

[105] Z. Zhu, L. Xu, D. Cao, et al., Effect of orexin-A on mitochondrial biogenesis,
mitophagy and structure in HEK293-APPSWE cell model of Alzheimer’s
disease, Clin. Exp. Pharmacol. Physiol. 48 (2021) 355e360.

[106] B. Li, Y. Chen, Y. Zhou, et al., Neural stem cell-derived exosomes promote
mitochondrial biogenesis and restore abnormal protein distribution in a
mouse model of Alzheimer’s disease, Neural Regen. Res. 19 (2024)
1593e1601.

[107] L. Katsouri, Y.M. Lim, K. Blondrath, et al., PPARg-coactivator-1a gene transfer
reduces neuronal loss and amyloid-b generation by reducing b-secretase in
an Alzheimer’s disease model, Proc. Natl. Acad. Sci. USA 113 (2016)
12292e12297.

[108] J. Wang, M. Guo, Z. Liu, et al., PGC-1a reduces amyloid-b deposition in Alz-
heimer’s disease: Effect of increased VDR expression, Neurosci. Lett. 744
(2021), 135598.

[109] B. Chen, J. Wu, S. Hu, et al., Apelin-13 improves cognitive impairment and
repairs hippocampal neuronal damage by activating PGC-1a/PPARg
signaling, Neurochem. Res. 48 (2023) 1504e1515.

[110] Y.J. Kang, S.J. Hyeon, A. McQuade, et al., Neurotoxic microglial activation via
IFNg-induced Nrf2 reduction exacerbating Alzheimer’s disease, Adv. Sci.
(Weinh) 11 (2024), e2304357.

[111] B.N. Lizama, C.T. Chu, Neuronal autophagy and mitophagy in Parkinson’s
disease, Mol. Aspects Med. 82 (2021), 100972.

[112] Z. Zhu, C. Yang, A. Iyaswamy, et al., Balancing mTOR signaling and autophagy
in the treatment of Parkinson’s disease, Int. J. Mol. Sci. 20 (2019), 728.

[113] A. Sarkar, R. Hameed, A. Mishra, et al., Genetic modulators associated with
regulatory surveillance of mitochondrial quality control, play a key role in
regulating stress pathways and longevity in C. elegans, Life Sci. 290 (2022),
120226.

[114] E.J. Shin, J.H. Jeong, Y. Hwang, et al., Methamphetamine-induced dopami-
nergic neurotoxicity as a model of Parkinson’s disease, Arch. Pharm. Res. 44
(2021) 668e688.

[115] R. MacDonald, K. Barnes, C. Hastings, et al., Mitochondrial abnormalities in
Parkinson’s disease and Alzheimer’s disease: Can mitochondria be targeted
therapeutically? Biochem. Soc. Trans. 46 (2018) 891e909.

[116] E. Chernivec, J. Cooper, K. Naylor, Exploring the effect of rotenone-a known
inducer of Parkinson’s disease-on mitochondrial dynamics in Dictyostelium
discoideum, Cells 7 (2018), 201.

[117] B. Zhou, M. Wen, X. Lin, et al., Alpha lipoamide ameliorates motor deficits
and mitochondrial dynamics in the Parkinson’s disease model induced by 6-
hydroxydopamine, Neurotox. Res. 33 (2018) 759e767.

[118] Q. Zhang, C. Hu, J. Huang, et al., ROCK1 induces dopaminergic nerve cell
apoptosis via the activation of Drp1-mediated aberrant mitochondrial fission
in Parkinson’s disease, Exp. Mol. Med. 51 (2019) 1e13.

[119] M. Adebayo, S. Singh, A.P. Singh, et al., Mitochondrial fusion and fission: The
fine-tune balance for cellular homeostasis, FASEB J. 35 (2021), e21620.

