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Defective lysosomal acidification: a new 
prognostic marker and therapeutic target 
for neurodegenerative diseases
Chih Hung Lo1*† and Jialiu Zeng1*†   

Abstract 

Lysosomal acidification dysfunction has been implicated as a key driving factor in the pathogenesis of neurodegen-
erative diseases, including Alzheimer’s disease and Parkinson’s disease. Multiple genetic factors have been linked to 
lysosomal de-acidification through impairing the vacuolar-type ATPase and ion channels on the organelle membrane. 
Similar lysosomal abnormalities are also present in sporadic forms of neurodegeneration, although the underlying 
pathogenic mechanisms are unclear and remain to be investigated. Importantly, recent studies have revealed early 
occurrence of lysosomal acidification impairment before the onset of neurodegeneration and late-stage pathology. 
However, there is a lack of methods for organelle pH monitoring in vivo and a dearth of lysosome-acidifying thera-
peutic agents. Here, we summarize and present evidence for the notion of defective lysosomal acidification as an 
early indicator of neurodegeneration and urge the critical need for technological advancement in developing tools 
for lysosomal pH monitoring and detection both in vivo and for clinical applications. We further discuss current pre-
clinical pharmacological agents that modulate lysosomal acidification, including small molecules and nanomedicine, 
and their potential clinical translation into lysosome-targeting therapies. Both timely detection of lysosomal dysfunc-
tion and development of therapeutics that restore lysosomal function represent paradigm shifts in targeting neurode-
generative diseases.
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Introduction
Lysosomal dysfunction in neurons and glial cells contrib-
utes to neurodegenerative diseases including Alzheimer’s 
disease (AD), frontotemporal dementia (FTD), Parkin-
son’s disease (PD), and amyotrophic lateral sclerosis 

(ALS), and has been a major field of research in the past 
decades [1, 2]. Lysosome functions as a major signal-
ing hub and regulatory platform for cellular processes 
and controls cell death and survival [3, 4]. As the end-
point of autophagic and phagocytic networks, lysosome 
serves as a central mediator to ensure the completion of 
the cellular degradation process. An optimal lysosomal 
acidification of pH 4.0–5.0 is essential for fusion with 
autophagosomes and maintenance of normal autolyso-
somal functions, including enzyme activity, organelle 
biogenesis, and effective clearance of unwanted cellular 
components, cell debris, and accumulated toxic protein 
aggregates (Fig. 1a) [5, 6].
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Lysosomal acidification is maintained primarily 
by a proton-pump known as vacuolar (H+)-ATPase 
(V-ATPase), together with multiple ion channels found 
on the lysosomal membrane such as the transient recep-
tor potential (TRP) channels, two-pore channels (TPC), 
transmembrane protein 175 (TMEM175), and chloride-
proton exchanger that facilitates the exchange of ions 
including  Ca2+,  Na+,  K+, and  Cl−, where they play a 
synergistic role in regulating lysosomal acidification [5]. 
Importantly, V-ATPase is a multimeric enzyme complex 
that pumps protons from the cytosol into the lysosomal 
lumen, among which the most important subunit is  the 
V1 domain in association with the membrane-bound V0 
sector [5]. Defective lysosomal acidification in the cen-
tral nervous system (CNS) leads to inefficient cellular 
degradation by poorly acidified autolysosomes (Fig.  1b) 
and has been associated with early neurodegenerative 

pathology including the accumulation of toxic protein 
aggregates (Fig.  1c, d), prior to late-stage pathology of 
neuronal death and toxic protein deposition (Fig. 1e).

AD is the most prevalent neurodegenerative disease, 
where abnormalities of the autolysosomal system are 
a distinct neuropathological feature [7]. Multiple gene 
mutations associated with familial AD (FAD) have been 
reported to affect lysosomal acidification [7–9], with 
autosomal dominant mutations of PSEN1 (presenilin-1, 
PS1) [10–12] and APP (amyloid precursor protein, APP) 
[13, 14] being prominent examples. Blastocysts from 
PSEN1-knockout mice exhibit reduced expression of 
V-ATPase subunit V0a1 as well as defective maturation, 
trafficking, and assembly of the V-ATPase enzyme com-
plex, resulting in lysosomal acidification dysfunction [10, 
11]. However, another study reported no significant dif-
ference in lysosomal pH in embryonic stem cells lacking 

Fig. 1 Role of lysosomal acidification dysfunction in early neurodegenerative pathology. a Under normal physiological conditions, acidified 
lysosomes fuse with autophagosomes to form sufficiently acidified autolysosomes which can efficiently degrade accumulated cell debris and 
toxic protein aggregates. b Under pathological conditions, lysosomes with elevated pH either have no fusion with autophagosomes leading 
to no degradation, or fuse with autophagosomes to form poorly acidified autolysosomes which are inefficient in cellular degradation. c Poorly 
acidified lysosomes induce alterations from normal cellular and metabolic functions to early neurodegenerative pathology and could act as 
an early indicator of disease pathogenesis. d Pathogenesis of neurodegenerative diseases initiates with early pathology including increases 
of neuroinflammatory cytokines, activated glial cells, impaired neurotransmission, mitochondrial dysfunction, reactive oxygen species (ROS) 
production, and accumulation of pre-fibrillar, oligomeric toxic intrinsically disordered protein (IDP) aggregates due to inefficient cellular degradation 
by poorly acidified autolysosomes. e Late-stage neurodegeneration pathology includes the presence of toxic protein aggregates such as tau 
neurofibrillary tangles, Aβ plaques, and Lewy bodies with α-synuclein, as well as neuronal death. Schematics were created by BioRender.
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PSEN1 or both PSEN1 and PSEN2 as compared to the 
control [15]. In other studies,  Tyr682-phosphorylated APP 
β-C-terminal fragment and the internalized β-amyloid 
(Aβ) have been shown to interact with the cytosolic V0a1 
subunit and luminal V0C subunit of V-ATPase, respec-
tively, thereby disrupting the activity of the enzyme com-
plex [14]. Recent studies have demonstrated in different 
AD mouse models with APP and PSEN1  mutations, that 
early lysosomal acidification defects reduce autophagic 
degradation and increase accumulation of Aβ in neurons 
and late-stage deposition of Aβ plaques [12].

In FTD and ALS, mutations of several genes includ-
ing PGRN, TMEM106B, VCP, TARDBP, UBQLN2, and 
MAPT, together with their pathogenic protein functions, 
have been implicated in lysosomal acidification dysfunc-
tion and autophagy impairment [16, 17]. Specifically, 
in neurons with MAPT  P301S mutation derived from 
genetically engineered induced pluripotent stem cells 
(iPSCs), reduced lysosomal acidification is observed prior 
to the onset of tau oligomerization and the development 
of neurodegeneration [18]. It has also been suggested that 
phospho-tau interacts with the cytosolic V1B2 subunit of 
V-ATPase to inhibit  the activity of the latter [19]. Other 
studies have illustrated impairments in autophagic flux 
and autolysosomal functions, suggesting the presence of 
lysosomal acidification defects in several mouse models 
of tauopathy [19–22].

Similarly, in PD, several genes have been reported to be 
directly linked to impaired lysosomal acidification and 
function [22], including LRRK2, ATP6AP2, ATP13A2, 
ATP10B, and SNCA [7]. While LRRK2 and ATP6AP2 
mutations are associated with reduction of V-ATPase 
activity by altering the trafficking and assembly of the 
enzyme complex [23, 24], ATP13A2 (P5-type ATPase) 
[25] and ATP10B (P4-type ATPase) [26] mutations cause 
the accumulation of polyamines and lipids, respectively 
[25, 26], resulting in elevated lysosomal pH in neurons. 
The overexpression of mutant α-synuclein, including 
A53T and A30P, have also been shown to lead to lyso-
somal de-acidification in SH-SY5Y cells [27]. Interest-
ingly, the deficiency of TMEM175, which encodes for a 
 K+ channel, induces lysosomal over-acidification, instead 
of de-acidification, but similarly causes impaired cathep-
sin activity and α-synuclein aggregation both in vitro and 
in  vivo [28, 29]. Moreover, other environmental factors 
that contribute to sporadic models of PD, including neu-
rotoxins 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) [30, 31] and 6-hydroxidopamine [31], as well as 
human Lewy bodies containing α-synuclein [32], have 
been shown to elevate lysosomal pH in both cellular and 
mouse models.

