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Although diabetes mellitus (DM) is considered as a risk factor for 

Alzheimer’s disease (AD), the detailed mechanism by which DM 

regulates amyloid beta (Aβ) accumulation is still unclear. 

Endolysosomal dysfunction is a pathological link that may explain the 

causal relationship between the two diseases; however, there is little 

information on the regulation of neuronal endolysosomal function by 

hyperglycemia. Therefore, this study aims to investigate 1) the effects 

of high glucose on amyloid precursor protein (APP)-processing 

endosomes and its related signaling pathways, 2) the effects of high 

glucose on the retromer and defined the dysregulation of mechanisms 

of APP processing and tau phosphorylation, and 3) the effect and 

related mechanisms of action of high glucose on lysophagy impairment 

and subsequent Aβ accumulation. 

Results were as followings: 

1) The hippocampus of diabetic animals presented endosomal 

abnormalities and Aβ up-regulation. High glucose increased Aβ 

production through early endosomal enlargement achieved by 

increased lipid raft-mediated APP endocytosis. High glucose 

induced ROS-stimulated Sp1 activation, up-regulating 

phosphatidylinositol binding clathrin assembly protein (PICALM), 

clathrin heavy chain, and adaptor-related protein complex 2 alpha 

1. PICALM facilitated clathrin-mediated APP endocytosis resulting 

in early endosomal enlargement. Meanwhile, AMPK/mTORC1-

mediated autophagy defect and ROS- and mTORC1-mediated 
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lysosomal dysfunction aggravated early endosomal enlargement 

under high glucose. Moreover, the increased Aβ production and 

cognitive deficits in diabetic mice were reversed by inhibition of 

early endosomal enlargement [Br J Pharmacol. 2020;177: 3828-3847]. 

2) Vacuolar protein sorting-associated protein 26a (VPS26a) was 

decreased in the hippocampus of diabetic mice and high glucose-

treated human neuronal cells. High glucose down-regulated 

VPS26a through ROS/NF-κB/DNA methyltransferase1-mediated 

promoter hypermethylation. VPS26a recovery blocked retention of 

APP and cation-independent mannose-6-phosphate receptor in 

endosomes and promoted transport to the trans-Golgi, which 

decreased Aβ levels, and improved cathepsin D activity, reducing 

p-Tau levels, respectively. Retromer enhancement ameliorated 

synaptic deficits, astrocyte overactivation, and cognitive 

impairment in diabetic mice [Br J Pharmacol. 2022;179: 3934–3950]. 

3) High glucose induced neuronal lysosomal dysfunction through 

reactive oxygen species-mediated lysosomal membrane 

permeabilization and lysophagy impairment. Among lysophagy-

related factors, the expression of tripartite motif containing 16 

(TRIM16) was reduced in high glucose-treated neuronal cells and 

the diabetic hippocampus through mTORC1-mediated inhibition of 

transcription factor EB (TFEB) activity. TRIM16 overexpression 

recovered lysophagy and lysosomal biogenesis through the 
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recruitment of microtubule-associated protein 1A/1B-light chain 3 

(LC3), p62, and ubiquitin to damaged lysosomes, which inhibited 

the high-glucose-induced accumulation of Aβ and p-Tau. In the 

diabetic mice model, TFEB enhancer recovered lysophagy in the 

hippocampus, resulting in the amelioration of cognitive impairment. 

In conclusion, present study demonstrated that high glucose induced 

1) early endosomal abnormalities through PICALM-induced APP 

endocytosis and mTORC1-inhibited endosomal clearance, 2) retromer 

dysfunction through NF-κB/DNA methyltransferase1-mediated 

VPS26a downregulation, and 3) neuronal lysophagy impairment 

through mTORC1/TFEB-mediated TRIM16 downregulation, which 

induced Aβ accumulation. Thus, endolysosomal dysfunction is a 

promising candidate for the inhibition of diabetes-associated 

Alzheimer’s disease pathogenesis.  

Keyword : Alzheimer’s disease, Autophagy, Diabetes mellitus, 

Endosome, Lysosome, Vesicle trafficking  

Student Number : 2016-27822 
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BACKGROUND 

A substantial body of epidemiological and clinical research indicates 

that hyperglycemia in diabetic and prediabetic conditions is a risk factor 

for Alzheimer’s disease (AD). Hyperglycemia induce 

pathophysiological dysfunction which is commonly observed in both 

diseases. This includes excessive generation of reactive oxygen 

species (ROS), accumulation of oxidative stress, unregulated 

intracellular calcium homeostasis, and mitochondrial dysfunction. 

However, the causal relationship between diabetes mellitus (DM) and 

amyloid beta (Aβ) accumulation remains unclear.  

Dysfunction of endolysosomal network (ELN) is a pathophysiological 

link that may explain the above problems, but little information is 

available on how high glucose affects and modulates neuronal ELN. 

Before describing my findings and suggestions for the pathogenesis of 

diabetes-related AD, I would like to outline the prevalence of AD, risk 

factors, pathophysiological mechanisms, current treatments, and 

associations with diabetes. Moreover, the definition of ELN, its role in 

AD pathogenesis, and potential triggers such as PICALM, mTOR, 

retromer, and lysophagy will also be briefly described. 
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1. Alzheimer’s disease 

 

A. Prevalence and risk factors 

With between 60% and 80% of all dementia cases in the elderly 

population, AD is the most common serious neurocognitive disorder 

(Boccardi et al., 2019). Given this, society currently faces a significant 

health burden, and as the population ages, AD prevalence will increase. 

Clinical symptoms of AD typically involve progressive memory loss, 

behavioral abnormalities, and gradual impairment of cognitive abilities. 

The aberrant buildup of amyloid plaques in the brain brought on by the 

aggregation of Aβ peptides, neurofibrillary tangles (NFT), made of 

hyperphosphorylated tau protein, and substantial neuronal loss in the 

brain tissue are the pathological features of AD that are most generally 

observed (Meng et al., 2020). 

Risk factors for early-onset AD accounted for 1% of all AD cases are 

mutations in the three genes: APP, PSEN1, and PSEN2. On the other 

hand, risk factors for late-onset AD include single nucleotide 

polymorphisms of numerous genes such as APOE, CLU, SORL1, 

PICALM, SORL1, CD33, and BIN1, heavy alcohol consumption, 

smoking, hypertension, obesity, dyslipidemia, diabetes mellitus, and 

depression (Kivipelto et al., 2018; Hampel et al., 2021). Moreover, 

studies conducted in vitro, in vivo, and after death on human brain 

samples showed that oxidative stress, mitochondrial stress, a decline 
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in proteostasis, inflammation, and senescence are linked to cellular 

damages in the etiology of AD (Saez-Atienzar et al., 2020), (Figure 

1A). 

B. Mechanism of Aβ and p-Tau production  

There are two distinct pathways involved in the Aβ generation: (1) 

In the non-amyloidogenic pathway α-secretase cleaves APP, 

releasing extracellularly released soluble APPα and the membrane-

tethered C83 fragment (Figure 1). (2) In the amyloidogenic pathway, 

β-secretase initially cleaves APP. The γ-secretase, which is made 

up of Presenilin 1 or 2, Nicastrin, PEN2 and APH-1, then cleaves the 

CTF-fragment (also known as C99) (Figure 1C), (Hampel et al., 2021). 

Tau protein has numerous phosphorylation sites. Glycogen synthase 

kinase 3 beta (GSK-3β), cyclin dependent kinase 5 (CDK5), tau-

tubulin kinases (TTBK), microtubule affinity regulated kinases 

(MARK), Fyn, and Abl kinases are the main groups of kinases which 

can phosphorylate tau protein. Phosphatases carry out 

dephosphorylation, or the elimination of a phosphate group. 

Approximately 70% of the total tau dephosphorylation activity is 

accounted for by the protein phosphatase 2A (PP2A) enzyme, with PP1, 

PP5, and PP2B also contributing (Xia et al., 2021). 

C. Current treatment  

Despite the fact that AD was initially identified more than a century ago, 

the only short-term symptomatic effects of the medications used to 
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treat AD are those that are labeled for the disease's clinical dementia 

stage and target the neurochemical systems that underlie cognitive 

impairment and behavioral symptoms. A few anti-Aβ therapy 

pipelines have lately been developed to AD preclinical phases, but there 

are currently no effective disease-modifying medicines with fewer 

side effects for AD (Swanson et al., 2021; Sevigny et al., 2016). Given 

that Aβ peptides and hyperphosphorylated tau protein are already 

saturated in the brain before AD onset (Masters et al., 2015; Hampel 

et al., 2021), focusing on early stage of disease pathogenesis is a 

promising therapeutic strategy for AD. 



 

 ２３ 

 

Figure 1. The pathophysiology of AD.   

A Genetic mutation associated with the disease and environmental risk 

factors induce additional internal stressors associated with Alzheimer's 

disease such as DNA damage, oxidative stress, mitochondrial stress, 

inflammation, senescence, and proteinopathy. B For the 

nonamyloidogenic pathway, α-secretase cleaves APP to produce the 

extracellularly released soluble APP alpha (sAPP) and the membrane-

tethered C83 fragment. C β-secretase cleaves APP first in the 

amyloidogenic process. After that, γ-secretase cleaves the C99 

resulting in Aβ generation. 
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D. Diabetes as a risk factor for AD 

i. Prevalence and characteristics of type 1 and type 2 

diabetes 

DM is a common metabolic disease that can result in long-term 

consequences include peripheral neuropathy, cardiovascular disease, 

nephropathy, and retinopathy. The damage of insulin-producing 

pancreatic β-cell that is immune-associated is generally regarded to 

be the cause of type 1 diabetes. 5–10% of diabetes cases are type 1 

diabetes, which typically appears in young adults. Insulin resistance, 

which frequently results from obesity and also includes increasing β-

cell dysfunction, is the underlying cause of type 2 diabetes. Type 2 

diabetes is primarily a disease of older age. Although their 

pathogenesis, related comorbidities, and epidemiology are distinct, 

hyperglycemia is a feature of both type 1 and type 2 diabetes 

(Koekkoek et al., 2015). 

ii. Pros and cons of diabetes-mediated AD 

According to a significant body of epidemiological and pathological 

research, diabetic and prediabetic states of hyperglycemia or insulin 

resistance are risk factors for AD (Ohara et al., 2011; McIntosh et al., 

2019; Willette et al., 2015; Wang et al., 2021). Numerous researches 

using diabetic animal models have supported up the idea that DM 

increases the growth and accumulation of AD pathologies. Indeed, when 

diabetes is genetically or pharmacologically induced in mice without 
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pre-existing AD pathology, there is an increase in Aβ production and 

hyperphosphorylation of tau. Similarly, cerebrovascular abnormalities 

and increased cerebral Aβ were seen in diabetic Alzheimer disease 

animals (Biessels et al., 2018). However, others have not discovered 

any connections between longitudinal glucose tolerance measurements 

and amyloid PET or post-mortem AD pathology findings (Arnold et al., 

2018; Abner et al., 2016).  Since the majority of the negative research 

were cross-sectional and carried out after the development of clinical 

AD symptoms, they mainly fall short of taking the AD disease's time 

course into account. Thus, additional longitudinal studies focusing on 

people who are asymptomatic are enable to examine the diabetes-

mediated possibilities that can affect the course of AD.  

iii. Therapeutic potential of antidiabetic drugs in AD 

 Furthermore, there has been a great deal of interest in the possibility 

of diabetic medications for the treatment of AD, with encouraging 

results (Meng et al., 2020). A lot of studies show that hypoglycemic 

agents such as insulin and glinides, and anti-hyperglycemic agents 

such as metformin, thiazolidinediones, glucagon-like peptide-1 

analogue, amylin analogue, and sodium glucose co-transporters 2 

inhibitor ameliorate protein aggregation and neuroinflammation, and 

improve synapse plasticity and cognition in DM or AD mice models 

(Boccardiet al., 2019). Although there is no anti-diabetic drug pipeline 

developed in the preclinical stage of AD, accumulated results indirectly 

indicate that DM is related with AD pathogenesis. 
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iv. The suggested mechanisms of diabetes-associated AD 

 Diabetes-related hyperglycemia and altered insulin signaling may be 

pathophysiologic causes of Alzheimer disease. Insulin and Aβ 

compete for the insulin-degrading enzyme during hyperinsulinemia, 

which causes Aβ buildup. Tau is hyperphosphorylated when insulin 

receptor signaling is reduced because this causes Akt to be inhibited 

and GSK-3β to be activated (Figure 2A). Increased intracellular 

glucose flux results in an overproduction of ROS in the mitochondria, 

which can then be amplified by activating NADPH oxidases and 

decoupling endothelial nitric oxide synthase (eNOS). A feed-forward 

cycle of continuous mitochondrial damage brought on by oxidative 

stress and an increase in intracellular calcium can result in neuronal 

death and, as a result, contribute to the pathophysiology of AD (Sims-

Robinson et al., 2010), (Figure 2B). Taken together, Hyperglycemia or 

insulin resistance may have an impact on the synthesis and clearance 

of substances associated to AD pathogenesis during the preclinical 

stage. 
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Figure 2. The potential mechanisms of DM-associated AD. 

A Insulin and Aβ compete for the insulin-degrading enzyme during 

hyperinsulinemia, which causes Aβ buildup and plaque development. 

Tau is hyperphosphorylated when insulin receptor signaling is reduced 

because this causes Akt to be inhibited and GSK-3β to be activated. 

B Hyperglycemia is linked to mitochondrial dysfunction, oxidative 

stress, and dysregulated calcium homeostasis, which may all play a role 

in the development of AD. A feed-forward cycle of ongoing 

mitochondrial damage brought on by oxidative stress and an increase 

in intracellular calcium can result in neuronal death and, as a result, 

contribute to the pathophysiology of AD. 
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2. Endolysosomal network 

 

A. Definition 

The ELN is a system of vesicles that communicate dynamically and 

sort and transport absorbed extracellular substances to different 

locations within the cell. Endocytosis comprises the internalization of 

extracellular substance and plasma membrane, as well as the delivery 

of additional cargoes from the Golgi-apparatus to an early endosome 

with both cargo-sorting and signaling capabilities. Proteins and lipids 

are also recycled to the plasma membrane as part of the cargo sorting 

process. Additional trafficking signals direct other early endosome 

cargoes to retrograde transport or breakdown, or downstream sorting 

via retromer, lysosomes, and late endosomes (LEs). In neurons, LEs 

more frequently merge with autophagosomes to generate amphisomes 

before fusing with lysosomes to form autolysosomes (Nixon 2017). 

B. ELN dysfunction as a contributing factor in the early 

stages of AD 

 Since larger endosomes are typical observations in neurons or 

organoids obtained from autosomal-dominant AD cases as well as 

induced pluripotent stem cell-derived neurons generated from late-

onset sporadic AD patients, enlarged endosomes are recognized as an 

AD cytopathological characteristic (Raja et al., 2016; Israel et al., 
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2012). The endosomopathy of AD are primarily caused by the 

pathological overactivation of the rab5 small GTPase, increased 

endocytic gene expression, accelerated endocytosis, and failure in 

degradation of enlarged endosomes (Small et al., 2017). In addition, 

endosomal abnormalities can conceivably begin as a fundamental event 

in AD, prior to the accumulation of intracellular APP fragments, 

according to the finding of the vesicular trafficking class of genes as 

being significantly associated to AD. The SORL1, BIN1, PICALM, and 

CD2AP genes that stand out as the most representative of this class 

affect endosomal abnormalities through regulation endocytosis or 

recycling to plasma membrane, or retrograde transport to the TGN. 

Furthermore, lysosomes progressively malfunction as they accumulate 

autophagic and endocytic substrates, which is reflected in their 

expansion. The majority of enlarged lysosomes are actually 

autolysosomes and amphisomes, which develop into lipofuscin granules 

as hydrolysis decreases further (Nixon 2017). 

C. The pathophysiological mechanism of ELN dysfunction in 

Aβ accumulation 

 The pathophysiological mechanism of ELN dysfunction in the 

pathogenesis of AD is to produce or degrade Aβ (Figure 3). Indeed, 

BACE1, the rate-limiting enzyme of Aβ production, is distributed in 

acidic cellular organelles of the secretory pathway, notably the 

endosomes and Golgi apparatus, where its activity is most optimal at a 

pH of 4.5 (Cole et al., 2007). Furthermore, there is a general agreement 
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that BACE1 is present in the endosomal membrane of neurons, where 

it is also most likely to cleave APP and induce Aβ production. The 

proof of lysosomal dysfunction in the AD brain and AD model systems 

comes from reduced specific activity of cathepsin B and a few other 

hydrolases, which impairs Aβ degradation (Mueller-Steiner et al., 

2006) and deficiencies of autophagy leading to Aβ production in the 

autophagic vesicles (Fleming et al., 2022). In addition, accumulated 

C99 and Aβ also exacerbate endolysosomal abnormalities, and these 

positive feedback between Aβ and endolysosomal abnormalities 

accelerate AD progression (Hung et al., 2021). Combined with 

aforementioned contents and the fact that the earliest neuropathology 

associated specifically with AD has thus far been recognized as 

endosome structural abnormalities, the functional recovery of ELN is a 

promising approach for the early diagnosis and prevention of AD. 
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Figure 3. The potential mechanism of ELN dysfunction in A β 

accumulation.  

Enlarged early endosomes are caused through increased endocytosis 

and deficiencies in auto-lysosomal pathway. Aβ is overproduced in 

early endosomes and autophagosome. 
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D. Potential factors of ELN dysfunction 

i. PICALM 

PICALM, a 112 kb gene that codes for a protein also known as clathrin 

assembly lymphoid myeloid leukemia protein, is found on chromosome 

11q14. Numerous vertebrate species, organs, and cells have been 

found to express PICALM universally. Neurons, astrocytes, and 

oligodendrocytes in the central nervous system have all been found to 

have PICALM. PICALM play a significant function in clathrin-mediated 

endocytosis (CME) in addition to putative involvement in growth, 

hematopoiesis, and iron metabolism (Xu et al., 2015). Clathrin and 

adaptor protein 2 (AP-2) assemble to attach to the C-terminal region 

of PICALM on the cytoplasmic side of the membrane after receiving 

the signal produced by attachment of the target ligand to a particular 

receptor on the cell membrane. On the other hand, the N-terminal 

region of PICALM links to the plasma membrane compound 

phosphatidylinositol-4,5-bisphosphate (PIP2), causing the creation of 

a clathrin coating made up of polyhedral clathrin network lattices and 

subsequently the deformation of the membrane (Figure 4).  
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Figure 4. The role of PICALM in clathrin-mediated endocytosis. 

When the target ligand binds to a specific cell membrane receptor, a 

signal is produced, and clathrin and adaptor protein 2 (AP-2) combine 

to attach to the C-terminal portion of PICALM on the cytoplasmic side 

of the membrane. The N-terminal region of PICALM, on the other hand, 

forms a connection with the plasma membrane molecule 

phosphatidylinositol-4,5-bisphosphate (PIP2), which results in the 

production of a clathrin coating made up of polyhedral clathrin network 

lattices and, as a result, the deformation of the membrane. 
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ii. mTOR 

A member of the PI3K-related protein kinases (PIKK) family, mTOR 

is a 289-kDa serine/threonine protein kinase. It is the catalytic subunit 

of the mTOR complex 1 (mTORC1) and mTORC2 in mammals, which 

are two separate complexes. These complexes can be identified by 

their specific substrates and activities, auxiliary proteins, and varying 

rapamycin sensitivity (Figure 5). A downstream anabolic pathway that 

increases the synthesis of proteins, lipids, nucleotides, and other 

macromolecules is started when the mTORC1 is activated, whereas 

catabolic processes like autophagy and lysosome biogenesis are 

inhibited (Liu and Sabatini 2020), (Figure 5B). Furthermore, mTORC1 

regulates the expression of genes that stimulate organelle formation or 

modulate metabolic flow through biochemical processes by controlling 

the expression or nuclear localization of transcription factors. 

Because mTORC1 begins an anabolic program that consumes a lot of 

resources, it should only be activated when energy and macromolecular 

building blocks are all in ample supply. By attaching to the Rag GTPases 

in the presence of abundant nutrition, mTORC1 translocate to the 

lysosome. The small GTPase Rheb can then activate mTORC1 once it 

has been localized to the lysosomal surface and is in its GTP-bound 

state.  
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Figure 5. Structure and function of mTOR. 

A In mTORC1, Clusters of huntingtin, elongation factor 3, a protein 

phosphatase 2A subunit, and TOR1 (HEAT) repeats are found at the 

N-terminus of mTOR. These are followed by the FRAP, ATM, and 

TRRAP (FAT) domains, the FKBP12-rapamycin binding (FRB) 

domain, the catalytic kinase domain, and the C-terminal FATC domain. 

With the support of SEC13 protein 8 (mLST8), a crucial part of the 

complex, mTOR binds to mammalian lethal. The defining subunit of 

mTORC1, regulatory-associated protein of mTOR (Raptor), binds 

mTOR with its own HEAT repeats and is necessary for the complex's 

lysosomal location. mTORC2 include the defining element of mTORC2, 

RICTOR, and mLST8. PROTOR1/2 and MAPK-interacting protein are 

both recruited to the complex by RICTOR, which functions as a 

scaffolding protein (mSIN1). B To adjust the balance of anabolism and 

catabolism in the cell, mTORC1 combines information regarding dietary 

abundance and environmental conditions. 
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iii. Retromer 

The hetero-pentameric protein complex known as Retromer is so 

named because it transports protein cargo from the endosome to the 

TGN in a retrograde direction. Through the retromer, cargo is sorted 

in two different ways: (1) Retrieving cargo from endosomes and 

delivering it retrogradely to the trans-Golgi network are both done by 

the retromer (TGN). It is crucial for the proper hydrolase and protease 

delivery to the endosomal-lysosomal pathway. (2) The recycling 

pathway entails moving cargo from the endosome to the plasma 

membrane, which is crucial for neurons because, effective delivery of 

glutamatergic and other receptors to the plasma membrane is 

necessary for synaptic plasticity and remodeling (Vagnozzi et al., 2019) 

(Figure 6A).  

The retromer assembly consists of four components that are 

considered as essential. First of all, the "cargo recognition core", which 

is made up of the trimeric proteins VPS35/VPS26/VPS29, attaches to 

transmembrane endosomal proteins to be transported; VPS35 acts as 

the structural basis for VPS26 and VPS29. Second, the "tubulation" 

module, a collection of proteins that collaborate to create tubules that 

protrude from endosomes and direct the movement of cargo to its 

destination. The sorting nexin (SNX) family subgroup characterized by 

the presence of a BIN-amphiphysin-RVS (BAR) domain at the 
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carboxy terminus, includes the proteins in this module, which directly 

bind the cargo-recognition core. These subgroups are SNX1, SNX2, 

SNX5, and SNX6. Third, the "recruitment and stabilization" module, 

brings the cargo-recognition core to the membranes of endosomes and 

maintains the core once it is there. These modules include SNX3, the 

RAS-related protein RAB7A, and TBC1 domain family member 5 

(TBC1D5), a protein that belongs to the family of RAB GTPase 

activating proteins (GAPs). Fourth, the "actin-remodeling" module, 

also known as WASH complex, works by rapidly polymerizing actin to 

form patches of actin filaments on endosomal membranes and then 

directing cargo away from the degradation pathway and toward 

retromer transport pathways. The WAS protein family homologue 1 

(WASH1), strumpellin KIAA1033, FAM21, and coiled-coil domain-

containing protein 53 (CCDC53) make up this module (Small et al., 

2015), (Figure 6B). 
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Figure 6. Retromer-mediated endosomal transport and its structure. 

A Through tubules that protrude from endosomal membranes, retromer 

mediates two transport pathways out of endosomes. The first is the 

retrograde pathway, which transports cargo to the TGN after being 

retrieved from the endosome. The second is the recycling pathway, 

which transports cargo back to the cell surface from the endosome. B 

The retromer assembly proteins can be divided into four functional 

modules, all of which cooperate to fulfill the transport function of the 

retromer: ‘Cargo-recognition core’, ‘tubulation’, ‘membrane-

recruiting’, and ‘actin remodeling’ modules.  
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iv. Lysophagy 

When the lysosomal membrane is damaged, lysosomal function is lost, 

which induces ELN dysfunction and abnormal accumulation of wastes. 

Additionally, the release of lysosomal contents to cytosol leads to cell 

death. Lysophagy is the process by which autophagosomes engulf 

damaged lysosomes in an attempt to prevent the spread of damage. 

The ubiquitination of injured lysosomes triggers the autophagy 

machinery to be recruited in response to lysosomal injury (Yim et al., 

2020).  

To date, there are four representative lyosphagy-related proteins: 

TRIM16, FBXO27, LRSAM1, and UBE2QL1 (Figure 7). Indeed, damage 

to the lysosomal membrane makes the normally buried β-

galactosides exposed, drawing galectins. One of these, Galectin-3, 

recruits the E3 ligase TRIM16 to the lumen of lysosomes that have 

been damaged. The injured lysosomes are then ubiquitinated by 

TRIM16, and ULK1, Beclin1, and ATG16L are recruited as upstream 

autophagic factors. On the other hand, Galectin-8 can bind to the 

autophagy receptor NDP52 directly and draw in autophagic membranes, 

at least for endomembrane damage brought on by bacteria. The SKP1-

CUL1-F-box protein 27 (SCFFBXO27) ubiquitin ligase complex, which 

can directly connect to the revealed glycocalyx and interact with the 

damaged membrane via myristoylated FBXO27, has been identified as 

another E3 ligase involved in lysophagy. The E3 ligase LRSAM1 was 
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demonstrated to be involved in lysosome damage caused by bacteria 

(Papadopoulos et al., 2017). Although which E3 ligase that functions 

downstream of UBE2QL1 has not been elucidated, the E2 ubiquitin 

conjugating enzyme UBE2QL1 controls K48-linked ubiquitination of 

lysosomal membrane proteins, the recruitment of p62, the interaction 

of the LC3-decorated phagophore, and the ATPase VCP/p97 for 

lysophagy. Proteins with the K48-linked ubiquitination may be 

extracted by VCP, which could prevent or slow down the efficient 

engulfment of lysosomes (Papadopoulos et al., 2020). 