[120] F. Zhao, W. Wang, C. Wang, et al., Mfn2 protects dopaminergic neurons
exposed to paraquat both in vitro and in vivo: Implications for idiopathic
Parkinson’s disease, Biochim. Biophys. Acta Mol. Basis Dis. 1863 (2017)
1359e1370.

http://refhub.elsevier.com/S2095-1779(24)00243-0/sref62
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref62
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref62
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref63
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref63
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref63
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref63
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref64
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref64
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref65
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref65
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref65
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref65
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref66
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref66
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref66
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref66
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref67
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref67
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref67
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref67
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref68
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref68
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref68
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref69
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref69
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref69
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref70
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref70
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref70
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref71
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref71
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref71
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref72
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref72
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref72
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref73
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref73
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref73
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref74
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref74
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref75
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref75
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref75
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref76
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref76
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref77
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref77
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref77
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref78
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref78
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref78
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref78
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref79
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref79
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref79
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref79
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref80
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref80
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref80
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref81
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref81
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref81
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref82
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref82
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref82
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref82
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref82
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref82
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref83
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref83
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref83
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref84
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref84
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref84
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref84
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref85
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref85
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref85
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref86
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref86
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref86
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref86
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref87
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref87
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref87
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref88
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref88
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref88
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref88
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref88
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref89
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref89
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref89
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref90
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref90
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref90
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref91
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref91
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref91
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref92
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref92
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref92
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref92
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref92
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref93
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref93
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref93
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref93
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref94
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref94
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref94
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref94
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref95
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref95
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref95
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref96
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref96
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref96
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref97
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref97
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref97
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref98
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref98
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref99
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref99
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref99
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref100
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref100
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref100
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref100
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref101
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref101
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref101
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref101
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref102
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref102
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref102
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref102
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref103
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref103
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref103
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref104
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref104
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref104
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref104
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref105
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref105
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref105
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref105
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref106
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref106
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref106
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref106
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref106
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref107
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref107
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref107
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref107
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref107
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref108
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref108
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref108
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref109
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref109
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref109
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref109
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref110
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref110
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref110
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref111
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref111
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref112
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref112
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref113
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref113
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref113
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref113
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref114
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref114
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref114
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref114
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref115
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref115
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref115
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref115
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref116
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref116
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref116
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref117
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref117
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref117
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref117
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref118
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref118
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref118
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref118
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref119
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref119
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref120
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref120
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref120
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref120
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref120


L. Xu, T. Zhang, B. Zhu et al. Journal of Pharmaceutical Analysis 15 (2025) 101146
[121] S. Ahmed, M. Kwatra, S. Ranjan Panda, et al., Andrographolide suppresses
NLRP3 inflammasome activation in microglia through induction of parkin-
mediated mitophagy in in-vitro and in-vivo models of Parkinson disease,
Brain Behav. Immun. 91 (2021) 142e158.

[122] G. Ashrafi, J.S. Schlehe, M.J. LaVoie, et al., Mitophagy of damaged mito-
chondria occurs locally in distal neuronal axons and requires PINK1 and
Parkin, J. Cell Biol. 206 (2014) 655e670.

[123] D.A. Madsen, S.I. Schmidt, M. Blaabjerg, et al., Interaction between parkin
and a-synuclein in PARK2-mediated Parkinson’s disease, Cells 10 (2021),
283.

[124] Q. Gao, R. Tian, H. Han, et al., PINK1-mediated Drp1S616 phosphorylation
modulates synaptic development and plasticity via promoting mitochondrial
fission, Signal Transduct. Target. Ther. 7 (2022), 103.

[125] Y. Wang, W. Chen, Y. Han, et al., Neuroprotective effect of engineered Clos-
tridium butyricum-pMTL007-GLP-1 on Parkinson’s disease mice models via
promoting mitophagy, Bioeng. Transl. Med. 8 (2023), e10505.