The rapidly growing numbers of identified gene muta-
tions and environmental factors highlight the pathogenic 

importance of lysosomal acidification dysregulation in 
neurodegenerative diseases. This is further exemplified 
by the association of lysosomal storage diseases, which 
are characterized by defective lysosomal enzymes and 
abnormal accumulation of undegraded substrates inside 
lysosomes, with progressive neurodegenerative pheno-
types and early death [33–35]. While recent studies have 
provided clear evidence that defective lysosomal acidi-
fication develops before pathological manifestations in 
AD, there is a lack of direct evidence for early lysosomal 
abnormalities in PD, mainly due to the lack of PD mouse 
models with in vivo autophagic flux reporter that reflects 
the extent of lysosomal acidification. Despite this, multi-
ple PD studies have shown autolysosomal impairments 
and demonstrated effectiveness of lysosome-targeting 
therapeutic agents for restoration of luminal acidifica-
tion to rescue neurodegenerative pathology, suggesting 
lysosomal acidification dysfunction in PD. Here, we con-
solidate evidence, both direct and indirect, that supports 
impaired lysosomal acidification as a primary driver and 
an early indicator of neurodegeneration. We propose that 
early detection of lysosomal acidification dysfunction 
would allow for more accurate identification of potential 
pathological manifestations and enable timely treatment.

Early indicator of neurodegeneration
One of the important discoveries in yeast models is that 
the maintenance of optimal pH of lysosome-like vacuole 
positively regulates mitochondrial function and delays 
the aging process [36]. The study also revealed that the 
vacuolar acidity decline occurs during the early asym-
metric divisions of a mother cell, preceding mitochon-
drial dysfunction and leading to reduced number of 
cell divisions or shortened lifespans [36]. In Drosophila, 
early loss of the V0a1 subunit in photoreceptor neurons 
leads to defective lysosomal acidification in larval eye 
discs, increases their vulnerability to neurotoxic Aβ and 
tau proteins, and contributes to adult-onset progressive 
degeneration [37]. Conditional knockdown or deletion 
of ATP6AP2 (encodes for ATP6AP2, an essential acces-
sory component of V-ATPase), leads to the appearance of 
autophagic vacuoles, and subsequent neurodegeneration 
and cognitive impairment in both Drosophila and mouse 
models [38]. This is supported by variants of   ATP6AP2 
which decrease the protein level and compromise 
V-ATPase activity in cells [39]. These results suggest that 
partial reduction in lysosomal acidity does not immedi-
ately inhibit the autophagic degradative processes but 
renders the system more susceptible to failure over time.

In AD, a recent landmark study monitored autophagy 
flux and lysosomal acidification in five AD mouse mod-
els using a neuron-specific transgenic mRFP-eGFP-LC3 
probe for autophagy and lysosomal pH monitoring. 
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Findings show that early lysosomal acidification dys-
function occurs well before neurodegeneration. The 
mice expressing wild-type (WT) human APP or mutant 
human APP or a combination of mutant human APP 
and PS1 consistently show early faulty lysosomal acidi-
fication characterized by the PANTHOS (flower-shaped 
blebs) pattern, which was detectable as early as 5–6 
months before extracellular Aβ deposition [12]. Similar 
PANTHOS phenomena driving neuronal death, includ-
ing lysosome enlargement and membrane permeabiliza-
tion, cathepsin release, glial activation, and Aβ plaque 
formation, were also present in post-mortem AD brain 
tissues at the Braak II stage, suggesting early lysosomal 
acidification defects in sporadic AD [12, 40]. This is fur-
ther supported by another study showing that lysosome 
deficiency is an early pathogenic event in NHE6 (Na+/
H+  exchanger 6)-null rat brain, preceding autophagic 
dysfunction and loss of pyramidal cells, resulting in 
aggregation of Aβ and tau and neurodegeneration [41].

In tauopathies, an elevation of lysosomal pH was 
observed in iPSC-derived neurons with IVS10 + 16/
P301S mutations of MAPT at day in  vitro (DIV) 65 
compared with IVS10 + 16/WT control neurons. Upon 
elevation of lysosomal pH, there was increased phos-
phorylation of tau at Ser396/Ser404 (PHF1) and Thr181 
(AT270) in IVS10 + 16/P301S neurons at DIV80, sug-
gesting that early defects in lysosomal acidification could 
contribute to increased tau pathology and subsequent 
neurodegeneration [18]. In other studies, phospho-tau 
has been shown to interact with the ATP6V1B2 subu-
nit of the V-ATPase [19, 42]. Importantly, ATP6V1B2 
subunit is known to have a reduced expression in early 
development of AD pathology [43], disrupt V-ATPase 
activity, impair lysosomal function, and lead to neurode-
generation. This is further supported by studies report-
ing that autophagic and proteasomal impairments occur 
before tau aggregation [44] as well as the observation of 
autophagic and lysosomal defects in post-mortem human 
brain tissues with tauopathies (early onset of FAD) [45]. 
As some of the AD mouse models contain multiple pro-
tein variants, it is important to dissect the contribution 
of each protein and the associated mutations to AD 
pathogenesis.

In PD, lysosomal acidification impairment contrib-
utes to mitochondrial dysfunction, reduced clearance 
of α-synuclein, Lewy body pathology and neurodegen-
eration [46]. While multiple genes have been associated 
with lysosomal acidification dysfunction in PD [47], the 
early occurrence of this defect in the course of the dis-
ease has not been clearly delineated, although indirect 
evidence has been shown by several studies. Loss-of-
function mutations in ATP13A2 impair lysosomal acidi-
fication and are associated with early-onset parkinsonism 

[46, 48, 49]. Although alterations in lysosomal pH were 
not monitored, ATP13A2−/− mice showed age-dependent 
autophagy impairment at 10 to 18 months of age [50], 
but displayed late-onset sensorimotor deficits at 20 to 
29 months of age [51]. The expression of LRRK2-R1441C 
has been shown to elevate lysosomal pH and induce a 
decrease in autophagosome/lysosome fusion in primary 
cortical neuronal cultures [24]. Similar lysosomal abnor-
malities have been observed in LRRK2-R1441C mice at 
22 months [24], but motor deficits are only observed in 
mice older than 24 months [52]. In a previous study, mice 
were injected with MPTP for five consecutive days and 
sacrificed at different time-points after the last MPTP 
injection. Autophagic and lysosomal dysfunction were 
observed on day 1, preceding dopaminergic neuronal 
death observed on days 2 to 4, suggesting the role of early 
autolysosomal dysfunction in PD pathogenesis [53].

In sum, evidence from both AD and PD studies sug-
gests that dysfunctional V-ATPase and defective lysoso-
mal acidification are critical triggering mechanisms of 
the pathological features of neurodegeneration. There-
fore, strategies for monitoring the extent of lysosomal 
acidification in vivo are needed for effective disease prog-
nosis and management.

