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Abstract: Chloroquine (CQ) is an antimalarial drug known to inhibit autophagy flux by impairing
autophagosome-lysosome fusion. We hypothesized that autophagy flux altered by CQ has a con-
siderable influence on the lipid composition of endothelial cells. Thus, we investigated endothelial
responses induced by CQ on human microvascular endothelial cells (HMEC-1). HMEC-1 cells after
CQ exposure were measured using a combined methodology based on label-free Raman and fluores-
cence imaging. Raman spectroscopy was applied to characterize subtle chemical changes in lipid
contents and their distribution in the cells, while the fluorescence staining (LipidTox, LysoTracker and
LC3) was used as a reference method. The results showed that CQ was not toxic to endothelial cells
and did not result in the endothelial inflammation at concentrations of 1-30 uM. Notwithstanding, it
yielded an increased intensity of LipidTox, LysoTracker, and LC3 staining, suggesting changes in the
content of neutral lipids, lysosomotropism, and autophagy inhibition, respectively. The CQ-induced
endothelial response was associated with lipid accumulation and was characterized by Raman spec-
troscopy. CQ-induced autophagosome accumulation in the endothelium is featured by a pronounced
alteration in the lipid profile, but not in the endothelial inflammation. Raman-based assessment of
CQ-induced biochemical changes offers a better understanding of the autophagy mechanism in the
endothelial cells.
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1. Introduction

Chloroquine (CQ, an antimalarial drug with anti-inflammatory properties) is a well-
known lysosomotropic compound. Chloroquine (CQ) and its derivatives came into the
spotlight of the clinical interest in the context of the ongoing COVID-19 pandemic [1-3]. By
chemical nature, CQ belongs to cationic amphiphilic drugs (CADs); it is a weak base due
to its chemical properties (partition coefficient clogP = 4.63, and the negative logarithm
of the dissociation constant, pKa, is equal to 10.1). CQ easily goes through membranous
compartments and accumulates in acidic organelles where it is protonated and trapped,
yielding an increase in the pH of this environment. Lysosomes are regulators of lipid
metabolism [4], and intact autophagy is required for the maintenance of lipid homeostasis
in the endothelium [5]. CQ with its inhibitory effects on lysosomes and autophagy [6,7]
has a considerable influence on lipid metabolism, emerging as a key regulator of inflamma-
tion [8,9], proliferation [10], hypoxia [11], fat buffering [12], stress responses [13], and also
endothelial cell death [14]. Pathological states, which result from endothelium perturba-
tions, are mainly cardiovascular and metabolic complications [15]. CQ inhibits autophagy,
but knowledge of the autophagy modulation by CQ in the endothelium is limited [16].
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Therefore, it is not known whether CQ, by influencing the lysosomes and/or autophago-
somes, leads to abnormalities in the metabolism of lipids in the endothelium. CADs are
thought to alter the gene expression by hindering the activity of lysosomal phospholipases
and enzyme transport but increasing the production of phospholipids, cholesterol, and
even drugs or their metabolite accumulation. CQ as a member of CADs induces changes
in cell metabolism and leads to phospholipidosis, defined as a lysosomal storage disor-
der [17] resulting in abnormal accumulation of phospholipids in tissues and lamellar body
formation [18,19].

The aim of this study was to characterize the biochemical changes in the endothelial
cells in response to CQ treatment. In particular, we determined the composition of lipids in
cells after CQ treatment with the use of Raman imaging, a method of high sensitivity for
lipid detection [20].

2. Results and Discussion
2.1. Characterization of Endothelial Responses to CQ

CQ treatment resulted in a concentration-dependent decrease in the number of en-
dothelial cells (Figure 1A), indicating CQ toxicity at the concentrations of 50 uM and
higher. However, the expression of intercellular adhesive (ICAM-1), vascular cell adhesion
(VCAM-1), and von Willebrand factor (vWF) (Figure 1B) did not change in response to CQ
across the whole range of used concentrations. Thus, reduced viability of cells (Figure 1A)
was not the effect of inflammatory responses that were detected as an overexpression
of ICAM-1, VCAM-1, or vWFE In turn, fluorescence staining for neutral lipids (LipidTox,
Figure 1C) showed a statistically significant increase (ANOVA; p < 0.05) in the number of
cytoplasmic lipid spots in the cells treated with CQ, and the effect was most pronounced at
the concentration of 30 uM.
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Figure 1. HMEC-1 response to 24-h incubation with CQ: (A) Number of cells calculated based on Hoechst staining and
presented as a % of the control for the nucleus number; (B.1) vWF; (B.2) ICAM-1; (B.3) VCAM-1 expression (ANOVA;
* p-value < 0.05, ** p-value < 0.01, **** p-value < 0.0001); representative fluorescence images of cells stained with Hoechst
and LipidTox (C.1) fluorescence intensity of lipid spots (C.2) and their mean number in the cytoplasm (C.3). CQ affected
cell viability at 50 uM, had no effect on vVWF, VCAM-1, ICAM-1 overexpression, and increased the neutral lipid content
(ANOVA, p-value < 0.05). Average fluorescence value from six wells was quantified from >9000 cells per well. Results were

obtained from three independent experiments.

