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Abstract

Introduction Doxorubicin (Dox), a potent chemotherapeutic agent, is associated
with cardiovascular complications. Dox-induced cardiotoxicity involves
accumulation of N°-(carboxymethyl)lysine (CML) and activation of its receptor,
RAGE (receptor for advanced glycation end-products) in the cardiac
microvasculature, potentially driven by NADPH oxidase (NOX)-mediated
oxidative stress. NOXS5 is a critical contributor to endothelial dysfunction. But its
role, alongside extracellular CML, in Dox-induced vascular dysfunction remains
unclear. This study investigated the impact of Dox and CML-bovine serum albumin
(CML-BSA) on endothelial oxidative stress, and the involvement of NOXS therein.

Materials and methods Human umbilical vein endothelial cells (HUVECs) were
treated with Dox and/or CML-BSA for 6h, with or without NOXS5 inhibitor ML090.
Cell viability was assessed by MTT assay. Reactive oxygen species (ROS),
Nitrotyrosine (NT), NOXS5, RAGE and CML were visualized and quantified using
confocal immunofluorescence imaging and intensity analysis. Subcellular NOX5
localization was confirmed via immunofluorescence. Golgi apparatus morphology

was analyzed using electron microscopy.

Results Dox induced endogenous CML generation and the cellular CML levels
were increased further by CML-BSA. Dox significantly reduced cell viability,
which was not affected further by CML-BSA. Combined Dox and CML-BSA
treatment increased RAGE expression and nitrosative/oxidative stress, evidenced
by increased ROS, NT, and NOXS5 levels, which was suppressed by ML090. NOX5
localized primarily to the Golgi apparatus, which was fragmented after Dox

exposure.

Discussion and conclusion Extracellular CML-BSA exacerbated Dox-induced
CML accumulation and NOX5-related oxidative stress in endothelial cells. These
findings suggest elevated circulating CML may worsen Dox-induced cardiovascular
toxicity, aligning with clinical observations in diabetic patients.

Keywords: Doxorubicin; N°®-(carboxymethyl)lysine; NOXS5; Oxidative stress;
Human umbilical vein endothelial cells;
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Graphical Abstract
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Highlights:

* CML-BSA enhances Dox-induced endothelial dysfunction

* Dox and CML-BSA synergistically increase NOXS5 and RAGE in endothelial cells
* NOXS5 inhibition mitigates Dox- and CML-induced oxidative and nitrosative stress
* Golgi-localized NOXS links stress to organelle damage

* Circulating CML may amplify Dox-induced vascular toxicity via NOXS activation

1. Introduction

Doxorubicin (Dox) is a potent anthracycline chemotherapeutic compound for
treating childhood and adult malignancies, including hematological cancers such as
leukemias and lymphomas, and solid tumors such as breast cancer and sarcomas !,
It clinical utility is limited by cardiotoxicity, affecting 9-18% of cancer patients and
reaching an incidence of 26% for congestive heart failure incidence at cumulative
dose >550 mg/m>, with higher doses conferring exponentially greater risk/**. The
cardiotoxicity is associated with the development of cardiovascular disease!**), with
established toxic effects on endothelial cells (EC), that can lead to long term

impairment of cardiac and vascular function!®,
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Dox has been shown to induce damage and dysfunction of EC both in vitro as in
animal models in vivo, as indicated by increased production of pro-inflammatory
cytokines and adhesion molecules, lowered nitric oxide (NO) availability and
increased cell death!”’. A major contributor to Dox-induced endothelial dysfunction
is oxidative stress, evidenced by observed significant increases in reactive oxygen
species (ROS), myeloperoxidase (MPO) and reactive nitrogen species (RNS) in EC

both in vitro and in vivo® %,

Oxidative stress in EC is intrinsically linked to advanced glycation end products
(AGEs), as increased oxidative stress enhances AGE formation. AGEs are produced
through non-enzymatic reactions of sugars with proteins, lipids and nucleic acids
under conditions of oxidative stress and/or hyperglycemia, and can form both in the
blood and in tissues, including in EC!'!). In addition, exposure of EC to AGEs further
enhances oxidative stress, partly through interaction with their primary receptor,
RAGE!213]

