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Article Info Abstract

@ Lysosomes are an important intracellular organelle that regulates cellular degradation. Dysfunctional lyso-
somes disrupt this process, leading to the accumulation of toxic proteins that are meant to be degraded inside

the cell, leading to cellular stress and potential toxicity. One of the proteins is beta-amyloid which is associated
Article history: with conditions like cerebral amyloid angiopathy (CAA) and Alzheimer's disease (AD). To identify its effects
on the vascular compartment, the current study explored lysosomal dysfunction's impact on cytosolic vacuole
Received: November 12, 2024 formation and amyloid beta 40 (AB40) levels in human brain endothelial cells (HBEC-5i). Cells treated with
Accepted: April 10, 2025 the lysosomotropic compound chloroquine (70.5 uM) exhibited morphological changes, including prominent
Published: April 30, 2025 cytosolic vacuole formation. The vacuole density was recorded at 11.86 + 1.907 vacuoles per cell (p < 0.05),
and its diameter was significantly increased (3.76 + 0.182 um, p < 0.05) compared to the negative control
group. However, the average cell size remained unchanged despite the vacuole formation in CQ-treated cells.
ELISA tests on lysate and supernatant revealed no significant differences between treatment and control
groups in intracellular and extracellular AB40 levels. This suggested that while lysosomal dysfunction induced
cytosolic vacuole changes, it did not significantly alter AB40 levels. Further research is needed to elucidate the
pathways involved in AB40.
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1. Introduction B- and Y-secretase cleavage will generate sAPPB3, APP
Alzheimer's disease (AD) is one of the most prevalent intracellular C-terminal dominant (AICD) and AB peptide
forms of dementia, with nearly 10 million new cases dia- monomers, with the most important AB are AB40 (80-
gnosed annually [1]. Its symptoms include a deterioration  90%) and AB42 (5-10%) [6,7].
in physical, cognitive, and behavioural functioning that A340 is a soluble isomer with 40 amino acid residues
interferes with day-to-day activities [2,3]. A proposed pa- and is abundantly found in the cerebral spinal fluid [8]. It
thogenic mechanism for Alzheimer's disease (AD) is the plays a significant role in forming A deposits despite its
presence of A3 pathology, in which the AB peptide is pro- low amyloidogenicity [3,8]. AB40 served as a proxy of total
duced, aggregated, and deposited in the brain tissue and the ~ A production by preferably binding to the photo-fibrillar
walls of blood vessels in the brain [3,4]. The AB peptide  AB42, hence inhibiting AB42 from being aggregated [9].
plaque is generated from amyloid precursor protein (APP), Aside from that and in the relative level of the AB42/40
a transmembrane protein in human brain endothelial cells ratio, it plays a vital role in AB42/40 ratio, a well-known
(HBEC) [5], which later will be engaged in either one of  biochemical feature in AD diagnosis [3]. Previously, A42
two pathways, amyloidogenic and non-amyloidogenic. In  was found to be increased with lysosomal dysfunction in
the non-amyloidogenic pathway, the enzymes involved HBEC-5i, but the status of AB40 level has not yet been
in the cleavage process are a-secretase and Y-secretase identified [2]. In addition, a previous study had identified
to produce the C83 fragment and extracellular APP alpha that a marked reduction of CSF AB42/40 has consistently
(sAPPa). Meanwhile, in the amyloidogenic pathway, the been found in patients with different stages of AD [3,10].
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There also have been studies that linked lysosomal
dysfunction with the accumulation of AB-peptides. Lyso-
somes are membrane-bound organelles whose main func-
tion is to degrade waste materials from outside the cells
and the worn-out components of the cells. One of the ma-
jor pathways in degrading intracellular macromolecules
is the autophagy-lysosomal pathway (ALP). This cellu-
lar process involves the fusion of autophagosome-filled
macromolecules with lysosomes to form autolysosomes
and, later, the degradation process [11].