2.2. Efects of CQ on Lysosomes, Phospholipidosis, and Autophagy

LysoTracker-based fluorescent staining specific for lysosomal structures and other
acidic organelles was applied to analyze the effects of CQ on lysosomes. Increased Lyso-
Tracker fluorescence intensity was observed for cells treated with CQ (1, 10, and 30 uM), as
shown in Figure 2. It has been previously demonstrated that increased LysoTracker inten-
sity in response to CADs was related to lysosomal biogenesis and /or increased lysosomal
activity [16]. It is possible that treatment with highly alkaline lysosomotropic compounds
increased the number of lysosomes in cells in response to increased cellular pH. However,
in our study, LysoTracker intensity in cells treated with 30 uM CQ decreased in comparison
to those exposed to 10 uM CQ. That difference is probably related to CQ accumulation,
observed by means of Raman imaging, described below. CQ at a concentration of 30 uM
increased the number of lysosomes, but then accumulated in their interior area, causing
its neutralization and subsequently decreasing the fluorescence intensity of LysoTracker.
A slight decrease in LysoTracker intensity at 30 pM CQ in comparison to 10 pM may also
suggest that the Golgi apparatus could be disrupted, but to verify this issue directly, further
studies are required.

In this paper, two types of HCS LipidTox staining were applied—LipidTox Deep Red
Neutral Lipid Stain (Figure 1C) and LipidTOX Green Phospholipidosis Detection Reagent
(Figure 3), both suitable to study toxic side effects of compounds on lipid metabolism in
mammalian cell lines. According to the manufacturer, the LipidTox Deep Red has high
specificity to neutral lipids and an extremely high affinity for neutral lipid droplets. The
LipidTOX Green Phospholipidosis Detection Reagent is dedicated to phospholipidosis
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detection, which is often triggered by cationic amphiphilic drugs. Within 24 h of incubation
with CQ, the increase in fluorescence intensity of LipidTOX for phospholipidosis detection
was significant.
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Figure 2. Representative fluorescence images of LysoTracker Deep Red staining of HMEC-1
for control and CQ-treated cells (A). Quantification of the fluorescence intensity (B); ANOVA
**#* p-value < 0.0001) for LysoTracker reveals significantly increased lysosomal volume for cells
treated with 1, 10, 30 uM CQ in comparison to the untreated control. Average fluorescence value from
three wells was quantified from >9000 cells per well. Results were obtained from three independent
experiments. Color differences in the fluorescence image are related to the background noise and
maximum values of the fluorescence intensity for control and CQ-treated cells.
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Figure 3. Representative fluorescence images of LipidTOX Phospholipids Green staining of HMEC-1 for control and
CQ-treated cells (A). Quantification of the fluorescence intensity (B); ANOVA *** p value < 0.001, ** p value < 0.01) for
LipidTOX Phospholipid Detection Reagent reveals significantly increased phospholipid contents for cells treated with 1, 10,
and 30 uM CQ in comparison to untreated control. The average fluorescence value from three wells was quantified from
>9000 cells per well. Results were obtained from three independent experiments.
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Autophagosomes, with pH around 6 [21], could also affect the fluorescent intensity
of LysoTracker. In the context of CADs, this hypothesis was discussed before, since CQ
is widely used as an autophagy inhibitor [6,22,23]. The acidic vesicular organelles could
be a marker of autophagy, connected to the conversion of microtubule-associated protein
1 light chain (LC3); therefore, to confirm the hypothesis about the relation between CQ
and autophagy, we performed immunocytochemistry for LC3 (Figure 4). As expected,
the CQ-treated cells at 10 and 30 uM concentrations were characterized by much larger
LC3-positive structures compared to the control cells. The lipidated form of LC3 (known
as LC3-II) is usually linked to the mature stage of autophagosomes. The autophagosome
formation results in LC3 cleavage into LC3-I, which may be later transformed into a lipi-
dated form by conjugation to phosphatidylethanolamine (L3-1I). The LC3-II incorporated
into autophagosomes is a clear indicator of autophagy, which may lead to the late stage of
autophagy, including autophagosome fusion with lysosomes and/or lysosomal degrada-
tion [24]. CQ resulted in late autophagic inhibition by impairing autophagosome-lysosome
fusion, similar to bafilomycin A; [25]. It was believed that those two compounds may block
autophagy by a lysosomal pH increase, reducing the activity of lysosomal enzymes and
their degradation capacity as a result. However, in [6], the authors claimed that autophagy
inhibition by CQ indirectly comes from Golgi disorganization and the effect on endoso-
mal function [6,23]. Therefore, increased autophagosome accumulation demonstrated in
Figure 4 is consistent with previously reported results. Atalower CQ concentration (1 uM),
fluorescence specific for LC3-possitive structures was not observed, but LysoTracker stain-
ing showed changes in the lysosomal and acidic structures of cells treated with 1 uM CQ
(p-value < 0.0001).