Prognostic markers and diagnostic tools associated 
with lysosomal acidification dysfunction
Early detection of lysosomal acidification alterations 
and identification of protein markers for dysregulation 
of autolysosomal network and pathways would aid in 
the prognosis of neurodegenerative diseases. The extent 
of lysosomal acidification is typically measured by using 
fluorescent probes (e.g., LysoTracker™ or Lysosensor™ 
Yellow/Blue) [54] or reporter plasmids (e.g., mRFP-
eGFP-LC3 or mCherry-LAMP1-mTFP1 (FIRE-pHLy)) 
[12, 55] where the fluorescence changes depending on 
the pH of the local environment (Fig.  2a). These tech-
niques are mostly applicable to studies in living cells. 
Recently, the Wang group has developed assays to exam-
ine lysosomal acidification and cleavage activity in  vivo, 
by using Caenorhabditis elegans expressing fluorescent 
reporters as a model system [56]. Importantly, C. elegans 
showed declines of lysosomal acidity and degradation 
activity during aging and under stressed conditions, mak-
ing them a suitable tool to study longevity and neuro-
degenerative pathways [57]. In another study, the Nixon 
group developed an autophagy reporter mouse express-
ing mRFP-eGFP-LC3 in neurons driven by the Thy1 
promoter, to directly measure alterations of lysosomal 
acidification and autophagic flux in  vivo [58]. Brain tis-
sues of AD mouse models expressing this reporter have 
been observed to reflect lysosomal acidification impair-
ments and neurodegenerative pathology [12]. This 
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critical study opens avenue for real-time in  vivo moni-
toring of lysosomal acidification in brains of living mice, 
which may potentially be achieved with a cranial window 
set-up and multiphoton microscopy to elucidate early-
stage pathogenic mechanisms of AD (Fig.  2b), although 
this would be an invasive procedure.

The translation of lysosomal acidification and related 
functions as early indicators of neurodegeneration in 
humans would be a major step forward. Initial studies, 
although not yet done in CNS cells, have confirmed an 
elevation of lysosomal pH by 0.2–0.3 units and 0.6 units 
in primary dermal fibroblasts with PS1 A246E mutation 
obtained from patients with FAD [59] and in fibroblasts 
from patients with Down syndrome [13], respectively. To 
step further, it is theoretically possible to measure lyso-
somal acidification and function in the CNS by positron 
emission tomography (PET) imaging with probes that 
target lysosome contents [60] or protein markers for lys-
osomal dysfunction (Fig. 2c) [61]. There is also a need for 
new designs of PET probes that can cross the blood-brain 
barrier (BBB) and target lysosomes, providing signals 
that differ in acidified vs. de-acidified environments [62].

Blood and cerebrospinal fluid (CSF) biomarkers for lys-
osomal dysfunction have been studied for early detection 
and diagnosis of neurodegenerative diseases (Fig.  2d). 
Among all the protein markers studied, cathepsins such 
as cathepsins B, D, E, and F are most closely associated 
with the extent of lysosomal acidification, as their activi-
ties and localization within lysosomes or translocation 
into the cytosol and extracellular space [63]   is highly 
dependent on lysosomal pH [6]. While there are incon-
sistent results, there is an overall trend illustrating an 
increase of cathepsin levels in biofluids and tissues of AD 
and a decrease in PD. However, the functional activities 
of cathepsins remain to be clarified [64]. The increase of 
cathepsin level in AD is consistent with the observation 

that lysosomal alkalization leads to increased mRNA lev-
els of cathepsins and lysosomal permeabilization, result-
ing in increased cathepsin levels in the cytosol and the 
extracellular space [6, 65–68]. Decreased cathepsin lev-
els in blood and post-mortem tissues of PD patients are 
potentially due to cathepsin release through exosomes 
or exocytosis [69, 70]. More detailed and rigorous analy-
ses of patient samples with more consistent and reliable 
results are needed to advance the measurement of cath-
epsin levels and activities as diagnostic tools for AD and 
PD. There are also studies suggesting the measurements 
of lysosomal acidification and function in immune cells 
from blood or CSF as indicators of immune activation 
and inflammation [71], although this needs to be verified 
by more evidence from studies associated with neurode-
generative diseases.

CNS-derived exosomes in blood or CSF, which con-
tain brain-specific cargos, are emerging biomarkers as 
they can be isolated by minimally invasive methods and 
their molecular profiles closely reflect the biochemical 
alterations in the CNS [72]. Being regarded as the mini-
version of parental cells [73], the CNS-derived exosomes 
are theoretically capable of reflecting the status of lysoso-
mal acidification and function in neurons and glial cells 
in the brain. An initial step would be to re-acidify lys-
osomes impaired under disease conditions and compare 
the omics (e.g., transcriptomic, proteomic, metabolomic, 
and lipidomic) signatures of the CNS-derived exosomes 
between the diseased and the recovered conditions. The 
differentially expressed genes or proteins in the exosomes 
may reveal mechanistic links between defective lysoso-
mal acidification and the pathogenesis of neurodegen-
erative diseases and identify new molecular targets for 
therapeutic intervention. To work towards clinical appli-
cations of exosome-based biomarkers, reliable protocols 
of vesicle isolation, marker detection, and data analysis 

Fig. 2 Strategies and methods for detecting autolysosomal dysfunction.a Detection of changes in autolysosomal acidification using fluorescent 
protein reporter (e.g., mRFP-eGFP-LC3) and small-molecule pH probes (e.g., Lysosensor Yellow/Blue). b Monitoring of autolysosomal acidification 
in vivo through intravital imaging of the reporter mouse brain using multiphoton microscopy. c Positron emission tomography (PET) imaging using 
protein markers that correlate with autolysosomal dysfunction to detect early onset of neurodegeneration in patients. d Blood- and CSF-based 
biomarkers that are associated with autolysosomal dysfunction, such as cathepsin level/activity and other molecular signatures obtained from 
CNS-derived exosomes, are potential early indicators of neurodegeneration. Schematics were created by BioRender.
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should be established to ensure robustness and high 
reproducibility.

Restoring lysosomal acidification as a therapeutic 
intervention
Having established that the maintenance of optimal 
lysosomal pH is crucial to autophagic and lysosomal 
functions, different therapeutic strategies have been 
developed. Compounds that promote autophagy  [74] 
and mitophagy  [75] have been described and reviewed. 
Here, we focus on the development of small molecules 
and nanomedicine that specifically target and acidify 
lysosomes (Fig. 3a). Since V-ATPase is an important tar-
get for lysosomal acidification, multiple small molecules 
(e.g.,  C381 and EN6) have been developed to modulate 
this enzyme complex and regulate lysosomal pH (Fig. 3b). 
C381 has been reported to promote lysosomal acidifi-
cation in human primary dermal fibroblasts and reduce 
neuroinflammation and gliosis in PGRN-knockout mice 
and MPTP-treated mice [76]. While the precise mecha-
nism of action remains to be investigated, C381 appears 
to act at least partially through increasing the V-ATPase 
activity. Importantly, toxicology studies on C381 have 
shown no major concerns and C381 has been demon-
strated to cross the BBB, suggesting its suitability as a 
potential drug candidate to be advanced towards clinical 
trials targeting neurodegenerative diseases by restoring 
lysosomal acidification. EN6 covalently modifies Cys277 
of the V1A subunit of V-ATPase and causes its physi-
cal and functional decoupling from the Ragulator-Rag 
GTPase complex. This leads to inhibition of mTORC1, 
promotion of V-ATPase proton pumping, and improved 
lysosomal acidification and autophagic function, all 
of which contribute to increased clearance of TDP-43 
aggregates in U2OS osteosarcoma cell line and in mice, 
although it is unclear whether EN6 is able to cross the 
BBB [77].