 

Based on research background, the purpose of this study is to 

investigate at how ELN dysfunction brought on by high glucose affects 

the buildup of Aβ in neurons. The present research elucidated the 

effects of high glucose on 1) endosomal abnormalities in APP 

processing, 2) retromer dysfunction in APP processing and tau 

phosphorylation, and 3) lysophagy impairment in Aβ accumulation. 
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Figure 7. Molecular mechanism of lysophagy. 

Galectin-8 attaches to exposed glycans and directly engages the 

autophagy receptor NDP52, binding it to LC3 on the phagophore. 

Galectin-3 brings TRIM16 to the lumen of injured lysosomes. TRIM16 

then ubiquitinates the membrane proteins of damaged lysosomes. The 

FBXO27 can directly connect to the revealed glycocalyx and 

ubiquitinate membrane protein of damaged lysosome. UBE2QL1 

participates in membrane ubiquitination and is recruited by an 

unidentified mechanism. Targeting proteins modified with lysine-48 

(K48) ubiquitin chains, VCP/p97 is primarily recruited through 

UBE2QL1-mediated ubiquitination. It removes ubiquitinated proteins 

from the lysosomal membrane that are still unidentified. 
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INTRODUCTION 

Epidemiological and neuropathological studies have suggested that DM 

can contribute substantially to the onset or progression of AD (Biessels 

et al., 2018; Lacy et al., 2018). Although there are many potential 

causal factors (Moreno-Gonzalez et al., 2017), the precise molecular 

mechanisms by which DM contributes to the development of AD are 

still unknown. Regarding the dysregulation of endosomal trafficking, a 

focus has been placed on Aβ generation (Small et al., 2017). In 

particular, the enlargement of early endosomes with Aβ 

immunoreactivity is the earliest pathological change in both diagnosed 

and undiagnosed AD patients (Cataldo et al., 2004). Furthermore, AD 

models using human induced pluripotent stem cell-derived neurons 

commonly have endosomal abnormalities (Kwart et al., 2019). Early 

diagnosis of disease is important because Aβ is already saturated 

before the onset of symptoms (Masters et al., 2015). Therefore, 

investigating what causes endosomal disorders may present a high 

potential for disease prevention. A previous report showed that DM 

up-regulates Aβ production by aggravating endosomal dysfunction 

(Okabayashi et al., 2015). Although the precise role and regulation of 

endosomes in Aβ generation have not yet been clarified, the above 

investigations suggest the possibility that the abnormalities of early 

endosomes could be a risk factor for DM-induced AD pathology at an 

early stage. 
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Abnormalities in the early endosome can be the result of numerous 

factors, including the up-regulation of endocytic genes, increased 

endocytosis, and the overactivation of Rab5, which is a small GTPase 

that is a marker of the early endosome (Nixon 2017). According to a 

genome-wide association study, endocytic genes are risk factors for 

AD via mechanisms related to the impairment of trafficking (Guimas 

Almeida et al., 2018). The allelic variants of those factors aggravate 

the effects of DM on cognitive decline (McFall et al., 2015). Among 

them, PICALM encoding PICALM, which plays an important role in 

CME (Xu, Tan, and Yu 2015), is associated with an increased risk of 

both AD and gestational diabetes (Vacinova et al., 2017). Given that 

endocytic disturbance is an important pathological cause in diabetes 

(Teng et al., 2016), PICALM has a high probability of inducing 

endosomal abnormalities in the diabetes. However, the mechanism of 

PICALM regulation by diabetes is poorly understood. Thus, 

investigating PICALM and related signaling pathways in DM may 

provide clues to alleviate endosomal dysfunction. On the one hand, as 

endosomes are degraded through the autophagy pathway or direct 

fusion with intact lysosomes (Colacurcio et al., 2018), impairments of 

those pathways contribute to the dysregulation of early endosomes. 

Previous studies indicated that endocytic materials such as APP 

substrates and secretases are enriched at AD-induced dysfunctional 

autophagic vacuoles (Yu et al., 2005), which up-regulates Aβ 

generation. Furthermore, such impairments functionally retard the 
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turnover rates of endosomal trafficking, resulting in defective 

endosomal clearance (Lee et al., 2015). Although it is controversial 

whether DM-mediated oxidative stress or intracellular signaling 

induce the impairment of intracellular clearance systems (Gonzalez et 

al., 2014) or their overactivation (Moruno et al., 2012), an altered 

clearance system may influence early endosomal degradation. 

In the present study, I used a STZ-induced mouse model (Furman, 

2015) and a ZDF rat (Srinivasan et al., 2007) for type 1 and type 2 DM, 

respectively, to determine whether early endosomal enlargement is a 

common risk factor for AD in different types of diabetes. To investigate 

the precise molecular mechanisms involved, I used a human 

neuroblastoma cell line, SK-N-MC, and applied high glucose treatment 

to create hyperglycemic condition which is the main pathophysiological 

feature of both DM. Using these experimental models, I hypothesized 

that DM is a metabolic risk factor for AD through inducing early 

endosomal abnormalities leading to the up-regulation of Aβ 

production. To address this hypothesis, I investigated the role of 

enlarged early endosomes in APP processing and assessed the 

associated regulatory mechanisms. I also measured the effects of 

regulating early endosomes as a potential strategy for treating 

diabetes-associated AD. 
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MATERIALS & METHODS 

Animals 

Handling and care of animal were conducted in compliance with the 

guidelines established by the international laws and policies (NIH Guide 

for the Care and Use of Laboratory Animals, NIH Publication No. 85-

23, 1985, revised 2011). The experimental protocols were approved 

by the Institutional Animal Care and Use Committee of Seoul National 

University (Approvals No.: SNU-140219-1 and No. SNU-190122-

1). Animal studies are reported in compliance with the ARRIVE 

guidelines (Kilkenny et al., 2010) and with the recommendations made 

by the British Journal of Pharmacology. Male and female heterozygous 

types (Leprfa/+) of ZDF rats were obtained from Genetic Models Co. 

(Indianapolis, USA) and were mated with each other. Based on PCR 

genotyping, homozygous ZDF (Leprfa/fa, leptin receptor deficiency) and 

Zucker lean control (ZLC) (Lepr+/+) rats were used for Type 2 DM and 

its control group, respectively. The rats were housed in a standard 

environmental state which sets adequate temperature (20–25℃) and 

humidity (under 60%) with a 12-h light/12-h dark cycle. They were 

allowed ad libitum access to proper diet (Purina 5008, Purina Korea, 

Korea; recommended by Genetic Models Co.) and tap water. Male ICR 

mice (9 weeks of age) were purchased from Han Lim Experimental 

Animal (Suwon, Korea) and housed in a conventional environmental 

condition (20–25℃, 60% humidity, and 12-h light/12-h dark cycle). 
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The mice were allowed free access to chow and drinking solution. 

 

Experimental designs of animal study 

Although sex is an important consideration for animal experiments 

(Curtis et al., 2018), I determined that using male animals in these 

experiments was reasonable, as the aim of my study is to determine 

how DM modulates the processing of APP, which induces the up-

regulation of Aβ and cognitive impairment. A total of 16 rats and 60 

mice were used in these experiments. Experiments were designed to 

generate groups of equal size using randomization and blinded analysis. 

Group size estimation was conducted in compliance with guidelines 

established by the Institutional Animal Care and Use Committee of 

Seoul National University (expected effect size: 12% and 15%, SD: 6%, 

number of groups: 2 and 4, power (1-β): 0.8, α: 0.05 for both rats 

and mice). The number of animals used was increased to account for 

potential decreases in animal numbers due to death during the 

experiments. Randomization was also applied to the drug treatments. 

In order to investigate the effects of type 2 DM on early endosomal 

disturbance, male rats were divided into two groups: ZLC and ZDF 

groups (n = 6 per each group). For chronic type 2 DM, I kept rats for 

33 weeks of age. Blood glucose and body weight were determined with 

a portable glucose monitor (ACCU-CHEK® GO; Roche, Mannheim, 

Germany) and a scale, respectively at 6 and 33 weeks of age (Table 
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1). Rats were euthanized at 33 weeks of age. To investigate the effects 

of type 1 DM on endosomal dysregulation, STZ-induced DM mice were 

made in accordance with previous reports (Furman 2015). Briefly, 

mice were randomly chosen for intraperitoneal injection (IP) of STZ 

(180 mg/kg) in 200μL of sodium citrate buffer (0.1 M, pH 4.5, Vehicle) 

and 200μL of vehicle for Type 1 DM and its control group, respectively. 

Blood glucose levels were measured with a portable glucose monitor 

(ACCU-CHEK® GO; Roche, Mannheim, Germany) every two days 

starting 72 h after injection of STZ. The mouse with blood glucose 

levels exceeding 300 mg/dL was considered severe diabetes (Furman 

2015). 7 days after injection of STZ, enough number of diabetic mice 

were obtained. Animal experiments consist of two parts. In experiment 

1, mice were randomly divided into four groups (n = 6 per each group). 

Vehicle; STZ; STZ with Dynasore; and Dyansore. Dyansore (80 μM) 

(Hansen et al., 2011) in 4μL of DMSO (1:1,000 with PBS, Vehicle) 

and 4μL of vehicle were applied with intracerebroventricular injection 

(ICV) (Kim et al., 2016) to mice. Drugs were injected twice at 5 and 

21 days after DM induction. In experiment 2, mice were randomly 

divided into four groups (n = 6 per each group). Vehicle; STZ; STZ 

with Rapamycin; and Rapamycin. Rapamycin (8.5 mg/kg) (Zhou et al., 

2009) in 200μL of the solution (containing 99% corn oil and 1% DMSO, 

vehicle) and 200ul of vehicle were applied with IP injection to mice. 

Drugs were injected once a day for 5 consecutive days from 5 days 

after DM induction. Blood glucose levels and body weight were 
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measured at 9 and 18 weeks of age (Table 2). Mice were subjected to 

behavior test at 18 weeks of age and euthanized for further biochemical 

experiments. 

 

Table 1. Body weight and blood glucose in ZLC and ZDF rats.  

(mean ± S.E.M).  
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Table 2. Body weight and blood glucose in experimental mice. 

(mean ± S.E.M). 

 

Cell cultivation 

The SK-N-MCs were cultured with low glucose Dulbecco’s essential 

medium (DMEM; Hyclone, #SH30021FS), 10% FBS and 1% 

antibiotic-antimycotic solution at 37°C with 5% CO2. After cells 

grown to 70% confluency, the medium was replaced with DMEM with 

2% Knockout™ serum replacement (SR; Gibco, #10828028) and 1% 

antibiotic-antimycotic mixture for 12 h prior to experiments. In order 

to create hyperglycemic condition, the cells were treated with 25 mM 

D-glucose (Haythorne et al., 2019).  
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Y-maze spontaneous alternation test 

Y-maze behavior test is used for assessing the cognitive dysfunction 

which is dependent on the hippocampus. Rodents instinctively prefer to 

challenge a new arm of the Y-maze. Before the test, the animals were 

placed at the testing room for 2 h to minimize the effects of stress on 

behavior. The mice were placed in the randomly selected arm of Y-

shaped maze acquired from Sam-Jung Company (Seoul, Korea). Each 

mouse was allowed to explore freely through the open field for 8 min. 

The total number of arm entries and sequence were recorded. Only an 

entry when all four limbs were placed in the arm was considered to be 

completed. Percentage alteration is the number of triads which was 

divided by the maximum alterations (total entries-2) × 100. When 

the animals show lower alteration percentage, the animals show 

impaired memory function. 

 

Immunohistochemistry (IHC) 

Mice and rats were fully anesthetized and were perfused transcardially 

with PBS followed by 4% PFA in 0.1 M phosphate buffer (pH 7.4). The 

brains were removed and underwent post-fixation with 4% PFA. Then, 

brains were placed in 30% sucrose in PBS for 1-2 d. Coronal sections 

(40 μm-thick) were obtained by cutting serially using a cryostat 

(Leica Biosystems, Nussloch, Germany). Free-floating hippocampus 

sections were processed carefully. Sections were blocked with 5% 
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normal goat serum (NGS; Sigma-Aldrich, #566380) at room 

temperature for 1 h. Samples were incubated with primary antibody 

(1:1,000 dilution) for overnight at room temperature. Sections were 

washed three times with PBS and incubated with secondary antibody 

(1:200 dilution) for 2 h. Immunostained slides were visualized by 

Eclipse Ts2™ fluorescence microscopy (Nikon, Tokyo, Japan). All 

IHC images were analyzed with the Fiji software. Signal intensities 

were measured after applying the same threshold and normalized by 

each area. 

 

siRNA transfections for gene silencing 

When the SK-N-MCs grown to 60%, cells were incubated with low 

glucose DMEM containing 25 nM of the indicated siRNAs, transfection 

reagent TurboFect™ (Thermo Fisher, #R0531), and 2% SR for 12 h. 

The medium was replaced to the medium with 1% antibiotics prior to 

experiments. NT siRNA was used as the negative control. The 

efficacies of siRNAs were confirmed. 

 

Western blot analysis 

Harvested cells or tissues were incubated with the proper lysis buffer 

and protease and phosphatase inhibitors cocktail (100X) (Thermo 

Fisher, #78440). Then, samples were homogenized by using sonicator 
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and vortexer for 30 min on ice. The lysates were cleared by 

centrifugation (13,000 × g, 4°C, 20 min). Protein concentration was 

determined by using the bichichoninic acid (BCA) quantification assay 

(Thermo Fisher, #23227). Equal amount of samples (5-10 μg) were 

loaded into 8–12% SDS-polyacrylamide gel (SDS-PAGE) and 

transferred to a polyvinylindene fluoride (PVDF) membrane. Tris-

buffered saline containing 0.2% Tween-20 [TBST; 150 mM NaCl, 10 

mM Tris-HCl (pH 7.6)] was used for washing and incubating 

membrane. The membrane was blocked with 5% skim milk (Gibco, 

#232100) for 1 h. Blocked membrane was washed 3 times and 

incubated with a primary antibody (1:1,000 dilution) for overnight at 

4°C. Then, the membrane was washed and incubated with horseradish 

peroxidase (HRP)-conjugated secondary antibody (1:10,000 dilution) 

at room temperature for 2 h. Blotting bands were detected by using 

chemiluminescence detection kit (Advansta Inc., #K-12045-D50). 

Protein bands quantification were carried out by using the Image J 

software (developed by Wayne Rasband, National Institutes of Health, 

Bethesda, MD, USA). Protein expression levels were normalized by 

β-actin expression levels. The EzSubcell™ subcellular fractionation 

kit (Atto, #WSE-7421) was applied to the preparation of the cytosolic 

and nuclear fractionized samples. Cytosolic and nuclear samples were 

acquired according to the manufacturer’s instructions. Protein 

expression levels of cytosolic and nuclear samples were normalized by 

β-tubulin and lamin A/C expression levels, respectively. 
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Sucrose density gradient fractionation 

The SK-N-MCs were washed with cold phosphate-buffered saline 

(PBS; Hyclone, #SH30256) and scraped into 1 mL of lysis buffer (10 

mM EDTA, 500 mM Na2CO3, pH 11 in distilled water) with the 

proteinase and phosphatase inhibitor cocktail (100X). Lysates were 

homogenized by using sonicator (Branson Sonicator 250, Branson 

Ultrasonic Corp., Danbur, CT, USA) and incubated with vortexing for 

30 min on ice. To form 5–45% discontinuous gradient, 4 mL of 45% 

sucrose and 4 mL of 5% sucrose dissolved in MES-buffered solution 

[MBS: 25 mM MES (pH6.5), 0.15 M NaCl] were sequentially placed in 

an ultracentrifuge tube (Beckman Coulter, Fullerton, CA, USA). Then, 

equal amount of protein was adjusted to form 4 mL of 5% sucrose and 

added to the ultracentrifuge tube. Sample tubes were centrifugated at 

200,000 × g for 24 h in an SW41 rotor (Beckman Coulter). 

Fractionized samples were acquired and analyzed by western blotting. 

 

Immunofluorescence analysis 

The SK-N-MCs were washed twice with PBS and fixed with 4% 

paraformaldehyde (PFA; Lugen Sci, Seoul, Korea, #LGB-1175) for 10 

min. So as to permeabilize the cell membrane, cells were incubated in 

0.2% TBST or 0.1% Triton X-100 (Sigma, T8787) for 10 min. Cells 

were blocked with 5% NGS for 40 min and incubated with primary 

antibodies (1:100 dilution) for overnight in 4°C. Then, cells were 
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washed three times with PBS and incubated with Alexa Fluor™ 488 or 

555-conjugated secondary antibodies (1:200 dilution) at room 

temperature for 2 h. Immunostained samples were visualized by a 

super-resolution radial fluctuations (SRRF) imaging system (Andor 

Technology, Belfast, UK)(Gustafsson et al., 2016). Fiji software was 

used to quantified the fluorescent intensities. The area of Rab5+ 

endosomes and acidic lysosomes were measured after applying the 

same threshold. The manders coefficients were used to analyze co-

localization. The Pitstop 2 could detect transient cargo-adaptor 

interactions by binding to the terminal domain of clathrin heavy chain 

and perturbing clathrin-coated pit dynamics without affecting pit 

assembly nor the sequestration of the cargos (von Kleist et al., 2011). 

  

Measurements of intracellular pH and ROS. 

The cell permeable pH-sensitive fluorescent probe BCECF-AM 

[2’,7’-Bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, 

acetoxymethyl ester; Thermo Fisher, #B1150] and CM-H2DCFDA 

(Thermo Fisher, #C6821) were used for measuring the intracellular 

pH and ROS, respectively. After drug treatment, the cells were 

incubated with 2 μM BCECF-AM or 10 μM DCFDA in medium and 

kept at 37°C for 30 min. Then, cells were washed three times with 

PBS. The signals of BCECF-AM- and DCFDA-stained cells were 

measured via flow cytometry (Beckman Coulter, Atlanta, USA). 
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Staining intact lysosomes 

Lysotracker deep red (Thermo Fisher, #L12492) was used for 

staining the intact lysosomes. After drug treatment, the cells were 

incubated with 2 μM Lysotracker red in medium and kept at 37°C for 

30 min. Then, cells were washed three times with PBS. The signals of 

Lysotracker-stained cells were measured via flow cytometry 

(Beckman Coulter, Atlanta, USA) or cells were further experimented 

with ICC. 

 

Quantitative real-time polymerase chain reaction (qPCR) 

RNA samples were extracted by using RNA extraction kit (TaKaRa, 

#9767), according to the manufacturer’s instructions. Then, the 

cDNA was made by using reverse transcription-PCR premix (iNtRON 

Biotechnology, #25081). Reverse transcription was performed for 1 h 

at 45°C followed by 5 min at 95°C. The cDNA samples were 

amplified with the mRNA primers listed in Table 3 and a TB™ Green 

Premix Ex Taq™ (TaKaRa, #RR420A) by using Rotor-Gene 6000 

real-time thermal cycling system (Corbett Research, NSW, Australia). 

The qPCR was performed as follows: 15 min at 95°C for DNA 

polymerase activation and 60 cycles of 20 sec at 94°C, 20 sec at 

55°C, and 30 sec at 72°C. The specificity and identity of the amplified 

product were validated by the analysis of melting curve. The 

quantification of mRNA expression levels of the target genes was 
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performed with double delta Ct analysis and the data were normalized 

with those of ACTB gene. 

 

Table 3. Human gene primers for real-time qPCR. 
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Measurement of Aβ in in vitro and in vivo samples 

In in vitro, the culture medium of SK-N-MCs was collected and stored 

-70°C with phosphatase inhibitors cocktail (100X). In in vivo, the 

equal amount of the hippocampus samples (200 μg) obtained from 

sacrificed animals were prepared with proper lysis buffer and BCA 

assay. According to the manufacturer’s instructions, the optical 

density (OD) of Aβ (1– 42) in culture medium and animal samples 

were acquired by using human Aβ (1– 42) ELISA kit (Thermo Fisher, 

#KHB3544) and mouse & rat Aβ (1– 42) ELISA kit (Thermo Fisher, 

#KMB3441), respectively. The OD values were converted into the 

concentration by using the standard curve. 

 

GTP-Rab5 activation assay 

Measurement of Rab5 activation was performed by using Rab5 

activation assay kit (Neweast Bioscience, #83701). All procedures 

were done in accordance with manufacturer’s instructions. Briefly, 

cells were incubated with the provided lysis buffer containing anti-

active Rab5 monoclonal antibody. Then, by using A/G agarose, pulled 

down the bound active Rab5 from lysates. The precipitated active Rab5 

was detected by western blot using Rab5-specific polyclonal antibody. 

The ratio of expression levels of active Rab5 and total Rab5 were 

analyzed. 
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APP internalization assay 

The SK-N-MCs were washed with cold PBS, and incubated with Aβ 

antibody (Xiao et al., 2012) (1:100 dilution) at 4°C for 1 h to label 

surface APP. Cells were washed with cold PBS twice and incubated at 

37°C for 0 and 15 min to permit internalization. Internalization was 

stopped by rapid cooling on ice. Cells were fixed with 4% PFA for 10 

min at room temperature, permeabilized with 0.1% Triton X-100 for 

10 min, and blocked with 5% NGS for 40 min. Cells were incubated with 

primary antibodies (1:100 dilution) for overnight in 4°C. Then, cells 

were washed three times with PBS and incubated with Alexa Fluor™ 

488 or 555-conjugated secondary antibodies (1:200 dilution) at room 

temperature for 2 h. Immunostained samples were visualized by a 

super-resolution radial fluctuations (SRRF) imaging system (Andor 

Technology, Belfast, UK). 

 

Cell surface biontinylation assay & internalization assay 

In order to prevent proteins from shedding at the cell surface, 

GM6001(an MMP inhibitor; 20 μM) was pretreated for 30 min prior 

to drug treatments (Kanatsu et al., 2014). Surface protein isolation was 

conducted by using Cell surface protein isolation kit (Biovision, 

#K295-10). All procedures were done in accordance with 

manufacturer’s instructions. Briefly, cells were washed with cold PBS 

and labeled with Sulfo-NHS-SS-Biotin, a non-membrane-permeable, 
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thiol-cleavable, biotinylation reagent. For the internalization assay, 

biotinylated cells were incubated at 37°C for 0 and 15 min to permit 

internalization. Internalization was stopped by rapid cooling on ice. To 

remove remained biotin at the cell surface, cells were incubated with 

MesNA (50 mM 2-mercaptoethanesulfonic acid in 50 mM Tris-HCl, 

100 mM NaCl, 2.5 mM CaCl2, and pH 8.7) three times for 20 min at 

4°C. After quenching the biotin reagent with 0.1 M glycine, cells were 

lysed and labeled surface proteins were isolated by using streptavidin 

beads. Then, cells were incubated with Dithiothreitol (DTT) solution 

to release attached beads. Biotin-labeled proteins were subjected to 

western blot. 

 

Data and Statistical analysis 

The data and statistical analysis comply with the recommendations on 

experimental design and analysis in pharmacology (Curtis et al., 2018). 

The group size represents the number of independent values, and 

statistical analyses were performed using these independent values. 

Statistical analysis was performed only for studies where each group 

size was at least n = 5. The exploratory data with large effects and 

accuracy have a small sample size but may have significant implications. 

Outliers were assessed in compliance with the exclusion criteria 

beyond an outer fence (Q1–3 * IQ or Q3 + 3 * IQ) in a box plot 

construction, and we did not observe any outliers. All the data achieved 
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normality (using the Shapiro–Wilk test) and were analysed by 

parametric statistics. Imaging experiments and animal tests were 

conducted and assessed in a blinded fashion. The unpaired Student's 

t-test was used to compare the means of the treatment groups with 

that of the control group. One-way ANOVA (with Dunnett's multiple 

comparison test) or Two-way ANOVA (with Tukey's multiple 

comparison test) was used for analysing the differences among 

multiple groups. The homogeneity of sample variance was confirmed 

(with Levene's test), and logarithmic transformation was performed if 

the variance was not satisfied. The units of a variable were determined 

by percentage-matched control values following data transformation. 

Quantitative data are expressed as the mean ± SEM and analysed 

with the Prism 6 software (Graphpad, CA, USA, RRID:SCR_000306) 

and SigmaPlot 12.0 (Systat software Inc., CA, USA, 

RRID:SCR_003210). The level of probability (P) constitutes the 

threshold for statistical significance for determining whether groups 

differ and is not varied later in results. A p value <0.05 was considered 

statistically significant. 

 

Materials 

Cells from the human neuroblastoma cell line SK-N-MC were obtained 

by Korean Cell Line Bank (Seoul, South Korea). FBS and antibiotics 

were purchased from Hyclone (Logan, UT, USA) and Gibco (Grand 
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Island, NY, USA) respectively. The antibodies of β-actin (sc-47778), 

CAV1 (sc-53564), FLOT1 (sc-74566), CHC (sc-12734), PICALM 

(sc-271224), lamin A/C (sc-2068), LAMP1 (sc-20011), p-AMPKα 

(Thr 172) (sc-33524), BACE1 (sc-33711), and CSTB (sc-365558) 

were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

The antibodies of β-tubulin (CSB-PA03874A0Rb) and AP2A1 

(610502) were purchased from Cusabio (Wuhan, Hubei, China) and BD 

biosciences (San Jose, CA, USA), respectively. The antibodies of Rab5 

(NB120-13253), P62 (NBP1-48320), and LC3 (NB100-2220) were 

obtained from Novus Biologicals (Centennial, CO, USA). The antibodies 

of p-mTOR (Ser 2448) (2971S), mTOR (2983 S), AMPK (2532 S) 

were acquired from Cell Signaling Technology (Beverly, MA, USA). 

The antibodies of APP (ab32136), Sp1 (ab227383), Aβ (ab2539) 

were purchased from Abcam (Cambridge, England). The antibody of 

C99 (802801) was obtained from Biolegend (San Diego, CA, USA). 

MβCD, dynasore hydrate, rapamycin, NAC, DAPI, D-glucose, L-

glucose, leupeptin, and STZ were purchased from Sigma Chemical 

Company (St. Louis, MO, USA). GM6001 and mithramycin A were 

acquired from Cayman Chemical (Ann Arbor, MI, USA) and Tocris 

Bioscience (Bristol, UK), respectively. mRNA primers for PICALM, 

AP2A1, RAB5, EEA1, RABGEF1, RABEP1, APPL1, ATG14, SNAP29, 

VTI1B, STX17, VAMP7, and ACTB were purchased from Cosmo 

Genetech (Seoul, Korea). Primer for CHC and siRNAs for RAB5 and 
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PICALM were acquired from Bioneer (Daejeon, Korea). NT siRNA was 

purchased from Dharmacon (Lafayette, CO, USA). 