B
Hoechst
LC3
s
T
o
° -
= *kkk
: —
s 0.10
2
E [ *okdk
) 2
gl £
Q o
3 0.05-
=
Q
0
?
g
o
=
- L 0.00- T
: S N8
: X
(¢ oo
© © concentration (uM)

Figure 4. Immunofluorescence images of LC3 staining of HMEC-1 for control and CQ-treated cells (A). Quantification of
the LC3 fluorescence intensity (B; ANOVA **** p < 0.0001) showed significantly increased autophagosome numbers for cells
treated with 10 and 30 uM CQ in comparison to the untreated control. The average fluorescence value from three wells
was quantified from >9000 cells per well. Results were obtained from four independent measurements in reference to the
untreated control.



Int. ]. Mol. Sci. 2021, 22, 2401

6 of 13

vCH,

=C

vC

vasym(O-P-O)

Vs)‘nl(N+(C H3)3

chloroquine choline moiet

lipids
2850 cm’

2.3. Characterization of Lipid Changes Induced by CQ Using RAMAN Imaging

To better understand the biochemical alterations observed with LysoTracker staining
and LC3 immunocytofluorescence in HMEC-1 upon CQ treatment, Raman imaging was
performed. HMEC-1 cells were treated with CQ under the same conditions as for fluores-
cence imaging (24 h at 1, 10, and 30 uM concentration). CQ treatment caused accumulation
of lipids within the endoplasmic reticulum and perinuclear region. In Figure 5, Raman
images show the distribution of selected biochemical components of the cells and CQ,
based on the integral intensity of characteristic bands for each chemical species. Raman
images showed cellular CQ at a concentration 30 uM, clearly indicating its lysosomotropic
properties based on characteristic 1563 cm ™! band (as well as 1378 cm~!—data not shown
here) assigned to vC = C in quinoline and vC = C in the JCH quinolone of CQ [26]. The
integration map of the band at 718 cm™! for the choline moiety (vsym (N* (CH3z)3) shows the
distribution of choline-containing lipids, such as phosphatidylcholine and sphingomyelin,
the major phospholipids in eukaryotic cells [27]. Integration of the band at 2850 cm ™!
reflects the overall lipid distribution and abundance (vCH; in the range of 2830-2900 cm™ ).
The nucleus was visualized by integration of a band characteristic of nucleic acids (vgsym(O-
P-O) at 785 cm~!). Regions in Raman images with an increased content of lipids and
choline-containing lipids after stimulation with CQ show similar distribution in the perinu-
clear region, such as LysoTracker, LC3, and LipidTox (Figures 1-4). These results clearly
showed that CQ, a well-known lysosomotropic drug, induced an increase in the cellular
lipid content.

y
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Figure 5. Examples of Raman images of the HMEC-1 cells: the control cells and cells incubated with 1, 10, and 30 uM of CQ
for 24 h. Raman maps based on specific bands were obtained with a 532 nm laser wavelength and with a sampling density
of 0.3 um, which clearly shows the lipid accumulation in the CQ-treated cells. Arrows indicate CQ accumulations in cells.
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The number of spots related to lipids in general and choline-containing lipids in
particular, as well as their Raman intensity, was noticeably higher after the treatment with
10 and 30 uM of CQ (Figure 5), which was confirmed by the increased fluorescence intensity
of LipidTox Phospholipid Green staining (Figure 3). Since, after 24 h of CQ-treatment a
pronounced increase in the size of lipid spots and their fluorescence intensity was observed,
increased lysosomal volume can be hypothesized.

The average spectra of newly formed lipid accumulations were obtained by k-means
cluster analysis (KMCA) for which further analysis and comparison were conducted. This
approach enabled us to extract average spectra from cell organelles that vary in biochemical
composition, enabling us to reduce the very high number of single spectra and to visualize
the cell classes. Representative results of KMCA are presented in Figure 6 as a general
idea of this analysis. Such an approach allowed discrimination of a newly formed class
of lipid accumulations (marked in red and violet) after CQ treatment, based on increased
intensities of the typical Raman signature of lipids: 1305 cm ™! (tCH,/CHj3), 1440 cm ™!
(6CH,), 1660 cm~! (vC = C), 2850 and 2880 cm~! due to TCH,/CHjz. A nucleus class
(marked in blue) was separated based on typical marker bands of nucleic acids at 785
and 1096 cm ! due to Uasym(O-P-O) and (PO, ), respectively. The perinuclear area class
(marked in green), rich in membranous organelles such as the endoplasmic reticulum,
Golgi apparatus, lysosomes, and mitochondria, was separated from the cytoplasm (orange)
by an overall higher Raman signal resulting from a higher contribution of cytochromes
(751, 1128, 1315, and 1585 cm 1), proteins which are present in mitochondria and higher
amounts of lipids (2850 cm 1), as well as choline-containing lipids manifested by a higher
intensity of bands at 718 (v[-N*(CHj3)3]) and 1089 cm ™1 9(PO437) [28,29]. The magenta class
is a mixture of lipids and CQ; it has a typical lipidic spectral profile and two characteristic
CQ bands such as 1378 and 1563 cm 1.