There is increasing evidence supporting an important role for AGEs in Dox-induced
cardiovascular toxicity. N°®-(carboxymethyl)lysine (CML) is one of the most
abundant AGEs associated with aging and disease!'*'”). CML has been closely
linked to vascular pathology, with elevated circulating levels correlating with
cardiovascular events!'® and local deposition detected in blood vessels, for instance
contributing to atherosclerosis through both RAGE-dependent and RAGE-
independent pathways!'”'®. These features highlight CML as a key mediator of
endothelial dysfunction. Previously, we showed increased accumulation of the AGE
Né-(carboxymethyl)lysine (CML) in cardiac microvascular EC in Dox-treated
mice!'”. Moreover, Dox treatment of rats was shown to induce accumulation of
CML and another AGE pentosidine in cardiomyocytes, which correlated
significantly with decreased heart function and increased cardiac damage®”, and
with myocardial fibrosis, inflammation, oxidative stress and mitochondrial
damage!*'!, which could be ameliorated by AGE-inhibitors aminoguanidine and
pyridoxamine. Lastly, Dox-induced aortic stiffening in mice was accompanied with

increased accumulation of AGEs in the aortic wall??),

Interestingly, pre-exposure of human cardiomyocytes to exogenous CML in vitro
exacerbated the toxic effects of Dox[*). In line herewith, blockage or knockout of
RAGE in mice was recently shown to reduce Dox-induced cardiac damage and
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function loss*. These results suggest that extracellular AGEs can enhance Dox-
induced cytotoxicity. However, whether this is also the case in EC is unknown.

The primary source of ROS within EC are NADPH oxidases (NOXes). NOXes play
a putative role in endothelial dysfunction®, including in AGEs-induced oxidative
stress?®). Of the four NOX isoforms (NOX1,2,4 and 5) expressed in EC, NOXS5 is
arguably the least well studied, partly because the NOXS5 gene is not expressed in
commonly used rodent animal models. Contrary to NOX1,2,4, NOXS5 functions
independently of the p22phox subunit and is regulated by intracellular calcium
levels. Notably, increased NOXS expression was observed in EC of atherosclerotic
lesions of patients with coronary artery disease” and in the cardiac
microvasculature of myocardial infarction patients’®® and patients with severe
COVID19*”!, Moreover, NOXS5 overexpression promoted EC dysfunction in human

brain microvascular ECP*?, pointing to a role of NOXS5 in EC dysfunction.

However, whether NOXS5 plays a role in Dox-induced EC dysfunction, as well as
the effect thereon of extracellular AGEs, remains unknown. To investigate the effect
of extracellular CML, CML-modified bovine serum albumin (CML-BSA)P'= was
employed to assess the effects of Dox and extracellular AGEs on cell viability,
oxidative and nitrosative stress and RAGE expression in EC, with a focus on the
role of NOXS5 herein.

2. Materials and Methods

2.1 Materials and cells

Chemicals and reagents used in this study are listed in Table 1. Human Umbilical
Vein Endothelial Cells (HUVECSs) were obtained from ScienCell (#8000, Carlsbad,
CA, USA). The HUVECs were cultured in Endothelial Cell Medium with
endothelial cell growth supplement, antibiotic solution, and fetal bovine serum (FBS,
#1001, ECM; ScienCell). Doxorubicin hydrochloride (#DM1515, Sigma-Aldrich,
St. Louis, MO, USA) was prepared in as a stock solution by dissolving it in
Dimethylsulfoxide (DMSO) and stored at -80°C. CML-modified bovine serum

albumin (CML-BSA) was obtained from MBL CircuLex.
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Table 1. Chemicals and reagents used in this study

Name Source Code number

or CAS number

Endothelial Cell Medium (ECM)  ScienCell (USA) #1001
Endothelial cell growth  ScienCell (USA) #1052
supplement

Penicillin/streptomycin solution ScienCell (USA) #0503

Fetal bovine serum ScienCell (USA) #0025

NE& -(carboxymethyl)lysine (CML) MBL CircuLex #CY-R2052
-albumin

CellROX™ Deep Red Reagent Thermo Scientific (USA) C10422
Prolong Gold antifade reagent Thermo Scientific (USA) P36934

5,12-dihydroquinoxalino(2,3-b) Sigma-Aldrich (St. Louis, MO, USA)  S920371
quinoxaline (ML090)

Doxorubicin hydrochloride Sigma-Aldrich (St. Louis, MO, USA)  25316-40-9
(D1515-10mg)

Thiazolyl  Blue  Tetrazolium Sigma-Aldrich (St. Louis, MO, USA)  298-93-1
Bromide (MTT)

Dimethylsulfoxide (DMSO) Sigma-Aldrich (St. Louis, MO, USA)  67-68-5

2.2 Cell culture

The HUVECs were cultured in ECM at 37°C in a humidified 5% CO; environment.
HUVECs in passage 2-4 were used in all experiments, all experiments were
performed in complete endothelial cell medium without serum starvation™¥. For
experiments, the cells were cultured in 24- and 96-well plates. For
immunofluorescence analysis experiments the cells were cultured in 24-well plates
on glass coverslips. When the cells reached approximately 90% confluence, they
were exposed for 6 hours to ECM containing either Dox (final concentration = 10
uM), or CML-BSA (final concentration = 20 pug/ml), or a combination of Dox (10
uM) and CML-BSA (20 pg/ml). The concentration of CML-BSA (20 pg/ml)
exceeds mean serum levels reported in human (~0.3-0.5 pg/ml, >1 pg/ml in

