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ARTICLE INFO ABSTRACT

Keywords: Osteosarcoma (OS) is an aggressive bone cancer with poor prognosis, largely due to the limited effectiveness of
Osteosarcoma i current treatments such as doxorubicin (DX). Developing ways to overcome DX resistance is a significant clinical
Cold atmospheric plasma challenge. Here, we used two DX-resistant models to study the potential of Cold Plasma Treated Medium (PTM)

Oxidative stress
Doxorubicin
Drug-resistance

to prevent DX resistance in OS. During the acquisition of the resistant phenotype upon long-term DX exposure,
OS resistant cells became less proliferative, overexpressed the drug resistance-related efflux pump MDR1 and
displayed a concomitant loss of SOD2 or GPX1. According to the reduced expression of these antioxidant en-
zymes, PTM treatment produced higher levels of oxidative express and was more effective in eradicating DX-
resistant cells. Moreover, PTM reduced the expression of MDR1, thus sensitizing resistant cells to DX. These
findings uncover new vulnerabilities of DX-resistant cells related with their inability to cope with excessive
oxidative stress and their dependence on MDRI1 that can be exploited using PTM-based treatments to provide
new therapeutic approaches for the management of drug resistance in OS.

6]. Among traditional chemotherapeutic agents, Doxorubicin (DX) is
one of the most widely used for OS therapy [1,4]. DX is an anthracycline
drug that induces cancer cell death via nuclear and mitochondrial DNA
intercalation, topoisomerase II inhibition, cytochrome c release from

1. Introduction

Osteosarcoma (OS) is a type of primary bone tumor that mainly af-
fects children and young adults [1,2]. Although the cornerstone of OS mitochondria, and generation of secondary reactive oxygen species
management is the wide margin surgical resection of the primary tumor, (ROS) leading to oxidative stress and apoptosis induction [7]. However,
adjuvant chemotherapy and/or irradiation are often employed for the clinical application of DX is limited by its insufficient efficacy and
unresectable or metastatic tumors [3,4]. Unfortunately, traditional severe side effects on healthy tissues [8].
therapies frequently fail due to the development of resilient tumor Cold Atmospheric Plasma (CAP) is emerging as a promising non-
subclones, resulting in more than 30 % of localized OS patients and more invasive and pro-oxidant therapy for cancer [9,10]. As the fourth state
than 80 % of metastatic or refractory cases succumbing to the disease [5, of matter, CAP is formed by applying an electrical discharge to a gas to
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Abbreviations

APPJ Atmospheric Pressure Plasma Jet

DX Doxorubicin

DX-R Doxorubicin resistant cells

CAP Cold Atmospheric Plasma

CAT1 Catalase 1

GPX1 Glutathion Peroxidase 1

OCT4 Octamer-binding transcription factor 4
oS Osteosarcoma

PTL Cold-Plasma Treated Liquids

PTM Cold-Plasma Treated Medium

RONS Reactive Oxygen and Nitrogen Species
SOD2 Superoxide Dismutase 2

uv Ultraviolet radiation

partially or fully ionize it while keeping the temperature low enough to
enable its application to living tissues and cells. CAP contains various
components such as photons, electrons, ions, neutral radicals, including
Reactive Oxygen and Nitrogen Species (RONS), ultraviolet (UV) and
visible light, and electromagnetic fields. Studies have shown that CAP
therapies selectively eliminate cancer cells while leaving healthy cells
unharmed [11,12]. In recent years, CAP has garnered attention due to its
ability to reverse drug-resistant properties in various tumor types like
pancreatic cancer [13], glioma [14] and others [15]. However, its
effectiveness against drug resistance in osteosarcoma (OS) remains
unexplored.

Furthermore, while direct CAP treatment through endoscopy is
under investigation for certain internal cancer [16,17], it is important to
note that this approach is not currently available for OS. The unique
challenges associated with treating OS have prompted alternative stra-
tegies, such as the development of Cold Plasma-Treated Liquids (PTLs),
which are being actively explored as delivery systems of cold-plasma
derived RONS. PTLs allow for the accumulation of the most relevant
RONS from CAP and may be locally delivered to the tumor site using
minimally invasive approaches like injection [18,19]. PTLs are obtained
by applying CAP to a liquid or hydrogel to obtain a liquid vehicle that
incorporates the long-lived RONS produced by CAP, such as HyO2 or
NO3, among others [10]. These PTLs have shown great activity against
osteosarcoma using various liquids as cell culture medium [11,20] or
Ringer’s saline solutions [18,21,22].