 

RESULTS 

High glucose up-regulates Aβ production through early endosomal 

abnormalities 

To elucidate the effects of DM on APP-processing early endosomes, 

first, I measured hippocampal C99 and Rab5 located in early endosomes 

and used as an early endosomal marker by western blotting. Compared 

with the levels in ZLC rats, both proteins increased in ZDF rats (Figure 

8A). In addition, ZDF rats had higher Aβ levels than ZLC rats (Figure 

8B). Early endosomes had higher staining intensities (Law et al., 2017) 

at the hippocampus of ZDF rats than those of ZLC rats (Figure 8C). 

Moreover, STZ-induced type 1 DM mice had increased C99 and Rab5 

(Figure 9A) compared with vehicle-treated mice. Furthermore, 

hippocampal early endosomes of the STZ model had similar alterations 

to those of ZDF rats (Figure 9B). In in vitro experiments involving 

treatment of cells with either D- or L-glucose, only D-glucose 

increased C99 and Rab5 (Figure 10A). Similarly, the levels of Aβ in 

cell culture medium increased only for D-glucose-treated samples 

(Figure 10B), which means that the osmotic effect was not involved in 

amyloidogenesis. In addition to the increment of Rab5 protein 

expression, high glucose also increased early endosomal activation, 



 

 ６４ 

which was measured by determining the level of the GTP-Rab5 form 

(Figure 10C). To investigate that high glucose increased APP-

processing in early endosomes, along with my previous report 

demonstrating upregulation of the protein expression levels and 

activity of not γ-secretase (presenilin 1) but BACE1 under high 

glucose(Lee et al., 2016), I proved that high glucose induced early 

endosomal enlargement (Kwart et al., 2019) and increased co-

localization with APP (C-terminus) and BACE1, reflecting an 

increment of APP-processing in enlarged early endosomes (Figure 

11A, B) Furthermore, high glucose-induced increment of C99 in cell 

lysate and Aβ in culture medium were reversed by RAB5 knockdown 

(Figure 11C, D). These findings suggest that early endosomal 

abnormalities are critical feature for the increment of Aβ  in DM 

conditions. 
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Figure 8. Early endosomal enlargement and amyloidogenesis are 

induced in the hippocampus of type 2 diabetic rodents.  

A-C Samples were obtained from ZLC and ZDF rat hippocampus. A 

C99, Rab5, and β-actin were detected by western blot. n = 5. B Aβ 

1-42 were measured. n = 6. C Tissue slides for IHC were 

immunostained with Rab5-specific antibody and counterstained with 

DAPI. Scale bars, 50 μm. n = 5. *p < 0.05 vs. ZLC rats.  
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Figure 9. Early endosomal enlargement and amyloidogenesis are 

induced in the hippocampus of type 1 diabetic rodents. 

A, B Samples were obtained from vehicle- and streptozotocin (STZ)-

treated mice hippocampus. A C99, Rab5, and β-actin were detected 

by western blot. n = 5. B Tissue slides for IHC were immunostained 

with Rab5-specific antibody and counterstained with DAPI. Scale bars, 

200 μm. n = 5. *p < 0.05 vs. vehicle-treated mice. 
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Figure 10. High glucose up-regulates Aβ and activates Rab5.  

A, B The SK-N-MC cells were treated with D-glucose (25 mM) or 

L-glucose (25 mM) for 24 or 48 h respectively. Then, C99, Rab5, and 

β-actin were detected by western blot. n = 5. B Aβ 1-42 from cell 

culture medium were measured. n = 5. C The cells were treated with 

high glucose (25 mM) for 24 h. Active Rab5 (GTP-bound Rab5) was 

immunoprecipitated with Rab5-specific antibody (upper panels). 

Expression of Rab5 and β-actin in total lysate is shown in the middle 

and lower panels. n = 5. *p < 0.05 vs. control. 
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Figure 11. High glucose up-regulates Aβ through early endosomal 

enlargement. 
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A The cells were treated with high glucose (25 mM) for 24 h which 

were immunostained with Rab5 and BACE1-specific antibodies and 

counterstained with DAPI. Scale bars, 8 μm. n = 7. B Immunostaining 

of cells treated with high glucose (25 mM) for 24 h were visualized. 

Rab5 and C99-specific antibodies were used and counterstained with 

DAPI. Scale bars, 8 μm. n = 6. *p < 0.05 vs. control. C, D The cells 

were transfected with NT siRNA or RAB5 siRNA for 12 h prior to high 

glucose (25 mM) treatment for 24 h and 48 h, respectively. C C99 and 

β-actin were detected by western blot. n = 5. D Aβ 1-42 from cell 

culture medium were measured. n = 5. Logarithmic transformations 

were performed for homogeneity of the sample variance. *p < 0.05 vs. 

NT siRNA transfection, #p < 0.05 vs. high glucose with NT siRNA 

transfection. 
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High glucose induces early endosomal enlargement by increasing APP 

endocytosis at lipid rafts  

To explore how high glucose induces early endosomal overactivation 

along with the increment of Rab5 protein expression (Figure 10C), I 

measured mRNA expression levels of Rab5 and its effector proteins. 

However, I did not identify any significant changes (Figure 12A). Next, 

I hypothesized that high glucose increased APP endocytosis resulting 

in early endosomal enlargement. I confirmed that high glucose 

increased protein expression levels of APP (Figure 12B) and its 

endocytosis (Figure 12C). Given that high glucose facilitated lipid raft 

reorganization (Lee et al., 2016), I found that high glucose markedly 

moved APP to the lipid raft part as indicated by CAV1 and FLOT1 

(Figure 12D). The expression levels of surface APP in cells treated 

with high glucose and MβCD (lipid raft disruptor) were higher than 

those of cells treated with high glucose (Figure 13A). In addition, high 

glucose increased internalization of APP, which was reversed by Mβ

CD (Figure 13B). Furthermore, pretreatment with MβCD decreased 

high glucose-induced early endosomal enlargement and increment of 

Aβ, which means that APP endocytosis at lipid rafts contributed to 

early endosomal enlargement (Figure 13C, D). These results suggest 

that early endosomal enlargement under high glucose conditions is 

mediated by APP endocytosis at lipid rafts. 

  



 

 ７１ 

 

Figure 12. High glucose facilitates APP endocytosis. 
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A The SK-N-MCs were treated with high glucose (25 mM) in a time 

dependent manner. The mRNA expression levels of RAB5, EEA1, 

RABGEF1, RABEP1, and APPL1 were analyzed by. n = 5. B The cells 

were treated with D-glucose (25 mM) or L-glucose (25 mM) for 24 

h. Then, APP and β-actin were detected by western blot. n = 7. C 

Biotin surface labeling and internalization assay from the SK-N-MCs 

treated with high glucose (25 mM) for 24 h were done. 0 and 15 min 

indicate time points of internalization. In the bottom, total lysates were 

subjected to western blot. APP and β-actin were detected. Percent 

of internalized APP were measured by normalizing with total APP at 

time 15 in each condition. n = 5. D High glucose (25 mM) were treated 

for 24 h in the cells. Sucrose gradient-fractionized lysates were 

subjected to western blot. APP, CAV1, and FLOT1 were detected.  *p 

< 0.05 vs. control, #p < 0.05 vs. D-glucose. 
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Figure 13. Lipid-raft mediated APP endocytosis induces early 

endosomal enlargement under high glucose conditions. 
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A, B The cells were treated with GM6001 (20 μM) for 30 min and 

then with MβCD (1 mM) for 30 min and high glucose (25 mM) for 24 

h. A Cell surface were biotinylated and labelled proteins were pulled 

down by streptavidin beads. Surface APP, total APP, and β-actin 

were detected by western blot. n = 5. B Biotin surface labeling and 

internalization assay including 15 min for internalization were done. 

Internalized APP, total APP, and β-actin were detected by western 

blot. n = 5. Logarithmic transformations were performed for 

homogeneity of the sample variance. C The cells were incubated with 

MβCD (1 mM) for 30 min prior to high glucose treatment (25 mM) for 

24 h. The cells were immunostained with Rab5-specific antibody and 

counterstained with DAPI. Scale bars, 8 μm. n = 5. D The cells were 

pretreated with MβCD (1 mM) for 30 min before high glucose 

treatment (25 mM) for 48 h. Aβ 1-42 from cell culture medium were 

measured. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. high glucose. 
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High glucose-induced ROS increase the expression of endocytic 

proteins by facilitating Sp1 nuclear translocation 

Next, I investigated how high glucose facilitates APP endocytosis and 

hypothesized that it regulates endocytosis-related proteins. Given that 

the main cause of pathological situations under high glucose conditions 

is ROS, I found high glucose significantly increased the amount of ROS 

after 24 h (Figure 14A). However, there was no significant changes 

over time in the control conditions. Furthermore, among the kinases 

controlled by ROS, I found that Sp1 is related to endocytic protein 

expression (Bai et al., 2017). Indeed, high glucose-stimulated Sp1 

nuclear translocation were blocked by pretreatment of NAC (ROS 

scavenger) (Figure 14B, C). As shown in Figure 15A, B, mRNA and 

protein expression levels of PICALM, AP2A1, and CHC were increased 

by high glucose but inhibited by pretreatment with mithramycin A (Sp1 

inhibitor). Moreover, compared with the levels in control animals, ZDF 

rats and STZ-treated mice had high expression levels of the 

hippocampal endocytic proteins PICALM, AP2A1, and CHC (Figure 

15C, D). These findings suggest that high glucose up-regulates the 

expression of endocytic proteins by ROS-stimulated Sp1 activation. 
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Figure 14. High glucose-induced ROS facilitates Sp1 nuclear 

translocation. 

A The SK-N-MCs were treated with distilled water (DW) or 25 mM 

high glucose in a time response. Intracellular ROS was measured by 

DCF-DA staining and analyzed by flow cytometry. B, C The cells were 

incubated with NAC (4 mM) for 30 min prior to high glucose treatment 

(25 mM) for 6 h. B Sp1, β-tubulin, and Lamin A/C in cytosolic and 

nuclear fractionized samples were detected by western blot. C The 

cells were immunostained with Sp1-specific antibody and 

counterstained with DAPI. Scale bars, 8 μm. n = 5. *p < 0.05 vs. 

control, #p < 0.05 vs. high glucose. 
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Figure 15. High glucose-stimulated Sp1 up-regulates the expression 

of endocytic proteins, and the levels of these proteins are increased in 

the hippocampus of diabetic rodents. 
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A, B The cells were pretreated with mithramycin A (25 nM) for 30 min 

before high glucose treatment (25 mM) for 12 h and 24 h, respectively. 

A mRNA expression levels of PICALM, AP2A1, and CHC were 

analyzed. Logarithmic transformations were performed for 

homogeneity of the sample variance. B PICALM, AP2A1, CHC, and β-

actin were subjected to western blot. n = 5. *p < 0.05 vs. control, #p < 

0.05 vs. high glucose. C, D The hippocampal samples were obtained 

from ZLC and ZDF rats, and vehicle-and STZ-treated mice, 

respectively. PICALM, AP2A1, CHC, and β-actin were detected by 

western blot. n = 5. *p < 0.05 vs. diabetic rodents. 
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PICALM regulates clathrin-dependent APP endocytosis, which up-

regulates Aβ production 

Given that PICALM is considered to be a common risk factor for both 

AD and DM (Vacinova et al., 2017; McFall et al., 2015) and recruits 

CHC and AP-2 complex (Xu, Tan, and Yu 2015), I studied the role of 

PICALM in the endocytosis under high glucose conditions and AD 

pathology. First, exploratory data showed that PICALM was located in 

lipid rafts under both normal and high glucose conditions. I further 

found that the levels of co-localization of APP with AP2A1 and CHC 

under high glucose in the cell transfected with a NT siRNA were higher 

than those of the PICALM siRNA transfected cell treated with high 

glucose (Figure 16A, B). Moreover, prior to endocytosis (0 min), 

surface-labelled APP and PICALM were observed exclusively on the 

cell surface. After endocytosis (15 min), surface-labelled APP and 

PICALM were observed in intracellular vesicles and were co-localized. 

This indicates that high glucose caused APP co-localization with 

PICALM during endocytosis (Figure 16C). Similarly, the expression 

levels of surface APP in cells transfected with PICALM siRNA under 

high glucose conditions were higher than those of NT siRNA-

transfected cells treated with high glucose (Figure 17A). Additionally, 

high glucose increased the internalization of APP, which was reversed 

by PICALM RNAi (Figure 17B). As I aimed to measure APP 
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internalization and not the recruitment ability of PICALM, we used 

GM6001, which inhibited APP shedding in Figure 17A, B. Thus, 

compared with total and surface APP levels of Figure 16A, B, those of 

Figure 17A, B were not reduced by PICALM siRNA. High glucose-

induced increases in Aβ were reversed by PICALM knockdown 

(Figure 17C). These results indicate that up-regulation of PICALM by 

high glucose induces clathrin-mediated APP endocytosis. To confirm 

the effects of CME on APP endocytosis, I used a Dynasore. The 

expression levels of surface APP in the samples treated with high 

glucose and dynasore were higher than those of samples treated with 

high glucose alone (Figure 18A). Furthermore, Dynasore reversed high 

glucose-induced early endosomal enlargement and increment of Aβ 

(Figure 18B, C). These results demonstrated that increased PICALM 

facilitated clathrin-dependent APP endocytosis, resulting in Aβ 

production. 
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Figure 16. PICALM mediates recruitment of AP2A1 and CHC to APP 

and co-localizes with internalized APP. 
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A, B The SK-N-MCs were transfected with NT siRNA or PICALM 

siRNA for 12 h and then treated with Pitstop 2 (30 μM) for 30 min 

prior to high glucose treatment (25 mM) for 24 h. A The cells were 

immunostained with APP-and AP2A1-specific antibodies and 

counterstained with DAPI. Scale bars, 8 μm. B The cells were 

immunostained with APP-and CHC-specific antibodies. C 

Internalization assay from the cells treated with high glucose (25 mM) 

for 24 h were done by immunostaining with Aβ for surface-labeled 

APP and PICALM specific antibodies. 0 and 15 min indicate time points 

of internalization. Scale bars, 8 μm. n = 5. *p < 0.05 vs. NT siRNA 

transfection, #p < 0.05 vs. NT siRNA transfection with high glucose. 
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Figure 17. PICALM mediates APP endocytosis, which up-regulates A

β production. 
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A, B The cells were transfected with NT siRNA or PICALM siRNA for 

12 h and then treated with GM6001 (20 μM) for 30 min prior to high 

glucose treatment (25 mM) for 24 h. A Cell surface was biotinylated, 

and labelled proteins were pulled down by streptavidin beads. Surface 

APP, total APP, and β-actin were detected by western blot. B Biotin 

surface labelling and internalization assay including 15 min for 

internalization were done. Internalized APP, total APP, and β-actin 

were detected by western blot. C The cells were transfected with NT 

siRNA or PICALM siRNA for 12 h prior to high glucose treatment (25 

mM) for 48 h. Aβ 1–42 from cell culture medium were measured. n = 

5. #p < 0.05 vs. NT siRNA transfection with high glucose. 
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Figure 18. Clathrin-dependent APP endocytosis induces early 

endosomal enlargement, which up-regulates Aβ production. 
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A The cells were pretreated with GM6001 (20 μM) for 30 min and 

then treated with dynasore (25 μM) for 30 min before high glucose 

treatment (25 mM) for 24 h. Cell surface were biotinylated and labelled 

proteins were pulled down by streptavidin beads. Surface APP, total 

APP, and β-actin were detected by western blot. B, C The cells were 

pretreated with dynasore (25 μM) for 30 min prior to high glucose 

treatment (25 mM) for 24 h or 48 h, respectively. B The cells were 

immunostained with Rab5-specific antibody and counterstained with 

DAPI. Scale bars, 8 μm. C Aβ 1-42 from cell culture medium were 

measured. n = 5. Logarithmic transformations were performed for 

homogeneity of the sample variance. *p < 0.05 vs. control, #p < 0.05 vs. 

high glucose.  
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Defects in AMPK/mTORC1-mediated autophagy impairs early 

endosomal clearance under high glucose conditions 

I hypothesized that the block of the degradative trafficking pathway 

also causes early endosomal enlargement. Compared with the levels in 

control animals, ZDF rats and STZ-treated mice had increased 

hippocampal P62 and decreased LC3II/LC3I ratio (Figure 19A, B). In 

in vitro models, high glucose decreased the LC3II/LC3I ratio and 

increased P62 after 12h (Figure 19C). Compared with L-glucose, only 

D-glucose decreased the LC3II/LC3I ratio and increased P62 (Figure 

19D). This suggests that autophagic dysfunction is induced under DM. 

As PICALM is known to induce autophagy, I further investigated 

whether PICALM regulates autophagy under high glucose conditions. 

The interaction between LC3 and PICALM (Figure 20A) (Tian et al., 

2013) and endocytosis of VAMP3 (Figure 20B) (Moreau et al., 2014) 

were increased under high glucose conditions. PICALM siRNA 

transfection further reduced the LC3-II/LC3-I ratio compared to high 

glucose, with NT siRNA transfection (Figure 20C). These data suggest 

that increased PICALM under high glucose conditions facilitates 

autophagy but is insufficient to fully reverse the reduction in autophagy. 

Furthermore, ROS promote autophagy through increasing the 

expression of Beclin1 through MAPK signaling (Moruno et al., 2012). 

However, I did not identify any significant changes (Figure 21A). The 

ROS/Beclin1-mediated pathway was not dominant in autophagy under 

my experimental conditions. Given that mTORC1 is a master regulator 
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of autophagy, I found that high glucose down-regulated AMPKα 

phosphorylation at Thr172 and upregulated mTORC1 phosphorylation 

at Ser2448 in a time-dependent manner (Figure 21B). The decrease 

in the LC3II/LC3I ratio, co-localization of lysosomes with LC3, and the 

increase in P62 that is induced by high glucose were reversed by 

pretreatment with Rapamycin (Figure 21C and Figure 22A). To 

investigate the relationship between mTORC1-mediated autophagic 

impairment with the increase in Rab5 protein levels, I used PF-

4708671 and Rapamycin. Under high glucose conditions, Rab5 protein 

expression levels were decreased after pretreatment with Rapamycin, 

but not upon pretreatment with PF-4708671. This suggests that 

increased Rab5 is not due to increased protein synthesis by S6k1, but 

rather, due to a deficiency in autophagy (Figure 22B). Indeed, I 

confirmed that Rapamycin attenuated the high glucose-induced 

increment of Rab5+ endosomal size and Aβ (Figure 22C, D). These 

results revealed that high glucose impairs early endosomal clearance 

through AMPK/mTORC1-mediated defect in autophagy. 
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Figure 19. Autophagy is impaired in the hippocampus of diabetic 

rodents and SK-N-MCs exposed to high glucose. 
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A, B The hippocampal samples were obtained from ZLC and ZDF rats 

or vehicle-and STZ-treated mice, respectively. n = 5. *p < 0.05 vs. 

vehicle-treated rodents. C The SK-N-MCs were treated with high 

glucose (25 mM) in a time dependent manner. LC3, P62, and β-actin 

were subjected to western blot. D The cells were treated with D-

glucose (25 mM) or L-glucose (25 mM) for 24 h. Then, LC3, P62, and 

β-actin were detected by western blot. n = 5. *p < 0.05 vs. control.  
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Figure 20. PICALM induces autophagy under high glucose conditions.



 

 ９２ 

A, B The SK-N-MCs were treated with high glucose (25 mM) for 24 

h. A Co-immunoprecipitation of PICALM with IgG and LC3 antibodies 

were shown in left panel. Total protein expressions in lysate were 

shown in right panel. n = 5. *p < 0.05 vs. Control. B The cells were 

immunostained with VAMP2 or VAMP8 or VAMP3-specific antibodies 

and counterstained with DAPI. Scale bars, 8 μm. n = 5. C The cells 

were transfected with NT siRNA or PICALM siRNA for 12 h prior to 

high glucose (25 mM) treatment for 24 h. LC3 and β-actin were 

detected by western blot. n = 5. Logarithmic transformations were 

performed for homogeneity of the sample variance. *p < 0.05 vs. NT 

siRNA transfection, #p < 0.05 vs. NT siRNA transfection with high 

glucose. 
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Figure 21. High glucose-mediated AMPK/mTORC1 signaling impairs 

autophagy.
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A The SK-N-MCs were treated with high glucose (25 mM) in a time 

dependent manner. The Beclin1 were detected by western blot. B The 

SK-N-MCs were treated with high glucose (25 mM) in a time 

response. p-AMPKα (Thr 172), t-AMPKα, p-mTOR (Ser 2448), 

t-mTOR, and β-actin were detected by western blot. C The cells 

were incubated with rapamycin (200 nM) for 30 min before high 

glucose treatment (25 mM) for 24 h. LC3, P62, and β-actin were 

subjected to western blot. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. 

high glucose. 
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Figure 22. Defects in mTORC1-mediated autophagy impairs early 

endosomal clearance, which up-regulates Aβ. 
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A, C The cells were incubated with rapamycin (200 nM) for 30 min 

before high glucose treatment (25 mM) for 24 h. A The cells were 

immunostained with LC3-specific antibody and stained with 

Lysotracker red and DAPI. Scale bars, 8 μm. B The cells were 

pretreated with PF-4708671 (10 μM) or rapamycin (200 nM) for 30 

min prior to high glucose treatment (25 mM) for 24 h. Rab5 and β-

actin were detected by western blot. C The cells were immunostained 

with Rab5-specific antibody and counterstained with DAPI. Scale bars, 

8 μm. D The cells were pretreated with rapamycin (200 nM) for 30 

min before high glucose treatment (25 mM) for 48 h. Aβ 1-42 from 

cell culture medium were measured. n = 5. Logarithmic 

transformations were performed for homogeneity of the sample 

variance. *p < 0.05 vs. control, #p < 0.05 vs. high glucose. 
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Lysosomal dysfunction induced by ROS and mTORC1 up-regulates Aβ 

production through impairment of endosomal clearance 

To further investigate endosomal degradative trafficking, I tested the 

relationship between early endosomes with lysosomes. High glucose 

increased Rab5 co-localization with lysosomes (Figure 23A). As there 

were no significant alterations of mRNA expression levels of 

endolysosomal fusion-related genes (Figure 23B), I hypothesized that 

lysosomal dysfunction impairs the degradation of enlarged endosomes. 

Indeed, high glucose decreased the mean size of acidic lysosomes 

(Usenovic et al., 2012) (Figure 23A) and the percentage of 

lysotracker-positive cells after 12h. However, there was no significant 

changes over time in the control conditions (Figure 23C), which meant 

that high glucose reduced the number of intact lysosomes. Hippocampal 

LAMP1 increased in ZDF rats and STZ-treated mice compared with 

that of control groups (Figure 24A, B). In in vitro models, LAMP1 also 

increased after 12h under high glucose conditions (Figure 24C). Given 

that lysosomal dysfunction is caused by ROS-mediated lysosomal 

membrane permeabilization (LMP) (Serrano-Puebla et al., 2016) and 

impairment of lysosomal quality control (Papadopoulos et al., 2017), I 

demonstrated that pretreatment with NAC or rapamycin reversed the 

elevated LAMP1 expression levels induced by high glucose (Figure 

25A, B). Furthermore, the attenuation of the signals of both lysotracker 
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and BCECF-AM, an intracellular pH indicator, by high glucose was 

recovered by pretreatment with NAC and rapamycin, respectively 

(Figure 25C, D). In addition to the impairment of early endosomal 

degradation, I found that co-localization of CTSB, an Aβ-degradative 

lysosomal enzyme (Mueller-Steiner et al., 2006) was decreased by 

high glucose (Figure 26A). Moreover, the pretreatment of leupeptin 

(inhibitor of serine and thiol proteases) further increased the amount 

of Aβ up-regulated by high glucose (Figure 26B). These findings 

suggest that ROS- and mTORC1-mediated lysosomal dysfunction is 

critical for the blockage of endosomal clearance and increment of Aβ 

under high glucose conditions. 
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Figure 23. Lysosomal dysfunction leads to endosomal clearance failure 

under high glucose conditions. 

A The SK-N-MCs were treated with high glucose (25 mM) for 24 h. 

The cells were immunostained with Rab5-specific antibody and 

stained with Lysotracker red and DAPI. Scale bars, 8 μm. n = 7. B, C 

The cells were treated with high glucose (25 mM) in a time dependent 

manner. B The mRNA expression levels of ATG14, SNAP29, VTI1B, 

STX17, and VAMP7 were analyzed. C The cells were labeled with 

Lysotracker red and analyzed by flow cytometry. n = 5. *p < 0.05 vs. 

control.  
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Figure 24. Protein levels of LAMP1 increases in the hippocampus of 

diabetic rodents and SK-N-MCs exposed to high glucose. 

A, B The hippocampal samples were obtained from ZLC and ZDF rats 

or vehicle-and STZ-treated mice, respectively. LAMP1 and β-actin 

were detected by western blot. n = 5. *p < 0.05 vs. vehicle-treated 

rodents. C The SK-N-MCs in a time response with 25 mM high 

glucose were subjected to western blot. LAMP1 and β-actin were 

detected. n = 5. Logarithmic transformations were performed for 

homogeneity of the sample variance. *p < 0.05 vs. control.  



 

 １０１ 
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Figure 25. High glucose induced lysosomal dysfunction through ROS 

and mTORC1-mediated signaling. 

A, C The cells were pretreated with NAC (4 mM) for 30 min before 

high glucose treatment (25 mM) for 24 h. A LAMP1 and β-actin were 

detected by western blot. Logarithmic transformations were performed 

for homogeneity of the sample variance. B, D The cells were incubated 

with rapamycin (200 nM) for 30 min prior to high glucose treatment 

(25 mM) for 24 h. B LAMP1 and β-actin were detected by western 

blot. n = 5 from independent experiments. C, D Intact lysosomes and 

intracellular pH were measured by Lysotracker red and BCECF-AM 

staining respectively. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. high 

glucose.  
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Figure 26. High glucose-mediated cytosolic release of CTSB leads to 

Aβ accumulation. 

