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Abstract

Background Pharmacological vitamin C (Vit-C), or high-dose Vit-C has recently gained attention as a potential can-
cer therapeutic. However, the anticancer activity of Vit-C has not been investigated in realistic 3D models of human
cancers, especially with respect to breast cancer (BC), and its potential benefits remain under debate. Herein, we
investigate the activity and mechanism of action of pharmacological Vit-C on two BC tumor spheroids.

Methods We developed two distinct types of BC tumor spheroids from MDA-MB-231 and MCF-7 cells. The spheroids
underwent treatment with a range of concentrations of pharmacological Vit-C (1, 5, 10, 15, and 20 mM). Assess-
ments were conducted to determine the cell viability, H,O, levels, glutathione-to-glutathione disulfide (GSH/GSSG)
ratios, and apoptosis. Both flow cytometry analyses of Annexin V/PI staining and caspase3/7 activity assay were used
to check apoptosis.

Results We showed that Vit-C induced dose-dependent cell death in both types of tumor spheroids, primarily driven
by elevated H,O, production and a concomitant oxidative stress imbalance induced by the GSH depletion. The

high levels of H,O, generated by Vit-C triggered the apoptosis of spheroids. In MCF-7 spheroids, Vit-C-induced H,0,
production was higher, with a more pronounced decrease in the GSH/GSSG ratio, indicating greater susceptibility

to oxidative stress-induced cell death. However, MDA-MB-231 spheroids exhibited a more severe cytotoxic response.

Conclusions This study reveals that Vit-C induces oxidative stress-mediated cell death in both non-aggressive
and aggressive BC spheroids. Unlike traditional in vitro studies, this work provides novel insights into the response
of two BC tumor subtypes to Vit-C, demonstrating its potential as a targeted common therapy for BC.
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Introduction

Despite the advancements in treatments, breast can-
cer (BC) remains one of the major causes of mortality
among women worldwide [1]. According to the statisti-
cal estimates for 2020, there were nearly 2.3 million new
incidences of BC, resulting in about 685,000 deaths,
accounting for 11.7% of all tumor cases [1]. As of early
2024, BC has recorded 310,720 new cases and 42,250
fatalities [2], indicating the need for urgent new treat-
ment options.

Existing treatments for BC, including immunothera-
pies, chemotherapies, and radiation, are employed indi-
vidually or in combination [3, 4]. Either way, they give
rise to challenges, including poor targeting and systemic
toxicity that can adversely affect multiple organs, like the
heart and kidneys. Additionally, these treatments may
promote infertility and, in extreme cases, mortality [3, 4].
The presence of such serious adverse effects emphasizes
the importance of developing new, safe, and more afford-
able treatments for BC.

Research on such novel therapeutic options has been
hampered by the cellular heterogeneity and diverse
signaling pathways in the BC tumor microenvironment
(TME) [5]. This fundamental hindrance to the current
drugs and drugs in development could result in the ini-
tiation, progression and suppression of the immune
response, and resistance of the tumor to the drug [5].
Examining the intricate TME is difficult and necessitates
the use of sophisticated models, such as 3-dimensional
(3D) tumor spheroids. These types of cell culture more
accurately mimic the human TME compared to tradi-
tional 2-dimentional (2D) culture and animal models
[6]. Undoubtedly, 2D cell culture models, alongside ani-
mal models, are the fundamental basis for cancer biology
research, mostly owing to simplicity, affordability, and
ability to be replicated [7]. Nevertheless, 2D cell culture
models do not allow the assessment of some of the cru-
cial parameters that govern the TME, including cell—cell
contact, hypoxia, cell extracellular matrix (ECM) devel-
opment, and the flux of nutrients, metabolites and sign-
aling molecules, all of which are fundamental aspects
of 3D cell culture models [7], and can dramatically alter
drug susceptibility, particularly for drugs that affect met-
abolic and oxidative pathways, such as Vitamin C (Vit-C).
Understanding Vit-C mechanism of action in 3D cultures
will be crucial to further optimization. Indeed, tumor
spheroids as 3D cell culture models have been exten-
sively used in researching multiple types of tumors, such
as non-small cell lung carcinoma [8], ovarian cancer [9],
pancreatic cancer [10], colon tumor [11], oral squamous
cell carcinoma [12], and BC [13-17]. These models are
enabling the development of more effective anticancer
treatments [10, 12, 14, 18-20].
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Vit-C or ascorbate, a water-soluble nutrient, has been
utilized as a viable option to treat various tumors in
in vitro models, in vivo models and animal models, as well
as in the clinics when delivered at very high pharmaco-
logical concentrations, also termed high-dose Vit-C [21].
Vit-C attacks several cancer vulnerabilities, such as ten-
eleven translocations (TETs) dysregulation, and acts as
an essential co-factor with Fe?* to activate prolyl hydrox-
ylates (PHDs) and factor-inhibiting hypoxia-inducible
factor (FIH) to inhibit HIF-1a, in addition to inhibiting
NF-kB [21]. Moreover, Vit-C induces cancer cell death
through reactive oxygen species (ROS; hydroxide
ion (OH7), hydrogen peroxide (H,O,), hydroxyl radical
("OH), and superoxide (Oy+—)) mediated apoptosis
via the Fenton reaction and the Haber—Weiss reaction,
utilizing the labile iron pool (LIP) as a co-factor [21].
Vit-C can disrupt cancer cell metabolism, especially gly-
colysis, leading to cancer cell death via induced-energy
crisis [22]. In fact, Vit-C can exist in two forms follow-
ing its autoxidation by ROS: ascorbic intermediate radi-
cal (Asc’”) and dehydroascorbic acid (DHA), which can
pass through the cell membrane via the sodium-depend-
ent Vit-C transporter (SVCT) and glucose transporter
1 (GLUT-1), respectively [21, 23]. ROS-mediated Vit-C
oxidation into Asc’™ and DHA involves the recycling of
reduced glutathione (GSH) and the glutathione disulfide
(GSSG) by NADPH inside the cell [21, 23]. This process
ultimately depletes GSH levels leading to oxidative stress
imbalance.