Previous studies have shown that the anti-tumoral selectivity of PTLs
against primary bone cancers is modulated by various factors such as the
type of plasma device, time, cell surface, well-plate, volume of liquid,
and overall biochemical composition of the liquid [10,11,22-24].
Notably, the use of Plasma Treated cell culture Medium (PTM) has been
shown to increase the cytotoxic potential of DX against metastatic
prostate cancer [25], and the combination of low dose PTL with low
dose DX selectively eliminated cancer cells while leaving healthy
counterparts unaffected.

Drug resistance is a major obstacle in the treatment of osteosarcoma
(0S), so in light of the previous findings, it is the aim of this study to
investigate whether cold plasma-treated medium (PTM) may be
employed as a strategy to overcome DX resistance in OS. It is our hy-
pothesis that PTM may sensitize DX-resistant OS cells to the drug. To
verify this hypothesis, we employed PTM generated at different treat-
ment times to challenge the DX-resistant phenotype in OS cells and
investigate the molecular mechanisms involved in the observed cyto-
toxic effects.
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2. Materials and methods
2.1. Cell culture and drugs

Two human osteosarcoma cell lines, 143.B (CRL-8303TM) and SaOS-
2 (HTB-85TM), and their respective DX-resistant cell lines (143.B/DX-R
and Sa0S-2/DX-R), were used in this study. The DX-resistant cell lines
were generated by exposing the parental cell lines to several rounds of
stepwise increasing concentrations of DX using a previously established
protocol [26]. Both, parental and DoxR cell lines were cultured at 37 °C
in a humidified atmosphere containing 5 % CO2 in McCOY medium
supplemented with 10 % fetal bovine serum and penicillin/streptomycin
(50 U/mL and 50 pg/mlL, respectively), all of which obtained from
GibcoTM (Carlsbad, CA, USA). Cell cultures were tested regularly to
detect mycoplasma contamination using the Biotools Mycoplasma Gel
Detection kit (B&M LABS, Madrid, Spain). DX was purchased from
Selleckhem (Houston, TX, USA) and stored as 10 mM solutions in sterile
DMSO at —80 °C. The drug was diluted in culture medium to the final
concentration just before use.

2.2. Cytotoxic assays

Cell viability was assayed using the cell proliferation reagent WST-1
(Roche Mannheim, Germany) as previously described [9]. The surviving
fraction and the ICso values were determined using GraphPad Prism
9.0.1 software (Graphpad Software Inc., San Diego, CA, USA) [27].
Resistance index (RI) for DX-resistant cell lines was calculated as the
ratio of the IC50 values of the cells the resistant models treated with DX
or DX + PTM-30s to the IC50 of the corresponding parental line treated
with DX. Additionally, the effect of PTM on the proliferation ability of
OS cells was analyzed using the xCELLigence system (ACEA Biosciences,
Inc, San Diego, CA, USA). A suspension of 2 x 10%0f143.Bor 1 x 10* of
Sa0S-2 cells in 500 pL of culture medium were seeded in specially
designed microtiter plates containing interdigitated gold microelec-
trodes. After 24 h of cell seeding, 400 pL of culture medium was replaced
with 400 pL of PTM treated for 30s. Real-time proliferation, measured as
cell impedance changes (cell index), was monitored by the xCELLigence
system every hour until the end of experiment (160 h) [18,28].