It has also been reported that cAMP (cyclic adeno-
sine monophosphate) and NKH-477 (a soluble adeny-
lyl cyclase activator) promote lysosomal acidification 
through protein kinase A and pH-dependent transloca-
tion of V-ATPase to lysosomal membrane (Fig. 3c) [78–
80]. Apart from V-ATPase modulators, there are also 
small molecules that target lysosomal ion channels to 
regulate luminal pH (Fig. 3d) [2]. A prominent example 
is the small molecule SF-22 and its analog, which acti-
vate the TRPML1 channel (a member of the TRP chan-
nel family) and display an additive effect in promoting 
lysosomal acidification in combination with phosphati-
dylinositol-3,5-bisphosphate, which is an endogenous 
activator [81]. Tetrandrine is another small molecule that 
inhibits TPC2, thereby acidifying lysosomes and restor-
ing autophagic degradation of pathogenic tau aggregates 

[20]. Other small molecules such as curcumin analog C1 
and PF11 activate transcription factor EB and increase its 
nuclear translocation, hence promoting lysosome biogen-
esis and luminal acidification (Fig. 3e) [82]. Furthermore, 
mTOR inhibitors OSI-027 and PP242 were identified in a 
fluorescence-based phenotypic screen as lysosome-acidi-
fying hits in differentiated SH-SY5Y neuroblastoma cells, 
and increased cathepsin D activity and autophagic func-
tion (Fig. 3f ) [75].

Besides small molecules, there has been constant 
therapeutic development focusing on using lysosome-
targeting nanomedicine, including poly(lactic-co-glycolic 
acid) (PLGA) nanoparticles (NPs), acidic NPs (AcNPs), 
photo-activated NPs (PaNPs), and acidic nucleolipid 
nanoemulsions (NL-NEs), to re-acidify impaired lys-
osomes under pathological conditions (Fig. 3g) [83–85]. 
Contrary to small molecules that target specific lysoso-
mal proton pumps and ion channels, these NPs and NL-
NEs localize into lysosomes, release their component 
acids, and directly acidify lysosomes by lowering the 
luminal pH (Fig. 4) [30, 86]. The NPs are stimuli-respon-
sive; they respond to mildly acidic environments (~ pH 
6.0 for PLGA NPs and AcNPs) or ultraviolet (UV) light 
(~ 365  nm for PaNPs) [30, 32, 86–89]. Notably, PLGA 
NPs and AcNPs have demonstrated restoration of lyso-
somal acidification and autophagic function as well as 
rescue of neurodegenerative pathology in several cellular 
and mouse models of AD and PD [11, 13, 30, 32, 87, 90], 
and in a Drosophila model of ALS (Fig. 4a, b) [91]. Impor-
tantly, AcNPs contain the tetrafluorosuccinic acid with 
a much lower  pKa (1.63) than lactic acid (3.86), glycolic 
acid (3.83), and succinic acid (4.20), leading to a more 
efficient increase in lysosomal proton concentration and 
a higher degree of acidification [87]. On the other hand, 
PLGA material has been approved by the U.S. Food and 
Drug Administration as injectable depot formulations 
such as microparticle [92], although PLGA-based NPs 
have not been approved for usage and the regulatory hur-
dles remain to be crossed. PaNPs contain a UV-sensitive 
nitrobenzyl group that responds to UV light, which ena-
bles spatiotemporal control of its activation to release 
component acid for lysosomal acidification (Fig.  4c), 
although the requirement for UV stimulation limits 
their applicability in vivo. An alternative strategy to NPs 
is acidic NL-NEs that contain conjugated succinic acid 
which will be released via enzymatic cleavage for luminal 
acidification (Fig. 4d) [84, 93].

In terms of the pharmacological properties, biodistri-
bution studies have reported that only 5%–15% of the 
injected dose of lysosome-targeting NPs accumulate in 
the mouse brain [94, 95]. Due to this limitation, NPs 
were injected intracranially into the mouse brains in 
previous studies to ensure direct targeting of CNS cells 
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[30, 32]. It is hence crucial to optimize the chemical 
formulation or to include BBB-penetrating peptides on 
the surface of NPs and/or NL-NEs to enable brain tar-
geting [96]. In terms of the functionality of NPs, com-
ponent acids with lower  pKa such as oxalic acid  (pKa 
1.27) and malonic acid  (pKa 2.85) may be incorporated 
to improve the extent of lysosomal acidification upon 
uptake and degradation in the lysosomes. However, it 

is important to optimize the conditions for NP forma-
tion and select suitable acids that are well metabolized 
in the body without inducing side effects. Finally, to 
translate lysosome-targeting nano-formulations into 
the clinics, there is a need to ensure batch-to-batch 
consistency in their size and dispersity, which govern 
the biodistribution, clearance time, and reproducible 

Fig. 3 Lysosomal acidification-modulating agents.a Schematic representation of lysosomal acidification modulation by small molecules and 
lysosome-targeting  nanomedicine. b C381 and EN6 activate V-ATPase to promote the proton-pumping capacity of the enzyme complex. c 
Cyclic adenosine monophosphate (cAMP, regulator of lysosomal pH) and NKH-477 (adenylyl cyclase activator) increase the intracellular content 
of cAMP, which is essential for maintaining lysosomal acidification. d Targeting ion channels, such as activating TRPML1 by SF-22 and inhibiting 
TPC2 by tetrandrine, allows for a balance of ions in the lysosome lumen to maintain lysosomal acidification. e Curcumin analog C1 and PF11 
activate transcription factor EB (TFEB) and increase its nuclear localization to enable the expression of lysosomal components and enhance luminal 
acidification. f OSI-027 and PP242 acidify lysosomes by inhibiting mTOR signaling. g Lysosome-targeting  nanoparticles (NPs) or nucleolipid 
nanoemulsions (NL-NEs) formed by various chemical compositions. Compositions of the NPs or NL-NEs shown are based on the most widely used 
formulations that have demonstrated significant efficacy, although they are modulable and can be further optimized to serve different purposes. 
The NPs or NL-NEs have a size of 100–200 nm, polydispersity (PDI) of 0.1–0.2 (which indicates a monodisperse population), and abilities to cross the 
blood-brain barrier (BBB) at 5%–15% of injected dose and lower lysosomal pH by 0.5–3.0 pH units. *The reported values for BBB penetration are only 
applicable to PLGA NPs and AcNPs; PaNPs and acidic NL-NEs have not been characterized. PLGA NPs, Poly(lactic-co-glycolic acid) NPs; AcNPs, Acidic 
NPs; PaNPs, Photo-activated NPs; Acidic NL-NEs, Acidic nucleolipid nanoemulsions; LA, Lactic acid; GA, Glycolic acid; TFSA, Tetrafluorosuccinic acid; 
SA, Succinic acid. Schematics were created by BioRender and chemical structures were drawn by ChemDraw.
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scalability, in order to fulfill GMP (good manufacturing 
practice) quality standards [97].

Conclusion
In summary, lysosomal acidification impairment and 
functional defects are integral to the pathogenesis of neu-
rodegenerative diseases. Although studies showed that 
upregulation of autophagy induction may act as a cellu-
lar compensatory mechanism in response to stress under 
neurodegenerative conditions [98–100], the autophagic 
degradation will not be completed without fully acidified 
and functional lysosomes. Numerous studies in genetic 
and sporadic models of AD and PD have uncovered 
lysosomal dysfunction to be among the earliest cellular 
abnormalities and signs of disease pathogenesis before 
the gradual appearance of histopathological hallmarks 
such as deposition of toxic protein aggregates and the 
subsequent synaptic and motor deficits.

Defective lysosomal acidification and function are 
also prevalent in activated astrocytes and microglia 
and are associated with impaired phagocytosis and 
early occurrence of neuroinflammation prior to the 

initiation of neurodegeneration [101]. This suggests 
that lysosomal impairment in glial cells exists earlier 
and contributes to subsequent neuronal dysfunction. 
In future studies, lysosomal acidification defects in dif-
ferent CNS cell types should be examined by methods 
including clinical and molecular precision phenotyping 
[102, 103]. We propose the need to target cellular phe-
notypes with the earliest signs of impairment.