Average spectra of lipid accumulations identified in cells treated with CQ are pre-
sented in Figure 7. A direct comparison of spectra from 1, 10, and 30 uM of CQ-treated
cells indicates increased intensities of the typical Raman signature of lipids (described
above) and choline-containing lipids (718 cm~!). Intensities of those Raman features were
significantly higher for cells treated with 10 and 30 uM of CQ than with 1 pM, which
was determined by quantitative analysis based on the band integral intensities (ANOVA,
**p <0.001).

Figure 5 shows an increased content and distribution of lipids in comparison to control
cells, as described above. Spectra presented in Figure 7 were characterized by protein-
specific signal traces (1004 cm~!, Phe). The appearance of proteins in a class of lipid
deposits can be expected due to the presence of specific proteins associated with lysosomes
and autophagosomes, which are composed of soluble and transmembrane proteins found
on their surfaces [30,31]. In the present study, for semi-quantitative analysis, imaging was
performed with density probing of 1 um, which affected the image resolution but increased
the number of cells measured in a reasonable time.

Even though some general similarities in the lipid profiles observed in the Raman
images of lipid deposits were found, their composition varied between used concentrations
of CQ. The main differences are related to the presence of 426, 701, and 741 cm™! (charac-
teristic bands for cholesterol [32]) and 1750 cm~! (C=O stretching band indicates esterified
form) bands, which indicate the presence of cholesterol esters [32] in lipid accumulations,
detected after incubation with CQ 10 and 30 M. Moreover, the spectra of lipids found
in cells treated with a higher CQ concentration manifested a typical spectral profile of
unsaturated lipids by the presence of 1266 cm~! (6 = CH), 1660 (vC = C) em ™!, and low
intensity of 3005 cm~! Raman features. The spectral shape and ratio of 1266/1305 or
1660/1440 cm ! suggested monounsaturated lipids in the composition [32,33]. For lower
CQ concentrations, the protein content affected the spectroscopic signal from the class of
lipid accumulations. Protein traces in the lipid deposits in cells treated with 1 uM CQ can be
related to biological and technical aspects. The appearance of proteins in lipidic structures
might be expected due to the presence of specific proteins associated with their structures
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as observed for lipid droplets. CQ treatment increased the content of choline-containing
lipids in the perinuclear region (Figure 7B) but did not affect the nucleic acid signal in-
tensity from the nuclear class as shown in Figure 7C. Raman imaging does not provide
an adequate spatial resolution to investigate proteins exclusively attached to cellular or
subcellular membranes, since the recorded Raman signal must be averaged from the whole
volume of spots. Raman intensities of lipid accumulations and associated proteins can
be related to protein aggregation around those structures. The technical aspect of mixed
signals from lipids and proteins is related to the lateral resolution of the Raman system,
applied sampling density, and finally, the voxel size that can also affect the average signal
collected not only from the focal plane of lipid accumulations but also from the area above

and/or below.
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Figure 6. Representative KMCA of the lysosomotropic effect of CQ (30 uM) on HMEC-1. Average
spectra of CQ with lipids, lipids, perinuclear region, cytoplasm, and nucleus were generated (color-
coded with the KMCA image) based on KMCA and the reference spectrum of CQ in the solid-state.
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(785 cm 1) marker band in the nuclear area for HMEC-1 treated with 1, 10, 30 uM of CQ. (ANOVA; * p <0.05,**p <0.01,

*#** p < 0.0001; n = 10 per treatment condition, three independent experiments). (D) Reference Raman spectra of lipids,
obtained with 532 nm laser line.
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3. Materials and Methods
3.1. Cell Culture

Human dermal microvascular endothelial cells (HMEC-1) were maintained in com-
plete MCDB131 medium (Gibco, Life Technologies, Grand Island, NY, USA) at 37 °C/5%
CO,. HMEC-1 (3rd passage) cells were seeded at a concentration of 18 x 104 and left for
24 h on CaF2 slides (Crystran LTD, Poole, Dorset, UK). For Raman measurements, cells
were treated with various concentrations of CQ for 24 h. Then cells were fixed using 2.5%
solution of glutaraldehyde in phosphate-buffered saline (PBS; Gibco, Life Technologies,
Grand Island, NY, USA) for 5 min. The cell density seeded for fluorescence imaging was
3 x 104 per well.