[126] F. De Lazzari, F. Agostini, N. Plotegher, et al., DJ-1 promotes energy balance
by regulating both mitochondrial and autophagic homeostasis, Neurobiol.
Dis. 176 (2023), 105941.

[127] H. Liu, P.W. Ho, C.T. Leung, et al., Aberrant mitochondrial morphology and
function associated with impaired mitophagy and DNM1L-MAPK/ERK
signaling are found in aged mutant Parkinsonian LRRK2R1441G mice, Auto-
phagy 17 (2021) 3196e3220.

[128] L.D. Osellame, A.A. Rahim, I.P. Hargreaves, et al., Mitochondria and quality
control defects in a mouse model of Gaucher disease: Links to Parkinson’s
disease, Cell Metab. 17 (2013) 941e953.

[129] M. Elstner, C.M. Morris, K. Heim, et al., Expression analysis of dopaminergic
neurons in Parkinson’s disease and aging links transcriptional dysregula-
tion of energy metabolism to cell death, Acta Neuropathol. 122 (2011)
75e86.

[130] A. Bender, K.J. Krishnan, C.M. Morris, et al., High levels of mitochondrial DNA
deletions in substantia nigra neurons in aging and Parkinson disease, Nat.
Genet. 38 (2006) 515e517.

[131] Q. Zheng, H. Liu, H. Zhang, et al., Ameliorating mitochondrial dysfunction of
neurons by biomimetic targeting nanoparticles mediated mitochondrial
biogenesis to boost the therapy of Parkinson’s disease, Adv. Sci. (Weinh) 10
(2023), e2300758.

[132] Y.L. Hsu, H.J. Chen, J. Gao, et al., Chiisanoside mediates the parkin/ZNF746/
PGC-1a axis by downregulating miR-181a to improve mitochondrial
biogenesis in 6-OHDA-caused neurotoxicity models in vitro and in vivo:
Suggestions for prevention of Parkinson’s disease, Antioxidants (Basel) 12
(2023), 1782.

[133] Z. Sun, X. Ma, H. Yang, et al., Characterization of age-dependent behavior
deficits in the PGC-1a knockout mouse, in relevance to the Parkinson’s
disease model, Neuroscience 440 (2020) 39e47.

[134] R. Aviner, T.-T. Lee, V.B. Masto, et al., Polyglutamine-mediated ribotoxicity
disrupts proteostasis and stress responses in Huntington’s disease, Nat. Cell
Biol. 26 (2024) 892e902.

[135] S. Tyebji, A.J. Hannan, Synaptopathic mechanisms of neurodegeneration and
dementia: Insights from Huntington’s disease, Prog. Neurobiol. 153 (2017)
18e45.

[136] U. Shirendeb, A.P. Reddy, M. Manczak, et al., Abnormal mitochondrial dy-
namics, mitochondrial loss and mutant huntingtin oligomers in Huntington’s
disease: Implications for selective neuronal damage, Hum. Mol. Genet. 20
(2011) 1438e1455.

[137] J. Kim, J.P. Moody, C.K. Edgerly, et al., Mitochondrial loss, dysfunction and
altered dynamics in Huntington’s disease, Hum. Mol. Genet. 19 (2010)
3919e3935.

[138] A.J. Roe, X. Qi, Drp1 phosphorylation by MAPK1 causes mitochondrial
dysfunction in cell culture model of Huntington’s disease, Biochem. Biophys.
Res. Commun. 496 (2018) 706e711.

[139] V. Costa, M. Giacomello, R. Hudec, et al., Mitochondrial fission and cristae
disruption increase the response of cell models of Huntington’s disease to
apoptotic stimuli, EMBO Mol. Med. 2 (2010) 490e503.

[140] W. Song, J. Chen, A. Petrilli, et al., Mutant huntingtin binds the mitochondrial
fission GTPase dynamin-related protein-1 and increases its enzymatic ac-
tivity, Nat. Med. 17 (2011) 377e382.