It is hence imperative to establish tools that enable 
early detection of lysosomal acidification dysfunction 
as well as to develop therapeutic agents that can re-
acidify impaired lysosomes. There is a need to develop 
new detection technologies that allow for non-invasive 
real-time monitoring of lysosomal acidification, espe-
cially in humans, for prognosis of neurodegenerative 
diseases. In terms of therapeutics development, more 
studies are required to determine the exact mecha-
nisms of action of small molecules and nanomedicine, 
and their pharmacological properties should be opti-
mized to fit clinical application. These lysosome-target-
ing detection and therapeutic strategies are generally 

Fig. 4 Mechanisms of action of lysosome-targeting nanoparticles (NPs) and nanocarriers.a Poly(lactic-co-glycolic acid) (PLGA) NPs will dissociate 
into their respective component acids, lactic acid  (pKa 3.86) and glycolic acid  (pKa 3.83), under mildly acidic conditions and directly acidify 
lysosomes. b Acidic NPs (AcNPs) formed by poly(ethylene tetrafluorosuccinate-co-succinate) will dissociate into their respective component acids, 
tetrafluorosuccinic acid  (pKa 1.63) and succinic acid  (pKa 4.20), under mildly acidic conditions and directly acidify lysosomes. c PaNPs are activated 
upon stimulation by UV light (~ 365 nm), enabling a spatiotemporal control of lysosomal pH by releasing succinic acid. d Acidic nucleolipid 
nanoemulsions (NL-NEs) are designed to release succinic acid upon enzymatic degradation. Mechanisms of action illustrated are based on the 
theoretical breakdown of the formed NPs and NL-NEs into their respective component acids. ‘x’ and ‘y’ represent the percentage of each component 
acid used in the synthesis process. Schematics were created by BioRender and chemical structures were drawn by ChemDraw.
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applicable to other neurodegenerative and neurometa-
bolic disorders as well as demyelinating diseases.

Abbreviations
Aβ  β-amyloid
AcNPs  Acidic nanoparticles
AD  Alzheimer’s disease
ALS  Amyotrophic lateral sclerosis
APP  Amyloid precursor protein
BBB  Blood-brain barrier
CNS  Central nervous system
CSF  Cerebrospinal fluid
FAD  Familial Alzheimer’s disease
FTD  Frontotemporal dementia
IDP  Intrinsically disordered protein
iPSC  Induced pluripotent stem cells
MPTP  1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NL-NE  Nucleolipid nanoemulsion
NP  Nanoparticle
PaNP  Photo-activated nanoparticle
PD  Parkinson’s disease
PET  Positron emission tomography
PLGA  Poly(lactic-co-glycolic acid)
TMEM175  Transmembrane protein 175
TPC  Two-pore channels
TRP  Transient receptor potential channels
V-ATPase  Vacuolar (H+)-ATPase

Acknowledgements
The authors thank the funding sources for supporting this work.

Author contributions
CHL and JZ critically reviewed the literatures and wrote the manuscript. Both 
authors read and approved the final manuscript.

Funding
C.H.L. is supported by a Lee Kong Chian School of Medicine Dean’s Postdoc-
toral Fellowship (021207-00001) from Nanyang Technological University (NTU) 
Singapore and a Mistletoe Research Fellowship (022522-00001) from the 
Momental Foundation USA. J.Z. is supported by a Presidential Postdoctoral 
Fellowship (021229-00001) from NTU Singapore and an Open Fund Young 
Investigator Research Grant (OF-YIRG) (MOH-001147) from the National Medi-
cal Research Council (NMRC) Singapore.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 April 2023   Accepted: 12 May 2023

References
 1. Udayar V, Chen Y, Sidransky E, Jagasia R. Lysosomal dysfunction in 

neurodegeneration: emerging concepts and methods. Trends Neurosci. 
2022;45(3):184–99.

 2. Bonam SR, Wang F, Muller S. Lysosomes as a therapeutic target. Nat Rev 
Drug Discov. 2019;18(12):923–48.

 3. Inpanathan S, Botelho RJ. The lysosome signaling platform: adapting 
with the times. Front Cell Dev Biol. 2019;7:113.

 4. Lawrence RE, Zoncu R. The lysosome as a cellular centre for signalling, 
metabolism and quality control. Nat Cell Biol. 2019;21(2):133–42.

 5. Mindell JA. Lysosomal acidification mechanisms. Annu Rev Physiol. 
2012;74(1):69–86.

 6. Stoka V, Turk V, Turk B. Lysosomal cathepsins and their regulation in 
aging and neurodegeneration. Ageing Res Rev. 2016;32:22–37.

 7. Colacurcio DJ, Nixon RA. Disorders of lysosomal acidification—the 
emerging role of v-ATPase in aging and neurodegenerative disease. 
Ageing Res Rev. 2016;32:75–88.

 8. Nixon RA. Amyloid precursor protein and endosomal–lysosomal dys-
function in Alzheimer’s disease: inseparable partners in a multifactorial 
disease. FASEB J. 2017;31(7):2729–43.

 9. Boland B, Yu WH, Corti O, Mollereau B, Henriques A, Bezard E, et al. 
Promoting the clearance of neurotoxic proteins in neurodegenerative 
disorders of ageing. Nat Rev Drug Discov. 2018;17(9):660–88.

 10. Lee J-H, Yu WH, Kumar A, Lee S, Mohan PS, Peterhoff CM, et al. Lysoso-
mal proteolysis and autophagy require presenilin 1 and are disrupted 
by Alzheimer-related PS1 mutations. Cell. 2010;141(7):1146–58.

 11. Lee J-H, McBrayer MK, Wolfe DM, Haslett LJ, Kumar A, Sato Y, et al. 
Presenilin 1 maintains lysosomal ca(2+) Homeostasis via TRPML1 
by regulating vATPase-Mediated lysosome acidification. Cell Rep. 
2015;12(9):1430–44.

 12. Lee J-H, Yang D-S, Goulbourne CN, Im E, Stavrides P, Pensalfini A, et al. 
Faulty autolysosome acidification in Alzheimer’s disease mouse models 
induces autophagic build-up of Aβ in neurons, yielding senile plaques. 
Nat Neurosci. 2022;25(6):688–701.

 13. Jiang Y, Sato Y, Im E, Berg M, Bordi M, Darji S, et al. Lysosomal dysfunc-
tion in Down syndrome is APP-dependent and mediated by APP-βCTF 
(C99). J Neurosci. 2019;39(27):5255–68.

 14. Im E, Jiang Y, Stavrides P, Darji S, Erdjument-Bromage H, Neubert TA 
et al. Lysosomal dysfunction in Down syndrome and Alzheimer mouse 
models is caused by selective v-ATPase inhibition by Tyr682 phospho-
rylated APP βCTF. bioRxiv. https:// doi. org/ 10. 1101/ 2022. 06. 02. 494546.

 15. Zhang X, Garbett K, Veeraraghavalu K, Wilburn B, Gilmore R, Mirnics 
K, et al. A role for presenilins in autophagy revisited: normal acidi-
fication of lysosomes in cells lacking PSEN1 and PSEN2. J Neurosci. 
2012;32(25):8633–48.

 16. Şentürk M, Mao D, Bellen HJ. Loss of proteins associated with amyo-
trophic lateral sclerosis affects lysosomal acidification via different 
routes. Autophagy. 2019;15(8):1467–9.

 17. Root J, Merino P, Nuckols A, Johnson M, Kukar T. Lysosome dysfunc-
tion as a cause of neurodegenerative diseases: lessons from fronto-
temporal dementia and amyotrophic lateral sclerosis. Neurobiol Dis. 
2021;154:105360.