A The cells were immunostained with CTSB-specific antibody and 

stained with Lysotracker red. Scale bars, 8 μm. n = 6. B The cells 

were pretreated with leupeptin (100 nM) for 30 min before high 

glucose treatment (25 mM) for 48 h. Aβ 1-42 from cell culture 

medium were measured. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. high 

glucose.  
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Increased early endosomes, Aβ increment, and cognitive impairment 

are recovered by dynasore and rapamycin in STZ-induced DM mice 

model 

To show clinical relevance, I tested alterations of signature proteins 

and the clinical symptoms in STZ-treated mice. As described in the 

method section, animal experiments consisted of two parts (Figure 

27A). In the histological data, signal intensities of hippocampal early 

endosomes of STZ-treated mice were higher than both those of 

vehicle-treated mice and those of STZ with dynasore-treated mice 

(Figure 28A). With increased early endosomes, STZ up-regulated 

hippocampal Aβ levels, which were inhibited by dynasore treatment 

(Figure 28B). Furthermore, the Y-maze results showed that STZ-

treated mice showed cognitive impairment, whereas STZ-treated mice 

with dynaosre treatment showed recovery of cognition (Figure 28C). 

Meanwhile, in STZ-treated mice, phosphorylation of mTORC1 at 

Ser2448 was increased, which was down-regulated by treatment with 

Rapamycin (Figure 29A). In the histological data, signal intensities of 

hippocampal early endosomes of STZ-treated mice were higher than 

both those of vehicle-treated mice and those of STZ with Rapamycin-

treated mice (Figure 29B). Increased protein expression levels of 

hippocampal Rab5 in STZ-treated mice were reversed in STZ with 

Rapamycin-treated mice (Figure 29C). In addition, STZ increased 

hippocampal Aβ levels and induced cognitive impairment, which were 

recovered by Rapamycin treatment (Figure 29D, E). These results 



 

 １０５ 

demonstrate that DM induces cognitive impairment and Aβ increments 

through endocytosis- and autophagy-mediated early endosomal 

dysregulation. 
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Figure 27. Scheme of an in vivo experimental protocol using Dyansore 

or Rapamycin injection. 
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Figure 28. Increased early endosomes, Aβ increment, and cognitive 

impairment are recovered by pharmacological inhibition of clathrin-

mediated endocytosis in STZ-induced diabetic mice. 
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A Hippocampal slide for IHC was immunostained with Rab5-specific 

antibody and counterstained with DAPI. Scale bars, 50 μm. B 

Hippocampal Aβ 1-42 were measured by rat and mouse Aβ 1-42 

specific ELISA assay. C Mice were subjected to Y-maze test to 

evaluate cognitive function. n = 5. *p < 0.05 vs. vehicle-treated mice, 

#p < 0.05 vs. STZ-treated mice.  
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Figure 29. Increased early endosomes, Aβ increment, and cognitive 

impairment are recovered by pharmacological enhancement of 

autophagy in STZ-induced diabetic mice. 

A Hippocampal p-mTOR (Ser 2448), t-mTOR, and β-actin were 

subjected to western blot. B Hippocampal slides for IHC were 

immunostained with Rab5-specific antibody and counterstained with 

DAPI. Scale bars, 50 μm. C Hippocampal Rab5 and β-actin were 

subjected to western blot. D Hippocampal Aβ 1-42 were measured. 

E Mice were subjected to Y-maze test to evaluate cognitive function. 

n = 5. *p < 0.05 vs. vehicle-treated mice, #p < 0.05 vs. STZ-treated 

mice.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 １１１ 

DISCUSSION 

The present study has revealed that high glucose facilitates early 

endosomal abnormalities through increasing APP endocytosis and 

impairment of endosomal clearance, which leads to the up-regulation 

of Aβ production (Figure 30). A previous paper had demonstrated that 

membrane cholesterol and lipid rafts are important factors for 

amyloidogenic APP endocytosis (Cheng et al., 2007). High glucose-

induced lipid raft reorganization has also been shown to facilitate 

BACE1 localization on lipid rafts, leading to increased Aβ production 

(Lee et al., 2016). Consistent with these findings, I found that lipid rafts 

mediate APP endocytosis under high glucose conditions. In addition to 

lipid rafts, proteins involved in endocytosis are associated with the 

pathogenesis of AD (Alsaqati et al., 2018) and DM (Teng et al., 2016). 

My data showed that high glucose contributed to increases in PICALM, 

CHC, and AP2A1, through ROS-stimulated Sp1 activation. Levels of 

the long-form of PICALM (upper band) appear to be decreased 

compared to the short form, in Mithramycin-treated groups, and these 

levels were lower than those of the control. As Sp1 is a transcription 

factor that regulates PICALM expression, it would not have a 

significant effect on PICALM isoforms made via alternative splicing. 

Thus, differences in mRNA stability between the isoforms may be the 

reason for these findings. As all the isoforms increased under high 

glucose conditions, the differences in the isoform expression should 

not significantly affect overall outcome. Therefore, I suggest that 
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excessive production of endocytic proteins due to ROS-activated Sp1 

are crucial molecular factors for APP endocytosis under high glucose 

conditions, leading to functional abnormalities. PICALM mediated APP 

endocytosis and Aβ generation in neural cell and PICALM knockdown 

decreased plaque deposition in APP transgenic mice (Xiao et al., 2012). 

PICALM up-regulated Aβ generation by regulating clathrin-

mediated endocytosis of γ-secretase (Kanatsu et al., 2014) and β-

secretase (Thomas et al., 2016) in neural cell and Aβ was reduced in 

the Picalm+/- mouse brain (Kanatsu et al., 2016). In addition, my data 

showed that PICALM facilitated APP endocytosis through the 

recruitment of CHC and AP2A1 to APP. On the other hand, PICALM-

induced transendocytosis of Aβ in endothelial cells, which plays a role 

in Aβ clearance (Zhao et al., 2015). These distinct functions of 

PICALM are probably achieved by specific signalling in different cell 

types but require further study. However, considering my finding that 

high glucose increased both Aβ and PICALM and the knockdown of 

PICALM decreased Aβ production, I suggest that targeting PICALM 

is an efficient strategy for the down-regulation of Aβ production. 

A previous study reported that overexpression of the dominant 

inhibitory form of Rab5 in human adipocytes could mitigate 

pathophysiological changes in diabetes (Tessneer et al., 2014). On the 

other hand, a study showed that RAB5 knockdown in murine fibroblasts 

aggravated DM (Su et al., 2006). Even if the effects of early endosomes 

on DM are still debatable, I showed that abnormalities in early 
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endosomes were induced in high glucose conditions. Consistent with 

my results, early endosomal enlargement was reported in diabetic 

monkey brain, which upregulated Aβ production (Okabayashi et al., 

2015). These findings indicate that the overactivation of early 

endosomes induced by high glucose may have a detrimental effect in 

AD. Persistent activation of an adaptor protein localized at early 

endosomes induced the activation of Rab5(Kim, Sato, et al., 2016) and 

the mRNA (Ginsberg, Alldred, et al., 2010) and protein levels 

(Ginsberg, Mufson, et al., 2010) of Rab5 were upregulated in AD 

patients. My finding that increased APP endocytosis is the cause of 

endosomal disorders differs from previous studies, and this finding may 

be specific to diabetes. Although further studies on the expression and 

activity of other secretases associated with Aβ production in diabetes 

and its association with endosomal disorders are needed, my data show 

that high glucose increased Rab5 co-localization with both BACE1 and 

APP-CTFβ, which produced excess Aβ. Similarly, a previous study 

described that the overexpression of Rab5 increased the coincidence 

of APP-CTFβ and early endosomal compartments and Aβ 

generation (Grbovic et al., 2003). Taking these findings together, I 

demonstrate that high glucose upregulates Aβ production through 

inducing abnormalities in early endosomes. 

Early endosomes are degraded by the auto-lysosomal pathway. 

However, there is controversy over the changes in this degradative 

pathway in diabetes. DM increased autophagy in a STZ-induced mouse 
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model and primary cultured mouse hippocampal neurons through 

promotion of the JNK pathway (Kong et al., 2018) and in mouse 

osteoblasts through inhibition of the mTORC1 pathway (Wang et al., 

2016). On the other hand, autophagy was impaired in diabetic beta-

cells (Bartolome et al., 2014) and in high glucose-treated human 

glomerular endothelial cells (Lim et al., 2018) through hyper-

activation of mTORC1. My results demonstrate that the impairment of 

autophagy was induced by the AMPK/mTORC1 signalling pathway 

under high glucose conditions. These findings indicate the different 

regulation of autophagy may depend on the cell type and preferentially 

involved mechanisms. Indeed, a previous study suggested that 

decreased activity of AMPK is a common characteristic for both DM 

and AD (Steinberg et al., 2009). In addition, activation of AMPK 

protected hippocampal neurons against Aβ toxicity (Culmsee et al., 

2001). The post mortem brains from adults with AD-like pathology 

have high levels of mTORC1 and low levels of DEPTOR, the inhibitory 

protein of mTOR (Crino 2016). I showed that the inhibition of mTORC1 

down-regulated high glucose-induced Rab5 protein expression and 

Aβ production. These results suggest that dysfunction of the 

mTORC1-mediated autophagy is a critical cause of AD pathology by 

causing defects in the clearance of early endosomes, in high glucose 

conditions. Meanwhile, destabilization of lysosomes was demonstrated 

in the hippocampus of DM mice (Sims-Robinson et al., 2016). In 

accordance with these results, my data also indicated that high glucose 
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facilitated lysosomal dysfunction. Previous reports demonstrated that 

high glucose facilitated ROS-mediated increase of LMP (Abuarab et al., 

2017). Furthermore, severe DM accompanying mTORC1-mediated 

impairment of autophagy induced the defective clearance of lysosomes, 

lysophagy, which aggravated lysosomal dysfunction (Takahashi et al., 

2017). Indeed, my data showed that lysosomal dysfunction was 

induced by both ROS and mTORC1. Although there is a need for more 

precise study of the molecular mechanisms behind lysosomal 

dysfunction, my findings reveal that ROS and mTORC1-mediated 

lysosomal dysfunction aggravate the impairment of early endosomal 

clearance and upregulate Aβ production. Overall, I suggest that 

targeting the auto-lysosomal pathway is a promising strategy for 

reducing the amount of Aβ by enhancing the clearance of APP-

producing early endosomes. My data showed that DM animal models 

also presented increased levels of early endosomes, which induced 

increased Aβ production and cognitive impairment. Although previous 

studies reported that treatment with an endocytosis blocker (Wang et 

al., 2018) and rapamycin (Zhou et al., 2009) restored cognitive 

impairment, the mechanisms underlying these processes had not been 

previously identified. I tested the relevance of APP-producing 

endosomes by applying pharmacological treatments to the diabetic 

STZ-treated mice. As the drugs did not act as insulin, they may have 

little effect on controlling hyperglycaemia induced by STZ. Thus, 

reducing Aβ without decreasing blood glucose may be used in 
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combination with conventional anti-diabetic drugs, providing 

synergistic effects on reducing levels of Aβ. The potential limitations 

to this study include that the behavior and rescue experiments were 

only performed in mice. I modified the experimental design as it was 

difficult to apply drugs that could have effects on the brain during the 

entire breeding period of ZLC and ZDF rats. However, my results 

showed that the expression levels of endolysosomal proteins were 

upregulated in both DM models. Based on the above findings, I suggest 

that the dysfunction of endocytosis and the auto-lysosomal pathway 

have detrimental effects on Aβ-producing endosomes in diabetes. 

Additionally, it is possible that early endosomal abnormalities are a 

common feature that facilitates AD pathology. 
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Figure 30. Diagram of the pathways underlying the up-regulation of A

β production by abnormalities in early endosomes, under high glucose 

conditions.  

High glucose increased PICALM, AP2A1, and CHC expression through 

ROS-stimulated Sp1 nuclear translocation. PICALM facilitates 

clathrin-mediated APP endocytosis at lipid rafts, which induces early 

endosomal enlargement. On the one hand, high glucose impairs 

endosomal clearance via AMPK/mTORC1- and ROS-mediated auto-

lysosomal dysregulation. The consequences of early endosomal 

abnormalities are overproduction of Aβ and cognitive impairment. 
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The effect of high glucose-mediated VPS26a 

downregulation on dysregulation of neuronal 
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phosphorylation  
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INTRODUCTION 

The retromer, a protein complex involved in the retrograde transport 

of cargo from endosomes to the trans-Golgi network or recycling 

cargo from endosomes to the cell surface, has an important role in 

neuronal biology (Burd et al., 2014). Impairment of endosomal sorting 

by retromer dysfunction causes synaptic disorders, neuroinflammation, 

and major pathological features of AD (Small et al., 2015; Vagnozzi et 

al., 2019). The retromer complex consists of a ‘cargo recognition 

core (CRC)’ composed of the vacuolar protein sorting-associated 

protein 35 (VPS35)/VPS26/VPS29 trimeric complex and sorting 

nexins (SNXs) (Burd et al., Cullen 2014). A microarray profile 

revealed that VPS35 and VPS26 are down-regulated in the entorhinal 

cortex of AD patients (Small et al., 2005). VPS35 is known to directly 

interact with β-secretase in mouse pyramidal neurons and early-

onset AD-like phenotype can be induced by hemizygous deletion of 

VPS35 in the Tg2576 mouse model of AD (Wen et al., 2011). Down-

regulation of VPS35 in a mouse model of tauopathy exacerbated tau 

accumulation and cognitive impairment through regulation of cathepsin 

D (CTSD) availability (Vagnozzi et al., 2021). VPS26a modulates APP 

trafficking and processing by binding the FANSHY motif of sortilin 

related receptor 1 (SORL1) (Cullen et al., 2018). Both VPS35 and 

VPS26 are also reduced in the hippocampus of mouse models of type 

2 diabetes (Morabito et al., 2014). In addition, genome-wide 
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association studies have identified sortilin related VPS10 domain 

containing receptor 1 (SORCS1), a retromer-binding protein, as a 

major locus associated with both type 1 and type 2 diabetes 

pathogenesis (Paterson et al., 2010; Clee et al., 2006). Mice deficient 

in Sorcs1 (Kebede et al., 2014) and Wiskott-Aldrich syndrome protein 

and SCAR homolog (Wash) (Ding et al., 2019), one of the other 

retromer-binding components, exhibited abnormal glycemic control. 

Retromers have been shown to be regulators in the pathogenesis of 

\DM, but no studies have investigated the role of retromer complex in 

DM-mediated AD pathogenesis, especially in APP processing and tau 

phosphorylation. Given that manipulation of retromer complex levels 

affects Aβ and p-Tau levels in human stem cell-derived neurons 

(Young et al., 2018), retromer dysfunction in diabetes may provide 

mechanistic insights into AD pathogenesis. 

In the present study, human induced-pluripotent stem cell-derived 

neuronal differentiated cells (iPSC-NDs) were used to investigate the 

effects of high glucose on the retromer complex and then to identify 

possible mechanisms related to APP processing and tau 

phosphorylation. SH-SY5Y neuroblastoma cells were used to study 

more detailed mechanisms. STZ-induced diabetic mice were used to 

elucidate whether the retromer contributes to the AD-like phenotype 

such as increased Aβ and p-Tau levels, synaptic deficits, astrocyte 

over-activation, and cognitive impairment. Together with both in vitro 
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and in vivo models, I investigated retromer-associated mechanisms 

and regulatory candidates of DM-mediated AD onset. 

 

MATERIALS & METHODS 

Animal studies 

Male ICR mice (9 weeks of age) were acquired from OrientBio 

(Seongnam, Korea) and maintained in standard conditions with an 

appropriate humidity (less than 60%) and temperature (20–25℃) and 

a 12 h dark/12 h light cycle. They were given access to autoclaved 

chow and tap water on an ad libitum basis. Animal handling, care, and 

experimentation were performed in accordance with the regulations 

and ethical approval of the Institutional Animal Care and Use Committee 

of Seoul National University (Approval No.: SNU-201013-7-1). 

When designing animal experiments, it is critical to take sexes into 

account (Docherty et al., 2019). However, male mice are practically 

used in previous diabetes researches (Rahman et al., 2020; Ueda et al., 

2021), because the estrus cycle may affect the experimental conditions 

and results. Because the aim of my study is to investigate the effects 

of diabetes on the retromer and related dysregulation of mechanisms 

of APP processing and tau phosphorylation, male mice were used in the 

present study. Mice were randomly separated into equal-sized groups. 

Estimation of group size was undertaken in accordance with the rules 
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given by Seoul National University's Institutional Animal Care and Use 

Committee (SD: 6%, anticipated effect size: 15%, number of groups: 4; 

alpha: 0.05, power (1-β): 0.8). The number of animals employed was 

raised to account for the likelihood that not enough mice with the high 

glycaemic phenotype would be obtained. To examine the effect of high 

glucose on retromer dysfunction, STZ was injected into mice to create 

DM, as previously described (Furman 2015a). Mice were randomly 

assigned to receive STZ (75 mg·kg-1) in sodium citrate buffer (0.1 

M, pH 4.5, Vehicle, 200 μL) or vehicle intraperitoneally once daily for 

three consecutive days. Blood samples (50 μL) were taken via the tail 

vein without anaesthesia, and blood was drawn 3 times per animal (9, 

18 weeks of age, and after STZ injection) before terminal sampling. 

Blood glucose level was determined using a glucose monitor (Roche, 

Germany), and body weight was determined prior to and after STZ 

injection. Mice with blood glucose levels above 300 mg dl were 

considered to be severely diabetic. After obtaining a sufficient number 

of diabetic mice, they were randomly separated into four groups (n = 

5 per group): vehicle-injected mice, STZ-injected mice, R33-

injected mice, and STZ with R33-injected mice. R33 injection was 

conducted as previously reported, with slight modifications (Li et al., 

2020). IP injection was used to deliver 100 μL of R33 (12.5 mg·kg-

1, dissolved in distilled water) and vehicle. For 8 weeks following DM 

induction, R33 was injected once daily. Body weight and blood glucose 

levels were measured at 9 and 18 weeks of age (Figure 31A). After 
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behavior testing, mice were anaesthetized by IP injection of alfaxalone 

(40 mg·kg-1) with 10 mg·kg-1 xylazine and killed by exsanguination 

for further biochemical analysis. An overall schematic of experiments 

is shown in the Figure 31B. 

 

Figure 31. Body weight and blood glucose of experimental animals, and 

scheme of an in vivo experimental protocol using R33 treatment. 

A Blood glucose and body weight were determined at 18 weeks of 

age. n = 5. *p < 0.05 vs. vehicle. B The scheme of in vivo. 
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Y-maze spontaneous alternation test 

The detailed method for Y-maze spontaneous alternation test is 

elucidated in Materials & Methods section of Chapter Ⅰ. 

 

Novel object recognition (NOR) test 

The novel object recognition test is a commonly used mouse behavior 

test for assessing object working memory and depends on the innate 

preference of mice for novelty. The mice were kept in an open field 

box for 5 min in the testing room for habituation. After 24 h, the mice 

were allowed to navigate freely for 10 min in the same open field with 

two similar objects during the first session. After 4 h, one of the two 

objects was replaced with a new one, then the mouse was allowed to 

explore freely for 10 min in the open field for a second session. The 

discrimination index which is the most commonly used value for 

assessing cognition was calculated as the time spent exploring a new 

object minus the time spent exploring a familiar object divided by the 

total exploration time. The novelty preference was calculated as the 

time spent exploring a novel object as a percentage of the total 

exploration time. An increase in the discrimination index indicated an 

improvement in cognitive memory (Lueptow 2017). 
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IHC 

The detailed method for IHC is elucidated in Materials & Methods 

section of Chapter Ⅰ. Image analysis was performed with the Fiji 

software (RRID:SCR_002285) (Schindelin et al., 2012). Measurement 

of signal intensities was conducted by applying the same threshold. IHC 

has been conducted the experimental detail provided conforms with 

BJP Guidelines (Alexander et al., 2018). 

 

iPSC-derived neuronal differentiation 

To induce neuronal stem cells (NSCs), iPSCs were grown on plates 

covered with recombinant human vitronectin (Thermo Fisher, Waltham, 

USA, A14700) in the presence of neural induction media (A1647801, 

Thermo Fisher). Following NSC induction, the cells were re-cultured 

on dishes coated with poly-L-ornithine (Sigma, Massachusetts, USA, 

P3655) and laminin (Thermo Fisher, 23017). For more than 10 days, 

the NSCs were grown in neural differentiation media [Neurobasal 

medium (Thermo Fisher, 21103) supplemented with 2% B27 serum-

free supplement (Thermo Fisher, 17504) and 1% GlutaMax-1 

supplement (Thermo Fisher, 35050)]. Between 7 and 10 days after 

the initiation of differentiation, 0.5 mM dibutyryl-cAMP (Sigma, D0627) 

was given daily to the medium to enhance neural differentiation.  
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Cell cultivation 

Undifferentiated SH-SY5Ys were grown at 37°C with 5% CO2 in low 

glucose Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone, 

Logan, USA, SH30021FS), 1% antibiotic-antimycotics, and 10% 

FBS(Liebsch et al., 2019; Rodriguez et al., 2020). The detailed method 

for cell cultivation is elucidated in Materials & Methods section of 

Chapter Ⅰ. 

 

Plasmid DNA transfection 

After reaching 60% confluence, the SH-SY5Ys were cultured for 24 h 

with a plasmid DNA mixture, low glucose DMEM, and lipofectamine 

2000 (Thermo Fisher, 11,668,027). The cells were incubated in the 

serum-free medium with 1% antibiotics prior to experiments. 

pcDNA3.1-eGFP plasmid was used as a negative control. The cells 

were transfected before being exposed to high glucose.  

 

Transfection with siRNA for gene silencing  

The detailed method for transfection with siRNA for gene silencing is 

elucidated in Materials & Methods section of Chapter Ⅰ. 
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Immunofluorescence analysis 

The detailed method for immunofluorescence analysis is elucidated in 

Materials & Methods section of Chapter Ⅰ. Immuno-stained cells 

were visualized by a super-resolution radial fluctuations (SRRF) 

imaging system (Andor Technology, Belfast, UK) (Gustafsson et al., 

2016) and a confocal microscope system (LSM 710, Carl Zeiss, 

Oberkochen, Germany). Fluorescent intensities quantification and 

measurement of the area of Rab5+ endosomes were carried out with 

Fiji software. Analysis of co-localization was performed by measuring 

manders coefficients using Fiji’s JACop plugin(Bolte et al., 2006). 

 

Marking and staining lysosomes 

The detailed method for marking and staining lysosomes are elucidated 

in Materials & Methods section of Chapter Ⅰ. The signals of 

Lysotracker stained cells were visualized by a confocal microscope 

system (LSM 710, Carl Zeiss, Oberkochen, Germany). 

 

qPCR 

The detailed method for qPCR is elucidated in Materials & Methods 

section of Chapter Ⅰ. The cDNAs were amplified using a variety of 

mRNA primers (Table 4)  
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Table 4. The primer sequences used for real-time qPCR. 

 

Western blot analysis & subcellular fractionation 

The detailed method for western blot analysis & subcellular 

fractionation are elucidated in Materials & Methods section of Chapter 

Ⅰ. 

 

Dot blot analysis 

Dot blot analysis was carried out to detect DNA methylation levels in 

SH-SY5Ys. The genomic DNA (gDNA) was extracted by using 
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genomic DNA extraction kit (Bioneer, K-3032). As described 

previously (Jiang et al., 2019), 100 ng of gDNA was denatured for 

10 min at 95 °C, then neutralized for 10 min on ice. gDNA was loaded 

on the N+ nylon membrane (Amersham, RPN203B). The membrane 

was dried and incubated for 2 h at 80 °C. The membrane was blocked 

with 5% skim milk for 1 h and incubated overnight at 4 °C with anti-

5-mC antibody. The membrane was washed 3 times with TBST, then 

incubated with HRP-conjugated secondary antibody for 2 h at RT. DNA 

was detected by chemiluminescence detection kit (Advansta Inc., K-

12045-D50). Quantification of the dot blot intensity was performed by 

the Image J software. 

 

Methylation specific PCR (MSP) 

The conversion of gDNA for methylation analysis was performed by 

bisulfite treatment using the EZ DNA methylation-lightning kit and 

following the manufacturer’s instructions (Zymo Research, D5030). 

The methylation status of the VPS26A gene in the SH-SY5Ys was 

determined by MSP. I conducted MSP for the VPS26A promoter at two 

CpG sites (−118 and −346) which were designed by referring to the 

previous reports(Bell et al., 2010; Nilsson et al., 2014; Li et al., 2002). 

Methylation status was assessed by relative methylation levels 

compared to unmethylated form. The primer sequences for each CpG 
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site of the VPS26A promoter are listed in the Table 5. 

 

Table 5. The primer sequences used for methylation specific primer. 

 

CTSD activation assay 

CTSD activity was measured by using Cathepsin D activity fluorometric 

assay kit (abcam, K143-100). Assay was performed in compliance 

with manufacturer’s protocol Briefly, harvested cells were lysed by 

proper lysis buffer on ice for 10 min and centrifuged for 5min at top 

speed. The equal amount of lysate was loaded into 96-well plate with 

reaction buffer and substrate, then incubated at 37 °C for 2 h. 

Fluorescence intensities were read by fluorometer equipped with a 

328-nm excitation/460-nm emission filter. 

 

Measurement of Aβ in in vitro and in vivo samples 

In in vitro, the cell culture was collected and centrifuged at 1,000 × g 

for 20 min. phosphatase inhibitors cocktail (100X) was added to the 
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supernatant to inhibit proteolysis. In in vivo, the equal amount of the 

hippocampus samples (100 μg) were prepared with lysis buffer and 

BCA assay. In compliance with the manufacturer’s instructions, the 

optical density (OD) of Aβ (1– 42) in culture medium and tissue 

samples were obtained by using human Aβ (1– 42) ELISA kit 

(Thermo Fisher, KHB3544) and mouse & rat Aβ (1– 42) ELISA kit 

(Thermo Fisher, KMB3441), respectively. The absorbance at 450 nm 

were converted into the concentration and analyzed by using the 

standard curve. 