[141] N. Okada, T. Yako, S. Nakamura, et al., Reduced mitochondrial complex II
activity enhances cell death via intracellular reactive oxygen species in
STHdhQ111 striatal neurons with mutant huntingtin, J. Pharmacol. Sci. 147
(2021) 367e375.

[142] M.E. Solesio, S. Saez-Atienzar, J. Jordan, et al., 3-Nitropropionic acid induces
autophagy by forming mitochondrial permeability transition pores rather
than activating the mitochondrial fission pathway, Br. J. Pharmacol. 168
(2013) 63e75.

[143] A. Jurcau, Molecular pathophysiological mechanisms in Huntington’s dis-
ease, Biomedicines 10 (2022), 1432.

[144] A. Johri, A. Chandra, M. Flint Beal, PGC-1a, mitochondrial dysfunction, and
Huntington’s disease, Free Radic. Biol. Med. 62 (2013) 37e46.

[145] T.A. Intihar, E.A. Martinez, R. Gomez-Pastor, Mitochondrial dysfunction in
Huntington’s disease; interplay between HSF1, p53 and PGC-1a transcrip-
tion factors, Front. Cell. Neurosci. 13 (2019), 103.

[146] A. Sharma, T. Behl, L. Sharma, et al., Mitochondrial dysfunction in Hunting-
ton’s disease: Pathogenesis and therapeutic opportunities, Curr. Drug Tar-
gets 22 (2021) 1637e1667.
16
[147] R. Li, L. Wang, H.-X. Duan, et al., Regulation of mitochondrial dysfunction
induced cell apoptosis is a potential therapeutic strategy for herbal medicine
to treat neurodegenerative diseases, Front. Pharmacol. 13 (2022), 937289.

[148] Y. Dong, T. Li, S. Wang, et al., Bu Zhong Yiqi Decoction ameliorates mild
cognitive impairment by improving mitochondrial oxidative stress damage
via the SIRT3/MnSOD/OGG1 pathway, J. Ethnopharmacol. 331 (2024),
118237.

[149] H.S. Lim, Y.J. Kim, E. Sohn, et al., Bojungikgi-Tang, a traditional herbal for-
mula, exerts neuroprotective effects and ameliorates memory impairments
in Alzheimer’s disease-like experimental models, Nutrients 10 (2018), 1952.

[150] Q. Xiao, H. Liu, C. Yang, et al., Bushen-Yizhi formula exerts neuroprotective
effect via inhibiting excessive mitophagy in rats with chronic cerebral
hypoperfusion, J. Ethnopharmacol. 310 (2023), 116326.

[151] X. Hou, D. Wu, C. Zhang, et al., Bushen-Yizhi formula ameliorates cognition
deficits and attenuates oxidative stress-related neuronal apoptosis in
scopolamine-induced senescence in mice, Int. J. Mol. Med. 34 (2014)
429e439.

[152] Y. Zhang, H. Sun, X. He, et al., Da-Bu-Yin-Wan and Qian-Zheng-San, two
traditional Chinese herbal formulas, up-regulate the expression of mito-
chondrial subunit NADH dehydrogenase 1 synergistically in the mice model
of Parkinson’s disease, J. Ethnopharmacol. 146 (2013) 363e371.

[153] C. Gai, W. Feng, T. Qiang, et al., Da-bu-Yin-Wan and Qian-Zheng-San
ameliorate mitochondrial dynamics in the Parkinson’s disease cell model
induced by MPP, Front. Pharmacol. 10 (2019), 372.

[154] S. Su, G. Chen, M. Gao, et al., Kai-Xin-San protects against mitochondrial
dysfunction in Alzheimer’s disease through SIRT3/NLRP3 pathway, Chin.
Med. 18 (2023), 26.

[155] Z. Song, D. Luo, Y. Wang, et al., Neuroprotective effect of Danggui Shaoyao
San via the mitophagy-apoptosis pathway in a rat model of Alzheimer’s
disease, Evid Based Complement Alternat Med. 2021 (2021), 3995958.