3.2. Raman Measurements with Data Analysis and Processing

Raman images were acquired using a confocal Raman microscope (WITec alpha300,
Ulm, Germany) supplied with air-cooled solid-state lasers operating at 532 nm. A water
immersion objective (60 x 1.0 NA) was applied, and the power of the laser at the sample
position was ca. 30 mW. Data were collected with an acquisition time per spectrum
of 0.5 s, sampling density of 1 um, and a spectral resolution of 3 cm~!. For each of
three independent experiments, ten cells were measured per treatment condition. K-
means cluster analysis (KMCA) was performed to define major cellular structures (nucleus,
perinuclear area (lipid-rich cytoplasmic area with a strong contribution of endoplasmic
reticulum), lipid accumulation, and protein-rich cytoplasmic area, of which average spectra
were further analyzed and provided information about the biochemical changes between
the control and CQ-treated cells. Data acquisition was controlled by the WITec alpha
300 software package. Pre-processing included cosmic spike removal, and background
subtraction (using a polynomial fit, order 3) was performed using Project FIVE 5.1 Plus
software (WITec GmbH, Ulm, Germany). Raman images were generated by using a
summed filter -signal intensity over a defined wavenumber range representative of the
molecular vibrations of interest, which were integrated and the background subtracted as
a linear baseline from the first to second border as defined by the summed filter.

3.3. Fluorescent and Immunofluorescent Staining

HMEC-1 cells were seeded in 96-well plates and left overnight to attach. After CQ
treatment, cells were stained with the LysoTracker Deep Red probe (Invitrogen, Carlsbad,
CA, USA) and Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) in triplicate wells. Lyso-
Tracker Deep Red was diluted to a 60 nM concentration and applied in a 1-h incubation,
after which cells were stained with Hoechst 33342 (1:1000). The measurement was per-
formed on live cells in cell culture media without phenol red, using a CQ1 automated
confocal microscope (Yokogawa, Tokyo, Japan) with an excitation wavelength of 647 nm
and an emission wavelength of 668 nm for Lysotracker Deep Red and wavelengths of
350 nm and 461 nm, respectively, for Hoechst. Side effects of CQ on lipid metabolism were
detected with LipidTox Green Phospholipidosis Detection Reagent (Invitrogen, Carlsbad,
CA, USA). LipidTox was diluted in full media (1:500) and then filtered with a syringe filter
(2 pm pore size). Cells were loaded with LipidTOX simultaneously with the drug treatment
according to the manufacturer’s protocol. Then, cells were fixed and counterstained with
Hoechst (1:1000) for 10 min. The excitation/emission values of LipidTox were 495/525 nm.

The expression of VCAM-1, ICAM-1, and vIWWF was assessed using immunofluorescent
staining (six wells per CQ concentration). After 24-h exposure to CQ, cells were fixed with
4% buffered formalin for 10 min. Primary antibodies were added for 24 h after initial
permeabilization and the blocking step. The following primary antibodies were used:
rabbit-anti-mouse von Willebrand factor (Abcam, Cambridge, UK; 1:100), mouse ICAM-1
(ThermoFisher, Waltham, MA, USA; 1:250), and rat VCAM-1 (ThermoFisher, Waltham, MA,
USA; 1:200). After overnight incubation, cells were washed twice in PBS before the addition
of secondary antibodies (all from Jackson ImmunoResearch Europe Ltd, Cambridge, UK);
Alexa Fluor 488-conjugated goat-anti-rabbit (excitation: 493 nm, emission: 519 nm), Cy3-
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conjugated goat-anti-rat (excitation: 550 nm, emission: 570 nm) or Biot SP-conjugated
goat-anti-rat, followed by Alexa Fluor 594-conjugated streptavidin (excitation: 591 nm,
emission: 614 nm) and nuclear counterstaining (Hoechst 33258), enabling evaluation of the
cytotoxicity based on cell count. Lipids were visualized by LipidTox Deep Red Neutral
Lipid staining (Invitrogen, Carlsbad, CA, USA; 1:200).

For LC3 assessment, cells were treated with CQ for 24 h in triplicate wells. The LC3
Detection Kit (ThermoFisher, Invitrogen, Carlsbad, CA, USA) was employed to stain LC3
based on the manufacturer’s protocol. Cells were fixed with 4% buffered formalin for
10 min. After permeabilization with Triton, cells were incubated with primary antibody
in normal serum goat solution for 1 h at room temperature. After washing three times in
PBS, cells were incubated with secondary antibody (Alexa Fluor 488 goat-anti-rabbit) and
Hoechst 33258 for nucleus counterstaining. Each staining was performed in a minimum of
three independent experiments. All fluorescent images were captured with CQ1 Yokogawa,
an automated, confocal fluorescence microscope, using a 20x objective. For each well, six
fields with ~1500 cells per field (six planes along the z-axis from one field) were measured.

The fluorescence intensity of LipidTox, LysoTracker, and LC3 was assessed by using a
spot intensity algorithm (Columbus software, Perkin Elmer, Waltham, MA, USA), while
the expression of VCAM-1, ICAM-1, and vWEF, as well as the intensity of the cytoplasm,
was calculated per number of cells.