[34,35

individuals with chronic conditionsP***!), but was chosen to ensure sufficient in

vitro exposure given that only a fraction of lysine residues on BSA are CML-
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modified. Notably, FBS contains a substantial amount of BSA (in the order of 2.5
mg/mlP%;), which corresponds to approximately 250 pg/ml BSA in the used
endothelial culture medium. This excess of non-glycated BSA served as a BSA
control. As Dox was dissolved in DMSO, ECM containing an equivalent
concentration of DMSO as present in the Dox supplemented medium, was used as
a control.

In experiments involving the NOXS5 inhibitor 5,12-dihydroquinoxalino(2,3-b)
quinoxaline (ML090)"7, the inhibitor was added to the ECM at a final concentration
of 0.01 uM, 30 minutes prior to addition of Dox and/or CML-BSA.

2.3 (Immuno)fluorescence staining

For immunofluorescence stainings, the cells were fixed after treatment with 4%
paraformaldehyde for 10 minutes at room temperature (RT) and subsequently
permeabilized using 0.1% (v/v) Trion X-100 in PBS for 10 min. After extensive
washing with PBS, the cells were blocked with a solution of 1% BSA and 0.1%
NaN3 in PBS. The cells were then incubated with primary antibodies: mouse-anti-
CMLP¥, rabbit-anti-Nitrotyrosine (Chemicon; AB5411, 1:500 dilution), mouse-
anti-GM 130 (abcam; ab169276, 1:100), goat-anti-RAGE (ab5484, 1:100 dilution)
and/or rabbit-anti-NOXS5 (abcam; ab191010, 1:1000 dilution) for 2 hours at RT.
After washing 3 times with PBS, the cells were incubated with secondary antibodies:
donkey-anti-rabbit I[gG(H+L) A488 (for NOX5 and nitrotyrosine, Jackson immune
research; 711-545-152, 1:500 dilution), goat-anti-mouse IgG(H+L) A488 (for
GM130, Thermo Fisher Scientific; A11029,1:500 dilution), donkey-anti-goat
IgG(H+L) A633 (for RAGE, Thermo Fisher Scientific; A21082,1:500 dilution) or
goat-anti-mouse IgG(H+L) A647 (for CML, Thermo Fisher Scientific;
A28181,1:500 dilution) for 1 hour at RT. Hoechst (1:1000 dilution) was used for
counterstaining cells. For superoxide detection, CellROX™ Deep Red Reagent
(Thermo Fisher Scientific; C10422) was added to the treated cells at a final
concentration of 5 uM at 37°C, 30 minutes before fixation in 4% paraformaldehyde,
Hoechst (Thermo Fisher Scientific; 62249; 1:1000 dilution) was used for
counterstaining cells simultaneously. After staining, the cells were covered with
Prolong Gold antifade reagent (Thermo Fisher Scientific; P36934) and the
coverslips were mounted onto glass slides. Cells that were stained without primary
antibody and without any antibody served as negative controls.
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A Leica DMi8 inverted microscope equipped with a Leica TCS SP8 X DLS camera
was used to image the slides at 400x and 600x magnification. 8-15 pictures were
taken from each individual sample per staining for analysis. For each marker, the
fluorescent intensity as well as the cell numbers were determined using ImageJ2 and
Qupath-0.5.0 software. The fluorescent intensity was divided by number of cells to
obtain the mean fluorescence intensity.

2.4 MTT Assay

Thiazolyl Blue Tetrazolium Bromide (MTT) assays**"!

were performed after 6 h
of exposure to provide an readout of metabolic viability (mitochondrial
dehydrogenase activity) under acute treatment conditions. The cells were cultured
in 96-well plates, MTT was dissolved in PBS to a stock concentration of 5 mg/mL
and filtered through a 22 pm filter to sterilize. After treatment of the cells, 10 pL of
prepared MTT solution was added to the medium and incubated at 37°C for 3 hours.
After conformation of purple formazan formation under a light microscope, the
medium was removed from the wells and 50 pL DMSO was added to each well to
fully solubilize the formazan, absorbance at 570 nm was subsequently measured

using a CLARIO star Plus microplate reader.
2.5 Transmission electron microscopy analysis