[156] G.S. Chai, J. Gong, J.J. Wu, et al., Danggui Buxue decoction ameliorates
mitochondrial biogenesis and cognitive deficits through upregulating his-
tone H4 lysine 12 acetylation in APP/PS1 mice, J. Ethnopharmacol. 313
(2023), 116554.

[157] H. An, C. Lin, C. Gu, et al., Di-Huang-Yi-Zhi herbal formula attenuates amy-
loid-b-induced neurotoxicity in PC12 cells, Exp. Ther. Med. 13 (2017)
3003e3008.

[158] I.J. Lee, C. Chao, Y. Yang, et al., Huang Lian Jie Du Tang attenuates paraquat-
induced mitophagy in human SH-SY5Y cells: A traditional decoction with a
novel therapeutic potential in treating Parkinson’s disease, Biomed. Phar-
macother. 134 (2021), 111170.

[159] Z. Ji, Y. Shi, X. Li, et al., Neuroprotective effect of Taohong Siwu Decoction on
cerebral ischemia/reperfusion injury via mitophagy-NLRP3 inflammasome
pathway, Front. Pharmacol. 13 (2022), 910217.

[160] Q. Long, T. Li, Q. Zhu, et al., SuanZaoRen decoction alleviates neuronal loss,
synaptic damage and ferroptosis of AD via activating DJ-1/Nrf2 signaling
pathway, J. Ethnopharmacol. 323 (2024), 117679.

[161] S. Wen, L. Wang, T. Wang, et al., Puerarin alleviates cadmium-induced
mitochondrial mass decrease by inhibiting PINK1-Parkin and Nix-mediated
mitophagy in rat cortical neurons, Ecotoxicol. Environ. Saf. 230 (2022),
113127.

[162] Y. Bian, Y. Chen, X. Wang, et al., Oxyphylla A ameliorates cognitive deficits
and alleviates neuropathology via the Akt-GSK3b and Nrf2-Keap1-HO-1
pathways in vitro and in vivo murine models of Alzheimer’s disease, J. Adv.
Res. 34 (2021) 1e12.

[163] H. Khan, H. Ullah, M. Aschner, et al., Neuroprotective effects of quercetin in
Alzheimer’s disease, Biomolecules 10 (2019), 59.

[164] M. Ay, J. Luo, M. Langley, et al., Molecular mechanisms underlying protective
effects of quercetin against mitochondrial dysfunction and progressive
dopaminergic neurodegeneration in cell culture and MitoPark transgenic
mouse models of Parkinson’s disease, J. Neurochem. 141 (2017) 766e782.

[165] D. Lee, N. Kim, S.H. Jeon, et al., Hesperidin improves memory function by
enhancing neurogenesis in a mouse model of Alzheimer’s disease, Nutrients
14 (2022), 3125.

[166] S. Kesh, R.R. Kannan, A. Balakrishnan, Naringenin alleviates 6-hydroxydop-
amine induced Parkinsonism in SHSY5Y cells and zebrafish model, Comp.
Biochem. Physiol. C. Toxicol. Pharmacol. 239 (2021), 108893.

[167] N. Wang, H. Wang, Q. Pan, et al., The combination of b-asarone and icariin
inhibits amyloid-b and reverses cognitive deficits by promoting mitophagy
in models of Alzheimer’s disease, Oxid. Med. Cell. Longev. 2021 (2021),
7158444.

[168] B. Lee, B. Sur, S.G. Cho, et al., Wogonin attenuates hippocampal neuronal loss
and cognitive dysfunction in trimethyltin-intoxicated rats, Biomol. Ther.
(Seoul) 24 (2016) 328e337.

[169] Y. Zhu, J. Wang, Wogonin increases b-amyloid clearance and inhibits tau
phosphorylation via inhibition of mammalian target of rapamycin: Po-
tential drug to treat Alzheimer’s disease, Neurol. Sci. 36 (2015)
1181e1188.