 

Data and analysis 

The manuscript complies with BJP’s recommendation on 

experimental design and analysis(Curtis et al., 2018). Through the use 

of randomization and blinded analysis, studies were meant to establish 

groups of equal size. Statistical analysis was performed on studies with 

a minimum group size of n = 5. The sample size n defined the number 

of biologically independent replicates utilized for statistical analysis. I 

tested for outliers beyond an outer boundary (Q3 + 3IQ or Q1 - 3IQ) 

in a box plot and found none. The Shapiro–Wilk test was used to 

determine the normality of all data, which was then analysed using 

parametric statistics. To compare the treatment and control group 

means, an unpaired Student's t-test with two-tailed was performed. 

To compare the differences among several groups, One-way ANOVA 
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or Two-way ANOVA were utilised. Post hoc tests were done only if 

ANOVA revealed a significant F and no significant variance 

inhomogeneity. Spearman's test was used to determine the sample's 

heteroscedasticity, and logarithmic or square root transformations 

were used if the variance did not match the homogeneity requirement. 

Quantitative data are presented as a mean and standard deviation (SD) 

and analysed using the Prism 8 software (Graphpad, USA, 

RRID:SCR_000306). A level of probability of p < 0.05 was taken as 

statistically significant. 

 

Materials 

The iPSCs and human neuroblastoma cell line SH-SY5Y were 

purchased from Kangstem Biotech (Seoul, Korea) and Korean Cell Line 

Bank (Seoul, Korea), respectively. Fetal bovine serum (FBS) and 

antibiotics were obtained by Hyclone (Logan, UT, USA) and Gibco 

(Grand Island, NY, USA) respectively. The antibodies of β-Actin 

(sc-47778), lamin A/C (sc-2068), VPS35 (sc-374372), VSP26a 

(sc-390304), VPS29 (sc-398874), NF-κB p65 (sc-8008), EEA1 

(sc-365652), TGN38 (sc-166594), PP2A (sc-80665), GSK-3β 

(sc-9166), Phospho-GSK 3β Ser 9 (sc-9166), and CTSD (sc-

13148) were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). The antibodies of VPS26a (MA5-31365), VPS26b (PA5-

101953), CI-MPR (PA3-850), Tau 5 (AHB-0042), PSD95 (51-
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6900), α-tubulin (T6074), and NeuN (MA5-33103) were purchased 

from Thermo Fisher (Waltham, MA, USA). respectively. The 

antibodies of Rab5 (NB120-13253), SORCS1 (NBP 1-86096), and 

WASHC1 (NBP 1-90464) were obtained from Novus Biologicals 

(Centennial, CO, USA). The antibodies of SORL1 (79322), 5-mC 

(D3S2Z), p35/25 (C64B10), and Phospho-Tau Thr181 (12885) were 

acquired from Cell Signaling Technology (Beverly, MA, USA). The 

antibodies of APP (ab32136), Phospho-Tau Ser396 (ab109390), 

DNMT1 (ab19905), DNMT3a (ab23565), DNMT3b (ab16049), CTSD 

(ab6313), GFAP (ab7260), synaptophysin (ab32127), and MAP2 

(ab11267) were purchased from Abcam (Cambridge, England). VPS35 

(GTX108058) antibody was purchased from Genetex (Irvine, CA, 

USA). Secondary antibodies for anti-mouse Alexa Fluor 647 (A-

21235), anti-mouse Alexa Fluor 488 (A32723), anti-rabbit Alexa 

Fluor 555 (A32732), anti-mouse Alex Fluor 555 (A32727), and 

Lysotracker Red DND-99 (L7528) were obtained from Thermo Fisher 

(Waltham, MA, USA). NAC (A7250), D-glucose (G8769), L-glucose 

(G5500), Pepstatin A (P5318), Thioflavine S (T1892), DAPI (D9542), 

Bay 11-7082 (196870), normal goat serum (NGS; 566380), and STZ 

(S0130) were purchased from Sigma Chemical Company (St. Louis, 

MO, USA). TPT-172 (R33) (504211) was obtained from MedKoo 

Biosciences (Morrisville, NC, USA). pcDNA3.1(+)-VPS26A-eGFP 

and pcDNA3.1(+)-eGFP were purchased from Koma Biotech (Seoul, 

Korea). mRNA primers for VPS26B, VPS29, SNX1, SNX2, SNX3, 
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SNX5, SNX6, SNX27, DNMT1, DNMT3A, DNMT3B, TET1, TET2, 

TET3, ACTB, and primers for CpG site of VPS26A were purchased 

from Cosmo Genetech (Seoul, Korea). mRNA primers for VPS35, 

VPS26A, SORCS1, SORT1, SORL1, and siRNAs for DNMT1 was 

acquired from Bioneer (Daejeon, Korea). Non-targeting (NT) siRNA 

was purchased from Dharmacon (Lafayette, CO, USA). 

 

RESULTS 

VPS26a is down-regulated in STZ-diabetic mice and neuronal cells 

exposed to high glucose 

To elucidate the effect of diabetes on retromer assembly, I first 

measured hippocampal levels of VPS35, VPS26a, VPS26b, VPS29, 

SORCS1, SORL1, and WASH Complex Subunit 1 (WASHC1). Among 

these retromer components, only the protein levels of VPS26a were 

decreased in STZ-induced diabetic mice compared with those of 

vehicle-treated mice (Figure 32A). STZ-induced diabetic mice also 

had lower staining intensities of hippocampal VPS26a than those of 

vehicle-treated mice (Figure 32B). In in vitro experiments, iPSC-NDs 

exposed to high glucose showed only down-regulated VPS26a (Figure 

33A). In SH-SY5Ys, high glucose also decreased mRNA expression 

and protein levels of VPS26a after 12 h (Figure 33B, C). Only D-

glucose treatment, not L-glucose treatment, decreased VPS26a 
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protein levels in cells, which implies that osmotic effects were not 

involved in protein down-regulation (Figure 33D). As recruitment of 

retromer complexes to endosomes is essential for CRC-mediated 

cargo transport (Seaman 2012), I measured the recruitment of VPS35 

binding cargo directly to early endosomes to investigate the effect of 

high glucose on retromer function. Compared with normal glucose 

treated cells, high glucose treatment decreased the degree of co-

localization between Rab5, an early endosomal marker and VPS35 in 

iPSC-NDs (Figure 33E). These results suggest that high glucose 

down-regulates expression of VPS26a, which induces retromer 

dysfunction. 
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Figure 32. VPS26a is down-regulated in the hippocampus of STZ-

diabetic mice. 

A, B Samples were obtained from Vehicle-or STZ-treated mice 

hippocampus. A VPS35, VPS26a, VPS26b, VPS29, SORCS1, SORL1, 

WASHC1, and β-Actin were detected by western blot. B Tissue 

slides for IHC were immunostained with VPS35, VPS26a, and VPS29-

specific antibodies and counterstained with DAPI. Scale bars, 20 μm. 

n = 5. *p < 0.05, **p < 0.01 vs. control.  
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Figure 33. VPS26a is down-regulated in neuronal cell exposed to high 

glucose. 

A, C iPSC-NDs or SH-SY5Ys were treated with D-glucose (25 mM) 

for 24 h. Then, VPS35, VPS26a, VPS26b, VPS29, SORCS1, SORL1, 

WASHC1, and β-Actin were detected by western blot. n = 5. B SH-

SY5Ys were treated with high glucose (25 mM) in a time dependent 

manner. The mRNA expression levels of VPS35, VPS26A, VPS26B, 

VPS29, SORCS1, SORT1, SORL1, SNX1, SNX2, SNX3, SNX5, SNX6, 

and SNX27 were analyzed. D The SH-SY5Ys were treated with D-

glucose (25 mM) or L-glucose (25 mM) for 24 h. VPS35, VPS26a, 

VPS29, and β-Actin were detected. E iPSC-NDs were treated with 

high glucose (25 mM) for 24 h which were immunostained with Rab5 

and VPS35-specific antibodies and counterstained with DAPI. Scale 

bars, 20 μm. n = 5. *p < 0.05 vs. control. 
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High glucose down-regulates VPS26a through ROS/NF-κB/DNMT1-

mediated promoter hypermethylation. 

Given that diabetes-mediated genetic repression is mainly caused by 

epigenetic downregulation (Kato et al., 2019), I focused on the 

expression changes of epigenetic regulators to investigate how high 

glucose down-regulates VPS26a. First, I examined the changes in the 

mRNA expression levels of DNA methyltransferases, enzymes that 

methylate DNA, including DNMT1, DNMT3A, DNMT3B, and ten-

eleven translocation methylcytosine dioxygenases, enzymes that 

demethylate DNA, such as TET1, TET2, and TET3. Among them, only 

the mRNA expression of DNMT1 was increased by high glucose 

(Figure 34A). The protein levels of DNMT1 also increased in a time-

dependent manner upon high glucose treatment (Figure 34B). STZ-

induced diabetic mice had higher hippocampal DNMT1 levels compared 

with those of vehicle-treated mice (Figure 34C). As ROS are known 

to stimulate NF-κB (Morgan et al., 2011), which may upregulate 

DNMT1 expression, I investigated whether high glucose-stimulated 

nuclear translocation of NF-κB could be blocked by NAC (a ROS 

scavenger) (Figure 34D). The mRNA expression (Figure 34E) and 

protein (Figure 34F) levels of DNMT1 increased by high glucose were 

also reduced by Bay 11-7082 (an NF-κB inhibitor). These results 

suggest that the ROS-stimulated NF-κB pathway upregulates 

DNMT1 expression in high glucose conditions. To elucidate the 
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relationship between high glucose-mediated-DNMT1 and VPS26a 

down-regulation, I first determined global DNA methylation status by 

measuring 5-mC staining intensities in cells exposed to high glucose. 

High glucose-mediated increase of 5-mC staining intensities was 

reduced by DNMT1 silencing (Figure 35A, B). I further measured the 

specific methylation status of the VPS26A promoter containing two 

CpG sites, at -118 and -346. As shown in Figure 35C, D cells 

transfected with NT siRNA in high glucose increased the levels of 

VPS26A promoter methylation at -118 and -346 compared with those 

of cells transfected with NT siRNA in normal glucose conditions. 

Interestingly, DNMT1 silencing reduced high glucose-mediated 

hypermethylation of the VPS26A promoter. Furthermore, down-

regulated mRNA (Figure 35E) and protein (Figure 35F) expression 

levels of VPS26a in high glucose were reversed by DNMT1 silencing. 

These data indicate that upregulated DNMT1 by high glucose 

suppressed VPS26a expression through hypermethylation of the 

VPS26A promoter. 
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Figure 34. High glucose upregulates DNMT1 through ROS/NF-κB 

signaling pathway. 

A, B SH-SY5Ys were treated with high glucose (25 mM) in a time 

dependent manner. A The mRNA expression levels of DNMT1, 

DNMT3A, DNMT3B, TET1, TET2, and TET3 were analyzed. B 

DNMT1, DNMT3a, DNMT3b, and β-Actin were detected. C The 

hippocampal samples were obtained from vehicle-or STZ-treated 

mice. DNMT1, DNMT3a, DNMT3b, and β-Actin were detected by 

western blot. n = 5. D The cells were incubated with NAC (4 mM) for 

30 min prior to high glucose treatment (25 mM) for 12 h. The cells 

were immunostained with NF- κ B-specific antibody and 

counterstained with DAPI. Scale bars, 3 μm. n = 6. E, F The cells 

were treated with Bay 11-7082 (10 μM) for 30 min prior to high 

glucose treatment (25 mM) for 24 h. The mRNA expression and 

protein levels of DNMT1 were analyzed by qPCR and western blot, 

respectively. n = 5. *p < 0.05 vs. control, #p < 0.05, vs. high glucose.  
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Figure 35. DNMT1-mediated promoter hypermethylation down-

regulates VPS26a under high glucose conditions. 

A-F SH-SY5Ys were transfected with NT siRNA or DNMT1 siR

NA for 12 h prior to high glucose treatment (25 mM) for 24 h. A 

The cells were immunostained with 5-mC-specific antibody and c

ounterstained with DAPI. Scale bars, 5 μm. B The expression lev

els of 5-mC in cellular gDNA were detected. Logarithmic transfor

mation was performed. C, D The methylation status at the -118 a

nd -346 CpG sites of the VPS26A gene of gDNA was determined 

by MSP analysis. The relative methylation level of VPS26A is sho

wn, compared to the unmethylated form. E, F The mRNA and prot

ein expression levels of VPS26a were analyzed by qPCR and west

ern blot, respectively. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. 

high glucose. 
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High glucose-induced retromer dysfunction increases APP and p-Tau 

levels  

To investigate the effects of retromer dysfunction on high glucose-

mediated amyloidogenesis and tau phosphorylation, I used R33, a 

pharmacological chaperone, to stabilize and recover retromer function 

(Mecozzi et al., 2014). Treatment of R33 recovered high glucose-

mediated downregulation of VPS26a (Figure 36A). Recovered 

retromer by R33 treatment decreased the size of early endosomes 

(Morel et al., 2013), the earliest pathological features of AD (Kwart et 

al., 2019), in iPSC-NDs exposed to high glucose (Figure 36B). Given 

that high glucose modulates APP processing in abnormal early 

endosomes (Chae et al., 2020), R33 could normalize the APP process. 

Increased APP, C99, and Aβ were recovered by R33 under high 

glucose conditions in iPSC-NDs (Figure 36C, D). As the degradation 

of phosphorylated tau was regulated by retromer-mediated CTSD 

maturation, the retromer might therefore be involved in tau 

phosphorylation in diabetes. I found that R33 treatment down-

regulated tau phosphorylation at Ser396 and Thr181 in iPSC-NDs 

exposed to high glucose (Figure 36E). These findings suggest that 

retromer dysfunction is involved in APP processing and tau 

phosphorylation in high glucose conditions. 
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Figure 36. R33 blocks elevated Aβ and p-Tau levels by high glucose. 
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A-C, E The cells were treated with R33 (5 μM) for 30 min prior to 

high glucose treatment (25 mM) for 24 h. A VPS35, VPS26a, VPS26b, 

VPS29, and β-Actin were detected. B iPSC-NDs were 

immunostained with EEA1-specific antibody and counterstained with 

DAPI. Scale bars, 20 μm. C The protein expression levles of APP, 

C99, and β-Actin in were detected by western blot. n = 5. D The cells 

were treated with R33 (5 μM) for 30 min prior to high glucose 

treatement (25 mM) for 48 h. Aβ 1-42 from cell culture medium in 

iPSC-NDs were measured. E The protein expression levles of p-Tau 

Ser396, p-Tau Thr181, t-Tau, and β-Actin in iPSC-NDs were 

detected by western blot. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. high 

glucose. 
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High glucose-mediated downregulation of VPS26a increases retention 

of APP in the early endosomes 

In order to elucidate how the retromer complex modulates APP 

processing, I measured the localization of APP to the early endosomes 

and trans-Golgi (Wen et al., 2011). In iPSC-NDs, high glucose 

increased co-localization of APP and EEA1, an early endosomal 

marker, which was reversed by R33 (Figure 37A). The co-localization 

of APP and TGN38, a trans-Golgi marker, decreased in high glucose, 

and was recovered by R33 treatment (Figure 37B). To focus on the 

effect of VPS26a in high glucose, I overexpressed VPS26A by 

pcDNA3.1-VPS26A-eGFP transfection in SH-SY5Ys. The co-

localization of APP and EEA1 increased in high glucose treated-cells 

with control pcDNA3.1-eGFP transfection was decreased by VPS26a 

overexpression (Figure 38A). The co-localization of APP and TGN38 

in high glucose treated-cells with VPS26a overexpression was higher 

than that of high glucose treated-cells with control pcDNA3.1-eGFP 

transfection (Figure 38B). VPS26a overexpression down-regulated 

high glucose-mediated increases of APP, C99, and Aβ levels (Figure 

38C, D). These results suggest that high glucose-mediated 

downregulation of VPS26a alters APP processing by impairing APP 

movement from the early endosome to the trans-Golgi. 
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Figure 37. R33 reverses the retention of APP to the early endosomes 

by high glucose in iPSC-NDs. 

A, B iPSC-NDs were treated with R33 (5 μM) for 30 min prior to high 

glucose treatement (25 mM) for 24 h. A The cells were immunostained 

with EEA1-and APP-specific antibodies and counterstained with 

DAPI. Scale bars, 20 μm. B The cells were visualized with TGN38-

and APP-specific antibodies and counterstained with DAPI. Scale bars, 

20 μm. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. high glucose.  
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Figure 38. VSP26A overexpression reverses the retention of APP to 

the early endosomes by high glucose, which reduces Aβ. 
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A-C SH-SY5Ys were transfected with pcDNA3.1-eGFP or 

pcDNA3.1-VPS26A-eGFP plasmids for 24 h prior to high glucose 

treatment (25 mM) for 24 h. A The cells were immunostained with 

EEA1-and APP-specific antibodies and counterstained with DAPI. 

Scale bars, 5 μm. B The cells were visualized with TGN38-and APP-

specific antibodies and counterstained with DAPI. Scale bars, 5 μm. C 

APP, C99, and β-Actin were detected by western blot. D SH-SY5Ys 

were transfected with pcDNA3.1-eGFP or pcDNA3.1-VPS26A-

eGFP plasmids for 24 h prior to high glucose treatment (25 mM) for 

48 h. Then, Aβ 1-42 from cell culture medium was measured. n = 5. 

*p < 0.05 vs. control, #p < 0.05 vs. high glucose.  
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Downregulation of VPS26a inhibits degradation of p-Tau through 

increased retention of CI-MPR in early endosomes 

Although phosphorylation of tau could be regulated by kinases p35/25-

CDK5 and GSK3β or protein phosphatase 2 (PP2A), there were no 

significant changes in the levels of these proteins in high glucose 

conditions (Figure 39A). Given that maturation of CTSD was regulated 

by retromer-mediated cation-independent mannose-6-phosphate 

receptor (CI-MPR) recycling (Miura et al., 2014) and VPS35 interacts 

with CI-MPR and transports it from the early endosome to the trans-

Golgi (Cui et al., 2019), I first measured the localization of CI-MPR to 

early endosomes and the trans-Golgi. In iPSC-NDs, high glucose 

increased co-localization of CI-MPR and EEA1, which was reversed 

by R33 pre-treatment (Figure 40A). The co-localization of CI-MPR 

and TGN38 decreased in high glucose-treated cells and was recovered 

in cells pretreated with R33 (Figure 40B). Furthermore, cells under 

high glucose conditions had lower co-localization of lysosomes and 

CTSD than cells within normal glucose conditions, which was 

recovered by R33 pre-treatment (Figure 40C). In SH-SY5Ys 

transfected with pcDNA3.1-eGFP or pcDNA3.1-VPS26a-eGFP, the 

co-localization of CI-MPR and EEA1 increased by high glucose was 

reduced by VPS26a overexpression (Figure 41A). Cells transfected 

with pcDNA3.1-VPS26a-eGFP at high glucose had higher co-

localization of CI-MPR and TGN38 than cells with pcDNA3.1-eGFP 

transfection at high glucose (Figure 41B). The co-localization of 
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lysosomes and CTSD was decreased by high glucose with pcDNA3.1-

eGFP, and was recovered by pcDNA3.1-VPS26a-eGFP transfection 

(Figure 41C). Although high glucose-mediated upregulation of pro-

CTSD and downregulation of mature-CTSD were reversed by 

pcDNA3.1-VPS26a-eGFP transfection, there was no significant 

change in CI-MPR expression levels in all groups (Figure 42A). 

Moreover, CTSD activity decreased by high glucose was recovered by 

VPS26a overexpression (Figure 42B). The levels of tau 

phosphorylated at Ser396 and Thr181 increased by high glucose were 

reduced by VPS26a overexpression, which was blocked by pre-

treatment with pepstatin A, a CTSD inhibitor (Figure 42C). These 

results suggest that VPS26a, down-regulated at high glucose, inhibits 

maturation of CTSD by blocking CI-MPR recycling between early 

endosomes and the trans-Golgi, leading to a defect in the degradation 

of phosphorylated tau. 
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Figure 39. High glucose has no significant alteration on the expression 

levels of tau phosphorylation-related proteins. 

A The SH-SY5Ys were treated with high glucose (25 mM) in a time 

dependent manner. CDK, p35/p25, p-GSK3β Ser9, GSK3β, and β-

Actin were detected. n = 5.  



 

 １５５ 
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Figure 40. R33 reverses the retention of CI-MPR to the early 

endosomes by high glucose in iPSC-NDs, which increases CTSD 

localization to the lysosomes. 

A-C iPSC-NDs were treated with R33 (5 μM) for 30 min prior to 

high glucose treatement (25 mM) for 24 h. A The cells were visualized 

with EEA1-and CI-MPR-specific antibodies and counterstained with 

DAPI. Scale bars, 20 μm. B The cells were immunostained with 

TGN38-and CI-MPR-specific antibodies and counterstained with 

DAPI. Scale bars, 20 μm. C The cells were visualized with CTSD-

specific antibody and stained with Lysotracker red and DAPI. Scale 

bars, 20 μm. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. high glucose. 
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 １５８ 

Figure 41. VPS26A overexpression reverses the retention of CI-MPR 

to the early endosomes by high glucose, which increases CTSD 

localization to the lysosomes. 

A-C SH-SY5Ys were transfected with pcDNA3.1-eGFP or 

pcDNA3.1-VPS26A-eGFP plasmids for 24 h prior to high glucose 

treatment (25 mM) for 24 h. A The cells were visualized with EEA1-

and CI-MPR-specific antibodies and counterstained with DAPI. Scale 

bars, 5 μm. B The cells were immunostained with TGN38-and CI-

MPR-specific antibodies and counterstained with DAPI. Scale bars, 5 

μm. C The cells were visualized with CTSD-specific antibody and 

stained with Lysotracker red and DAPI. Scale bars, 5 μm. n = 5. *p < 

0.05 vs. control, #p < 0.05 vs. high glucose.  
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Figure 42. VPS26A overexpression recovers high glucose-inhibited 

CTSD activity, which induces p-Tau degradation. 
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A-C SH-SY5Ys were transfected with pcDNA3.1-eGFP or pcDN

A3.1-VPS26A-eGFP plasmids for 24 h prior to high glucose treat

ment (25 mM) for 24 h. A Pro-CTSD, Mat-CTSD, CI-MPR, and 

β-Actin were detected by western blot. B The CTSD acitivty in t

he cell lysate were measured by CTSD activity fluorometric assay 

kit. C SH-SY5Ys were transfected with pcDNA3.1-eGFP or pcDN

A3.1-VPS26A-eGFP plasmids for 24 h and then treated with pep

statin A (9 μM) for 30 min prior to high glucose treatment (25 

mM) for 24 h. p-Tau Ser396, p-Tau Thr181, t-Tau, and β-Acti

n were detected by western blot. n = 5.*p < 0.05 vs. control, #p < 

0.05 vs. high glucose, $p < 0.05 vs. pcDNA3.1-VPS26a-eGFP with 

high glucose. 
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Retromer dysfunction induces the AD-like pathology in STZ-induced 

diabetic mice 

Given that R33 treatment in 3×Tg AD mice increases the expression 

levels of retromer components and reduces Aβ and tau 

phosphorylation (Li et al., 2020), I used R33 to alleviate diabetes-

mediated retromer dysfunction and AD pathology. VPS26a levels were 

reduced in the hippocampus of STZ-diabetic mice, and recovered by 

R33 treatment (Figure 43A). The hippocampal Rab5 signal intensities 

of STZ mice were higher than those of both vehicle-injected and STZ 

withR33-injected mice (Figure 43B). Diabetic mice showed up-

regulated levels of APP, C99, Aβ, phosphorylated tau, and pro-CTSD 

and down-regulated levels of mature-CTSD, all of which were 

restored by R33 treatment (Figure 43C, D). These results indicate that 

diabetes-associated AD phenotype is mediated by retromer 

dysfunction. Besides AD phenotype, I also investigated changes in 

synapse integrity and astrocyte over-activation. In STZ mice, levels 

of PSD95 (a post-synaptic marker) but not the levels of hippocampal 

synaptophysin (a pre-synaptic marker) were decreased, and GFAP 

(an astrocytic marker) levels were increased, all of which were 

reversed by R33 treatment (Figure 44A-D). The Y-maze results 

showed that both STZ-injected and STZ with R33-injected mice 

showed reduction of the total number of arm entries, but R33 increased 

the spontaneous alternation reduced by diabetes (Figure 45A). The 

NOR test results found that STZ-injected mice showed decreased 
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discrimination indices and novelty preference, which were recovered 

by R33 injection (Figure 45B). Results from the Y-maze and NOR 

indicate that R33 restored diabetes-impaired spatial and object 

working memory. These findings suggest that increased Aβ, p-Tau, 

synaptic deficits, astrocyte over-activation, and cognitive impairment 

in diabetic mice were induced by retromer dysfunction. 
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Figure 43. R33 reverses early endosomal enlargement, 

amyloidogenesis, and tau hyper-phosphorylation in diabetic mice. 
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A-D The experimental mice were divided into 4 groups: Vehicle, 

STZ, R33, and STZ with R33 as described detailed in Materials an

d methods. A The hippocampal VPS35, VPS26a, VPS29, and β-A

ctin were detected by western blot. B Hippocampal slides for IHC 

were immunostained with Rab5-specific antibodies and counterstai

ned with DAPI, respectively. Scale bars, 20 μm. C The hippocamp

al APP, C99, p-Tau Ser396, p-Tau Thr181, t-Tau, Pro-CTSD, 

Mat-CTSD, CI-MPR, and β-Actin were detected by western blot.

 D Aβ 1-42 in the hippocampus were measured. n = 5. *p < 0.0

5 vs. control, #p < 0.05 vs. STZ-treated mice.  
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Figure 44. R33 reverses synaptic deficits and astrocyte over-

activation in diabetic mice. 

A-D The experimental mice were divided into 4 groups: Vehicle, 

STZ, R33, and STZ with R33 as described detailed in Materials an

d methods. A The hippocampal Synaptophysin, PSD95, GFAP, and 

β-Actin were detected by western blot. B-D Hippocampal slides 

for IHC were immunostained with Synaptophysin-, PSD95-, and G

FAP-specific antibodies and counterstained with DAPI, respectivel

y. Scale bars, 20 μm. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. 