HUVECs were cultured in T75 flasks and treated with Dox or an equivalent
concentration of DMSO as a control for 6 hours. Following the treatment, an equal
volume of freshly prepared 2x fixative (1% Gluteraldehyde and 4%
paraformaldehyde in phosphate buffer, pre-warmed to RT) was added directly to the
culture medium within the T75 flask and fixation was conducted for 4 hours at RT.
The cells were then rinsed with PBS, collected using cell scrapers, post-fixed with
1% osmium tetroxide (OsOs) solution to enhance membrane contrast, and
subsequently dehydrated through a series of ethanol. The dehydrated cells were
pelleted and embedded in epon epoxy resin at 65°C to create solid embedding blocks.
Ultra-thin sections were prepared using a Leica Ultracut FC6 microtome, mounted
onto copper grids, and stained with uranyl acetate. 10-15 cells from each individual
sample were imaged at 30000% magnification. Imaging was performed using a
transmission electron microscope at 120 kV (Talos 120 with Ceta 16 M camera and
Tecnai T12 with Velata and Xarosa camera).
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2.6 Statistics

GraphPad Prism (version 9, San Diego, CA, USA) was used for the design and
generation of graphs. Statistical analyses were conducted using GraphPad Prism,
SPSS (version 26.0, Armonk, NY, USA). Each experiment was replicated a
minimum of three times. Two-group comparisons were analyzed using unpaired t-
tests, while comparisons among three or more groups were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple
comparisons. Data were presented using mean = [standard deviation (SD)], p value
below 0.05 was considered statistically significant.

3. Results

3.1 Effects of Dox on CML formation, RAGE expression and
accumulation of exogenous CML-BSA in HUVECs

To study the effects of Dox on the formation of CML in endothelial cells, HUVECs
were treated with 10 uM Dox for 6 h. Pharmacokinetic studies have shown that the
peak plasma concentration of Dox in patients exceeds 10 uM™!, followed by a
gradual decline over time. In our pilot experiments (data not shown), short-term
exposure (< 6-8 hours) to 10 uM Dox resulted in limited cell death (<15%), thereby
enabling the observation of acute endothelial stress rather than extensive
cytotoxicity. In DMSO-treated cells, low levels of CML were detected, whereas
Dox-treated cells exhibited increased level of CML, as demonstrated by fluorescent
staining (Figure 1A). The Dox-induced formation of CML in HUVECs was
primarily localized within the nucleus and peri-nuclear areas (Figure 1A) and the
CML levels in Dox-treated HUVECs were 2.50 £ 1.18-fold higher than in DMSO-
treated cells (p < 0.05; Figure 1B). For visualization, due to the faint CML signal
in control and Dox-only conditions, also digitally enhanced representative images
are shown. However, all quantifications were performed on raw, non-enhanced

images acquired under identical settings.

To study the effects of Dox on accumulation of exogenous CML in endothelial cells,
HUVECs were cultured with/without 10 pM Dox and with/without 20pg/mL CML-
BSA for 6 h. Especially in the Dox-treated cells, presence of exogenously added
CML-BSA in the culture medium resulted in elevated CML accumulation in
endothelial cells, that was found both intracellularly and on the plasma membrane
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(Figure 1A). Both in DMSO- and Dox-treated cells, addition of CML-BSA to the
culture medium resulted in significantly increased cellular CML levels,
predominantly localized to cell membrane and cytoplasmic regions, (respectively
2883 + 1204-fold and 13941 + 10535 fold higher than in DMSO-treated cells (p <
0.05)). However, this accumulation of CML was higher in Dox-treated cells
compared to DMSO-treated (4.8 + 2.38-fold p < 0.05; Figure 1B). The DMSO did
not significantly affect endogenous formation of CML, nor CML accumulation in
the presence of CML-BSA compared to HUVECs cultured in ECM alone (data not
shown).

Additionally, the effects of Dox and CML-BSA on RAGE expression in HUVECs
were investigated. Fluorescence staining showed RAGE primarily localized in the
peri-nuclear region and cytoplasm, with some plasma membrane staining (Figure
1C). Dox treatment significantly increased RAGE expression compared to the
DMSO group, with a notable enhancement in cytoplasmic RAGE expression (1.81
+ 0.62-fold, p < 0.05; Figure 1D). CML-BSA did not significantly affect RAGE
expression in DMSO-treated cells, whereas CML-BSA significantly increased
RAGE expression in Dox-treated cells, compared to Dox- and DMSO-treated cells
(2.43 + 1.37-fold, p<0.05, and 3.27 £+ 1.95-fold, p<0.01, respectively; Figure 1D).
The DMSO did not affect RAGE expression compared to HUVECs cultured in
ECM alone (data not shown).