 18. Verheyen A, Diels A, Reumers J, Van Hoorde K, Van den Wyngaert I, van 
Outryve d’Ydewalle C, et al. Genetically engineered iPSC-Derived FTDP-
17 MAPT neurons display mutation-specific neurodegenerative and 
neurodevelopmental phenotypes. Stem Cell Rep. 2018;11(2):363–79.

 19. Kim SH, Cho YS, Kim Y, Park J, Yoo SM, Gwak J, et al. Endolysosomal 
impairment by binding of amyloid beta or MAPT/Tau to V-ATPase 
and rescue via the HYAL-CD44 axis in Alzheimer disease. Autophagy. 
2023;1–20.

 20. Tong BC-K, Huang AS, Wu AJ, Iyaswamy A, Ho OK-Y, Kong AH-Y, 
et al. Tetrandrine ameliorates cognitive deficits and mitigates tau 
aggregation in cell and animal models of tauopathies. J Biomed Sci. 
2022;29(1):85.

 21. Ozcelik S, Fraser G, Castets P, Schaeffer V, Skachokova Z, Breu K, et al. 
Rapamycin attenuates the Progression of Tau Pathology in P301S Tau 
Transgenic mice. PLoS ONE. 2013;8(5):e62459.

 22. Congdon EE, Wu JW, Myeku N, Figueroa YH, Herman M, Marinec 
PS, et al. Methylthioninium chloride (methylene blue) induces 
autophagy and attenuates tauopathy in vitro and in vivo. Autophagy. 
2012;8(4):609–22.

 23. Poorkaj P, Raskind WH, Leverenz JB, Matsushita M, Zabetian CP, Samii 
A, et al. A novel X-linked four-repeat tauopathy with parkinsonism and 
spasticity. Mov Disord. 2010;25(10):1409–17.

https://doi.org/10.1101/2022.06.02.494546


Page 10 of 11Lo and Zeng  Translational Neurodegeneration           (2023) 12:29 

 24. Wallings R, Connor-Robson N, Wade-Martins R. LRRK2 interacts with 
the vacuolar-type H+-ATPase pump a1 subunit to regulate lysosomal 
function. Hum Mol Genet. 2019;28(16):2696–710.

 25. van Veen S, Martin S, van den Haute C, Benoy V, Lyons J, Vanhoutte R, 
et al. ATP13A2 deficiency disrupts lysosomal polyamine export. Nature. 
2020;578(7795):419–24.

 26. Martin S, Smolders S, van den Haute C, Heeman B, van Veen S, 
Crosiers D, et al. Mutated ATP10B increases Parkinson’s disease risk by 
compromising lysosomal glucosylceramide export. Acta Neuropathol. 
2020;139(6):1001–24.

 27. Nascimento AC, Erustes AG, Reckziegel P, Bincoletto C, Ureshino RP, 
Pereira GJS, et al. α-Synuclein overexpression induces lysosomal 
dysfunction and autophagy impairment in human neuroblastoma SH-
SY5Y. Neurochem Res. 2020;45(11):2749–61.

 28. Jinn S, Drolet RE, Cramer PE, Wong AH-K, Toolan DM, Gretzula CA, et al. 
TMEM175 deficiency impairs lysosomal and mitochondrial function 
and increases α-synuclein aggregation. Proc Natl Acad Sci U S A. 
2017;114(9):2389–94.

 29. Cang C, Aranda K, Seo Y, Gasnier B, Ren D. TMEM175 is an organelle K+ 
channel regulating lysosomal function. Cell. 2015;162(5):1101–12.

 30. Bourdenx M, Daniel J, Genin E, Soria FN, Blanchard-Desce M, Bezard E, 
et al. Nanoparticles restore lysosomal acidification defects: implica-
tions for Parkinson and other lysosomal-related diseases. Autophagy. 
2016;12(3):472–83.

 31. Zeng J, Martin A, Han X, Shirihai OS, Grinstaff MW. Biodegradable PLGA 
nanoparticles restore lysosomal acidity and protect neural PC-12 cells 
against mitochondrial toxicity. Ind Eng Chem Res. 2019;58(31):13910–7.

 32. Arotcarena M-L, Soria FN, Cunha A, Doudnikoff E, Prévot G, Daniel J, 
et al. Acidic nanoparticles protect against α-synuclein-induced neuro-
degeneration through the restoration of lysosomal function. Aging Cell. 
2022;21(4):e13584.

 33. Onyenwoke RU, Brenman JE. Lysosomal storage diseases-regulating 
neurodegeneration. J Exp Neurosci. 2015;9(Suppl 2):81–91.

 34. Toledano-Zaragoza A, Ledesma MD. Addressing neurodegeneration 
in lysosomal storage disorders: advances in Niemann pick diseases. 
Neuropharmacology. 2020;171:107851.

 35. Krogsaeter E, Rosato AS, Grimm C. TRPMLs and TPCs: targets for lyso-
somal storage and neurodegenerative disease therapy? Cell Calcium. 
2022;103:102553.

 36. Hughes AL, Gottschling DE. An early age increase in vacuolar 
pH limits mitochondrial function and lifespan in yeast. Nature. 
2012;492(7428):261–5.

 37. Williamson WR, Wang D, Haberman AS, Hiesinger PR. A dual function of 
V0-ATPase a1 provides an endolysosomal degradation mechanism in 
Drosophila melanogaster photoreceptors. J Cell Biol. 2010;189(5):885–99.

 38. Dubos A, Castells-Nobau A, Meziane H, Oortveld MAW, Houbaert X, 
Iacono G, et al. Conditional depletion of intellectual disability and 
parkinsonism candidate gene ATP6AP2 in fly and mouse induces 
cognitive impairment and neurodegeneration. Hum Mol Genet. 
2015;24(23):6736–55.

 39. Korvatska O, Strand NS, Berndt JD, Strovas T, Chen D-H, Leverenz JB, 
et al. Altered splicing of ATP6AP2 causes X-linked parkinsonism with 
spasticity (XPDS). Hum Mol Genet. 2013;22(16):3259–68.

 40. Cataldo AM, Peterhoff CM, Troncoso JC, Gomez-Isla T, Hyman BT, Nixon 
RA. Endocytic pathway abnormalities precede amyloid beta deposi-
tion in sporadic Alzheimer’s disease and Down syndrome: differential 
effects of APOE genotype and presenilin mutations. Am J Pathol. 
2000;157(1):277–86.

 41. Lee Y, Miller MR, Fernandez MA, Berg EL, Prada AM, Ouyang Q, et al. 
Early lysosome defects precede neurodegeneration with amyloid-β and 
tau aggregation in NHE6-null rat brain. Brain. 2022;145(9):3187–202.

 42. Drummond E, Pires G, MacMurray C, Askenazi M, Nayak S, Bourdon 
M, et al. Phosphorylated tau interactome in the human Alzheimer’s 
disease brain. Brain. 2020;143(9):2803–17.

 43. Woody SK, Zhou H, Ibrahimi S, Dong Y, Zhao L. Human ApoE ɛ2 
promotes regulatory mechanisms of bioenergetic and synaptic func-
tion in female brain: a focus on V-type H+-ATPase. J Alzheimers Dis. 
2016;53(3):1015–31.

 44. Chaves RS, Kazi AI, Silva CM, Almeida MF, Lima RS, Carrettiero DC, et al. 
Presence of insoluble tau following rotenone exposure ameliorates 

basic pathways associated with neurodegeneration. IBRO Rep. 
2016;1:32–45.

 45. Piras A, Collin L, Grüninger F, Graff C, Rönnbäck A. Autophagic and 
lysosomal defects in human tauopathies: analysis of post-mortem brain 
from patients with familial Alzheimer disease, corticobasal degenera-
tion and progressive supranuclear palsy. Acta Neuropathol Commun. 
2016;4:22.