However, in the event of lysosomal dysfunction, the
fusion with autophagosome is impaired, accumulating
intracellular autophagic vacuoles through cytosolic va-
cuolation. Cytosolic vacuolation is a formation of giant
membrane-bound subcellular structures in the cytoplasm,
which has been observed in cells following bacterial or
viral infection or exposure to low molecular weight drugs
or chemicals [2,12,13]. Aside from that, lysosomal dys-
function also caused the accumulation of intracellular
macromolecule waste, inclusive of toxic proteins, such
as AB [14,15]. This accumulation will lead to anatomical
disruption and functional breakdown of the endothelial
cells of the brain (BEC) and an increase in blood-brain
barrier (BBB) permeability. These two conditions are the
clinical characteristics of cerebral amyloid angiopathy
(CAA) and AD [3,4].

The previous investigation conducted in our laboratory
demonstrated that the use of Chloroquine, a lysosomotro-
pic drug, resulted in a decrease in lysosomal function. This
impairment of the autophagy process led to a rise in the
intracellular level of AB-42 in the HBEC-5i in vitro model
[2]. However, there is less evidence on the effects of the
lysosomal dysfunction on the cytosolic vacuolation for-
mation and the intracellular and extracellular AB-40 level
in the same model, despite its significant role in forming
AB deposits and importance in the AB42/40 ratio. There-
fore, this study investigates whether chloroquine-induced
lysosomal dysfunction in the human brain endothelial
cell line (HBEC-51) could affect the cell line’s cytosolic
vacuolation formation and extracellular and intracellular
AB40 level, providing insights into its role in Alzheimer's
disease pathology.

2. Materials and methods
2.1. Cell Culture Procedure

Human brain endothelial cells (HBEC-5i) (Addexbio
Technologies, USA) were cultured in a complete medium
of Dulbecco Modified Eagle’s Medium/Ham’s F-12 (Sig-
ma, USA) with 1% Penicillin-Streptomicin mixed solu-
tion (Nacalai Tesque, Japan) and 10% Fetal Bovine Serum
(FBS) (Capricorn Scientific, South America). The flasks
were pre-coated with 1% gelatin (ATCC, USA) and were
incubated in 5% CO, incubator at 37°C. The cells were
from passages 6-8 with about 80-90% confluency. Upon
reaching the confluence, adherent cells were detached and
counted using the Trypan blue method and a hemacyto-
meter.

2.2. Cell Treatment Procedure

A total of 3.0 x 10° cells were seeded in each T75 flask.
The flasks were divided into the negative control (NC)
(no treatment) and 70.5 uM Chloroquine diphosphate salt
(CQ) (Thermofisher Scientific, USA). The concentration
was established from the IC,, value that induced lysoso-

mal dysfunction in HBEC-5i from previous study [2]. All
the flasks were incubated for 24 hours in a 37°C incubator
with 5% CO,. The study was performed in three (3) biolo-
gical replicates (n=3).

2.3. Cell Vacuolation Microscopic Examination

After 24 hours of incubation, the general morphology
of all HBEC-5i cells and the presence of cell vacuolation
in each group were observed under an inverted light mi-
croscope (Olympus, Japan). Thirty-six images were cap-
tured by Cell*A (Olympus) imaging systems software (x
100 magnification) for each cell group (NC and CQ) and
then analysed by using the ImagelJ software (USA). In this
analysis, data collected were vacuolation density (number
of vacuoles per cell), vacuole average diameter (um), and
cell surface area (um?) of untreated and vacuolated-treated
cells. All data then were analysed statistically. The cells in
both flasks were prepared for subsequent sample prepara-
tion.

2.4. Cell Lysate Preparation

After microscopic examination, the media supernatant
from each group flask was collected and kept at -20°C for
extracellular AB40 level analysis. For intracellular A340
level, the cells were rinsed with cold PBS, lysed with cold
RIPA lysis buffer (VWR Chemicals, USA), with protease
inhibitor (Sigma, USA) and incubated on ice for 15 mi-
nutes. The cells were scraped and transferred into a micro-
centrifuge tube, vortexed for 1 minute (3 times) and cen-
trifuged at 13,500 rpm, 4°C for 15 minutes. The proteins
containing supernatant (cell lysate) were collected, and
the total protein quantity was determined by BCA protein
assay.