We thus found that Dox increased both endogenous CML formation and RAGE
expression in endothelial cells, and the presence of extracellular CML-BSA further

increased accumulation of cellular CML and RAGE expression.
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Figure 1. Immunofluorescence staining and quantification of CML and RAGE in HUVECs
treated with Dox or/and CML-BSA

Shown are examples of immunofluorescence staining in HUVECs demonstrate the increased accumulation of CML
(A) and RAGE (C) following treatment with Dox (10 uM) or/and exogenous CML-BSA (20 pg/ml) for 6 h.
Endogenous CML was primarily detected in the nucleus and perinuclear regions (white arrows), as well as in the
cytoplasm (white dashed arrows), and was visualized in green. Red arrows indicate intracellular CML accumulation,
and red dashed arrows indicate intercellular accumulation induced by CML-BSA with/without Dox (A). To
visualize the faint signal under Dox-only conditions, fluorescence intensity in the representative Dox/DMSO
images was digitally enhanced (right, ‘Enhanced’), with the corresponding raw, non-enhanced images shown on
the left (‘Raw’). Importantly, all quantification in panel (B) was performed on raw, non-enhanced images acquired
under identical imaging settings. CML signal intensity was markedly higher under Dox + CML-BSA treatment
compared to Dox alone. To enable visualization under Dox-only conditions,. RAGE expression was observed as
aggregates in the perinuclear regions (white arrows) and the cytoplasm (white dashed arrows), stained in red (C).
The nucleic acid was counterstained in blue, as shown in the merged images (the second row), which combine
CML/RAGE and nucleic acids staining in endothelial cells. Quantification of fold changes in CML accumulation
(B) and RAGE expression (D) was assessed by quantifying the relative fluorescence intensity from
immunofluorescence images (in arbitrary units). 15 images per condition were analyzed across four individual
experiments (n = 4), using identical imaging settings. The bars in the graphs represent Mean + SD. *p<0.05,
**p<0.01.

3.2 Effects of Dox and CML-BSA on HUVECSs’ metabolic viability

The effect of Dox and CML-BSA on endothelial cell viability was determined using
an MTT assay (Figure 2), wherein the viability is shown relative to HUVECs
cultured in ECM. Treatment with DMSO or DMSO + CML-BSA did not affect
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metabolic viability (99.10 £4.39% and 97.7 + 2.81%, respectively of ECM cultured
HUVEC:S). In contrast, metabolic viability was significantly reduced to 89.8 + 1.88 %
(»<0.001) in Dox-treated cells and to 88.52 = 0.62%, in Dox + CML-BSA treated
cells (p<0.001), but did not differ significantly between these treatments (Figure 2).
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Figure 2. Influence of CML-BSA and
110+ Dox on HUVECS’ metabolic viability

_ | ‘ Quantification of metabolic viability in HUVECs
100+ treated with Dox (10 uM) or/and exogenous
CML-BSA (20 pg/ml) for 6 h. Cell viability was
measured using the MTT assay (absorbance in

” arbitrary units), and was normalized to HUVECs
cultured in ECM (control, 100% viability), with
e three replicates per condition in each of three
individual experiments (n = 3). The bars in the
graphs represent Mean + SD. **p<0.01,

#4%p<().001, #*+%p<0.0001.
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3.3 Effects of Dox and CML-BSA on oxidative and nitrosative stress in
HUVECs

Superoxide production was visualized in live cells using a fluorogenic probe.
Superoxide was localized in the cytoplasm, predominantly in the peri-nuclear region
(Figure 3A). The average superoxide levels after Dox treatment were
approximately 1.46 + 0.55-fold higher than after DMSO treatment, without reaching
statistical significance (Figure 3B). Similarly, superoxide levels after DMSO +
CML-BSA treatment, did not differ significantly compared to DMSO-treated cells.
However, Dox + CML-BSA treatment induced a significant increase in intracellular
superoxide levels compared to DMSO + CML-BSA treatment (2.28 + 0.18-fold,
p<0.001) and sole DMSO treatment (2.08 £+ 0.66-fold, p < 0.01) (Figure 3B).