Moreover, although conventional 2D cell cultures have
been widely used in cancer research, they do not pre-
cisely mimic the intricate TME. As such, the aim of this
study was to determine the potency of Vit-C to mediate
cytotoxicity in two different types of 3D BC tumor sphe-
roids. Additionally, we sought to explore the molecular
mechanisms that may be responsible for Vit-C-induced
cytotoxicity in BC spheroid systems.

Material and methods

Cell lines and 2D monolayer culture

Tow cell lines (MDA-MB-231 and MCF-7) were obtained
from the ATCC (American Type Culture Collection,
USA) and grown in Dulbecco’s modified eagle medium
(DMEM, Nacalai Tesque, Jaban) supplemented with
5% fetal bovine serum (FBS, Gibco™ (10,270—106) Fetal
Bovine Serum; Thermo Fisher Scientific, USA), 2% L-glu-
tamine (Gibco" L-Glutamine; ThermoScientific, USA),
3 g/500 mL Glucose (G7021-100G) D-(+)-Glucose,
Sigma, USA), and 1% penicillin/streptomycin (Gibco™
(10,378-016), Thermo Fisher Scientific, USA). The cells
were maintained, passaged until reaching confluency of
about 80%, and incubated in 5% CO, at 37 °C.
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Agarose-coated 96-well plate preparation and 3D
spheroids formation

In ultrapure water (50 ml, PURELAB Ultra, UK) a 1.5%
agarose (Gibco, USA) was added and autoclaved for
2 min. Then from the solution, 65 ul was placed into
each well of the 96-well flat-bottomed plate (Thermo
Fisher Scientific, USA) to form a layer of a concave
meniscus bottom after solidification, then the 96-well
agarose-coated plate was stored in a 4 °C refrigera-
tor until further use. For spheroids generation, fol-
lowing confluency, the cells were trypsinized using
Gibco™ Trypsin—EDTA (Gibco, USA) and counted
then seeded at a density of 2x10* cells/well in the
96-well agarose-coated plate and followed by centrifu-
gation (swing bucket) at room temperature at 1000g for
30 min. Then at 37 °C the plates were placed in a 5%
CO, in the incubator for 3—15 days.

Morphological microscopic assessment

Images of all individual spheroids were taken every two
days for 15 days using a camera attached to an inverted
fluorescence microscope (Leica Microsystems, Ger-
many) with a 5Xobjective. All images were analyzed
(size and volume) by using the MATLAB-based soft-
ware SpheroidSizer [24] and Image]2 (Fiji) software.

Vit-C preparation and treatment protocol

A stock solution of 200 mM of Vit-C (A7631-100G,
Sigma-Aldrich, Germany) was prepared by dissolving
35.224 in 1 ml of ddH,0, and from the stock solution
a working solution in the DMEM media was prepared
to have a final 5 doses concentration of Vit-C (1, 5, 10,
15, and 20 mM), as previously stated [25]. After main-
taining the spheroids for 3 days, treatment Vit-C des-
ignated doses started at day 4, for 72 h in addition to
ddH,O-treated vehicle control (VCTL).