4. Conclusions

Changes in the chemical composition of endothelial cells in response to CQ are fea-
tured by lipid accumulations within the perinuclear region and cytoplasm. The lipid
accumulations were characterized by in vitro Raman and fluorescent analyses of HMEC-1
cells treated with CQ at a micromolar range of concentrations. Spectral profiles of lipid
deposits strongly depended on the CQ concentration. However, there was no linear re-
lationship between the total amount of cellular lipids and the concentration of the drug.
While choline-containing lipid signals increased for all cells treated with CQ, Raman fea-
tures of cholesterol esters (characterised by bands at 426, 701, 1750 cm_l) and an increased
total lipid content (a band at 2850 cm~!) were observed in the endothelial cells treated
with the higher CQ (10 and 30 uM) concentrations. The important observation of this
study was the demonstration that endothelial cells treated with CQ showed an increased
content of lipids with the choline moiety (718 cm™!) in the perinuclear region. Fluorescence
and immunofluorescence (LysoTracker and LC3) staining confirmed the accumulation of
lysosomes and autophagosomes in the endothelial cell exposed to CQ, suggesting that
the occurrence of lipid deposits was related to lysosomotropism and autophagy inhibi-
tion by CQ. Further studies are needed to understand better the link between changes in
lipid composition and accumulation in the cytoplasm and the perinuclear region with the
mechanism of autophagy in the endothelial cells.

Author Contributions: S.C., KM., E.B.,, M.B.—Conceptualization, 5.C., K M., M.B.—Supervision;
K.M., E.B.—Writing—original draft; E.B.—Visualization; K.M., S.C.—Resources and Project ad-
ministration; E.B., L.M., KM. and J.O.—Investigation, Methodology; E.B., K M.—Formal analysis,
Writing—review & editing; K. M.—Funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financed by the Ministry of Science and Higher Education (Iuventus
Plus, project number 0464 /1P1/2016/74) and National Science Centre (Preludium, project number
UMO-2019/35/N/ST4/03896, approval date: 18.05.2020). EB acknowledges the fellowship with the
project no. POWR.03.02.00-00-1013/16. The open-access publication of this article was funded by the
Priority Research Area BioS under the program “Excellence Initiative—Research University” at the
Jagiellonian University in Krakow.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2021, 22, 2401 12 0f 13

Data Availability Statement: The datasets generated during and/or analysed during the current
study are not publicly available due their massive file size but are available from the corresponding
author on reasonable request.

Acknowledgments: Authors would like to express special gratitude to Renata Budzynska (JCET U]J)
for cell culture maintenance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Gao,]; Tian, Z.; Yang, X. Breakthrough: Chloroquine phosphate has shown apparent efficacy in treatment of COVID-19 associated
pneumonia in clinical studies. Biosci. Trends 2020, 14, 72-73. [CrossRef] [PubMed]

2. Liu, J; Cao, R;; Xu, M.; Wang, X.; Zhang, H.; Hu, H.; Li, Y.; Hu, Z.; Zhong, W.; Wang, M. Hydroxychloroquine, a less toxic
derivative of chloroquine, is effective in inhibiting SARS-CoV-2 infection in vitro. Cell Discov. 2020, 6, 6-9. [CrossRef]

3. Wang, M,; Cao, R;; Zhang, L.; Yang, X; Liu, J.; Xu, M.; Shi, Z.; Hu, Z.; Zhong, W.; Xiao, G. Remdesivir and chloroquine effectively
inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 2020, 30, 269-271. [CrossRef]

4. Thelen, AM.; Zoncu, R. Emerging Roles for the Lysosome in Lipid Metabolism. Trends Cell Biol. 2017, 27, 833-850. [CrossRef]
[PubMed]

5. Torisu, K; Singh, K.K,; Torisu, T.; Lovren, E; Liu, J.; Pan, Y.; Quan, A.; Ramadan, A.; Al-Omran, M.; Pankova, N.; et al. Intact
endothelial autophagy is required to maintain vascular lipid homeostasis. Aging Cell 2016, 15, 187-191. [CrossRef]

6.  Mauthe, M,; Orhon, I.; Rocchi, C.; Zhou, X.; Luhr, M.; Hijlkema, K.J.; Coppes, R.P,; Engedal, N.; Mari, M.; Reggiori, F. Chloroquine
inhibits autophagic flux by decreasing autophagosome-lysosome fusion. Autophagy 2018, 14, 1435-1455. [CrossRef] [PubMed]

7. Neill, T,; Chen, C.G.; Buraschi, S.; Iozzo, R.V. Catabolic degradation of endothelial VEGFA via autophagy. J. Biol. Chem. 2020, 295,
6064-6079. [CrossRef]

8. Harvey, K.A.; Xu, Z; Pavlina, T.M.; Zaloga, G.P,; Siddiqui, R.A. Modulation of endothelial cell integrity and inflammatory
activation by commercial lipid emulsions. Lipids Health Dis. 2015, 14, 1-16. [CrossRef]

9.  Harvey, K.A,; Walker, C.L.; Xu, Z.; Whitley, P; Siddiqui, R.A. Trans fatty acids: Induction of a pro-inflammatory phenotype in the
endothelial cells. Lipids 2012, 47, 647-657. [CrossRef]