As oxidative stress can lead to nitrosative stress [*?!, the effects of Dox and CML-
BSA on cellular Nitrotyrosine (NT) formation were analyzed. Immunofluorescence
analysis showed that NT was localized in the cytoplasm and especially at the plasma
membrane (Figure 3C). Dox induced a significant 1.84 = 0.84-fold increase of
cellular NT levels, compared to DMSO-treated cells (p < 0.05). In addition, although
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CML-BSA itself did not significantly increase NT levels, it significantly
exacerbated the Dox-induced increase in NT generation to 2.66 + 0.83-fold higher
than in DMSO-treated cells (p < 0.001) and 1.49 + 0.23-fold higher than in cells
treated with Dox alone (p<0.05) (Figure 3D).
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Figure 3. CML-BSA and Dox-Induced oxidative and nitrosative stress in HUVECs
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Shown are examples of immunofluorescence staining in HUVECs, highlighting the elevation of ROS and NT in
HUVECs treated with Dox (10 pM) or/and exogenous CML-BSA (20 pg/ml) for 6 h. ROS expression was
concentrated surrounding the nucleus and was stained green as indicated by white arrows in panel A; NT expression
was prominently seen at the periphery of the cell membrane and was stained red as indicated by white arrows in
panel C; The nucleic acid were stained as blue, as shown in the second row, which are the merge of ROS/NT and
nucleic acids in endothelial cells. Quantification of fold changes in ROS (B) and NT (D) expression in HUVECs
were assessed by quantifying the relative fluorescence intensity from immunofluorescence images (in arbitrary
units), with 12 images analyzed per condition in each of six individual experiments (n = 6). The bars in the graphs
represent Mean + SD. *p<0.05, **p<0.01, ***p<0.001.

3.4 Effects of Dox and CML-BSA on NOXS expression in HUVECs

We then aimed to determine whether the Dox + CML-BSA-induced
oxidative/nitrosative stress coincided with an increase in NOX5 expression. Similar
to the superoxide levels, a non-significant increase in NOXS5 levels was observed in
HUVEC:s treated with Dox (Figure 4B). In addition, Dox + CML-BSA induced a
significant 1.81 + 0.13 folds increase in cellular NOXS levels compared to DMSO-
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and DMSO + CML-BSA-treated cells (p < 0.01), with a notable enhancement in
cytoplasmic NOXS expression (Figure 4A and B).
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Figure 4. CML-BSA and Dox-Induced NOXS5 upregulation in HUVECs

Shown are examples of immunofluorescence staining of NOXS in HUVECs treated with Dox (10 pM) and
exogenous CML-BSA (20 pg/ml) for 6 h. NOXS, primarily located adjacent to the nucleus and forming aggregates,
was stained green as indicated by white arrows (A). The nucleic acid was stained as blue, as shown in the second
row, which are the merge of NOXS5 and nucleic acids in endothelial cells. Quantification of fold changes in NOX5
expression was assessed by quantifying the relative fluorescence intensity from immunofluorescence images (in
arbitrary units), with 12 images analyzed per condition in each of six individual experiments (n = 6). The bars in
the graphs represent Mean + SD. **p<0.01.

NOXS5 was located in a limited area of the perinuclear region. Interestingly,
colocalization with the Golgi apparatus marker cis-Golgi matrix protein 1 (GM130),
revealed that NOXS was predominantly located in the Golgi apparatus (Figure SA)
in HUVECs. In contrast, staining with the Endoplasmic Reticulum marker
Calreticulin did not show notable colocalization. (Figure SB). Comparison of the
NOXS5 and GM130 signal between DMSO and Dox-treated cells revealed that the
Golgi apparatus appeared to be fragmented after Dox-treatment (Figure 5A).
Transmission electron microscopy analysis indeed confirmed these Dox-induced
structural changes in Golgi apparatus, such as membrane elongation, fragmentation,
and deformation (Figure 5C).
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Figure. 5 NOXS subcellular location and Dox-Induced NOXS Golgi apparatus fragmentation in
HUVECs

Shown are comparison of immunofluorescence double staining for NOX5 and GM130 in HUVECs with/without
Dox (10 uM) treatment for 6 h (A). Panel B presented examples of immunofluorescence double staining for NOX5
and Calreticulin in HUVECs. NOX5 was visualized in red as indicated by white arrows in the first row, while
GM130, as the biomarker of Golgi apparatus, was stained as green as shown in the second row (A). Calreticulin,
as the biomarker of endoplasmic reticulum, was stained as green as shown in the second row (B). The images
shown in the third row are the merge of NOXS5, GM130/Calreticulin and blue stained nucleic acids. Arrows in panel
A highlight the co-localization of NOXS and GM130, indicated by the yellow merged, in which, white arrows
indicate the normal Golgi apparatus in cells, while white dashed arrows indicates the fragmentation of Golgi
apparatus. White arrows in panel B indicates the NOXS5 in cells, while white dashed arrows indicate the calreticulin.
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Per condition 12 images were analyzed in each of 3 individual experiments (n = 3). Panel C illustrates electron
microscopy images of Dox-induced Golgi apparatus fragmentation in HUVECs. The red arrows point the normal
Golgi apparatus in HUVECSs, the red dashed arrows indicate Golgi apparatus fragmentation in HUVECs exposed
to Dox (10 uM) for 6 h.