2.5. BCA Protein Assay

Pierce™ BCA Protein Assay Kit (ThermoScientific,
USA) was used to assess total protein concentration. BCA
working reagents were prepared, and standard dilutions
(BSA) with the 25-2000 ug/mL range were diluted before
the assay. Briefly, 200 pL of working reagent were pipetted
into a 96-well microplate, and 10 pL of each standard
solution or supernatant or lysate (from each cell group)
were added into each well. Both solutions were mixed
well with a plate shaker for 30 seconds and incubated at
37°C for 30 minutes. After cooling to room temperature,
the absorbance of the solution was measured at 562 nm
on a plate reader. The calibration graph of the standard
solution (absorbance vs concentration) was prepared, and
the concentration of each solution of media or lysate (from
each cell group) was identified from the graph. The assay
was performed in triplicate, n=3, and the media and lysate
from each cell group (NC and CQ) were homogenised and
kept on ice throughout the process.

2.6. Measurement of AB40 concentration HBEC-5i
using ELISA

A total of 100 pL of each standard, blank and samples
(cell lysate and supernatant) were added into the ELISA
kit (Elabscience, USA) provided microplate wells, sealed,
and incubated for 90 minutes at 37°C. After the incuba-
tion, the solution was decanted and 100 mL of biotinyla-
ted AB detection working solution was immediately added
into each well and the plate was incubated for 1 hour at
37°C. Then, 100 pL of the HRP conjugate working so-
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lution was added and incubated for 30 minutes at 37°C.
Following this incubation, the samples were washed with
the washing buffer. Finally, 90 pL of substrate reagent was
added and incubated for 15 minutes at 37°C under dark
before being added with stop solution to each well and
read using a microplate reader at 450 nm.

2.7. Statistical Analysis

Statistical analyses were performed using Statisti-
cal Package for the Social Sciences (SPSS) Version 27.
All data were expressed as mean =+ standard error of the
means (SEM). Descriptive and independent t-tests were
employed to compare the morphology changes and cyto-
solic vacuolation. Meanwhile, independent t-tests were
used to compare the intracellular and extracellular AB40
levels of NC and CQ-treated cell groups. A p<0.05 will be
considered statistically significant.

3. Results
3.1. Morphological and cytosolic vacuolation in HBEC-
5i
3.1.1. Morphological Changes of HBEC-5i and Cytoso-
lic Vacuolation

The observed morphological changes indicated that the
HBEC-5i cell morphology in the NC cell group resem-
bled a cobblestone pattern (Fig. 1(a)). In Fig. 1(b), the CQ-
treated HBEC-5i cells exhibited morphological alterations
characterised by a greater degree of cell shrinkage compa-
red to the negative control cell group. In addition, the cell's
cytoplasm exhibited prominent vacuoles.

3.1.2. Cytosolic Vacuole Analysis

Figure 2(a) demonstrated a notable difference in the
average density of cytosolic vacuolation per cell between
the CQ-treated group (11.86 + 1.907) and the NC group,
which had no cytosolic vacuolation. The statistical ana-
lysis revealed a t-value of -6.221 and a p-value of 0.025
(p<0.05). Figure 2(b) demonstrated a statistically signi-
ficant difference (p<0.05) in the diameter of the cytoso-
lic vacuole in the afflicted cells of the CQ-treated group
(3.76 = 0.182 pm) compared to the NC group, which did
not exhibit cytosolic vacuolation; t(2)= 20.696, p=0.02.
Meanwhile, Figure 2(c) showed that the average surface
size of vacuolated impacted HBECs (1238.80+ 34.678

Fig. 1. Morphological alterations and the formation of vacuoles
were observed in HBEC-5i cells after 24 hrs of treatment. (a)
HBEC-5i in the control group (NC), with no treatment, showing no
vacuole formation; (b) HBEC-5i treated with CQ at 70.5 uM, where
vacuole formation was observed along with distinct cell shrinkage.
Microscopic observations were performed at 100x magnification. The
yellow arrow showed minor shrinkage of the HBEC-5i cells, and red
arrow showed prominent vacuole of the cell’s cytoplasm. Scale bar
measurement: 1 cm =50 pm.
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Fig. 2. Prominent increases in cytosolic vacuolation density and
diameter were observed in the HBEC-5i CQ-treated group com-
pared to the NC group. The graphs show the analysis of cytosolic
vacuolation using ImageJ image processing. (a) The density of cyto-
solic vacuolation per cell in the CQ-treated group was significantly
higher (11.86 £ 1.907) than in the NC group (*p-value < 0.05); (b)
The average vacuole diameter in cytosolic vacuolation in the CQ-
treated group was larger (3.76 + 0.182 um) than in the NC group
(*p-value < 0.05); (c) The surface area size (um?) of HBEC-5i in NC
group was higher compared to CQ-treated cell groups, however, it
was not significant.

um?) was not statistically different from the cells in the
NC group (1489.07 + 122.199 um?); t(4)=1.970, p=0.120.