10. Whatley, R.E.; Satoh, K.; Zimmerman, G.A.; McIntyre, T.M.; Prescott, S.M. Proliferation-dependent changes in release of
arachidonic acid from endothelial cells. J. Clin. Investig. 1994, 94, 1889-1900. [CrossRef] [PubMed]

11.  Scarfo, L.M.; Weller, P.E; Farber, H.W. Induction of endothelial cell cytoplasmic lipid bodies during hypoxia. Am. J. Physiol. Circ.
Physiol. 2001, 280, H294-H301. [CrossRef]

12.  Ibrahim, A.; Arany, Z. Does Endothelium Buffer Fat? Circ. Res. 2017, 120, 1219-1221. [CrossRef] [PubMed]

13.  Colombo, S.; Melo, T.; Martinez-Lopez, M.; Carrasco, M.J.; Domingues, M.R.; Pérez-Sala, D.; Domingues, P. Phospholipidome of
endothelial cells shows a different adaptation response upon oxidative, glycative and lipoxidative stress. Sci. Rep. 2018, 8, 12365.
[CrossRef]

14. Magtanong, L.; Ko, PJ.; Dixon, S.J. Emerging roles for lipids in non-apoptotic cell death. Cell Death Differ. 2016, 23, 1099-1109.
[CrossRef]

15. Campia, U.; Moslehi, J.].; Kordestani, L.A.; Barac, A.; Beckman, J.A.; Chism, D.D.; Cohen, P,; Groarke, ].D.; Herrmann, J.; Reilly,
C.M,; et al. Cardio-Oncology: Vascular and Metabolic Perspectives: A Scientific Statement From the American Heart Association.
Circulation 2019, 139, 838-839. [CrossRef]

16. Lu,S.; Sung, T; Lin, N.; Abraham, R.T.; Jessen, B.A. Lysosomal adaptation: How cells respond to lysosomotropic compounds.
PLoS ONE 2017, 12, €173771. [CrossRef]

17.  Halliwell, W.H. Cationic Amphiphilic Drug-Induced Phospholipidosis. Toxicol. Pathol. 1997, 25, 53—-60. [CrossRef]

18.  Nonoyama, T.; Fukuda, R. Drug-induced phospholipidosis—Pathological aspects and its prediction. J. Toxicol. Pathol. 2008, 21,
9-24. [CrossRef]

19.  Schmitz, G.; Muller, G. Structure and function of lamellar bodies, lipid-protein complexes involved in storage and secretion of
cellular lipids. J. Lipid Res. 1991, 32, 1539-1570. [CrossRef]

20. Czamara, K.; Adamczyk, A.; Stojak, M.; Radwan, B.; Baranska, M. Astaxanthin as a new Raman probe for biosensing of specific
subcellular lipidic structures: Can we detect lipids in cells under resonance conditions? Cell. Mol. Life Sci. 2020. [CrossRef]

21. Maulucdi, G.; Chiarpotto, M.; Papi, M.; Samengo, D.; Pani, G.; De Spirito, M. Quantitative analysis of autophagic flux by confocal
pH-imaging of autophagic intermediates. Autophagy 2015, 11, 1905-1916. [CrossRef] [PubMed]

22. Wu, K;; Zhang, Q.; Wu, X,; Lu, W,; Tang, H.; Liang, Z.; Gu, Y.; Song, S.; Ayon, R.J.; Wang, Z.; et al. Chloroquine is a potent
pulmonary vasodilator that attenuates hypoxia-induced pulmonary hypertension. Br. J. Pharmacol. 2017, 174, 4155-4172.
[CrossRef] [PubMed]

23. Pestana, C.R;; Oishi, ].C.; Sobreiro, H.; Gerson, S.A.; Rodrigues, J. Inhibition of autophagy by chloroquine stimulates nitric oxide

production and protects endothelial function during serum deprivation. Cell. Physiol. Biochem. 2015, 37, 1168-1177. [CrossRef]
[PubMed]


http://doi.org/10.5582/bst.2020.01047
http://www.ncbi.nlm.nih.gov/pubmed/32074550
http://doi.org/10.1038/s41421-020-0156-0
http://doi.org/10.1038/s41422-020-0282-0
http://doi.org/10.1016/j.tcb.2017.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28838620
http://doi.org/10.1111/acel.12423
http://doi.org/10.1080/15548627.2018.1474314
http://www.ncbi.nlm.nih.gov/pubmed/29940786
http://doi.org/10.1074/jbc.RA120.012593
http://doi.org/10.1186/s12944-015-0005-6
http://doi.org/10.1007/s11745-012-3681-2
http://doi.org/10.1172/JCI117539
http://www.ncbi.nlm.nih.gov/pubmed/7962534
http://doi.org/10.1152/ajpheart.2001.280.1.H294
http://doi.org/10.1161/CIRCRESAHA.117.310865
http://www.ncbi.nlm.nih.gov/pubmed/28408444
http://doi.org/10.1038/s41598-018-30695-0
http://doi.org/10.1038/cdd.2016.25
http://doi.org/10.1161/CIR.0000000000000641
http://doi.org/10.1371/journal.pone.0173771
http://doi.org/10.1177/019262339702500111
http://doi.org/10.1293/tox.21.9
http://doi.org/10.1016/S0022-2275(20)41642-6
http://doi.org/10.1007/s00018-020-03718-1
http://doi.org/10.1080/15548627.2015.1084455
http://www.ncbi.nlm.nih.gov/pubmed/26506895
http://doi.org/10.1111/bph.13990
http://www.ncbi.nlm.nih.gov/pubmed/28849593
http://doi.org/10.1159/000430240
http://www.ncbi.nlm.nih.gov/pubmed/26402856