3.5 Effects of NOXS inhibition on Dox- and CML-BSA-induced
oxidative and nitrosative stress and RAGE expression in HUVECs

To determine the contribution of NOXS5 activity to the observed oxidative- and
nitrosative stress, HUVECs were treated with Dox and CML-BSA, either or not in
the presence of NOXS5 inhibitor ML090P7,

MLO090 lowered superoxide levels in DMSO-treated (0.50 + 0.16-fold) as well as
Dox-treated cells (0.37 + 0.04-fold compared to Dox; p<0.05) (Figure 6A). Again,
Dox + CML-BSA treatment increased the superoxide level in HUVECs (2.08 +
0.66-fold compared to DMSO; p<0.001), which was significantly reduced (0.57 +
0.04-fold) in the presence of ML090 (p<0.01).

With respect to nitrosative stress, the presence of ML090 did not significantly affect
the Dox-induced NT levels in HUVECs but did reduce NT accumulation induced
by Dox + CML-BSA treatment (0.54 £ 0.12-fold; p<0.05) (Figure 6B).

ML 090 did not exhibit a significant effect on mitigating the Dox-induced
upregulation of RAGE. However, it did suppress the increase in RAGE expression
induced by Dox + CML-BSA treatment (0.53 =+ 0.20-fold; p<0.05) (Figure 6C).

Lastly, the significant increase in NOXS5 expression by Dox + CML-BSA treatment
was significantly inhibited by ML090 (0.50 = 0.01- fold) p<0.05) (Figure 6D).
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Figure. 6 NOXS inhibition reduce Dox- and CML-BSA-induced oxidative and nitrosative stress
and RAGE expression in HUVECs

Shown are fold changes in oxidative stress biomarker ROS (A), nitrosative stress biomarker NT (B) and RAGE
expression (C), as well as NOXS expression (D) in HUVECs treated with Dox (10 uM) or/and exogenous CML-
BSA (20 pg/ml) for 6 h, either or not in the presence of NOXS5 inhibitor ML090. NT, ROS, RAGE and NOX5 were
assessed by quantifying the relative fluorescence intensity from immunofluorescence images (in arbitrary units),
with 8 images analyzed per condition in each of three individual experiments (n = 3). The bars in the graphs
represent Mean = SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

4. Discussion

In this study, we investigated the effects of Dox and exogenous CML-BSA on
cellular CML levels, RAGE expression and oxidative/nitrosative stress in EC. We
found that extracellular added CML-BSA exacerbated Dox-induced CML
accumulation, oxidative/nitrosative stress, and RAGE expression in EC. Moreover,
an important role herein was found for NOXS5 as its expression was increased by
Dox and CML-BSA, and NOXS inhibition alleviated the oxidative/nitrosative stress
and RAGE upregulation induced by Dox and CML-BSA.

Dox treatment led to an increase in cellular CML levels in EC, indicative of Dox-

induced CML formation. As the formation of AGEs is intrinsically linked to

[12,13

oxidative stress'>'*], this CML formation might therefore be related to the observed
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Dox-induced oxidative stress, as indicated by the increased superoxide levels.
Furthermore, oxidative stress is linked to nitrosative stress. Excessive ROS can
inhibit endothelial nitric oxide synthase (eNOS) expression in endothelial cells and
increase nitric oxide (NO) consumption, thereby reducing NO bioavailability!'***!,
As NO has been shown to inhibit AGE formation*¥), the observed nitrosative stress
may therefore have contributed to the Dox-induced CML formation. Although
cellular NO levels were not measured in this study, reduced eNOS expression and
NO levels in EC exposed to Dox have been consistently confirmed in multiple

7.104546) We therefore discuss this mechanism as a plausible explanation

studies!
supported by the literature, rather than a direct finding of the present work.
Moreover, Dox treatment led to increased RAGE expression in EC, which through
interaction with CML can exacerbate AGE formation and oxidative stress and EC
dysfunction!'>'*], reflecting CML modification rather than albumin, as 10% serum
already provided excess BSA compared to the added 20 pg/ml CML-BSA. Together
these results indicate that exposure to Dox activates the AGE-RAGE-oxidative
stress axis in EC that may be an important mechanism in the pathophysiology of
premature vascular ageing and cardiovascular toxicity induced by anthracycline
treatment. This is supported by observations in tumor-bearing mice wherein
blockage of RAGE with FPS-ZM1 or RAGE knockout reduced Dox-induced
cardiac damage and function loss*”), and in rats wherein treatment with AGE
formation inhibitors aminoguanidine and pyridoxamine ameliorated dox-induced

cardiac oxidative stress and function loss?..