3.2. CQ increased AB40 concentration in HBEC-5i
3.2.1. Intracellular A40 Level

Fig. 3 showed the result of intracellular AB40 level
on HBEC-5i cells lysate in both the negative control and
CQ-treated groups. The graph showed a decreased level
of AB40 in the CQ-treated cells group as compared to the
negative control cell groups. However, there is no signifi-
cant mean difference in intracellular AB40 level in the CQ-
treated cell (17.36+ 0.196 pg/mL) as compared to the ne-
gative control HBECs (17.76 £ 0.154 pg/mL); t(4)=1.603,
p=0.184.

3.2.2. Extracellular A340 Level

Meanwhile, Fig. 4 showed extracellular AB40 level of
HBEC-5i supernatant after CQ treatment as compared to
the negative controls. This result showed that the A40
level in CQ-treated cells was higher (16.02 = 0.030 pg/
mL) than the AB40 level in negative control cells (15.45 +
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Fig. 3. Intracellular Amyloid beta 40 (AB40) level in HBEC-5i
cell lysate of negative control and CQ-treated group (70.5pM) for
three biological replicates (n=3). Low level of intracellular AB40 in
CQ-treated cells group (17.36+ 0.196 pg/mL) as compared to the NC
cell groups (17.76 + 0.154 pg/mL), however, it was not significant.
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Fig. 4. Extracellular Amyloid beta 40 (A340) level in HBEC-5i's
supernatant of negative control and CQ-treated group (70.5pM).
High level of extracellular AB40 level (16.02 + 0.030 pg/mL) in
HBEC-5i's compared to NC group (15.45 + 0.015 pg/mL), however,
it was not significant.

0.015 pg/mL).

4. Discussion

Lysosomes are cellular organelles that play a vital role
in cellular homeostasis as they are involved in various
cellular degradation pathways, including autolysosome
formation for intracellular macromolecule degradation
[16,17]. However, when the lysosomal function is com-
promised, the autophagosome and lysosomal fusion are
impaired, leading to the failure of the cellular degradation
process. This situation then will cause the accumulation of
intracellular degradation products, including toxic proteins
such as AB [3]. The deposition of AB protein will cause
failure and dysfunction of endothelial cells of the brain
and blood-brain barrier (BBB), which is one of the clinical
characteristics of cerebral amyloid angiopathy (CAA) and
Alzheimer’s disease (AD) [3,4].

In this study, the lysosomal dysfunction in the HBEC-
51 cell line was induced by Chloroquine (CQ) (70.5 uM).
This concentration was established from previous study
that was found to induce cellular changes associated with
lysosomal dysfunction, such as LC3-II accumulation and
an increase in AB42 levels in HBEC-5i cells while main-
taining cell viability [2]. After 24 hours of incubation, mi-

croscopic examination revealed elongation of cells treated
with CQ and prominent cytosolic vacuole formation com-
pared to NC cells. These observations aligned with exis-
ting studies that showed induction of cytosolic vacuolation
in cellular systems after CQ treatment [2,18,19]. The study
suggested that vacuole formation in HBEC-5i was an indi-
cator of altered acidification and inhibition of lysosomal
enzymes by CQ compound. Aside from that, the increased
number of cytosolic vacuolation indicated a significant
disturbance of the autophagosome-lysosome fusion. Thus,
our findings suggest a potential role for BBB dysfunction
as an early contributor to AD pathology with lysosome
disruption on endothelial cells.

The analysis of cytosolic vacuolation by using ImageJ
program showed that the lysosomal dysfunction model
had induced a significant increase in the vacuolation den-
sity per cell. However, there is only a slight decrease in the
surface area size despite no significant difference compa-
red to NC groups. This suggests that at the concentration
of 70.5 uM, CQ could change the cell’s cellular function
but not the size of surface area or cell viability [2].