[170] D. Wang, S. Li, W. Wu, et al., Effects of long-term treatment with quercetin
on cognition and mitochondrial function in a mouse model of Alzheimer’s
disease, Neurochem. Res. 39 (2014) 1533e1543.

[171] Z. He, X. Li, Z. Wang, et al., Protective effects of luteolin against amyloid beta-
induced oxidative stress and mitochondrial impairments through peroxi-
some proliferator-activated receptor g-dependent mechanism in Alz-
heimer’s disease, Redox Biol. 66 (2023), 102848.

http://refhub.elsevier.com/S2095-1779(24)00243-0/sref121
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref121
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref121
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref121
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref121
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref122
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref122
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref122
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref122
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref123
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref123
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref123
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref124
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref124
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref124
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref124
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref125
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref125
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref125
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref126
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref126
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref126
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref127
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref127
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref127
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref127
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref127
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref127
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref128
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref128
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref128
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref128
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref129
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref129
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref129
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref129
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref129
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref130
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref130
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref130
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref130
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref131
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref131
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref131
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref131
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref132
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref132
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref132
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref132
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref132
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref133
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref133
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref133
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref133
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref134
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref134
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref134
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref134
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref135
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref135
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref135
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref135
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref136
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref136
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref136
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref136
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref136
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref137
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref137
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref137
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref137
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref138
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref138
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref138
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref138
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref139
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref139
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref139
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref139
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref140
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref140
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref140
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref140
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref141
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref141
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref141
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref141
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref141
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref142
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref142
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref142
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref142
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref142
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref143
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref143
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref144
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref144
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref144
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref145
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref145
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref145
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref146
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref146
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref146
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref146
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref147
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref147
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref147
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref148
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref148
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref148
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref148
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref149
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref149
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref149
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref150
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref150
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref150
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref151
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref151
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref151
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref151
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref151
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref152
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref152
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref152
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref152
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref152
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref153
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref153
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref153
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref154
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref154
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref154
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref155
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref155
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref155
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref156
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref156
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref156
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref156
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref157
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref157
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref157
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref157
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref158
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref158
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref158
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref158
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref159
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref159
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref159
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref160
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref160
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref160
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref161
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref161
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref161
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref161
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref162
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref162
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref162
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref162
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref162
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref163
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref163
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref164
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref164
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref164
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref164
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref164
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref165
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref165
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref165
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref166
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref166
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref166
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref167
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref167
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref167
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref167
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref168
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref168
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref168
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref168
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref169
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref169
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref169
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref169
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref169
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref170
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref170
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref170
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref170
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref171
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref171
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref171
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref171


L. Xu, T. Zhang, B. Zhu et al. Journal of Pharmaceutical Analysis 15 (2025) 101146
[172] O.A. Ahmedy, T.M. Abdelghany, M.E.A. El-Shamarka, et al., Apigenin atten-
uates LPS-induced neurotoxicity and cognitive impairment in mice via
promoting mitochondrial fusion/mitophagy: Role of SIRT3/PINK1/Parkin
pathway, Psychopharmacology (Berl) 239 (2022) 3903e3917.

[173] X. Yao, J. Zhang, Y. Lu, et al., Myricetin restores Ab-induced mitochon-
drial impairments in N2a-SW cells, ACS Chem. Neurosci. 13 (2022)
454e463.

[174] H. Fan, Y. Li, M. Sun, et al., Hyperoside reduces rotenone-induced neuronal
injury by suppressing autophagy, Neurochem. Res. 46 (2021) 3149e3158.