2.3. Intracellular ROS

Intracellular levels of ROS were measured using Peroxy Orange 1
(PO1) Bio-Techne R&D Systems, Minneapolis, MN, USA). Osteosarcoma
(OS) cells were seeded into a dark 96-well plate at a density of 20 x 10°
cells per 100 pL of culture medium. The following day, the culture
medium was substituted with 100 pL of fresh culture media containing
10 pM of PO1 (Stock 10 mM in DMSO), and the cells were incubated for
60 min under standard cell culture conditions. After that, cells were
gently washed with 1x DPBS to remove any residual probe, and the cell
culture medium was replaced with 100 pL of PTM — 30 s or untreated cell
culture as control. Subsequently, the intracellular fluorescence intensity
was measured using a Synergy HTX Hybrid Multi-Mode Microplate
Reader, with excitation at Aex = 530/20 nm and emission at Aem = 590/
20 nm as the excitation and emission wavelength filters, respectively. To
calculate the intracellular production of H,0,, the increase in fluores-
cence in PTM treated cells was compared to untreated cells, in both
conditions the fluorescence signal from cells that were not incubated to
PO1 served as background.

2.4. Cold Plasma Treated Medium (PTM)

The study utilized an atmospheric pressure plasma jet (APPJ) with
Helium (5.0 Linde, Spain) to generate plasma-treated medium (PTM).
The APPJ has a single electrode configuration, and its details are
described elsewhere [11]. A high voltage power supply from Conrad
Electronics, consuming 6 W of nominal power, energized the electrode
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with a sinusoidal waveform at 25 kHz. This generated a discharge with
an applied voltage (U) of approximately 2 kV and a discharge current (I)
of approximately 3 mA. The flow of Helium in the capillary was regu-
lated at 1 L/min using a MassView flow controller (Bronkhorst,
Netherlands). To generate the PTM, 0.5 mL of McCOY medium in a
24-well plate was exposed to the APPJ under the following conditions:
1) Helium flow rate of 1 L/min, 2) 10 mm gap between the plasma jet
nozzle and the liquid surface, and 3) treatment time ranging from 5 to
480 s. The PTM is added to the cell cultures as rapidly as possible,
typically within a time frame of 5 min, to ensure the maintenance of
RONS during cell exposure.

2.5. Concentration of RONS in PTM

Here, we analyzed the concentration of two of the long-lived RONS
generated in the liquid by the plasma treatment and more studied in the
field: Nitrites and hydrogen peroxide. The determination of NO3 was
performed using the Griess reagent and the concentration of HyOz.was
determined by Amplex™ Red Hydrogen/HRP Peroxide Kit (cat.no
A2218, Invitrogen) according to a previous protocol [10].

2.6. Western blotting

Protein extraction was performed using a previously described pro-
tocol [10]. Briefly, 1 x 10° cells were cultured in P100 dishes, and after
24 h, the cell culture medium was replaced with 8 mL of PTM and/or DX
and incubated for different times. The cells were then recovered by
scrapping in DPBS, and the cell extracts were lysed using M-PER
(Thermo Scientific, Rockford, IL, USA) supplemented with Halt™ Pro-
tease Inhibitor Cocktail 100X (Thermo Scientific). The lysates were
centrifuged, and the supernatants were collected. The protein concen-
tration was quantified using the Bradford dye-binding method (Bio-Rad
protein assay kit; Bio-Rad) and the SDS-PAGE procedure were described
elsewhere [29]. The primary antibodies used were anti-ABCB1
[(13342), 1:1000 dilution] from Cell Signaling (Danvers, MA, USA);
anti-GPX1 [(ab108427), 1:1000] from Abcam (Cambridge, UK);
anti-CAT1 [(MAB4934), 1:1000] and anti-SOD2 [(MAB3419), 1:2000]
from Proteintech (Manchester, UK); and anti-p-Actin ([A5441], 1:10,
000 dilution) from Sigma-Aldrich (St Louis, MO,USA). The IRDye
infrared fluorescent secondary antibodies IRDye 800CW and
IRDye-680RD from LI-COR Biosciences (Lincoln, NE) (1:10,000) were
used for signal detection using an Odyssey Fc imaging system and the
Image Studio software (LI-COR Biosciences).

Free Radical Biology and Medicine 209 (2023) 127-134

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 8.0
(Graphpad Software Inc, La Jolla, CA, USA). Data are presented as the
mean (+ standard deviation, as indicated) of at least three independent
experiments. Two-sided Student’s t-test was performed to determine the
statistical significance between groups. p < 0.05 values were considered
statistically significant.