 46. Dehay B, Martinez-Vicente M, Caldwell GA, Caldwell KA, Yue Z, Cookson 
MR, et al. Lysosomal impairment in Parkinson’s disease. Mov Disord. 
2013;28(6):725–32.

 47. Bourdenx M, Dehay B. What lysosomes actually tell us about Parkinson’s 
disease? Ageing Res Rev. 2016;32:140–9.

 48. Dehay B, Ramirez A, Martinez-Vicente M, Perier C, Canron M-H, Doud-
nikoff E, et al. Loss of P-type ATPase ATP13A2/PARK9 function induces 
general lysosomal deficiency and leads to Parkinson disease neurode-
generation. Proc Natl Acad Sci U S A. 2012;109(24):9611–6.

 49. Bento CF, Ashkenazi A, Jimenez-Sanchez M, Rubinsztein DC. The Parkin-
son’s disease-associated genes ATP13A2 and SYT11 regulate autophagy 
via a common pathway. Nat Commun. 2016;7(1):11803.

 50. Wang R, Tan J, Chen T, Han H, Tian R, Tan Y, et al. ATP13A2 facilitates 
HDAC6 recruitment to lysosome to promote autophagosome–lyso-
some fusion. J Cell Biol. 2018;218(1):267–84.

 51. Schultheis PJ, Fleming SM, Clippinger AK, Lewis J, Tsunemi T, Giasson 
B, et al. Atp13a2-deficient mice exhibit neuronal ceroid lipofuscinosis, 
limited α-synuclein accumulation and age-dependent sensorimotor 
deficits. Hum Mol Genet. 2013;22(10):2067–82.

 52. Henry AG, Aghamohammadzadeh S, Samaroo H, Chen Y, Mou K, 
Needle E, et al. Pathogenic LRRK2 mutations, through increased 
kinase activity, produce enlarged lysosomes with reduced degrada-
tive capacity and increase ATP13A2 expression. Hum Mol Genet. 
2015;24(21):6013–28.

 53. Dehay B, Bove J, Rodriguez-Muela N, Perier C, Recasens A, Boya P, et al. 
Pathogenic lysosomal depletion in Parkinson’s disease. J Neurosci. 
2010;30(37):12535–44.

 54. Baltazar GC, Guha S, Lu W, Lim J, Boesze-Battaglia K, Laties AM, et al. 
Acidic nanoparticles are trafficked to lysosomes and restore an acidic 
lysosomal pH and degradative function to compromised ARPE-19 cells. 
PLoS ONE. 2012;7(12):e49635.

 55. Chin MY, Patwardhan AR, Ang K-H, Wang AL, Alquezar C, Welch M, 
et al. Genetically encoded, pH-Sensitive mTFP1 Biosensor for probing 
lysosomal pH. ACS Sens. 2021;6(6):2168–80.

 56. Li X, Sun Y, Wang X. Probing lysosomal activity in vivo. Biophys Rep. 
2021;7(1):1–7.

 57. Sun Y, Li M, Zhao D, Li X, Yang C, Wang X. Lysosome activity is modu-
lated by multiple longevity pathways and is important for lifespan 
extension in C. elegans. Elife. 2020;9:e55745.

 58. Lee J-H, Rao MV, Yang D-S, Stavrides P, Im E, Pensalfini A, et al. Trans-
genic expression of a ratiometric autophagy probe specifically in neu-
rons enables the interrogation of brain autophagy in vivo. Autophagy. 
2019;15(3):543–57.

 59. Coffey EE, Beckel JM, Laties AM, Mitchell CH. Lysosomal alkalization and 
dysfunction in human fibroblasts with the alzheimer’s disease-linked 
presenilin 1 A246E mutation can be reversed with cAMP. Neuroscience. 
2014;263:111–24.

 60. Kannan P, Brimacombe KR, Kreisl WC, Liow J-S, Zoghbi SS, Telu S, et al. 
Lysosomal trapping of a radiolabeled substrate of P-glycoprotein as 
a mechanism for signal amplification in PET. Proc Natl Acad Sci U S A. 
2011;108(6):2593–8.

 61. McCluskey SP, Plisson C, Rabiner EA, Howes O. Advances in CNS PET: the 
state-of-the-art for new imaging targets for pathophysiology and drug 
development. Eur J Nucl Med Mol Imaging. 2020;47(2):451–89.

 62. Pike VW. PET radiotracers: crossing the blood-brain barrier and surviving 
metabolism. Trends Pharmacol Sci. 2009;30(8):431–40.

 63. Yadati T, Houben T, Bitorina A, Shiri-Sverdlov R. The ins and outs of cath-
epsins: physiological function and role in disease management. Cells. 
2020;9(7):1679.

 64. Drobny A, Prieto Huarcaya S, Dobert J, Kluge A, Bunk J, Schlothauer T, 
et al. The role of lysosomal cathepsins in neurodegeneration: mechanis-
tic insights, diagnostic potential and therapeutic approaches. Biochim 
Biophys Acta Mol Cell Res. 2022;1869(7):119243.



Page 11 of 11Lo and Zeng  Translational Neurodegeneration           (2023) 12:29  

 65. Hook V, Yoon M, Mosier C, Ito G, Podvin S, Head BP, et al. Cathepsin B 
in neurodegeneration of Alzheimer’s disease, traumatic brain injury, 
and related brain disorders. Biochim Biophys Acta Proteins Proteom. 
2020;1868(8):140428.

 66. Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen RC, Miller BL, et al. 
Altered lysosomal proteins in neural-derived plasma exosomes in 
preclinical Alzheimer disease. Neurology. 2015;85(1):40–7.

 67. Chai YL, Chong JR, Weng J, Howlett D, Halsey A, Lee JH, et al. Lyso-
somal cathepsin D is upregulated in Alzheimer’s disease neocortex 
and may be a marker for neurofibrillary degeneration. Brain Pathol. 
2019;29(1):63–74.

 68. Cataldo AM, Barnett JL, Berman SA, Li J, Quarless S, Bursztajn S, et al. 
Gene expression and cellular content of cathepsin D in Alzheimer’s 
disease brain: evidence for early up-regulation of the endosomal–lyso-
somal system. Neuron. 1995;14(3):671–80.

 69. Sjödin S, Brinkmalm G, Öhrfelt A, Parnetti L, Paciotti S, Hansson O, et al. 
Endo-lysosomal proteins and ubiquitin CSF concentrations in Alzhei-
mer’s and Parkinson’s disease. Alzheimers Res Ther. 2019;11(1):82.

 70. Moors TE, Paciotti S, Ingrassia A, Quadri M, Breedveld G, Tasegian A, 
et al. Characterization of Brain lysosomal activities in GBA-Related 
and sporadic Parkinson’s disease and dementia with lewy bodies. Mol 
Neurobiol. 2019;56(2):1344–55.

 71. Harris VM, Harley ITW, Kurien BT, Koelsch KA, Scofield RH. Lysosomal pH 
is regulated in a sex dependent manner in Immune cells expressing 
CXorf21. Front Immunol. 2019;10:578.

 72. Hornung S, Dutta S, Bitan G. CNS-derived blood exosomes as a promis-
ing source of biomarkers: opportunities and challenges. Front Mol 
Neurosci. 2020;13:38.

 73. Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, biologic function 
and clinical potential. Cell Biosci. 2019;9(1):19.

 74. Suresh SN, Chakravorty A, Giridharan M, Garimella L, Manjithaya R. 
Pharmacological tools to modulate autophagy in neurodegenerative 
diseases. J Mol Biol. 2020;432(8):2822–42.

 75. Chin MY, Ang K-H, Davies J, Alquezar C, Garda VG, Rooney B, et al. 
Phenotypic screening using high-content imaging to identify lyso-
somal pH modulators in a neuronal cell model. ACS Chem Neurosci. 
2022;13(10):1505–16.