[175] H. Bai, Y. Ding, X. Li, et al., Polydatin protects SH-SY5Y in models of Par-
kinson’s disease by promoting Atg5-mediated but parkin-independent
autophagy, Neurochem. Int. 134 (2020), 104671.

[176] X. Song, H. Zhou, Y. Sun, et al., Inhibitory effects of curcumin on H2O2-
induced cell damage and APP expression and processing in SH-SY5Y cells
transfected with APP gene with Swedish mutation, Mol. Biol. Rep. 47 (2020)
2047e2059.

[177] P.H. Reddy, M. Manczak, X. Yin, et al., Protective effects of a natural product,
curcumin, against amyloid b induced mitochondrial and synaptic toxicities
in Alzheimer’s disease, J. Investig. Med. 64 (2016) 1220e1234.

[178] F. Firdaus, M.F. Zafeer, M. Waseem, et al., Ellagic acid mitigates arsenic-
trioxide-induced mitochondrial dysfunction and cytotoxicity in SH-SY5Y
cells, J. Biochem. Mol. Toxicol. 32 (2018), e22024.

[179] J. He, X. Li, S. Yang, et al., Gastrodin extends the lifespan and protects against
neurodegeneration in the Drosophila PINK1 model of Parkinson’s disease,
Food Funct. 12 (2021) 7816e7824.

[180] Q. Zhao, Z. Tian, G. Zhou, et al., SIRT1-dependent mitochondrial biogenesis
supports therapeutic effects of resveratrol against neurodevelopment dam-
age by fluoride, Theranostics 10 (2020) 4822e4838.

[181] M.F. Zafeer, F. Firdaus, E. Anis, et al., Prolong treatment with Trans-ferulic
acid mitigates bioenergetics loss and restores mitochondrial dynamics in
streptozotocin-induced sporadic dementia of Alzheimer’s type, Neuro-
toxicology 73 (2019) 246e257.

[182] D. Wang, L. Cao, X. Zhou, et al., Mitigation of honokiol on fluoride-induced
mitochondrial oxidative stress, mitochondrial dysfunction, and cognitive
deficits through activating AMPK/PGC-1a/Sirt3, J. Hazard. Mater. 437 (2022),
129381.

[183] R. Li, J. Chen, Salidroside protects dopaminergic neurons by enhancing
PINK1/parkin-mediated mitophagy, Oxid. Med. Cell. Longev. 2019 (2019),
9341018.

[184] Y. Tian, Y. Qi, H. Cai, et al., Senegenin alleviates Ab 1b42 induced cell damage
through triggering mitophagy, J. Ethnopharmacol. 295 (2022), 115409.
17
[185] Y. Li, J. Li, L. Yang, et al., Ginsenoside Rb1 protects hippocampal neurons in
depressed rats based on mitophagy-regulated astrocytic pyroptosis, Phyto-
medicine 121 (2023), 155083.

[186] M. Rashedinia, J. Saberzadeh, T. Khosravi Bakhtiari, et al., Glycyrrhizic acid
ameliorates mitochondrial function and biogenesis against aluminum
toxicity in PC12 cells, Neurotox. Res. 35 (2019) 584e593.

[187] C. Yang, Y. Mo, E. Xu, et al., Astragaloside IV ameliorates motor deficits and
dopaminergic neuron degeneration via inhibiting neuroinflammation and
oxidative stress in a Parkinson’s disease mouse model, Int. Immuno-
pharmacol. 75 (2019), 105651.

[188] J. Du, J. Liu, X. Huang, et al., Catalpol ameliorates neurotoxicity in N2a/
APP695swe cells and APP/PS1 transgenic mice, Neurotox. Res. 40 (2022)
961e972.

[189] L.F.R. Qi, S. Liu, Y. Liu, et al., Ganoderic acid A promotes amyloid-b clearance
(in vitro) and ameliorates cognitive deficiency in Alzheimer’s disease (mouse
model) through autophagy induced by activating axl, Int. J. Mol. Sci. 22
(2021), 5559.