This study also found that CQ-treated cells exhibited
decreased intracellular AB40 levels but increased extracel-
lular AB40 compared to controls, despite their no significant
mean difference as compared to the NC cells group. This
led to the proposal that AB40 oligomers underwent trans-
cytosis by being transported out of cells [20,21]. Studies
on endocytosis mechanisms support this idea, indicating
different endocytotic pathways for AB40 and AB42[21,23].
AP42 accumulates more in lysosomes, which could lead to
its higher degradation and/or aggregation at lower lysoso-
mal pH. Meanwhile, AB40 exhibits differential trafficking,
showing significant accumulation in recycling endosomes.
This accumulation may facilitate its transcytosis across the
blood-brain barrier (BBB), which could explain its low
levels in the endothelium [21].

This suggestion is aligned with a study on endocyto-
sis mechanisms of AB in polarised human cerebral mi-
crovascular endothelial (hCMEC/D3) cell monolayers.
In the study, they proved that following endocytosis, the
AB protein was sorted by endo-lysosomal system but dif-
ferent endocytotic pathways. AB40 were transported into
the cell through early and late endosomes, then robustly
accumulated in recycling endosomes, which facilitate its
exocytosis by the endothelial cells. In comparison, AB42
was accumulated more in late endosomes and subsequent
lysosomes, which made it more susceptible to lysosomal
degradation compared to AB40 (Fig. 5) [21]. In addition to
that, the exocytosis rate of intracellular AB40 was found to
be 3-fold higher than A42 [22]. Other research on CQ's
effects on endothelial growth factor receptors suggested
that CQ selectively influences biological pathways, im-
pacting AB40 levels differently [23].

While lysosomal dysfunction induced morphological
changes and cytosolic vacuolation, it did not significantly
alter AB40 levels. This suggests an efficient transcytosis
pathway for AB40 transport across cells during lysosomal
dysfunction. Further investigations could explore the rou-
ting of tagged AB40 and A342 within the cytosolic vacuole
to deepen the understanding of other BBB components
such as astrocytes and pericytes. Since this in-vitro stu-
dy was found to induce cytosolic vacuoles in endothelial
cells, developing new lysosomal-targeting drugs that can
selectively improve the degradation of organelles without
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Fig. 5. Proposed endocytosis and exocytosis pathway of A40 in
chloroquine-induced lysosomal damage HBEC-5i. AB40 from APP
undergoes pinocytosis and goes through the endocytosis pathway. It
went through an early endosome, where the fragments were sorted
either for recycling or to proceed to a late endosome for fusion with
a lysosome [21]. However, in the event of chloroquine-induced lyso-
somal damage, the fusion of late endosome and lysosome does not
occur. This leads to the formation of storage vacuoles and then exocy-
tosis to the other side of the cell. A340 also accumulated mainly in the

recycling endosome, which facilitated its exocytosis.

exacerbating vacuolation or inducing toxicity could pro-
vide a new avenue for AD treatment. The ability to modu-
late lysosomal activity might reduce the accumulation of
any toxic components in the cells and preserve the BBB
normal physiology.

5. Conclusion

Lysosomal dysfunction induced in HBEC-5i resulted
in prominent morphological changes impacting general
morphology, vacuolation density and vacuole diameter.
The observed changes in cytosolic vacuolation indicated
a disturbance in cellular systems. However, there was no
significant difference in intracellular and extracellular
AB40 levels, suggesting that AB40 has gone through dif-
ferent pathways of degradation in the cells after CQ treat-
ment. Even though AB40 showed less toxicity than A42,
its importance in the AB42/40 ratio was undeniable. Com-
prehensive studies should be performed to further unders-
tand the behaviors of both AB isoforms within cells under
CQ-induced lysosomal dysfunction in a co-culture system
that closely recapitulates the blood-brain barrier, thereby
elucidating the interaction between lysosomal dysfunction
in the BBB compartment and its implications in AD.

Abbreviation

AB: Amyloid beta; AD: Alzheimer disease; CAA cerebral
amyloid angiopathy; CQ: Chloroquine; HBEC: Human
brain endothelial cells; NC: Negative control
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