STZ-treated mice.  
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Figure 45. R33 ameliorates cognitive impairment in diabetic mice. 

A, B The experimental mice were divided into 4 groups: Vehicle, STZ, 

R33, and STZ+R33 as described detailed in Materials and methods. 

The mice were subjected to Y-maze test and NOR test to evaluate 

spatial and object working memory function, respectively. n = 5. *p < 

0.05 vs. control, #p < 0.05 vs. STZ-treated mice. 
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DISCUSSION 

The present study demonstrated that retromer dysfunction is a 

potential mechanism of DM-mediated AD pathogenesis. Indeed, in 

vitro data showed that high glucose-mediated downregulation of 

VPS26a induced abnormal APP processing and tau phosphorylation in 

neuronal cells. In vivo data showed that upregulation of Aβ, tau 

phosphorylation, synaptic deficits, astrocyte over-activation, and 

cognitive impairment were recovered by retromer enhancement in 

diabetic mice (Figure 46). Brain VPS35 and VPS26 levels down-

regulated in AD patients (Small et al., 2005) and SNX27, SNX1, SNX3, 

SORL1 and SXN6 were associated with amyloidognensis, which 

indicates that dysfunctional retromer complexes may contribute to AD 

onset (Huang et al., 2016; Vardarajan et al., 2012; Lambert et al., 2013; 

Okada et al., 2010). Although VPS35, VPS26, SORCS1, and WASHC1 

have been associated with pathogenesis of DM, (Morabito et al., 2014; 

Paterson et al., 2010; Ding et al., 2019) to my knowledge there is no 

study that investigates changes in expression levels of numerous 

retromer components in diabetes. Interestingly, my data showed that 

among retromer components, only the protein levels of VPS26a, but 

not VPS35, SORCS1, or WASHC1, were down-regulated in the 

hippocampus of STZ-induced diabetic mice and human neuronal cells 

exposed to high glucose. VPS35 deficiency led to reduced levels of 

both VPS26 and VPS29 (Vagnozzi et al., 2021). However, I showed 

that high glucose-mediated VPS26a downregulation was not 
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accompanied by a decrease in VPS35 and VPS29, which may be due to 

difference in molecular stability. Moreover, I found that recruitment of 

VPS35 to early endosomes was reduced in high glucose conditions. 

Overall, these results indicate that VPS26a is a factor that causes high 

glucose-specific retromer dysfunction. Genome-wide DNA 

methylation analysis studies demonstrated that the VPS26A promoter 

is hypermethylated in both type 1 and 2 diabetes (Bell et al., 2010; 

Nilsson et al., 2014), but the consequences of hypermethylation and 

the mechanisms of cell-type specific hypermethylation are not known. 

DNMT1 in diabetic mice induces hypermethylation of wound healing-

related genes, which leads to down-regulated expression of these 

proteins (Yan et al., 2018). Destabilization of TET2 by diabetes-

inhibited AMP-activated kinase dysregulates DNA methylation 

resulting in the loss of tumor suppressive function of TET2 (Wu et al., 

2018). However, my data showed that among DNA methylation-

related genes, only DNMT1 was increased under diabetic conditions. 

The high glucose-stimulated Sp1/NF-κB p65 complex binds to the 

promoter region of DNMT1 and up-regulates its expression, which 

leads to hypermethylation of podocyte slit diaphragm genes (Zhang et 

al., 2017). In the present study, I also found that high glucose up-

regulated DNMT1 expression via ROS-mediated NF-κB p65 

stimulation. While numerous studies have revealed the function of 

retromer components in both AD and DM pathogenesis through gain or 

loss of function experiments (Vagnozzi et al., 2021; Kebede et al., 2014; 
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Li et al., 2020), there are no studies on how the expression of retromer 

components is regulated. I found that DNMT1 induced 

hypermethylation of the VPS26A promoter containing two CpG sites 

(-118 and -346), which suggest that DNMT1-mediated epigenetic 

regulation reduced VPS26a expression in neuronal cells under diabetic 

conditions. 

Retromer stabilizers, such as pharmacological chaperone R33, which 

increase the levels of protein expression in the CRC, thereby limit the 

pathogenic processing of APP in mouse hippocampal neurons (Mecozzi 

et al., 2014). Moreover, using iPSC-derived neurons, it has been 

demonstrated that retromer stabilization has beneficial effects on the 

regulation of Aβ generation and tau phosphorylation in the human 

(Young et al., 2018). My data found that R33 treatment recovered the 

VPS26a levels reduced by high glucose, which may result from 

retromer stabilization. Furthermore, high glucose-mediated early 

endosomal enlargement and increases of APP, Aβ, and tau 

phosphorylation were down-regulated by R33 treatment. These 

results suggest that the retromer is a potential modulator for both the 

alteration of APP processing and tau phosphorylation in neuronal cells 

exposed to high glucose. My data showed that high glucose increased 

the migration of APP to the early endosomes and decreased the 

migration to the trans-Golgi, which were restored by R33 treatment. 

Given that early endosomal abnormalities are associated with C99 

accumulation, these results suggest that high glucose-mediated 
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retromer dysfunction induces pathogenic APP modulation in early 

endosomes. Previous studies have investigated the molecular 

mechanisms of retromer-mediated APP processing. VPS35 binds 

directly to APP in COS-7 cells (Vieira et al., 2010) and its deficiency 

increased APP in the early endosomes in mouse hippocampal neurons 

(Bhalla et al., 2012). Manipulation of the YAQM motif in the SORCS1 

cytoplasmic tail increased APP retention in the early endosomes and 

decreased APP transport to the trans-Golgi in H4 neuroglioma cells 

(Lane et al., 2013). Overexpression of SORL1, which interacts with 

APP, induced APP redistribution to the trans-Golgi in human 

neuroblastoma cells (Andersen et al., 2005). SNX27 binds directly to 

the cytosolic tail of SORL1, which transports APP to the cell surface in 

mouse primary neurons (Huang et al., 2016). However, through a 

gain-of-function experiment, my results show that VPS26a 

overexpression promoted the transport of APP from early endosomes 

to trans-Golgi, and reversed high glucose-mediated increases of APP, 

C99, and Aβ. Given that VPS26a acts as a cargo adapter with structural 

plasticity that supplies an additional binding surface for CRC-mediated 

cargo recognition through the closed-open conformational change 

upon SNX3 binding to the C-terminal region (Lucas et al., 2016), the 

possible mechanism of the beneficial effect of the VPS26a 

overexpression is via the functional enhancement of the CRC. Although 

studies have mainly focused on the role of retromer on APP processing, 
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it is also essential to understand the relationship between retromer and 

tau phosphorylation. 

As phosphorylated tau is broken-down by mature-CTSD in 

lysosomes (Vagnozzi et al., 2021), a lack of CTSD proteolytic ability 

leads to an abnormal accumulation of phosphorylated tau. Previous 

study has shown that CI-MPR binds directly to CTSD and contributes 

to its maturation through retromer-mediated transport in HEK293 

cells (Miura et al., 2014). My data found that in iPSC-NDs, retromer 

enhancement by R33 treatment reversed high glucose-mediated 

increase of CI-MPR retention in early endosomes via transport to the 

trans-Golgi. In addition, R33 increased the co-localization of CTSD 

and lysosomes that was down-regulated by high glucose conditions. 

VPS35 knockout induced improper processing of CTSD and decreased 

its activity through impairment of CI-MPR transport from endosomes 

to the trans-Golgi in HeLa cells (Cui et al., 2019). Although VPS35 

regulates tau phosphorylation through modulation of active CTSD 

availability in neuronal cells (Vagnozzi et al., 2021), there are no 

studies investigating the effects of VPS26a on CI-MPR trafficking and 

related CTSD maturation. My VPS26a overexpression results showed 

that high glucose-mediated improper CI-MPR and CTSD trafficking 

and reduced CTSD activity were dependent on VPS26a. Moreover, by 

using pepstatin A, I found that the effect of VPS26a on phosphorylated 

tau degradation was mediated by the proteolytic ability of active CTSD. 

On the other hand, Cdk5, p25, GSK3, and PP2A which possibly regulate 
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tau phosphorylation, are all activated in pancreatic β-cells exposed to 

high glucose(Ho et al., 2020; Li et al., 2020). However, my data showed 

that high glucose did not lead to significant changes in levels of Cdk5, 

p25, GSK3, or PP2A in neuronal cells. Differences in mechanism of 

action may be cell-type-specific and preferentially-related regulation. 

Overall, I suggest for the first time that VPS26a-mediated retromer 

dysfunction promotes pathogenic APP processing and tau 

phosphorylation via improper trafficking in high glucose conditions. 

A gain-of-function experiment showed that VPS35 gene delivery in 

the central nervous system of transgenic AD mice reduces the AD 

phenotype (Li et al., 2020). R33 treatment for 9 months in AD mice 

restored CRC expression, reduced Aβ and tau phosphorylation levels, 

and improved learning, memory, and synaptic integrity(Li et al., 2020). 

My in vivo data also showed that R33 increased VPS26a and reduced 

Aβ and tau phosphorylation levels in diabetic mice. I found that STZ-

mediated reduction of PSD95, increase of GFAP, and impairment of 

both spatial and object working memory cognition were restored by 

R33 treatment. These results suggest that pharmacological restoration 

of retromer function ameliorates diabetes-mediated AD-like 

phenotype. Given that Vps29 mutation induces mis-localization of the 

retromer to endosomes in soma, which inhibits synaptic transmission 

(Ye et al., 2020) and the genetic deficiency of SORCS2 impaired the 

N-methyl-D-aspartate receptor 2A subunit regulating synaptic 
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plasticity trafficking (Ma et al., 2017), other retromer components may 

contribute to diabetes-mediated AD-like phenotype.  
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Figure 46. The schematic model for dysregulation of mechanisms of 

APP processing and tau hyperphosphorylation by high glucose-

mediated downregulation of VPS26a.  

High glucose increased DNMT1 expression through ROS-stimulated 

NF-κB nuclear translocation. DNMT1 induces hypermethylation of 

the VPS26A promoter regions resulting in VPS26a downregulation. 

Reduced VPS26a impaired retrograde-transport of APP and CI-MPR 

to the trans-Golgi, which increased APP and Aβ levels, and decreased 

CTSD activity, reducing p-Tau levels, respectively, which contributes 

to synapse deficits, astrocyte over-activation, and cognitive 

impairment.  
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INTRODUCTION 

Although DM is considered as a risk factor for dementia, the 

relationship between diabetes and the development of AD has been 

controversial due to inconsistencies among human cohort studies, 

biochemical analyses, and animal studies (Arnold et al., 2018; Lacy et 

al., 2018). Nevertheless, as the recent trend of diabetes is decreasing 

the age of onset (Barbiellini et al., 2021), which significantly increases 

the incidence of dementia, more sophisticated studies focusing on the 

early pathogenesis of the disease would help in identifying the 

possibility of diabetes-associated AD. In fact, lysosomal disorders 

inducing amyloid plaques and neurofibrillary tangles are observed 

before the onset of AD (Lambeth et al., 2019; Lee et al., 2022). In 

addition, previous studies have demonstrated that hyperglycemia up-

regulates the expression of neuronal Aβ and phosphorylated-tau (p-

Tau) through endolysosomal dysfunction (Chae et al., 2022; Chae et 

al., 2020), an early pathological feature of AD (Kwart et al., 2019). 

Therefore, targeting lysosomes may help in elucidating the potential 

disease mechanism. To manage lysosomal dysfunction, lysosomal 

quality control is primarily performed through lysophagy (Yim et al., 

2020). Lysophagy, a selective macroautophagy that detects and 

removes damaged lysosomes, is activated through ubiquitination-

inducing proteins such as tripartite motif containing 16 (TRIM16), f-

box protein 27 (FBXO27), leucine-rich repeat and sterile alpha motif 

containing 1 (LRSAM1), ubiquitin-conjugating enzyme e2q family like 
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1 (UBE2QL1), and valosin-containing protein (VCP) (Papadopoulos et 

al., 2017). Although genetic or chemical inhibition of lysophagy factors 

increases proteopathic seeding in neurons (Zhu et al., 2022), the direct 

causal relationship between lysophagy and neurodegenerative diseases 

has not yet been elucidated. However, accumulating data suggest that 

high-efficiency lysophagy is essential for maintaining lysosomal 

function and protects against neurodegeneration (Papadopoulos et al., 

2017).  

 In chronic diabetic state, hyperglycemia induces LMP and inhibits 

lysosomal biogenesis, resulting in lysosomal dysfunction (Yang et al., 

2021). It has been shown that db/db diabetic mice exhibit hippocampal 

lysosomal dysfunction characterized by inhibition of the expression and 

activity of lysosomal hydrolases such as CTSD and hexosaminidase A 

(Sims-Robinson et al., 2016). Lysosomal abnormalities are also 

induced through high mobility group box 1 (HMGB1)-mediated LMP in 

diabetic retinal pigment epithelial cells (Feng et al., 2022). In diabetic 

renal tubular epithelial cells, SMAD3-mediated suppression of 

transcription factor EB (TFEB) activity was found to induce lysosomal 

depletion (Yang et al., 2021). Although lysosomal dysfunction has been 

implicated in the pathogenesis of diabetes, no studies have examined 

how diabetes affects lysophagy and the subsequent effects on neuronal 

Aβ and p-Tau degradation. Considering that suppression of VCP 

function through autosomal-dominant genetic mutation increases tau 

aggregation in the human AD brain (Darwich et al., 2020), investigating 
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impaired lysophagy in diabetes can provide mechanistic insights into 

AD pathology. In the present study, I have explored the effects and 

molecular mechanisms of action of high glucose on neuronal lysophagy 

and subsequent accumulation of Aβ and p-Tau and cognitive 

impairment using iPSC-NDs, mouse hippocampal neurons, and STZ-

induced diabetic mice. This study elucidates the lysophagy-related 

mechanisms and potential regulatory candidates of DM-associated AD 

pathology. 

 

MATERIALS & METHODS 

Cell culture 

The detailed method for differentiation of iPSC-NDs and cultivation of 

SH-SY5Ys are elucidated in Materials & Methods section of Chapter 

Ⅱ. Mouse hippocampal neurons from E18 embryos were cultured as 

described following a modified protocol (Fath et al., 2009) and 

performed in compliance with the approval of the Institutional Animal 

Care and Use Committee of Seoul National University (SNU-201013-

7-2). In brief, hippocampal neurons were cultured at low density on 

poly-D-lysine-coated coverslips with cortical rings of neurons and 

glias or high density on six-well plates coated with poly-D-lysine in 

neurobasal medium (Thermo Fisher, 21103) supplemented with 2% 

B27 supplement (Thermo Fisher, 17504) and 0.25% GlutaMax-1 
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(Thermo Fisher, 35050). The cells were exposed to 25 mM D-glucose 

to mimic diabetic conditions (Feng et al., 2022; Chae et al., 2022). 

 

Plasmid DNA transfection 

The tfGal3 plasmid, pcDNA3.1-Trim16-GFP, or pcDNA3.1-

TRIM16-GFP were transfected into hippocampal neuron and SH-

SY5Ys using lipofectamine 2000 (Thermo Fisher, 11668019). Neurons 

were transfected at DIV 4 for 2 h and replaced with fresh media (Lie 

et al., 2022). SH-SY5Ys were transfected at 60% confluence for 12 h 

and replaced with fresh media. After transfection, cells were exposed 

to high glucose.  

 

siRNA transfection 

SH-SY5Ys were transfected with 25 nM of FBXO27, LRSAM1, or VCP 

siRNAs by using TurboFect™ (Thermo Fisher, R0531) for 12 h. The 

cells were transfected before being exposed to high glucose.  

 

Immunofluorescence assay 

The detailed method for immunofluorescence assay is elucidated in 

materials & methods of Chapter Ⅰ. Quantification of fluorescent 

intensities and measurements of lysotracker-and galectin-3-positive 



 

 １８１ 

signals were carried out with Fiji software (Schindelin et al., 2012). 

JACop plugin was used to measure and analyze co-localization (Bolte 

et al., 2006).  

 

Chromatin immunoprecipitation (ChIP) assay 

ChIP assay was performed using an EZ-ChIP Kit (Sigma, 17-371) 

according to the manufacturer’s instructions. Briefly, chromatin-

protein complexes were incubated with the RNA polymerase (RNA Pol; 

positive control) antibody, the normal IgG (negative control), and 

primary antibodies for overnight at 4 °C. Immunoprecipitated-DNA 

was eluted and then amplified using PCR. The sequences of TRIM16 

primer are as follows: forward primer, 5′- 

GAGACACGTGGTCTTCAGCA-3′ and reverse primer, 5′- 

GCTCGGCCACTCATTACTGT -3′. 

 

qPCR analysis 

The detailed method for cDNA synthesis and quantitative PCR (qPCR) 

analysis are elucidated in materials & methods of Chapter Ⅰ. Using 

mRNA primers (Table 6), cDNAs were amplified.  
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Table 6. List of primers used for real-time qPCR. 

 

Western blot analysis 

The detailed method for western blot analysis is elucidated in materials 

& methods of Chapter Ⅰ. 

 

Lysosomes staining 

Lysosomal staining was performed using LAMP1 primary antibody. 

LAMP1-psotive lysosomes were visualized with confocal microscopy 

equipment (LSM 710, Carl Zeiss). Intact lysosomes were stained with 

lysotracker (Thermo Fisher, L12492). Cells were incubated with 100 

nM lysotracker at 37 ℃ for 30 min. Lysotracker signals were analyzed 

by flow cytometry or confocal microscopy equipment.  

 

Lysosome rupture and elimination assay 

Lysosomal rupture and elimination assay were performed using LLOMe 

treatment and tfGal3 plasmid transfection (Maejima et al., 2013). 
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Briefly, after drug treatment, iPSC-NDs were treated with LLOMe (1 

mM) for 1 h to disrupt the lysosomal membrane, rinsed the reagent, 

and incubated the cells for additional hours in the absence of LLOMe. 

The lysosomal clearance was evaluated by immunostaining with 

galectin-3 antibody. The SH-SY5Ys were transfected with tfGal3 

plasmids followed by drug and LLOMe treatment and then observed by 

confocal microscope. When LMP takes place, tfGal3 enters the 

ruptured lysosomal lumen and quickly attaches to the inner membrane, 

displaying both GFP and RFP fluorescence and producing yellow 

signals. Because PFP is relatively stable in acidic environment, GFP 

fluorescence is quenched in the lumen of intact lysosome during 

lysophagy. 

 

Measurements of intracellular pH and calcium 

The pH-sensitive fluorescent probe BCECF-AM (Thermo Fisher, 

B1150] and Fluo-4, AM (Thermo Fisher, F14201) exhibiting 

fluorescence upon binding Ca2+ were used for measuring the 

intracellular pH and calcium, respectively. Measurements were 

performed according to the manufacturer's instructions. The cells were 

stained with 2 μM BCECF-AM at 37 ℃ for 30 min after drug 

treatment. After incubation with Fluo-4 at 37 ℃ for 1 h, cells were 

stabilized and exposed to drugs. BCECF-AM- and Fluo-4-stained 

cells were measured via flow cytometry.  



 

 １８４ 

Lactate dehydrogenase (LDH) release assay 

The optimization of cell concentration was determined according to the 

protocol provided in the LDH release assay kit (DoGenBio, Seoul, 

Korea, DG-LDH500). After drug treatment, cells were centrifugated 

at 600 × g and then supernatants were incubated with the LDH assay 

mixture at RT for 30 min. The level of released LDH was determined 

by measuring the optical density at 450 nm with an Epoch 2 

spectrophotometer (BioTek, Vermont, USA). 

 

Annexin V/PI staining 

Annexin V/PI staining was performed using Annexin V/FITC apoptosis 

detection kit according to the manufacturer’s instruction (556547, BD 

Bioscience, NewJersy, USA). After drug treatment, equal amount of 

cell was resuspended in binding buffer with Annexin V-FITC and PI at 

RT for 30 min. Stained cells were detected with flow cytometry and 

analyzed with CytExpert 2.3 software. Annexin V positive cells 

represent early apoptosis and PI positive cells represent necrosis. Both 

positive cells represent late apoptosis. 

 

CTSB and CTSD activities assay 

CTSB and CTSD activities were measured using CTSB (Biovision, 

Massachusetts, USA, K140) and CTSD (Biovision, K143) activity 
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fluorometric assay kit. Assays were performed according to 

manufacturer's protocol. Cells were lysed on ice for 10 min and 

centrifuged at 16,000 × g for 5 min. After protein quantification with 

BCA assay, lysates were incubated with substrate and reaction buffer 

at 37 ℃ for 2 h. Fluorescent intensities of CTSB and CTSD were 

measured by fluorometer equipped with a 400-nm excitation/505-nm 

emission and 328-nm excitation/460-nm emission filter, respectively. 

 

Measurements of Aβ level 

The detailed method for measurements of Aβ level is elucidated in 

materials & methods of Chapter Ⅱ. 

 

Animal study 

Animal handling and experimentation were undertaken according to the 

ethical approval of the Institutional Animal Care and Use Committee of 

Seoul National University (IACUC, Approval No.: SNU- 220307-1). 

Group size estimation was performed in compliance with the 

instructions given by IACUC (effect size: 15%, standard deviation (SD): 

6%, number of groups: 4; alpha: 0.05, power (1-β): 0.8). Male ICR 

mice were used to investigate the effects of diabetes on hippocampal 

lysophagy impairment and subsequent Aβ and p-Tau accumulations, 

and cognitive impairment. Mice (9 weeks of age) were housed under 
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standard conditions of temperature (20–25 ℃), humidity (less than 

60%), and a 12 h dark/12 h light cycle and free to access autoclaved 

chow and tap water. STZ was injected into mice to induce diabetes, as 

previously described with slight modifications (Furman 2021). Mice 

were randomized to receive STZ (75 mg/kg in 0.1 M sodium citrate 

buffer, pH 4.5) or vehicle intraperitoneally once daily for three days 

after 6 h of fasting. 1 week after STZ injection, blood glucose level was 

measured using a glucose monitor (Roche, Germany) and when the 

blood glucose level was 300 mg/dL or higher, severe diabetes was 

determined (Furman 2021). Once there were enough diabetic mice, 

they were separated into 4 groups at random (n = 5 per group): vehicle, 

STZ, Curcumin C1, and STZ with Curcumin C1. Curcumin C1 (10 mg/kg 

in 1% sodium carbonyl methylcellulose [CMCNa; Sigma, C5678]) was 

orally administrated by gavage once daily for 8 weeks following 

diabetes induction, as previous reported with slight modifications (Song 

et al., 2016). At 18 weeks of age, body weight and blood glucose levels 

were measured followed by behavioral tests. For additional biochemical 

analysis, mice were anaesthetized by IP injection of avertin solution 

(250 mg/kg, mixture containing 2-Methyl-2-butanol; Sigma, 152463 

and 2,2,2,-Tribromoethanol; Sigma, T48402) and euthanized by 

exsanguination. 
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Y-maze test 

The detailed method for Y-maze test is elucidated in materials & 

methods of Chapter Ⅰ. 

 

Open field test 

The open field test is used to assess anxiety in rodents because they 

navigate around the open field when they feel anxious. To reduce 

stress before the test, animals were acclimatized to the testing 

chamber for 2 h. Mice were put into the rectangular plastic boxes 

(H30 × L30 × W30 cm) and their activities were monitored for 10 

min. The amount of time spent in the open field's center and periphery 

was examined using Smart 3.0 video tracking system. 

 

NOR test 

The detailed method for NOR test is elucidated in materials & methods 

of Chapter Ⅱ. 

 

IHC analysis 

The detailed method for IHC analysis is elucidated in materials & 

methods of Chapter Ⅱ. 
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Data & statistical analysis 

The detailed method for data & statistical analysis test are elucidated 

in materials & methods of Chapter Ⅱ. 

 

Materials 

The iPSCs and SH-SY5Ys were acquired from Kangstem Biotech 

(Seoul, Korea) and Korean Cell Line Bank (Seoul, Korea), respectively. 