 76. Vest RT, Chou C-C, Zhang H, Haney MS, Li L, Laqtom NN, et al. Small 
molecule C381 targets the lysosome to reduce inflammation and 
ameliorate disease in models of neurodegeneration. Proc Natl Acad Sci 
U S A. 2022;119(11):e2121609119.

 77. Chung CY-S, Shin HR, Berdan CA, Ford B, Ward CC, Olzmann JA, et al. 
Covalent targeting of the vacuolar H(+)-ATPase activates autophagy via 
mTORC1 inhibition. Nat Chem Biol. 2019;15(8):776–85.

 78. Alzamora R, Thali RF, Gong F, Smolak C, Li H, Baty CJ, et al. PKA regulates 
vacuolar H+-ATPase localization and activity via direct phosphorylation 
of the a subunit in kidney cells. J Biol Chem. 2010;285(32):24676–85.

 79. Majumdar A, Cruz D, Asamoah N, Buxbaum A, Sohar I, Lobel P, et al. 
Activation of microglia acidifies lysosomes and leads to degradation of 
Alzheimer amyloid fibrils. Mol Biol Cell. 2007;18(4):1490–6.

 80. Rahman N, Ramos-Espiritu L, Milner TA, Buck J, Levin LR. Soluble adeny-
lyl cyclase is essential for proper lysosomal acidification. J Gen Physiol. 
2016;148(4):325–39.

 81. Chen C-C, Keller M, Hess M, Schiffmann R, Urban N, Wolfgardt A, et al. A 
small molecule restores function to TRPML1 mutant isoforms responsi-
ble for mucolipidosis type IV. Nat Commun. 2014;5(1):4681.

 82. Yao XC, Xue X, Zhang HT, Zhu MM, Yang XW, Wu CF, et al. Pseudogin-
senoside-F11 alleviates oligomeric β-amyloid-induced endosome-
lysosome defects in microglia. Traffic. 2019;20(1):61–70.

 83. Zeng J, Shirihai OS, Grinstaff MW. Modulating lysosomal pH: a molecu-
lar and nanoscale materials design perspective. J Life Sci (Westlake 
Village). 2020;2(4):25–37.

 84. Brouillard M, Barthélémy P, Dehay B, Crauste-Manciet S, Desvergnes V. 
Nucleolipid acid-based nanocarriers restore neuronal lysosomal acidifi-
cation defects. Front Chem. 2021;9:736554.

 85. Cunha A, Gaubert A, Latxague L, Dehay B. PLGA-Based nanoparticles for 
neuroprotective drug delivery in neurodegenerative diseases. Pharma-
ceutics. 2021;13(7):1042.

 86. Trudeau KM, Colby AH, Zeng J, Las G, Feng JH, Grinstaff MW, et al. Lyso-
some acidification by photoactivated nanoparticles restores autophagy 
under lipotoxicity. J Cell Biol. 2016;214(1):25–34.

 87. Zeng J, Acin-Perez R, Assali EA, Andrew M, Brownstein A, Petcherski A, 
et al. Restoration of lysosomal acidification using acidic nanoparticles 
to rescue autophagy and metabolic dysfunction in non-alcoholic fatty 
liver disease. Nat Commun. 2023;14(1):2573.

 88. Shirihai OS, Grinstaff MW, Zeng J. Acidic nanoparticles for restoration of 
autophagy. 2022. US Patent App 17/744,527.

 89. Prevot G, Soria FN, Thiolat M-L, Daniel J, Verlhac JB, Blanchard-Desce 
M, et al. Harnessing lysosomal pH through PLGA Nanoemulsion as a 
treatment of lysosomal-related neurodegenerative Diseases. Bioconjug 
Chem. 2018;29(12):4083–9.

 90. Anand B, Wu Q, Nakhaei-Nejad M, Karthivashan G, Dorosh L, Amidian 
S, et al. Significance of native PLGA nanoparticles in the treatment of 
Alzheimer’s disease pathology. Bioact Mater. 2022;17:506–25.

 91. Şentürk M, Lin G, Zuo Z, Mao D, Watson E, Mikos AG, et al. Ubiquilins 
regulate autophagic flux through mTOR signalling and lysosomal 
acidification. Nat Cell Biol. 2019;21(3):384–96.

 92. Park K, Skidmore S, Hadar J, Garner J, Park H, Otte A, et al. Injectable, 
long-acting PLGA formulations: analyzing PLGA and understanding 
microparticle formation. J Control Release. 2019;304:125–34.

 93. Brouillard M, Kinet R, Joyeux M, Dehay B, Crauste-Manciet S, Desvergnes 
V. Modulating lysosomal pH through innovative multimerized succinic 
acid-based nucleolipid derivatives. Bioconjug Chem. 2023;34(3):572–80.

 94. Semete B, Booysen L, Lemmer Y, Kalombo L, Katata L, Verschoor J, et al. 
In vivo evaluation of the biodistribution and safety of PLGA nanoparti-
cles as drug delivery systems. Nanomedicine. 2010;6(5):662–71.

 95. Kulkarni SA, Feng S-S. Effects of surface modification on delivery effi-
ciency of biodegradable nanoparticles across the blood-brain barrier. 
Nanomedicine. 2011;6(2):377–94.

 96. Huang N, Lu S, Liu X-G, Zhu J, Wang Y-J, Liu R-T. PLGA nanoparticles 
modified with a BBB-penetrating peptide co-delivering abeta genera-
tion inhibitor and curcumin attenuate memory deficits and neuropa-
thology in Alzheimer’s disease mice. Oncotarget. 2017;8(46):81001–13.

 97. Operti MC, Bernhardt A, Sincari V, Jager E, Grimm S, Engel A, et al. Indus-
trial scale manufacturing and downstream processing of PLGA-based 
nanomedicines suitable for fully continuous operation. Pharmaceutics. 
2022;14(2):276.

 98. Lipinski MM, Zheng B, Lu T, Yan Z, Py BF, Ng A, et al. Genome-wide 
analysis reveals mechanisms modulating autophagy in normal 
brain aging and in Alzheimer’s disease. Proc Natl Acad Sci USA. 
2010;107(32):14164–9.

 99. Bordi M, Berg MJ, Mohan PS, Peterhoff CM, Alldred MJ, Che S, et al. 
Autophagy flux in CA1 neurons of Alzheimer hippocampus: increased 
induction overburdens failing lysosomes to propel neuritic dystrophy. 
Autophagy. 2016;12(12):2467–83.

 100. Hou X, Watzlawik JO, Fiesel FC, Springer W. Autophagy in Parkinson’s 
disease. J Mol Biol. 2020;432(8):2651–72.

 101. Lo CH, Skarica M, Mansoor M, Bhandarkar S, Toro S, Pitt D. Astrocyte 
heterogeneity in multiple sclerosis: current understanding and techni-
cal challenges. Front Cell Neurosci. 2021;15:726479.

 102. Pitt D, Lo CH, Gauthier SA, Hickman RA, Longbrake E, Airas LM, et al. 
Toward precision phenotyping of multiple sclerosis. Neurol Neuroim-
munol Neuroinflamm. 2022;9(6):e200025.

 103. Shakir MN, Dugger BN. Advances in deep neuropathological phenotyp-
ing of Alzheimer disease: past, present, and future. J Neuropathol Exp 
Neurol. 2022;81(1):2–15.


	Defective lysosomal acidification: a new prognostic marker and therapeutic target for neurodegenerative diseases
	Abstract 
	Introduction
	Early indicator of neurodegeneration
	Prognostic markers and diagnostic tools associated with lysosomal acidification dysfunction
	Restoring lysosomal acidification as a therapeutic intervention
	Conclusion
	Acknowledgements
	References