3. Results

3.1. The higher sensitivity of DX-resistant cells to PTM is associated with
increased intracellular ROS accumulation

To investigate the cytotoxic potential of PTM we treated cell culture
media with APPJ operating at 1 L/min for different times to generate
PTMs with increasing levels of RONS that were used to treat parental
and DX-R OS cell lines (Fig. 1A). Among the various RONS formed by the
APPJ in the cell culture medium, we focused on two relevant long-lived
species [10], namely H205 and NO,. The concentration of both NO3
(Fig. 1B) and Hy03 (Fig. 1C) increased in a time-dependent manner upon
exposure to CAP. We observed that at treatment times shorter than 30 s,
PTM contained a balanced cocktail of nitrites and hydrogen peroxide (e.
g., PTM - 30 s produced a ratio [H205]/[NO3] = 1.5 with 33.07 + 5.63
pM of nitrites and 51.15 + 9.06 pM of hydrogen peroxide), while
treatment times exceeding 60 s produced a higher amount of hydrogen
peroxide in all treatments (e.g., PTM - 480 s produced a ratio
[H2021/[NO3] = 4.6 with 131.5 + 37.29 puM of nitrites and 599.15 +
204.95 pM of hydrogen peroxide) (Fig. 1B-C). It has been shown in
previous works [11,18] that for treatments to target preferentially OS
cell lines without affecting nonmalignant cells it is important to keep
balanced ratios of these RONS.

Therefore, to evaluate the sensitivity of the DX-R models, we focused
on treatments with a balanced ratio of RONS, obtained from shortly
treated PTMs. We generated two Doxorubicin-resistant (DX-R) cell lines
from SaOS-2 and 143.B by exposing the parental cell lines to increasing
concentrations of DX, as described in the experimental part. Monolayer
cultures of two human OS cell lines (143.B and Sa0OS-2) were treated
with PTM generated after an exposure of 30 s to CAP (PTM - 30 s). The
cytotoxic effects of the PTM treatments were then evaluated using the
iCELLigence system (Fig. 2A-B). Our results showed that both DX-R cells
exhibited lower proliferation rates than their parental counterparts in
both cell lines. In the presence of PTM, the proliferation of the parental
and DX-R cell lines was greatly inhibited. However, DX-R cells showed a

A Gas Flow: 1 L/min Power supply B C
— 1000
APPJ ' [ -immE==S DX 250 .
(Atmoslpheric Pressure Besistant
Flasma-e) Cell lines 2004 8004 ek
>
{ *kk P
€ , Y = s R
2R S 1504 . = 600+
: /V — N *okk
: ~ S
v [®) *kk N i
p Parental Z 1004 Sedede } L 400 °
o, I N L(;ell dedkek
: 0, ines
or ~/J X 50- * *F [‘Ij 2004 sk 4
) ~ cor I *%
, H;0; <~ V—Ij ‘ ‘ s
{lon N 0__,_:!:_—\ |y
& y N N N N y D0 D S DD
DO D O R O NG
0.5mL Mccoy N O g R P
in 24-well plate +PTM (s) tPTM (s)

Obtaining Cold Plasma-Treated
Medium

Fig. 1. Plasma jet generates reactive species in the liquid phase. (A) Schematic representation of the plasma jet (APPJ) used to treat McCoy cell culture medium
to obtain PTM. An APPJ was used with 1 L/min of Helium on 0.5 mL of cell culture medium in 24-well plates. The APPJ was used to treat the cell culture medium for
5-480 s to obtain PTM with increasing levels of RONS. (B-C) The concentration of nitrites (B) and hydrogen peroxide (C) in the PTM was measured immediately after
CAP treatment using untreated McCoy as a blank. Data are presented as the mean and error bars represent the SD (n = 8). Asterisks indicate statistically significant
differences with control untreated samples. (***p < 0.0005; **p < 0.005; *p < 0.05; t-test). Scheme (A) was created using biorender.com.