Antibiotics and FBS were purchased from Gibco and Hyclone (Grand 

Island, USA), respectively. The antibodies of p-AMPK (Thr172) (sc-

33524), β-Actin (sc-47778), LAMP1 (sc-20011), CTSB (sc-

365558), Galectin-3 (sc-23938), Ubiquitin (sc-8017), VCP (sc-

57492), TRIM16 (sc-398851), and CTSD (sc-13148) were obtained 

from Santa Cruz Biotechnology (Santa Cruz, USA). Tau 5 (AHB-0042) 

antibody was acquired from Thermo Fisher. The antibodies of Rab7 

(NB120-13253), P62 (NBP1-48320), Aβ (NBP2-13075), LAMP1 

(AF4800), and LC3 (NB100-2220) were purchased from Novus 

Biologicals (Centennial, USA). p-Tau (Thr212) antibody was obtained 

from Signalway antibody (Maryland, USA). The antibodies of LAMP1 

(9091), p-mTOR (Ser 2448) (2971S), mTOR (2983S), AMPK 

(2532S), and p-Tau Thr181 (12885) were acquired from Cell 

Signaling Technology (Beverly, USA). The antibodies of APP 

(ab32136) and MAP2 (ab32454) were obtained from Abcam 

(Cambridge, England). FBXO27 (14570-1-AP), LRSAM1 (24666-
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1-AP), TFEB (13372-1-AP), ALIX (12422-1-AP), CHMP4B 

(13683-1-AP) and TFE3 (14480-1-AP) antibodies were purchased 

from Proteintech (Illinois, USA). Secondary antibodies for anti-rat 

Alexa Fluor488 (A11006), anti-rat Alexa647 (A78947), anti-rabbit 

Alexa Fluor 647 (A21244), anti-mouse Alexa Fluor 488 (A32723), 

anti-Sheep Alexa Fluor488 (A11015), anti-rabbit Alexa Fluor 555 

(A32732), anti-mouse Alex Fluor 555 (A32727), and Lysotracker 

Red DND-99 (L7528) were obtained from Thermo Fisher (Waltham, 

USA). H-Leu-Leu-OMe · HBr (LLOMe; G2550) was purchased 

from Bachem (California, USA). Leupeptin (L2884), N-Acetyl 

Cysteine (NAC, A7250), Bafilomycin A1 (B1793), D-glucose (G8769), 

Rapamycin (37094), Normal goat serum (NGS, 566380), Pepstatin A 

(P5318), DAPI (D9542), and STZ (S0130) were acquired from Sigma 

Chemical Company. Curcumin C1 (M9451) was obtained from Abmole 

Bioscience (Texas, USA). ptf-Galectin3 was a gift from Tamotsu 

Yoshimori (Maejima et al., 2013). pcDNA3.1(+)-TRIM16-eGFP, 

pcDNA3.1(+)-Trim16-eGFP and pcDNA3.1(+)-eGFP were 

purchased from Koma Biotech (Seoul, Korea). mRNA primers for 

TRIM16, FBXO27, LRSAM1, VCP, UBE2QL1, and ChIP primers for 

TRIM16 promoter region were obtained from Cosmo Genetech (Seoul, 

Korea). siRNAs for FBXO27, LRSAM1, VCP were purchased from 

Bioneer (Daejeon, Korea). Non-targeting siRNA (NT siRNA) was 

provided from Dharmacon provided (Lafayette, CO, USA). 
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RESULTS 

High glucose induces neuronal lysosomal dysfunction, Aβ accumulation, 

and cell death 

To elucidate the effect of high glucose on neuronal lysosomal function 

using lysotracker that has a strong affinity for acidic organelles, I first 

examined intact lysosomes in iPSC-NDs. High glucose decreased the 

mean lysotracker intensities and the degree of colocalization between 

the lysotracker and LAMP1, a lysosomal marker protein (Figure 47A, 

B). The results of BCECF staining showing that cytosolic pH was 

decreased by high glucose treatment indirectly implied lysosomal 

damage (Figure 47C). Moreover, to explore the relationship between 

lysosomal dysfunction and Aβ and p-Tau degradation under high 

glucose conditions, I evaluated the subcellular localization of CTSB and 

CTSD, which respectively degrade Aβ and p-Tau (Mueller-Steiner 

et al., 2006; Vagnozzi et al., 2021). I observed that the degree of 

colocalization between CTSB or CTSD and LAMP1 was decreased in 

both iPSC-NDs and mouse hippocampal neurons under high glucose 

conditions (Figure 48A-D). Similar to a previous report (Lee et al., 

2022), I found that high-glucose-induced Aβ accumulation in 

lysosomes (Figure 49A, B). The iPSC-NDs also underwent cell death 

under high glucose conditions (Figure 49C, D). These results 

demonstrate that high glucose induces lysosomal dysfunction, which 

may be involved in intraneuronal Aβ accumulation and cell death. 
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Figure 47. High glucose reduces intact lysosomes in iPSC-NDs. 

A-C iPSC-NDs were exposed to high glucose for 24 h. A 

Immunofluorescence staining of LAMP1, MAP2, and lysotracker were 

visualized. DAPI was used to stain nuclei. B Mean fluorescence 

intensities of lysotracker were measured by flow cytometric analysis. 

C Mean fluorescence intensities of lysotracker of BCECF were 

measured by flow cytometric analysis. n = 5. *p < 0.05, **p < 0.01 vs. 

control.  



 

 １９２ 

 

Figure 48. High glucose induces cytosolic release of CTSB and CTSD 

in both iPSC-NDs and hippocampal neurons.
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A, C iPSC-NDs were exposed to high glucose for 24 h. B, D 

Hippocampal neurons were exposed to high glucose for 24 h at DIV 21. 

A, B Double immunofluorescence staining of LAMP1 and CTSB were 

analyzed in iPSC-NDs and hippocampal neurons. C, D iPSC-NDs and 

hippocampal neurons were immunostained with LAMP1 and CTSD. n = 

5. *p < 0.05 vs. control. 
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Figure 49. High glucose induces Aβ accumulation in lysosomes and 

neuronal apoptosis in iPSC-NDs.  
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A, B iPSC-NDs and hippocampal neurons at DIV 21 were exposed to 

high glucose for 48 h. Immunofluorescence staining of LAMP1 and Aβ 

were visualized. C, D iPSC-NDs were exposed to HG for 72 h. C LDH 

from cell supernatant were measured with LDH assay kit. D The 

percentage of apoptotic cells (Annexin V and PI positive) were 

measured by flow cytometric analysis. n = 5. Scale bars = 8 μm. *p < 

0.05, **p < 0.01 vs. control. 
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High glucose suppresses neuronal lysophagy 

Studies have reported that ROS overproduction, which is considered as 

the primary pathogenic mechanism of hyperglycemia-induced 

disorders, induces LMP (Shah et al., 2016; Chae et al., 2020); therefore, 

I confirmed whether ROS scavenging alleviates lysosomal dysfunction. 

Pretreatment with NAC reversed the high-glucose-induced decrease 

in the signal intensities of the lysotracker, indicating that lysosomal 

dysfunction was triggered by ROS-mediated LMP under high glucose 

conditions (Figure 50A). I next focused on the lysophagy machinery to 

explore how neurons cope with high-glucose-mediated lysosomal 

damage. In iPSC-NDs, high glucose treatment decreased the degree of 

colocalization between galectin-3, a marker for lysosomal damage 

(Miranda et al., 2018), and microtubule-associated protein 1A/1B-

light chain 3 (LC3) (Figure 51A). Moreover, high glucose inhibited the 

recruitments of p62 and ubiquitin to galectin-3 (Figure 51B). In 

lysosome elimination assay using LLOMe (Maejima et al., 2013), a 

lysosomotropic reagent, after 3 h of LLOMe washout, the signal 

intensities of galectin-3 were extensively increased in both control and 

high-glucose-treated cells. However, 12 h after LLOMe washout, 

there were significant differences in galectin-3 signal intensities 

between the control and high-glucose-treated groups, where 

galectin-3 signal intensities in the control groups were similar to those 

measured immediately after LLOMe washout (Figure 52A). I 

conducted RFP and GFP tandem fluorescent-tagged LGALS3/Galetin-
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3 (tfGal3) plasmid transfection (Maejima et al., 2013) and lysotracker 

staining (Jia et al., 2020) to further investigate lysophagy and 

confirmed that lysophagy was working under normal conditions (Figure 

53A). Compared the data with high-glucose-treated groups, which 

showed that after 12 h of LLOMe washout, there were GFP signal 

reduction and more RFP-only positive puncta in the control groups, 

which were canceled by pretreatment with bafilomycin A1, a vacuolar-

type ATPase inhibitor (Figure 53B). The signal intensities of the 

lysotracker were decreased 12 h after LLOMe washout under high 

glucose conditions, and pretreatment with pepstatin A + leupeptin, 

inhibitors of lysosomal hydrolases, also decreased lysotracker signal 

intensities in the control groups (Figure 54A). These findings suggest 

that high glucose treatment not only induces neuronal lysosomal 

membrane damage but also suppresses lysophagy activity. 
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Figure 50. High glucose induces ROS –dependent lysosomal membrane 

permeabilization. 

A iPSC-NDs were pretreated NAC (2 mM) for 30 min before high 

glucose exposure for 24 h. Lysotracker were visualized by confocal 

microscope. n = 5. Scale bars = 8 μm. *p < 0.05 vs. control, #p < 0.05 

vs. high glucose. 
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Figure 51. Recruitment of LC3, ubiquitin, and P62 to galectin-3 is 

blocked by high glucose. 

A, B iPSC-NDs were exposed to high glucose for 24 h. A The cells 

were immunostained with LAMP1, LC3, and galectin-3, and 

counterstained with DAPI. B Representative immunofluorescence 

images showing ubiquitin, p62, galectin-3, and DAPI. n = 6. Scale bars 

= 8 μm. **p < 0.01 vs. control.  
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Figure 52. Removal of galectin-3 puncta after lysosomal injury is 

inhibited by high glucose. 

A iPSC-NDs were exposed to high glucose for 24 h. iPSC-NDs were 

treated with LLOMe (1 mM) for 1 h after high glucose exposure and 

then washed away. The cells were further incubated for 0 or 3 or 12 

or 24 h in the incubator. Immunofluorescence staining of Galectin-3 

was visualized. n = 5. Scale bars = 8 μm. *p < 0.05 vs. control at 0, $p 

< 0.05 vs. high glucose at 0.  
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Figure 53. High glucose suppresses lysophagy. 



 

 ２０２ 

A SH-SY5Ys were transfected with fluorescent-tagged 

LGALS3/Galetin-3 (tfGal3) plasmid. mRFP-LGALS3 and GFP-

LGALS3 were visualized. B Cells were transfected with tfGal3 prior to 

high glucose exposure for 24 h followed by LLOMe (1 mM) washout 

assays for 3 or 12 h. Bafilomycin A1 (10 nM) was pretreated for 30 

min before incubation for 12 h. mRFP-LGALS3 and GFP-LGALS3 

were visualized. n = 5. Scale bars = 8 μm. *p < 0.05 vs. control at 3 

h.  
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Figure 54. Recovery of intact lysosomes after lysosomal injury is 

depend on lysophagy. 

A iPSC-NDs were exposed to high glucose for 24 h. The cells were 

exposed to HG for 24 h followed by LLOMe (1 mM) washout for 12 h. 

Lysotracker and DAPI were visualized. n = 5. Scale bars = 8 μm. *p 

< 0.05 vs. control.  
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High glucose-stimulated mTORC1 inhibits TFEB activity, resulting in 

TRIM16 downregulation. 

Upon lysosomal damage, several ubiquitination-related enzymes such 

as TRIM16, FBXO27, UBE2QL1, LRSAM1, and VCP detect damaged 

lysosomal membranes, triggering lysophagy (Papadopoulos et al., 

2017). To examine how high glucose treatment dysregulates neuronal 

lysophagy, I measured the mRNA expression levels of lysophagy-

related genes in iPSC-NDs, which showed that the mRNA expression 

of TRIM16 was significantly down-regulated under high glucose 

conditions (Figure 55A). Furthermore, the protein level of TRIM16 

was reduced in iPSC-NDs, mouse hippocampal neurons, STZ-induced 

diabetic hippocampus, and SH-SY5Ys (Figure 55B–D and Figure 56A, 

B). Because mTORC1 activation inhibits autophagy and lysosomal 

biogenesis, I hypothesized that mTORC1 down-regulates TRIM16 as 

an upstream signaling molecule under high glucose conditions. 

Considering that recruitment to the lysosomal membrane is required 

for mTORC1 activation in response to glucose (Liu et al., 2020), I 

explored whether mTOR is transported to lysosomes in iPSC-NDs 

treated with high glucose. As shown in Figure 57A, the degree of 

colocalization between LAMP1 and mTOR was increased under high 

glucose conditions. Simultaneously, high glucose treatment decreased 

AMPK phosphorylation at Thr172 and increased mTOR 

phosphorylation at Ser2448 (Figure 57B). Activated mTORC1 at the 

lysosomal membrane inhibits lysosomal biogenesis through 

phosphorylation-mediated inactivation of TFEB and TFE3, master 
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regulators of lysosomes (Raben et al., 2016). Other transcription 

factors that regulate lysosomal genes, such as MITC and TFEC, were 

excluded because they are rarely expressed in the brain (Uhlen et al., 

2015). However, as high glucose can stimulate calcium signaling (Shah 

et al., 2016), which activates calcineurin, a calcium-dependent 

phosphatase, and inhibits GSK3β, resulting in activation of TFEB and 

TFE3 (Saftig et al., 2016), I also examined whether high glucose 

treatment increases intracellular calcium levels. Considering that 

intracellular calcium levels were increased at 15 and 30 min after high 

glucose treatment (Figure 57C), I elucidated the effects of high glucose 

treatment on the nuclear translocation of TFEB and TFE3, for which I 

performed pretreatment with rapamycin, an mTOR inhibitor, and 

BAPTA-AM, a calcium chelator, before high glucose or vehicle 

treatment. Interestingly, high glucose treatment inhibited TFEB nuclear 

translocation, which was recovered by rapamycin pretreatment, and 

calcium chelation decreased TFEB nuclear translocation in the control 

group, but not in the high glucose conditions. (Figure 58A). This 

indicates that under high glucose conditions, mTORC1-mediated 

signaling is superior to calcium-mediated signaling for TFEB activation, 

suggesting that there is no effect of calcium influx on TFEB activation. 

However, the nuclear translocation of TFE3 remained unaffected by 

high glucose treatment and calcium chelation (Figure 58B). As TFEB 

and TFE3 can regulate the expression of targeted genes bearing the 

coordinated lysosomal expression and regulation motif 

(GTCACGTGAC) (Raben et al., 2016), I speculated that there are 
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several motifs in the TRIM16 promoter region, 500 bp upstream of 

transcription starting site, to which TFEB and TFE3 can bind (Figure 

59A). High glucose treatment suppressed the binding of TFEB to 

TRIM16 promoter (Figure 59B, C), but there were no significant 

changes in the binding of TFE3 to TRIM16 promoter (Figure 59D). I 

performed pretreatments with rapamycin and curcumin C1, an mTOR-

independent TFEB activator (Song et al., 2016), to determine whether 

there are other mTOR-mediated mechanisms for the regulation of 

TRIM16, except for TFEB inactivation. Results showed that rapamycin 

and curcumin C1 recovered the mRNA expression and protein levels of 

TRIM16 reduced by high glucose treatment (Figure 60A, B). These 

results indicate that mTOR-mediated TFEB inactivation directly 

down-regulates TRIM16 expression under high glucose conditions. 
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Figure 55. TRIM16 is down-regulated in iPSC-NDs, hippocampal 

neurons, and SH-SY5Ys exposed to high glucose. 
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A iPSC-NDs were exposed to high glucose for 24 h. The mRNA 

expression levels of TRIM16, FBXO27, LRSAM1, VCP, and UBE2QL1 

were investigated. B-D iPSC-NDs, hippocampal neurons at DIV 21, 

and SH-SY5Ys were exposed to high glucose for 24 h. The protein 

levels of TRIM16, FBXO27, LRSAM1, and VCP were detected by 

western blotting. n = 5. *p < 0.05 vs. control. 
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Figure 56. TRIM16 is down-regulated in the hippocampus of diabetic 

mice. 

A, B Representative immunohistochemistry images of the hippocampus 

of vehicle-or STZ-injected mice showing TRIM16, FBXO27, LRSAM1, 

and VCP. n = 5. *p < 0.05 vs. control.  
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Figure 57. High glucose elevates intracellular calcium levels and 

activates mTORC1.



 

 ２１１ 

A, B iPSC-NDs were exposed to high glucose for 12 h. A LAMP1, 

mTOR, and DAPI were subjected to immunofluorescence analysis. B 

The protein levels of p-mTOR (Ser2448), mTOR, p-AMPK (Thr172), 

AMPK, and β-Actin were detected by western blotting. C iPSC-NDs 

were stained with Fluo-4-AM (4 mM) for 1 h and stabilized. The cells 

were exposed to high glucose for 0, 15, 30, or 60 min and analyzed by 

flow-cytometry. n = 5. Scale bars = 8 μm. *p < 0.05, **p < 0.01 vs. 

control.  
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Figure 58. Nuclear translocation of TFEB, but not TFE3, is inhibited by 

high glucose-mediated mTORC1 activation, and calcium influx has no 

effect on TFEB nuclear translocation under high glucose conditions. 
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A, B iPSC-NDs were pretreated with rapamycin (200 nM) or BAPTA-

AM (5 μM) for 30 min before high glucose exposure for 12 h. A TFEB 

was immunostained. B TFE3 was visualized. n = 5. Scale bars = 8 μ

m. *p < 0.05 vs. control, #p < 0.05 vs. high glucose.  



 

 ２１４ 

 

Figure 59. High glucose suppresses the binding of TFEB to TRIM16 

promoter. 
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A 500 base pair upstream of the first codon of the TRIM16 was 

described and the putative TFEB and TFE3 binding sequences were 

emphasized with yellow labeling. B, C SH-SY5Ys were exposed to high 

glucose for 12 h. DNA was immunoprecipitated with IgG, RNA 

polymerase (RNAPol), and TFEB antibody. The samples of 

immunoprecipitation and input were amplified with primers of GAPDH 

and TRIM16. Data were analyzed by conventional PCR and qPCR, 

respectively. D SH-SY5Ys were exposed to high glucose for 12 h. 

DNA was immunoprecipitated with IgG, RNA polymerase (RNAPol), 

and TFE3 antibody. The samples of immunoprecipitation and input 

were amplified with primers of GAPDH and TRIM16. Data were 

analyzed by conventional PCR. n = 5. *p < 0.05, **p < 0.01 vs. control. 
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Figure 60. Pharmacological inhibition of mTORC1 and enhancement of 

TFEB recover high glucose-inhibited TRIM16 levels. 

A, B iPSC-NDs were pretreated with rapamycin (200 nM) or curcumin 

C1 (1 μM) for 30 min before high glucose treatment for 24 h. The 

mRNA expression and protein levels of TRIM16 were analyzed by 

qPCR and western blotting, respectively. n = 5. *p < 0.05, **p < 0.01 vs. 

control; #p < 0.05 vs. high glucose.  
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Upregulation of TRIM16 recovers lysophagy and lysosomal biogenesis, 

which induces Aβ and p-Tau degradation. 

Among lysophagy-related proteins, TRIM16 expression was 

decreased during recruitment to the lysosome, wherein the degree of 

colocalization between FBXO27 or LRSAM1 or VCP and LAMP1 was 

not significantly altered under high glucose conditions (Figure 61A–D). 

Because other lysophagy-related proteins other than TRIM16 were 

located to some extent with the lysosome in the control and high 

glucose conditions, I investigated whether these proteins did not 

actually affect lyosphagy. After 12 h of LLOMe washout, FBXO27 

silencing led to increased signal intensities of galectin-3, whereas 

LRSAM1 and VCP silencing exerted no effects on galectin-3 signal 

intensities in SH-SY5Ys (Figure 62A). Moreover, FBXO27 silencing 

reduced lysotracker signal intensities, whereas LRSAM1 and VCP 

silencing exerted no effects (Figure 62B). Considering that the 

endosomal sorting complex required for transport (ESCRT) machinery 

promotes lysosomal repair (Skowyra et al., 2018), I investigated 

whether ESCRT complexes were associated with high-glucose-

mediated lysosomal quality control. I found that the degree of 

colocalization of charged multivesicular body protein 4b (CHMP4B) or 

CHMP4 interacting protein ALIX and LAMP1 was increased in high-

glucose-treated iPSC-NDs (Figure 63A, B). These results indicate 

that although the FBXO27 and ESCRT machinery exerts effects on 

neuronal lysosomal quality control, TRIM16 downregulation may 
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impede lysophagy under high glucose conditions. Through pcDNA3.1-

Trim16-GFP and pcDNA3.1-TRIM16-GFP transfection in 

hippocampal neurons and SH-SY5Ys, I observed that the inhibited 

neuronal lysophagy process was normalized by TRIM16 

overexpression. The decreased colocalization between LC3 and 

galectin-3 induced by high glucose treatment were reversed by 

TRIM16 overexpression (Figure 64A, B). Moreover, the degree of 

colocalization between p62 or ubiquitin and galectin-3 in neurons 

treated with high glucose and transfected with pcDNA3.1-GFP was 

lower than that in cells treated with high glucose and transfected with 

pcDNA3.1-Trim16-GFP or pcDNA3.1-TRIM16-GFP (Figure 65A, 

B). After 12 h of LLOMe washout, the high glucose-inhibited reduction 

of galectin-3 signal intensities was recovered by TRIM16 

overexpression (Figure 66A). Subsequently, the lysotracker signal 

intensities and number of lysotracker-positive cells that were 

decreased with high glucose treatment were reversed by TRIM16 

overexpression (Figure 67A-C). These findings suggest that high-

glucose-mediated TRIM16 downregulation impedes neuronal 

lysophagy. The quantities of intact lysosomes are maintained through 

the lysophagy-mediated removal of damaged lysosomes and 

lysosomal biogenesis-mediated replenishment (Yim et al., 2020; Yang 

et al., 2021). Also, defective clearance of damaged lysosomes inhibits 

lysosomal biogenesis (Maejima et al., 2013). Hence, I investigated 

whether TRIM16-mediated lysophagy affects lysosomal biogenesis 
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and the function of lysosomal hydrolases. Rab7, a marker for late 

endosomes, -and LAMP1-positive indicates secondary lysosomes, 

whereas LAMP1 alone positive indicates primary lysosomes (Yang et 

al., 2021). The number of Rab7- and LAMP1-positive vesicles was 

significantly increased under high glucose conditions; however, 

TRIM16 overexpression increased the number of LAMP1-alone-

positive vesicles and decreased that of secondary lysosomes in 

hippocampal neurons and SH-SY5Ys (Figure 68A, B). Treatment with 

high glucose inhibited neuronal CTSD and CTSB activities, which were 

recovered by pcDNA3.1-TRIM16-GFP transfection (Figure 69A, B). 

Since the deficiency of autophagy is also a potential mechanism of Aβ 

accumulation caused by lysosomal dysfunction, I investigated whether 

TRIM16-mediated lysophagy affects autophagy. Indeed, the formation 

of autophagosome and autolysosome was inhibited under high glucose 

conditions and restored by TRIM16 overexpression (Figure 69C, D). 

The up-regulated expressions of C99, p-Tau thr181, p-Tau thr212, 

and Aβ were inhibited by TRIM16 overexpression (Figure 70A, B). 

The high-glucose-induced neuronal cell death was also protected by 

pcDNA3.1-TRIM16-GFP transfection (Figure 70C). These 

observations suggest that impairment of TRIM16-mediated lysophagy 

inhibits lysosomal biogenesis and inhibits Aβ and p-Tau degradation 

and neuronal cell death. 
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Figure 61. Recruitment of TRIM16, not FBXO27, LRSAM1, and VCP, 

to the lysosome is inhibited under high glucose conditions. 
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A-D iPSC-NDs were exposed to high glucose for 24 h. A 

Immunofluorescence images staining of LAMP1 and TRIM16 were 

visualized. B Immunofluorescence images showing LAMP1 and 

FBXO27. C The cells were immunostained with LAMP1 and LRSAM1. 

D iPSC-NDs were visualized with LAMP1-and VCP-specific 

antibodies. n = 6. Scale bars = 8 μm. **p < 0.01 vs. control. 
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Figure 62. Silencing of FBXO27, not LRSAM1 and VCP, inhibits 

lysophagy. 
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A, B SH-SY5Ys were transfected with NT, FBXO27, LRSAM1, or VCP 

siRNA for 12 h prior to high glucose exposure for 24 h. A The cells 

were treated with LLOMe (1 mM) for 1 h after HG treatment and 

further incubated for 12 h in the incubator. Damaged lysosomes were 

immunostained with galectin-3. B Representative images of 

lysotracker staining. n = 5. Scale bars = 8 μm. *p < 0.05 vs. NT siRNA.  
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Figure 63. ALIX and CHMP4B recruitment to the lysosome is increased 

by high glucose. 

A, B iPSC-NDs were exposed to high glucose for 24 h. A 

Representative image showing LAMP1 and ALIX. B CHMP4B and 

lAMP1 were immunostained. n = 6. Scale bars = 8 μm. **p < 0.01 vs. 

control.  
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Figure 64. TRIM16 overexpression reverses the decreased 

colocalization between LC3 and galectin-3 induced by high glucose. 
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A Hippocampal neurons were transfected with pcDNA3.1-GFP or 

pcDNA3.1-Trim16-GFP at DIV 4 and exposed to high glucose for 24 

h at DIV 21. B SH-SY5Ys were transfected with pcDNA3.1-GFP or 

pcDNA3.1-TRIM16-GFP before high glucose exposure for 24 h.  A, 

B Representative immunofluorescence images showing LC3 and 

galectin-3. n = 5. Scale bars = 8 μm. *p < 0.05 vs. control, #p < 0.05 

vs. high glucose. 
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Figure 65. TRIM16 overexpression reverses the decreased 

colocalization between p62 or ubiquitin and galectin-3 induced by high 

glucose. 
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A Hippocampal neurons were transfected with pcDNA3.1-GFP or 

pcDNA3.1-Trim16-GFP at DIV 4 and exposed to high glucose for 24 

h at DIV 21. B SH-SY5Ys were transfected with pcDNA3.1-GFP or 

pcDNA3.1-TRIM16-GFP before high glucose exposure for 24 h.  A, 

B The cells were immunostained with ubiquitin, p62, and galectin-3. n 

= 5. Scale bars = 8 μm. *p < 0.05 vs. control, #p < 0.05 vs. high glucose. 
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Figure 66. TRIM16 overexpression induces removal of galectin-3 

signal intensities inhibited by high glucose after lysosomal injury. 

A SH-SY5Ys were transfected with pcDNA3.1-GFP or pcDNA3.1-

TRIM16-GFP before high glucose exposure for 24 h. LLOMe (1 mM) 

washout assay was performed for 12 h followed by immunostaining 

with galectin-3. n = 5. Scale bars = 8 μm. *p < 0.05 vs. control, #p 

<0.05 vs. high glucose.  
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Figure 67. TRIM16 overexpression recovers lysotracker signal 

intensities inhibited by high glucose. 
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A Hippocampal neurons were transfected with pcDNA3.1-GFP or 

pcDNA3.1-Trim16-GFP at DIV 4 and exposed to high glucose for 24 

h at DIV 21. B, C SH-SY5Ys were transfected with pcDNA3.1-GFP or 

pcDNA3.1-TRIM16-GFP before high glucose exposure for 24 h. A, B 

Lysotracker was visualized and DAPI was used to stain nuclei. C Mean 

fluorescence intensities of lysotracker were analyzed by flow 

cytometric analysis. n = 5. Scale bars = 8 μm. *p < 0.05 vs. control, 

#p < 0.05 vs. high glucose.  
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Figure 68. TRIM16 overexpression reverses the increased 

colocalization between Rab7 and LAMP1 induced by high glucose. 
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A Hippocampal neurons were transfected with pcDNA3.1-GFP or 

pcDNA3.1-Trim16-GFP at DIV 4 and exposed to high glucose for 24 

h at DIV 21. B SH-SY5Ys were transfected with pcDNA3.1-GFP or 

pcDNA3.1-TRIM16-GFP prior to high glucose exposure. A, B 

Representative immunofluorescence images showing LAMP1 and Rab7. 

n = 5. Scale bars = 8 μm. *p < 0.05 vs. control, #p < 0.05 vs. high 

glucose.  
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Figure 69. TRIM16 overexpression recovers activities of lysosomal 

hydrolases and autophagy inhibited by high glucose. 