[190] L. Chen, L.Y. Horng, C.L. Wu, et al., Activating mitochondrial regulator PGC-1a
expression by astrocytic NGF is a therapeutic strategy for Huntington’s dis-
ease, Neuropharmacology 63 (2012) 719e732.

[191] J. Geng, W. Liu, J. Gao, et al., Andrographolide alleviates Parkinsonism in
MPTP-PD mice via targeting mitochondrial fission mediated by dynamin-
related protein 1, Br. J. Pharmacol. 176 (2019) 4574e4591.

[192] C. Wang, Q. Zou, Y. Pu, et al., Berberine rescues D-ribose-induced Alzheimer’s
pathology via promoting mitophagy, Int. J. Mol. Sci. 24 (2023), 5896.

[193] Y. Zhang, J. Wang, C. Wang, et al., Pharmacological basis for the use of
evodiamine in Alzheimer’s disease: Antioxidation and antiapoptosis, Int. J.
Mol. Sci. 19 (2018), 1527.

[194] F. Meng, J. Wang, F. Ding, et al., Neuroprotective effect of matrine on MPTP-
induced Parkinson’s disease and on Nrf2 expression, Oncol. Lett. 13 (2017)
296e300.

[195] L. Cui, Y. Cai, W. Cheng, et al., A novel, multi-target natural drug candidate,
matrine, improves cognitive deficits in Alzheimer’s disease transgenic mice
by inhibiting Ab aggregation and blocking the RAGE/Ab axis, Mol. Neurobiol.
54 (2017) 1939e1952.

[196] Y. Lei, L. Yang, C.Y. Ye, et al., Involvement of intracellular and mitochondrial
Ab in the ameliorative effects of huperzine A against oligomeric Ab42-
induced injury in primary rat neurons, PLoS One 10 (2015), e0128366.

[197] R. Li, Y. Lu, Q. Zhang, et al., Piperine promotes autophagy flux by P2RX4
activation in SNCA/a-synuclein-induced Parkinson disease model, Autophagy
18 (2022) 559e575.

http://refhub.elsevier.com/S2095-1779(24)00243-0/sref172
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref172
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref172
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref172
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref172
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref173
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref173
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref173
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref173
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref174
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref174
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref174
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref175
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref175
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref175
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref176
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref176
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref176
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref176
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref176
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref176
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref176
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref177
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref177
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref177
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref177
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref178
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref178
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref178
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref179
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref179
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref179
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref179
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref180
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref180
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref180
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref180
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref181
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref181
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref181
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref181
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref181
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref182
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref182
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref182
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref182
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref183
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref183
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref183
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref184
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref184
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref184
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref185
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref185
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref185
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref186
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref186
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref186
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref186
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref187
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref187
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref187
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref187
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref188
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref188
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref188
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref188
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref189
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref189
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref189
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref189
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref190
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref190
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref190
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref190
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref191
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref191
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref191
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref191
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref192
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref192
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref193
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref193
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref193
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref194
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref194
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref194
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref194
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref195
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref195
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref195
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref195
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref195
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref196
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref196
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref196
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref196
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref197
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref197
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref197
http://refhub.elsevier.com/S2095-1779(24)00243-0/sref197

	Mitochondrial quality control disorder in neurodegenerative disorders: Potential and advantages of traditional Chinese medi ...
	1. Introduction
	2. Overview of MQC
	2.1. Mitochondrial dynamics
	2.2. Mitophagy
	2.3. Mitochondrial biogenesis

	3. Potential roles of MQC in NDDs
	3.1. AD
	3.2. PD
	3.3. HD

	4. Chinese herbal medicine combats NDDs through the MQC pathway
	4.1. TCM formulas
	4.2. Active monomers from TCM
	4.2.1. Flavonoids
	4.2.2. Phenols
	4.2.3. Terpenoids
	4.2.4. Alkaloids


	5. Conclusions and future perspectives
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