129


http://biorender.com

J. Tornin et al.

A
10 -
x
(0]
e}
£
o
(@)
el
(0]
N
T
£
2
1 4= "n'mm.h
"'“"'”“;m'm_" #===5 - Par.PTM30s
s FYTYTYTTTY ddasiig Gl
l f';.vi""""» 75 + DX-RPTM 30s
0 50 100 150 200
Hours Post-Treatment
C
Cell line IC50 (s)
-o- Sa0S-2 67.43
® Sa0S-2/DX-R 13.13 1104 o e
1.5 143.B ° .‘. —
—~ - 143B/DX-R 18.64 n |
== n O 810 L ;
5= { o< o
- Q
5 X o
© O 1.0+ = D x1034 1]
E g s 9
o= > O L
C o D=
£2 BT w0
2 S 05 o<
S =
Dy = 8 2x10°+
0.0- 0 T T
1 10 100 Sa0S-2 143B
tPTM (s)

o P
e D

Free Radical Biology and Medicine 209 (2023) 127-134

10 4 -
143.B s Parental "
- DXR
s 3 JL;L
°
=
°
(&}
o
9]
N
g 7 = Par. PTM30's
S
214
w7~ DX-RPTM 30 s

100 150

0 50 200
Hours Post-Treatment
E $a0s-2 143.8
204 @ Parental 15-7@ Parental
ar. % DX-R lm DX-R
X-R ns,
@ _3 s =1
=] T ns
[ ?g *;i:( * kK 104 *;i:
g -
T QO
5 <2 10 —
T2
oA =
E 8 E ok ok 5
ESS 5
0 0

— T T — T
0.0 05 1.0 15 20 25 0.0 05 1.0 15 2.0 25
Hours Post-Treatment Hours Post-Treatment

Fig. 2. Anti-proliferative effects of PTM in DX-R osteosarcoma cells. (A-B) Real-time proliferation (normalized cell index) was measured in SaOS-2 (D) and 143.
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presented as the mean and standard deviation of n = 4 replicates (***

more durable response, since while the proliferation of the resistant
models remained completely blocked 150 h after the start of the treat-
ment, 143.B parental cells resumed proliferation after 60 h (Fig. 2B).

To better establish the response of parental and DX-R cell models to
PTM, we performed endpoint (72h) dose-response viability assays by
exposing cells to PTM generated after increasing treatment times up to
120 s (Fig. 2C). In these experiments, we observed that 143-B/DX-R and
Sa0S-2/DX-R cells showed ICsy values three to five times lower than
those of their parental counterparts, respectively (Fig. 2C).

The cytotoxic effect of PTM has been widely attributed to the in-
duction of intracellular oxidative stress [30,31]. To further investigate
the specific vulnerabilities of DX-R cells to PTM, we analyzed the
intracellular accumulation of ROS in both untreated cells and following
PTM treatment. Although at basal levels, there were no observable dif-
ferences in the accumulation of basal oxidative stress, (Fig. 2D), the
treatment with PTM - 30 s led to a faster and more robust increase in
intracellular ROS levels in DX-R cells compared to parental cells
(Fig. 2E). These results suggest that the higher sensitivity of DX-R cells to
PTM may be attributed to an increased accumulation of intracellular
ROS in these models comparing to the corresponding parental cell lines.

3.2. Defective expression of antioxidant factors contributes to the higher
sensitivity of DX-R cells to PTM treatment

Next, we aimed to study the mechanisms underlying the increased
sensitivity of DX-R OS cells to PTM. For this purpose, we analyzed the
effects of the acquisition of doxorubicin resistance after long-term
exposure to this drug on the antioxidant machinery of OS cells. As
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p-value <0.005; two-sided Student’s t-test).

suitable models for this analysis, we used the entire collection of the
stepwise-generated 143-B and SaOS-2 resistant models, in which, cells
sequentially gained resistance to doxorubicin upon exposure to several
rounds of increasing concentrations of DX (from ICyg to up 128 x ICy)
[26]. In these models, we investigated the expression of Glutathione
Peroxidase-1 (GPX1), mitochondrial Superoxide dismutase (SOD2), and
Catalase 1 (CAT1), which are relevant anti-oxidant enzymes that scav-
enge the excess of RONS from cells and their expression may predict the
response of tumor cells to PTM [18]. In addition, we analyzed the pro-
tein levels of the Multidrug Resistance Protein 1 (MDR1/ACBB1/P-gp),
an efflux pump commonly associated to drug-resistant phenotypes [5]
(Fig. 3A-C).