We found that the presence of CML-BSA together with Dox significantly
exacerbated the cellular accumulation of CML, oxidative and nitrosative stress and
RAGE expression in EC. These important observations are in line with recent
observations in human cardiomyocytes in vitro, where pre-exposure to AGEs
increased exacerbated Dox-induced toxic effects, such as apoptosis and IL-6
production®®. However, in their study CML-BSA increased Dox-induced
cardiomyocyte apoptosis, whereas we did not observe an additional effect of CML-
BSA on Dox-induced cell viability decline. This difference may be related to the
differences in AGEs- and Dox treatment protocol (pre-exposure versus
simultaneous exposure), incubation time or cell type. Importantly, although CML-
BSA did not further reduce cell viability, the observed exacerbation of CML
accumulation, oxidative/nitrosative stress, and RAGE expression remains

biologically significant. Such sub-lethal alterations can impair endothelial function,
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by promoting endothelial activation and enhancing vascular inflammation'*”). These
early dysfunctions may therefore represent an important mechanism through which
elevated CML levels contribute to long-term vascular complications during
anthracycline therapy. Regardless, this phenomenon indicates that patients with high
levels of plasma CML may have an increased risk of (cardio)vascular complications
from anthracycline treatment. For instance, in individuals with diabetes, baseline
serum CML levels are significantly higher than in non-diabetic individuals, and type
2 diabetes was found to be a key risk factor for the development of late-onset heart
failure after anthracycline treatment®”, In addition, survival and heart function after
Dox treatment were significantly reduced in db/db mice compared to non-diabetic
db/+ control mice®. Albeit, in these studies the putative involvement of plasma
AGEs herein was not studied. Interestingly, significantly elevated plasma AGE
levels were measured at least 5 years after anthracycline treatment in survivors of
childhood acute lymphoblastic leukemia and Hodgkin lymphoma compared to
healthy age/sex-matched controls®*¥). These studies indicate that anthracycline-
induced AGE formation may be long-lasting and could be a factor in the long-lasting
increased cardiovascular risk associated with this cancer therapy.

Another important and novel observation in this study was the crucial role of NOX5
in the observed Dox + CML-BSA-induced effects in EC. Dox, especially in the
presence of CML-BSA, increased NOXS5 expression and inhibition of NOX5 with
MLO090 effectively reduced Dox + CML-BSA-induced superoxide and nitrotyrosine
levels and RAGE expression. The used dose was based on a recent dose-finding
study of NOX inhibitors, showing that a dose of 0.01 uM most potently and
selectively inhibited NOX5P7. Our findings using ML090 therefore provide
supportive, but not definitive, evidence of NOXS5 involvement. Increased expression
of NOXS5 in EC has been shown in different pathologies, such as in the cardiac
microvasculature of myocardial infarction patients™™ and COVID-19 patients®),
Moreover, we found NOXS5 to be primarily localized in the Golgi apparatus of EC.
Interestingly, The Golgi is an important cellular compartment for eNOS activity in
ECP* and a relation between NOX5 and eNOS activity has been shown. Notably,
impaired endothelium-dependent vasodilation due to uncoupled eNOS was found
in mice expressing human NOXS5 in endothelial cells®”, whereas in another study,
NOXS5 was paradoxically found to activate eNOS in blood vessel endothelium®®®,
However, how these findings relate to our observed effects of NOXS5 inhibition on
Dox-induced oxidative and nitrosative stress and the exact role of NOXS in the
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Golgi herein remain to be elucidated. The key role of NOX5 in Dox-induced EC
dysfunction however, suggests it may be a suitable target for therapy to limit

anthracyclin-induced cardiovascular complications.

Lastly, we observed fragmentation of the Golgi in EC exposed to Dox. Dox-induced
apoptosis in endothelial cells has been widely reported, while Golgi fragmentation
is recognized as a significant marker of apoptotic stress and can be the result of
oxidative stress!’%, Whether ROS production by NOXS5, which we found
localized primarily in the Golgi in EC, contributes to its fragmentation remains to
be established, for instance through NOXS inhibition or knockdown. Moreover, at
present we cannot explain the mechanisms underlying the relationship between the
Golgi-located NOX5 and the observed Dox-induced effects on RAGE expression
and CML accumulation. Answers to these questions will require future NOXS5-

targeted validations to elucidate causality and mechanisms.

In conclusion, this study demonstrated that extracellular CML-BSA significantly
exacerbates Dox-induced oxidative/nitrosative stress and RAGE activation in
endothelial cells, which could be significantly counteracted by NOX5 inhibition.
These findings provided novel insights into the mechanisms underlying Dox-
induced endothelial dysfunction and suggest potential therapeutic targets for
mitigating the cardiovascular side effects of anthracycline chemotherapy. Of note,
although in this study we focussed on CML, other AGEs have been found to be
induced by Dox!?"! and we can therefore not rule out roles for other AGEs in Dox-

induced vascular toxicity also.
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