Int. J. Mol. Sci. 2021, 22, 2401 13 0f 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wan, ].H.; Weiss, E.; Mkaddem, S.B.; Mabire, M.; Choinier, PM.; Picq, O.; Thibault-Sogorb, T.; Hegde, P; Pishvaie, D.; Bens, M.;
et al. LC3-associated phagocytosis protects against inflammation and liver fibrosis via immunoreceptor inhibitory signaling. Sci.
Transl. Med. 2020, 12, 1-13. [CrossRef]

Yamamoto, A.; Tagawa, Y.; Yoshimori, T.; Moriyama, Y.; Masaki, R.; Tashiro, Y. Bafilomycin A1 Prevents Maturation of Autophagic
Vacuoles by Inhibiting Fusion between Autophagosomes and Lysosomes in Rat Hepatoma Cell Line, H-4-1I-E Cells. Cell Struct.
Funct. 1998, 23, 33-42. [CrossRef]

Frosch, T.; Schmitt, M.; Bringmann, G.; Kiefer, W.; Popp, J. Structural Analysis of the Anti-Malaria Active Agent Chloroquine
under Physiological Conditions. J. Phys. Chem. B 2007, 111, 1815-1822. [CrossRef]

Steinbauer, B.; Mehnert, T.; Beyer, K. Hydration and lateral organization in phospholipid bilayers containing sphingomyelin: A
2H-NMR study. Biophys. J. 2003, 85, 1013-1024. [CrossRef]

Bik, E.; Mielniczek, N.; Jarosz, M.; Denbigh, J.; Budzynska, R.; Baranska, M.; Majzner, K. Tunicamycin induced endoplasmic
reticulum changes in the endothelial cells investigated: In vitro by confocal Raman imaging. Analyst 2019, 144, 6561-6569.
[CrossRef]

Bik, E.; Dorosz, A.; Mateuszuk, L.; Baranska, M.; Majzner, K. Fixed versus live endothelial cells: The effect of glutaraldehyde
fixation manifested by characteristic bands on the Raman spectra of cells. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020,
240, 118460. [CrossRef]

Schwake, M.; Schroder, B.; Saftig, P. Lysosomal Membrane Proteins and Their Central Role in Physiology. Traffic 2013, 14, 739-748.
[CrossRef]

Mizushima, N.; Yoshimori, T.; Levine, B. Methods in mammalian autophagy research. Cell 2010, 140, 313-326. [CrossRef]
[PubMed]

Czamara, K.; Majzner, K,; Pilarczyk, M.; Kochan, K.; Kaczor, A.; Baranska, M.; Czamara, K.; Majzner, K.; Pacia, M.Z.Z.; Kochan,
K.; et al. Raman spectroscopy of lipids: A review. ]. Raman Spectrosc. 2015, 46, 4-20. [CrossRef]

Majzner, K.; Tott, S.; Roussille, L.; Deckert, V.; Chlopicki, S.; Baranska, M. Uptake of fatty acids by a single endothelial cell
investigated by Raman spectroscopy supported by AFM. Analyst 2018, 143, 970-980. [CrossRef] [PubMed]


http://doi.org/10.1126/scitranslmed.aaw8523
http://doi.org/10.1247/csf.23.33
http://doi.org/10.1021/jp065136j
http://doi.org/10.1016/S0006-3495(03)74540-8
http://doi.org/10.1039/C9AN01456J
http://doi.org/10.1016/j.saa.2020.118460
http://doi.org/10.1111/tra.12056
http://doi.org/10.1016/j.cell.2010.01.028
http://www.ncbi.nlm.nih.gov/pubmed/20144757
http://doi.org/10.1002/jrs.4607
http://doi.org/10.1039/C7AN01043E
http://www.ncbi.nlm.nih.gov/pubmed/29372724

	Introduction 
	Results and Discussion 
	Characterization of Endothelial Responses to CQ 
	Efects of CQ on Lysosomes, Phospholipidosis, and Autophagy 
	Characterization of Lipid Changes Induced by CQ Using RAMAN Imaging 

	Materials and Methods 
	Cell Culture 
	Raman Measurements with Data Analysis and Processing 
	Fluorescent and Immunofluorescent Staining 

	Conclusions 
	References