As expected, during the acquisition of the resistant phenotype we
observed a large upregulation of MDR1, which was evident following
the long-term exposure of OS cells to doxorubicin concentrations of 4 x
ICsg or higher (Fig. 3A-C). In contrast, the levels of GPX1 and SOD2
were rapidly downregulated following continuous exposure to doxoru-
bicin in both 143-B and Sa0S-2 models. Differently, CAT1 levels were
mostly unaffected during the chronic exposure to DX in both cell types
(see Fig. 3A-C). This defective antioxidant phenotype may explain the
higher levels of intracellular ROS observed in DX-R cells (Fig. 2D).

To further analyze the role of the modulation of antioxidant factors,
we examined the evolution of the levels of CAT1, GPX1 and SOD2
following the treatment with PTM — 30 s (Fig. 3D). We found that, PTM
did not induce a significant upregulation of any of these factors in
neither of the DX-R models and their levels remain much lower than
those observed in parental cells after 72 h of exposure to PTM
(Fig. 3D-F).
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Fig. 3. Modulation of the expression of antioxidant factors in OS cells during the acquisition of resistance to DX. (A) Western blotting analysis of MDR1,
SOD2, CAT1 and GPX1 levels in parental (par.) and stepwise-generated Saos2 (left panel) and 143B (right panel) DX-R models. These collections of increasingly-
resistant cells were generated by exposure to sequential one-month treatments with step-by-step increased concentrations of DX. Cells were initially exposed to
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protein signal relative to f-actin levels in SaOS-2 (B) and 143-B (C) DX-R cells as a function of the concentration of DX used to obtain each increasingly resistant
model of the collection.(D) Western blotting analysis of SOD2, CAT1 and GPX1 levels in parental (par.) and fully-resistant (DX-R) SaOS-2 (top panel) and 143B cells
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Overall, these results suggest that acquisition of the DX-resistant
phenotype leads to a decrease of the antioxidant defenses in OS cells
which may potentially sensitize tumor cells to pro-oxidant therapies.

3.3. PTM restores DX sensitivity in OS DX-R cells

Finally, we evaluated the potential of PTM to increase the sensitivity
to DX in parental and DX-R OS cells. In these experiments, we assessed
the cell viability of cells treated with DX alone or in combination with
PTM - 30 s. As expected, Sa0S-2 and 143-B DX-R models exhibited ICsg
values approximately 60 times higher than the corresponding parental
cells. Notably, PTM treatment was able to increase the cytotoxic effect of
DX in parental cells, reducing ICsp from 0.04 to 0.002 uM in SaOS-2 cells
and from 0.07 to 0.003 pM in 143.B cells (Fig. 4A). This trend was also
observed in DX-R models, in which the combination with PTM boosted
the cytotoxic potential of DX both in Sa0S-2/DX-R (ICsq for DX: 2.76
uM; ICsp for DX + PTM: 0.97 pM) and 143.B/DX-R cells (ICso for DX:
4.33 pM; ICsg for DX + PTM: 0.14 pM) (Fig. 4A). According to these
values, the combination of PTM and DX produced a large reduction of
the DX resistance index in both models of DX-R cells (Fig. 4B).

To gain insights in the mechanism by which PTM enhances the anti-
tumor activity of DX, we analyzed the protein levels of MDR1 in time-
course and dose-response experiments. First, we found that PTM - 30
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s induces a slight time-dependent downregulation of MDR1 in Saos2/
DX-R and 143B/DX-R cells (Fig. 3C-D). Furthermore, a 24 h-treatment
with a higher dose of PTM - 60 s produced a marked downregulation of
the levels of this pro-resistant factor in both DX-R models, while this
treatment did not induce MDR1 expression in parental cell lines
(Fig. 4E-F). These results suggest that PTM may be a potential strategy
to abrogate the expression of ABC pumps, such as MDR1, in OS cells,
thereby enhancing DX efficacy.