A-D SH-SY5Ys were transfected with pcDNA3.1-GFP or 

pcDNA3.1-TRIM16-GFP prior to high glucose exposure A, B The 

activities of CTSD and CTSB in the cell lysate were measured. C The 

protein levels of LC3 and β-Actin were detected D Representative 

immunofluorescence images showing LAMP1 and LC3. n = 5. Scale 

bars = 8 μm. *p < 0.05 vs. control, #p < 0.05 vs. high glucose. 
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Figure 70. TRIM16 overexpression degrades high glucose-

accumulated Aβ and p-Tau, and prevents cell death. 

A-C SH-SY5Ys were transfected with pcDNA3.1-GFP or 

pcDNA3.1-TRIM16-GFP prior to high glucose exposure A The 

protein levels of C99, p-Tau (Thr181), p-Tau (Thr212), t-Tau, and 

β-Actin were detected by western blotting. B After exposure to high 

glucose for 48 h, Aβ 1-42 from cell culture medium were measured. 

C LDH from cell supernatant were measured after exposure to high 

glucose for 72 h. n = 5. *p < 0.05 vs. control, #p < 0.05 vs. high glucose.  
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TFEB enhancement recovers TRIM16-mediated lysophagy, 

ameliorating cognitive impairment in STZ-induced diabetic mice 

To explore whether TRIM16-mediated lysophagy is involved in the 

pathogenesis of diabetes-associated AD-like phenotype, I treated 

STZ-induced diabetic mice with the TFEB activator curcumin C1 

(Song et al., 2016) orally for 8 weeks (Figure 71A). I measured the 

body weight and blood glucose levels of mice at 8 and 18 weeks of age 

(Figure 71B, C). Results showed that TFEB nuclear translocation was 

inhibited in the hippocampus of STZ-induced diabetic mice, which was 

reversed by curcumin C1 (Figure 72A). Curcumin C1 increased the 

diabetes-reduced TRIM16 protein levels in the hippocampus (Figure 

73A). The degree of colocalization between galectin-3 and LC3 in mice 

treated with STZ and curcumin C1 was higher than that in STZ-treated 

mice (Figure 73B). Curcumin C1 treatment also alleviated the cytosolic 

release of CTSB and CTSD in the hippocampus of STZ-treated mice 

(Figure 74A, B). Subsequently, curcumin C1 inhibited the upregulation 

of hippocampal C99, Aβ, and p-Tau expression in STZ-treated mice 

(Figure 75A, B). Results of the open field test showed that diabetic 

mice spent less time in the center compared with other mice groups 

(Figure 76A). Furthermore, results of the NOR test showed that STZ-

treated mice had decreased discrimination index and novelty 

preference, which were alleviated by curcumin C1 treatment (Figure 

76B). The results of Y-maze test revealed that curcumin C1 recovered 

the diabetes-reduced spontaneous alternation (Figure 76C). These 
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results suggest that Aβ and p-Tau accumulation, anxiety, and 

cognitive impairment in diabetic mice were caused by the impairment 

of TRIM16-mediated lysophagy. 
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Figure 71. Scheme of an in vivo experimental protocol using curcumin 

C1 treatment, and body weight and blood glucose of experimental 

animals. 

A The schematic in vivo flow chart. Mice (9 weeks of age) injecte

d with vehicle or STZ were orally administrated vehicle or curcum

in C1 (10 mg/kg) once daily for 8 weeks after diabetes induction, 

and then subjected to behavior tests and biochemical analysis. B, 

C Body weight and blood glucose levels were measured at 18 wee

ks of age, respectively. n = 5. *p < 0.05 vs. vehicle-injected mice,

 #p < 0.05 vs. STZ-injected mice. 
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Figure 72. Curcumin C1 reverses TFEB nuclear translocation inhibited 

in the hippocampus of diabetic mice. 

A Hippocampus were immunostained with TFEB and DAPI. n = 5. *p < 

0.05 vs. vehicle-injected mice, #p < 0.05 vs. STZ-injected mice.  
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Figure 73. Curcumin C1 recovers lysophagy inhibited in the 

hippocampus of diabetic mice. 

A, B Mice injected with vehicle or STZ were orally administrated 

vehicle or curcumin C1 (10 mg/kg) once daily for 8 weeks after 

diabetes induction. A Protein levels of the hippocampal TRIM16, 

FBXO27, LRSAM1, VCP, and β-Actin were determined by western 

blotting. B Representative immunohistochemistry images showing 

galectin-3 and LC3. n = 5. *p < 0.05 vs. vehicle-injected mice, #p < 

0.05 vs. STZ-injected mice.  
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Figure 74. Curcumin C1 ameliorates cytosolic release of lysosomal 

hydrolases induced in the hippocampus of diabetic mice. 
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A, B Mice injected with vehicle or STZ were orally administrated 

vehicle or curcumin C1 (10 mg/kg) once daily for 8 weeks after 

diabetes induction. A The hippocampal slides were immunostained with 

LAMP1 and CTSB. B Immunofluorescence staining of LAMP1 and 

CTSD in the hippocampus. n = 5. *p < 0.05 vs. vehicle-injected mice, 

#p < 0.05 vs. STZ-injected mice.  
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Figure 75. Curcumin C1 inhibits Aβ and p-Tau accumulation in the 

hippocampus of diabetic mice. 

A, B Mice injected with vehicle or STZ were orally administrated 

vehicle or curcumin C1 (10 mg/kg) once daily for 8 weeks after 

diabetes induction. A Hippocampal C99, p-Tau (Thr181), p-Tau 

(Thr212), t-Tau, and β-Actin were subjected to western blotting. B 

Hippocampal Aβ 1-42 were measured. n = 5. *p < 0.05 vs. vehicle-

injected mice, #p < 0.05 vs. STZ-injected mice.  
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Figure 76. Curcumin C1 improves cognitive impairment induced in 

diabetic mice. 
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A-C Mice injected with vehicle or STZ were orally administrated 

vehicle or curcumin C1 (10 mg/kg) once daily for 8 weeks after 

diabetes induction. A-C The mice were subjected to open field test, 

NOR test, and Y-maze test, respectively. n = 5. *p < 0.05 vs. vehicle-

injected mice, #p < 0.05 vs. STZ-injected mice.  
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DISCUSSION 

This study demonstrated that lysophagy dysfunction is a potential 

pathophysiological mechanism of DM-associated AD. In fact, in vitro 

findings showed that high glucose impaired TRIM16-mediated 

lysophagy, which impaired the degradation of Aβ and p-Tau. In vivo 

findings also showed that the accumulation of Aβ and p-Tau, resulting 

in cognitive impairment, was alleviated by TRIM16 recovery in diabetic 

mice (Figure 77). As mature neurons depend exceptionally on 

lysosomal systems to remove waste products such as protein 

aggregates and damaged organelles, lysosomal dysfunction is closely 

related to the pathogenesis of neurodegenerative diseases (Lawrence 

et al., 2019). Patients with AD who have PSEN1 mutations showed 

lysosomal dysfunction, and accumulation of Aβ/C99 in the enlarged 

lysosomes causes LMP, cathepsin release, and cell death (Lee et al., 

2022; Lee et al., 2010). Moreover, glucolipotoxicity in human primary 

β-cells induced lysosomal dysfunction, resulting in islet failure 

(Zummo et al., 2017). I observed that high glucose treatment reduced 

lysotracker signal intensities and cytosolic release of CTSD and CTSB 

in both iPSC-NDs and mouse hippocampal neurons. Considered that 

CTSD in the neocortical region of the human AD brain wass colocalized 

with p-Tau in neurons (Chai et al., 2019) and lentivirus-mediated 

CTSB overexpression reduced amyloid deposits in hAPP mice 

(Mueller-Steiner et al., 2006), my data indicated that high glucose 

treatment impaired Aβ and p-Tau degradation through lysosomal 
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dysfunction. Regarding the mechanism by which high glucose-induced 

lysosomal dysfunction, a previous study showed that high glucose-

evoked ROS accumulation triggerd mechanistic damage to lysosomes, 

resulting in LMP in neuroblastoma cells (Chae et al., 2020). Similarly, 

I observed that high glucose treatment resulted in ROS-mediated 

neuronal LMP. It has been reported that upon LMP, maintenance of 

lysosomal quality control through genetic and pharmacological 

restoration of lysosomes could recover damaged target cells and delay 

disease progression in both AD and DM (Cao et al., 2021). Considering 

that Atg5 deficiency in disease involving lysosomal damage inhibited 

lysophagy, which suppressed lysosomal restoration and exacerbated 

disease progression (Maejima et al., 2013), lysophagy is essential for 

lysosomal restoration upon lysosomal damage. However, to the best of 

my knowledge, no study has investigated whether lysophagy occurs in 

neurons exposed to high glucose. Thus, I demonstrated for the first 

time that high glucose impaired neuronal lysophagy. These findings 

suggest that high glucose causes lysosomal dysfunction through LMP 

induction and lysophagy suppression, which inhibit the degradation of 

Aβ and p-Tau. 

 Lysosomes adapt their status in response to environmental cues to 

maintain cellular homeostasis through the regulation of lysosomal gene 

expression (Ballabio et al., 2020). Under high glucose conditions, 

AMPK is dephosphorylated and mTORC1 is recruited to the lysosomal 

membrane by anchoring protein and activated, which inhibits catabolic 
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processes (Liu et al., 2020). A previous study showed that the 

AMPK/mTORC1 signaling pathway was stimulated in high-glucose-

treated neuronal cells and in the hippocampus of diabetic mice (Chae 

et al., 2020). My data also demonstrated that mTORC1 was recruited 

to the lysosomes and activated in iPSC-NDs exposed to high glucose 

conditions. Although high glucose-induced ROS and lysosomal injury 

could inhibit AMPK/mTORC1 signaling (Jia et al., 2020), lysosomal 

adaptation preceded and prevailed for modulation of mTORC1 activity 

in my experimental conditions. TFEB and TFE3 are members of the 

MiTF/TFE family that are considered as master regulators of 

lysosomal biogenesis and are implicated in the pathogenesis of both AD 

and DM (Bordi et al., 2016; Yang et al., 2021; Polito et al., 2014). 

Regarding the regulation of TFEB/TFE3 activity, the mTORC1 and 

calcium mediated protein kinase C and calcineurin signaling pathways 

regulated their activity independently and inversely (Saftig et al., 2016; 

Park et al., 2022). Whether high glucose activates or inactivates 

TFEB/TFE3 remains controversial because high glucose could 

stimulate both signaling pathways under various conditions (Shah et al., 

2016). I observed that high glucose treatment inhibited the nuclear 

translocation of TFEB in an mTORC1-dependent manner, and calcium 

chelation also suppressed its translocation. This might be because 

high-glucose-mediated calcium signaling activated TFEB, but 

lysosomal adaptation-mediated mTORC1 signaling was predominant. 

Meanwhile, my data demonstrated that the nuclear translocation of 
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TFE3 was not altered in response to high glucose treatment, mTOR 

inhibition, and calcium chelation. In TFEB-depleted cells, TFE3 

increased the number of lysosomes (Martina et al., 2014). Furthermore, 

considering that nuclear TFE3 was present in all my experimental 

groups, TFE3 might be constitutively activated. However, although the 

altered activities of TFEB may regulate lysosomal biogenesis, whether 

it modulates lysophagy has not been elucidated, especially under high 

glucose conditions. I confirmed that TFEB was directly bound to the 

TRIM16 promoter, and TFEB activation recovered the high glucose-

reduced mRNA expression and protein levels of TRIM16. These data 

indicate that lysophagy promotion is a novel mechanistic target of 

TFEB-mediated therapeutic strategy for neurogenerative disorders. 

 Lysophagy-related factors such as TRIM16, FBXO27, UBE2QL1, 

LRSAM1, and VCP detect damaged lysosomes and recruit ubiquitin and 

autophagic adaptors to degrade damaged lysosomes and maintain 

lysosomal function. Nevertheless, the role of lysophagy factors in the 

regulation of lysosome quality in the pathogenesis of 

neurodegenerative diseases has been investigated only recently (Zhu 

et al., 2022), and the alterations and regulatory mechanisms of 

neuronal lysophagy in diabetic conditions have never been clarified. 

Among lysophagy-related factors, I observed that only TRIM16 

expression was decreased in iPSC-NDs and mouse hippocampal 

neurons exposed to high glucose and in the hippocampus of diabetic 

mice, followed by decreased recruitment to lysosomes. Other 
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lysophagy-related factors that did not undergo significant changes in 

expression levels and recruitment to lysosomes may also affect the 

maintenance of basal lysosomal function (Liu et al., 2020; Mishra et al., 

2019; Darwich et al., 2020). However, present data revealed that only 

FBXO27 silencing led to impaired clearance of galectin-3 upon 

lysosomal damage and reduction of lysotracker signal intensity, 

whereas knockdown of other lysophagy-related factors had no effects 

in neuronal cells. The variability in the knockdown effect may be 

attributed to differences in the degree of response of each factor to 

basal lysophagy. Furthermore, considering that LRSAM1 protected 

lymphoblasts against intracellular bacterial infection through lysosomal 

ubiquitination (Huett et al., 2012), cell-type-specific differences may 

also contribute to it. In addition to lysophagy, the ESCRT machinery is 

recruited into the lysosome for repair upon acute lysosomal injury 

(Skowyra et al., 2018); however, whether this affects the maintenance 

of lysosomal function in disease situations remains to be investigated. 

I first demonstrated that ALIX and CHMP4B were recruited to damaged 

lysosomes under high glucose conditions, but it was difficult to 

overcome LMP and lysophagy dysfunction. A recent study showed that 

TRIM16-mediated sensing of damaged lysosomes induced the 

unconventional seeding of intracellular wastes in human midbrain 

dopaminergic neurons (Burbidge et al., 2022); however, gain-of-

function studies focusing on lysophagy may provide an insight into the 

removal of wastes. Present data revealed that TRIM16 overexpression 
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increased lysotracker signal intensities by promoting LC3, P62, and 

ubiquitin recruitment to damaged lysosomes. I also observed that 

lysosomal biogenesis, activities of CTSD and CTSB, and Aβ and p-

Tau accumulation were reversed by TRIM16-mediated lysophagy 

activation. In addition to lysophagy, further studies are required 

because TRIM16-mediated protein ubiquitination is a crucial disease 

mechanism (Wang et al., 2021; Liu et al., 2022). However, considering 

that impairment of lysosomal maturation is a major mechanism of AD 

pathogenesis, maintenance of lysophagy and lysosomal biogenesis 

through TRIM16 regulation could provide synergistic effects in disease 

prevention. 

 A gain-of-function study demonstrated that TFEB delivery into the 

cerebral hemispheres of 5xFAD and rTg4510 AD transgenic mice 

ameliorated the AD phenotype (Polito et al., 2014). Moreover, 

pharmacological enhancement of TFEB activity through curcumin C1 

treatment for 3 months in AD mice restored lysosomal activity and 

reduced APP, C99, Aβ, and p-Tau levels followed by improvement of 

cognitive function (Song et al., 2020). In addition to the inhibition of 

Aβ and p-Tau levels and improvement of cognitive function, my 

results demonstrated that curcumin C1 restored hippocampal TRIM16 

protein levels, which elevated lysophagy and normalized lysosomal 

function. These findings indicate that TRIM16-mediated lysophagy 

suppresses diabetes-associated AD-like phenotype.  
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Figure 77. The schematic model for effects and molecular mechanism 

of action of high glucose on neuronal lysopahgy and subsequent 

accumulation of Aβ and p-Tau.  

High glucose induces dysfunction of neuronal lysosomes through ROS-

mediated LMP and lysophagy impairment. The expression of TRIM16 

is down-regulated by mTORC1-inhibited TFEB activity under high 

glucose conditions, but its overexpression recovered lysophagy and 

lysosomal biogenesis, which in turn degrades Aβ and p-Tau and 

ameliorates cognitive impairment. Conclusively, lysophagy promotion 

through TRIM16 targeting is a promising strategy for the modulation 

of DM-associated AD.  
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GENERAL CONCLUSION 

The current study has shown that high glucose causes endolysosomal 

dysfunction, leading to Aβ accumulation and cognitive impairment. 

According to previous studies, endolysosomal dysfunction in neurons 

is an early and prominent feature of AD, which causes accumulation of 

Aβ and p-Tau (Lee et al., 2022; Small et al., 2017). In addition, 

accumulated Aβ also causes endolysosomal abnormalities, 

exacerbating disease progression (Hung et al., 2021). Other 

researches proposed that recovery of endolysosomal function reduces 

Aβ and tau phosphorylation levels, and improves synaptic integrity, 

learning, and memory (Li et al., 2020; Cao et al., 2021). My study also 

found that functional recovery of endolysosomes dysregulated by high 

glucose contributed to blocking Aβ and p-Tau accumulation and 

ameliorating cognitive impairment. Moreover, I demonstrated the 

molecular mechanism by which high glucose impaired endolysosomal 

function. 

Indeed, my study proved that high glucose conditions upregulated Aβ 

production through early endosomal abnormalities induced by 

PICALM-mediated increases of APP endocytosis and ROS- and 

mTORC1-mediated impairment of the auto-lysosomal pathway. This 

investigation is the first to identify early endosomal dysregulation and 

their precise mechanisms in Aβ pathology in diabetes. These findings 

shed light into novel diabetes-related varieties of aberrant molecular 
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and cellular processes leading to AD. Thus, the present study provides 

compelling evidence that targeting PICALM and mTORC1 to prevent 

endosomal abnormalities is an attractive and promising strategies for 

managing DM-induced AD pathogenesis. 

Next, my study revealed that amyloidogenic APP processing and tau 

hyperphosphorylation are inhibited by VPS26a, and down-regulated 

by ROS/NF-κB/DNMT1-mediated promoter hypermethylation in 

neuronal cells exposed to high glucose, which contributes to synaptic 

deficits, astrocyte over-activation, and cognitive impairment. Similarly, 

recent study showed that pharmacological enhancement of retromer 

function reduced Aβ and p-Tau levels in neurons (Curtis et al., 2022). 

Taken together, by identifying a novel retromer-related mechanistic 

link between hyperglycaemia and AD pathogenesis, my results suggest 

that VPS26a is a promising candidate for the regulation of DM-related 

AD pathogenesis. 

Moreover, I demonstrated that that impaired lysophagy due to 

mTORC1/TFEB-mediated TRIM16 downregulation inhibited Aβ and 

p-Tau degradation in neuronal cells exposed to high glucose conditions, 

resulting in cognitive impairment. These findings are the first to 

elucidate the defect of neuronal lysophagy and its regulatory 

mechanisms associated with Aβ and p-Tau pathology under high 

glucose conditions. Similar to my results, a recent study has shown that 

genetic inhibition of VCP, a lysophage-associated protein, increases 

tau aggregation in AD pathogenesis. Therefore, previous and present 
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study suggest that lysophagy promotion through TRIM16 targeting is 

a promising strategy for the modulation of DM-associated AD. 

 Although the relationship between DM and the development of AD 

has been controversial due to inconsistencies among human cohort 

studies and biochemical analyses, my data suggest that high glucose 

induces neuronal Aβ accumulation through endolysosomal dysfunction 

in the early stages of AD. In conclusion, present study demonstrated 

that endolysosomal dysfunction caused by PICALM-and mTORC1-

mediated endosomal abnormalities, VPS26a-mediated retromer 

dysfunction, and TRIM16-mediated lysophagy impairment is a 

pathogenic link that elucidates the causal relationship between DM and 

AD (Figure 78).  
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Figure 78. The schematic model summarizing the proposed pathway in 

high glucose-induced neuronal A β  accumulation through 

endolysosomal dysfunction.  

High glucose-evoked ROS induces PICALM-mediated endosomal 

abnormalities and VPS26a-mediated retromer dysfunction, and 

stimulated mTORC1 induces TRIM16-mediated lysophagy impairment, 

which leads to endolysosomal dysfunction. Subsequently, 

endolysosomal dysfunction causes neuronal Aβ accumulation. 
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당뇨병은 알츠하이머병의 위험 인자로 간주되고 있지만, 당뇨병에 의한 

아밀로이드 베타의 축적 조절에 대한 자세한 기전은 명확히 밝혀져 있지 

않다. 엔도리소좀(Endolysosome) 기능장애는 두 질환 사이의 인과관계를 

설명할 수 있는 병리학적 연관성을 가진다. 그러나, 고혈당에 의한 

신경세포 내 엔도리소좀의 기능 조절에 대해서는 알려진 바가 적다. 

따라서 이 연구의 목표는 고농도 포도당에 의한 1) 아밀로이드 전구체 

단백질(APP)을 처리할 수 있는 엔도솜 및 관련 신호전달경로의 조절 

기전, 2) 레트로머(Retromer)와 이와 관련된 아밀로이드 전구체 단백질의 

처리 및 타우 단백질의 인산화 메커니즘의 조절 이상, 3) 리소좀 

자가포식(Lysophagy)의 장애와 그로 인한 아밀로이드 베타 축적과 이와 

관련된 기전을 규명하는 것이다. 연구결과는 다음과 같다: 

1) 당뇨병에 이환된 랫드와 마우스의 해마에서 엔도솜 이상과 아밀로이드 

베타 축적의 증가가 나타났다. 고농도 포도당은 지질 뗏목을 매개로 

하는 아밀로이드 전구체 단백질의 세포내 이입의 증가로 인한 초기 

엔도솜 확대를 통해 아밀로이드 베타의 생산을 증가시켰다. 고농도 

포도당에 의해 유도된 활성산소종(Reactive oxygen species)은 

Sp1 을 활성화시켰으며, 포스파티딜이노시톨 결합 클라트린 조립 

단백질(Phosphatidylinositol-binding clathrin assembly protein), 

클라트린 중쇄(Clathrin heavy chain), 어댑터 관련 단백질 복합체 2 

알파 1(Adaptor-related protein complex 2 α1)을 상향 조절했다. 

포스파티딜이노시톨 결합 클라트린 조립 단백질은 클라트린을 매개로 

하는 아밀로이드 전구체 단백질의 세포내 이입을 촉진하여 초기 

엔도솜을 확대시켰다. 한편, AMPK/mTORC1 에 의한 자가포식의 

결함과 활성산소종 및 mTORC1 에 의한 리소좀의 기능장애는 고농도 
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포도당 조건에서의 초기 엔도솜 비대를 악화시켰다. 더욱이, 초기 

엔도솜 확대의 억제는 당뇨병에 이환된 마우스에서 증가된 아밀로이드 

베타의 생산과 인지 장애를 완화시켰다. 

2) 당뇨병에 이환된 마우스의 해마와 고농도 포도당에 노출된 인간의 

신경세포에서 액포 단백질 분류-관련 단백질 26a(Vacuolar protein 

sorting-associated protein 26a)가 감소했다. 고농도 포도당은 

활성산소종/핵인자 카파비(NF-κB)/디옥시리보핵산 

메틸트랜스퍼라제 1(DNA methyltransferase1)에 의한 촉진유전자의 

과도한 메틸화를 통해 액포 단백질 분류-관련 단백질 26a 를 하향 

조절했다. 액포 단백질 분류-관련 단백질 26a 의 회복은 아밀로이드 

전구체 단백질과 양이온 독립적인 만노스-6-인산 수용체의 엔도솜 

내 보존을 억제하고 트랜스-골지체로의 수송 촉진을 통해, 아밀로이드 

베타의 수치를 감소시키고, 카텝신 D 의 활성을 향상시켜 인산화된 

타우 단백질의 수치를 감소시켰다. 레트로머의 기능 회복은 당뇨병에 

이환된 마우스의 시냅스 결손, 별아교세포의 과잉 활성 및 인지 

장애를 완화시켰다. 

3) 고농도 포도당은 활성산소종에 의해 매개된 리소좀 막 투과와 리소좀 

자가포식 장애를 통해 신경세포의 리소좀 기능 이상을 유도했다. 

리소좀 자가포식 관련 인자 중, TRIM16 의 발현은 mTORC1 에 의한 

전사 인자 EB (TFEB)의 활성 억제를 통해 고농도 포도당에 노출된 

신경세포와 당뇨병에 이환된 마우스의 해마에서 감소했다. TRIM16 의 

과발현은 손상된 리소좀으로의 미세소관 관련 단백질 1A/1B-

경쇄 3(LC3), p62, 유비퀴틴의 모집을 통해 리소좀 자가포식과 리소좀 
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생합성을 회복시켰으며, 이는 고농도 포도당에 의해 유도된 

아밀로이드 베타와 인산화된 타우 단백질의 축적을 억제했다. 

당뇨병에 이환된 마우스에서, TFEB 강화제는 해마에서의 리소좀 

자가포식을 회복하여 인지장애를 완화시켰다. 

결론적으로, 이 연구에서는 고농도 포도당이 1) 포스파티딜이노시톨 

결합 클라트린 조립 단백질에 의한 아밀로이드 전구체 단백질의 세포내 

이입 유도와 mTORC1 에 의한 엔도솜 제거 억제를 통해 초기 엔도솜 

이상, 2) 핵인자 카파비(NF-κB)/디옥시리보핵산 메틸트랜스퍼라제 

1(DNA methyltransferase1)에 의한 액포 단백질 분류-관련 단백질 

26a 를 하향 조절을 통해 레트로머의 기능 이상, 3) mTORC1/전사 인자 

EB 에 의한 TRIM16 의 하향 조절을 통해 신경세포의 리소좀 자가포식 

장애를 유발함을 확인했으며, 이는 아밀로이드 베타의 축적을 유도함을 

입증했다.  따라서, 엔도리소좀 기능 장애는 당뇨병과 관련된 

알츠하이머병의 주요한 병리기전적 원인이며, 이를 조절하는 것은 

알츠하이머병 예방 및 치료를 위한 전략이 될 수 있다. 

주요어: 알츠하이머병, 자가포식, 당뇨병, 엔도솜, 리소좀, 소포 수송 

학번: 2016-27822 
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