4. Discussion

DX is the chemotherapeutic drug most commonly used to treat OS [1,
4]. However, the emergence of tumor resistance to DX represents a
major clinical challenge in the management of OS [5,21] and, therefore,
great effort is being undertaken to develop therapies capable of over-
coming DX resistance [32-35]. The primary anti-tumor activity of DX is
mediated by its ability to induce DNA damage in cancer cells. In addi-
tion, the cytotoxic effects of DX are also mediated by its ability to
generate ROS [8,36]. However, ROS levels have a dual role in cancer
[37,38]. On the one hand, the altered metabolism of tumor cells pro-
duces an increase in ROS levels, which in turn promote cell survival,
genetic instability and drug resistance. On the other hand, a dramatic
increase in ROS levels may overwhelm the anti-oxidant defenses of the
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Fig. 4. PTM restores DX sensitivity in DX-R cells. (A) Cell viability was measured using WST-1 assay after treatment with increasing concentrations of DX alone or
in combination with PTM-30s for 72 h in parental and DX-R cell lines. IC50 values (uM) for each treatment are shown. Error bars represents the standard deviation of
four independent experiments. (B) Resistance index (RI) for DX-resistant cell lines was calculated as the ratio of the IC50 values of the cells the resistant models
treated with DX or DX + PTM-30s to the IC50 of the corresponding parental line treated with DX. (C-D) Western blotting analysis of MDR1 levels in parental (par.)
and fully-resistant (DX-R) SaOS-2 (left panel) and 143B cells (right panel) after treatment with PTM — 30 s for 24, 48, or 72 h (C) and quantification of MDR1 protein
signal relative to p-actin levels (D). (E-F) Western blotting analysis of MDR1 levels after exposing parental and DX-R SaOS-2 (left) and 143.B (right) cells to PTM
generated by increasing exposure times to APPJ treatment for 24 h (E) and quantification of MDR1 levels relative to f-actin (F). p-Actin levels were utilized as the

loading control in Western blotting experiments.

cancer cells, thus triggering cell death.

In this work, we found that OS cells react to long-term DX treatment
by downregulating the expression of antioxidant enzymes. This may be a
way of adapting to the ROS produced by DX, so that tumor cells ensure
increased levels of ROS that can activate pro-resistance signaling. At the
same time, this constitutes an opportunity to use pro-oxidant treatments
capable of exceeding the threshold of resistance to ROS and eliminate
DX-resistant populations. In this sense, CAP is pro-oxidant therapy
which anti-tumor potential is being tested in clinical trials [39,40].
Relevantly, we have previously showed that PTL-based treatments exert
a potent anti-tumor activity against OS cells both in vitro [10,11,22] and
in vivo [18]. Here, we hypothesized that this treatment could also be
effective against DX-R OS cells. Consistent with this assumption, we
found that the exposure to PTM produced a higher level of ROS in DX-R
cells compared to the corresponding parental models and this correlated
with much lower survival of DX-R cells after the treatment. These results
suggest that the downregulation of antioxidant enzymes detected in
resistant cells represent a vulnerability to cope with sudden increases in
intracellular ROS levels, and therefore PTM treatment is able to over-
whelm the defenses of DX-R cells.

Previous findings also support the benefits of a combined treatment
of DX and CAP-based therapies. First, it has been shown that direct CAP
application increases the effectiveness of both free and liposomal DX in
melanoma cancer cells [41]. Additionally, exposure to PTM promotes
cell permeabilization and enhances DX uptake by HeLa Cells [42].
Likewise, we have shown that the combinatory treatment of DX and
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PTLs increases the selective anti-cancer effect of DX in a metastatic
prostate model [25]. The molecular basis of this synergy may be related
with the reported ability of ROS to negatively regulate the expression of
drug efflux pumps such as MDR1 when administrated at high levels [37,
43]. In line with this finding, we found that PTM downregulated the
levels of MDR1 in a dose and time-dependent manner and accordingly
co-treatment with PTM sensitized both parental and DX-R OS cells to the
cytotoxic effect of DX. In any case, taking into account that parental cells
do not express MDR1, there must be additional mechanisms involved in
the synergistic effect of this combination.

5. Conclusion

This study reveals that during the process of gaining resistance to DX,
OS cells acquire a defective antioxidant phenotype that can be exploited
as vulnerability to the exposure to the high levels of ROS contained in
PTLs. Moreover, PTM contribute to increase the anti-tumor potential of
DX in a process related to their ability to regulate MDR1 levels. In
summary, our study provides for the first time a rationale for the use of
CAP-based treatments as way to overcome DX resistance in OS, thus
supporting further studies aimed to evaluate the clinical efficacy of this
approach.
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