Cell cytotoxicity assay

Following Vit-C treatment, the CellTiter-Glo® 3D Cell
Viability Assay (G7571, Promega, USA) was performed
at an equal volume of media (100 ul) according to
the manufacture protocol, and the luminescence was
recorded using the ELISA reader system (SoftMax Pro®
5, Molecular Devices, USA). In another Vit-C-treated
groups of spheroids, 300 U/mL of CAT (EC Number:
1.11.1.6, from Bovine Liver; C1345-1G, Sigma-Aldrich,
Germany) was introduced to each spheroid/well, and
then the same steps of CellTiter-Glo® 3D Cell Viability
Assay were applied. VCTL were used to normalize the
viability as a percentage. All the experiment were done
in the dark.
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Cellular ROS detection assay

Following spheroids treatment with different Vit-C
doses for 72 h, the cellular ROS was determined by per-
forming the ROS-GLO™ H,0, ASSAY (PROYY-G8820,
Promega, USA) according to the protocol from the
manufacturer. In short, from the H,O, substrate solu-
tion 20 uL was placed to each spheroid/well, and after
6 h incubation at 37 °C in a 5% CO, incubator, 100 pL
of ROS-GLO™ detection solution (made by mixing
10 mL of luciferin detection reagent with 100 uL of
D-Cystein and the signal enhancer solution) was placed
together with the H,O, substrate solution and then the
mixture incubated for 20-30 min at room tempera-
ture, followed by luminescence signal recording using
the ELISA reader system (SoftMax Pro® 5, Molecular
Devices). Normalization was done to all the experi-
mental data to the control group and conducted all the

experiments in the dark.

GSH/GSSG ratio detection assay

The GSH/GSSG-Glo™ Assay (V6611, Promega, USA)
was utilized to evaluate the levels of total GSH, oxidized
GSSG, and the GSH/GSSG ratio, in accordance with the
manufacturer’s instructions. In brief, after the treatment
with the designated doses of Vit-C to the samples, from
the total/oxidized glutathione lysis reagent, 50 pL as
well as from the luciferin generation reagent, 50 uL were
separately placed in each well containing the spheroids.
After shaking the mixture for five minutes, it was allowed
to sit at room temperature for thirty min. After that,
100 pL of the luciferin detection reagent was placed in
each well, and then the plate was incubated for a further
fifteen min. Lastly, the ELISA reader system (SoftMax
Pro® 5, Molecular Devices, USA) was used to quantify
the luminescence.

Apoptosis detection via annexin V-FITC/Pl assay

After 72 h, the spheroids cells were harvested in 15 ml
tubes (15 spheroids/tube), then disassociated using
Gibco™ Trypsin—-EDTA (Gibco, USA). After that, at
1500 rpm the spheroids were centrifuged for 5 min, and
400 pl of trypsin were added to each tube, then trans-
ferred to an incubator at 37 °C and CO, 5 for 20 min. Fol-
lowing this, the cells were resuspended several times in
media with a pipette, followed by centrifuging the con-
tent at 1500 rpm for 5 min, and the supernatant has been
removed and the resultant pellet is ready for apoptosis
detection. The Annexin V-FITC/PI Apoptosis Detection
Kit (BD, Franklin Lakes, NJ, USA) was used to detect
apoptosis. After the spheroids were treated as directed,
100 pL of 1 xbinding buffer was added to each tube, and
the collected cells were incubated with 5 pL of Annexin
V-FITC and 5 pL of propidium iodide (PI) for 15 min in
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the dark. After that, to the cell tubes, 400 pL of 1 X bind-
ing buffer was added, and flow cytometry was utilized to
conduct detection using Cell Quest software (BD, SN:
E34297502014) (BD, Franklin Lakes, NJ, USA). Following
this, the data were processed by FlowJo V10, then nor-
malized against control.

Caspase 3/7 detection

The Caspase-Glo® 3/7 3D Assay (PROYY-G8981, Pro-
mega, USA) was utilized in accordance with the manu-
facturer’s protocol to detect apoptosis in control and
Vit-C-treated spheroids. This assay contains a lumino-
genic caspase-3/7 with the tetrapeptide sequence DEVD,
a regent optimized for caspase activity, luciferase activity,
and cell lysis. In summary, 100 uL of the Caspase-Glo®
3/7 3D reagent was placed in each spheroid/well after the
Caspase-Glo® 3/7 3D substrate and thoroughly mixed
with it. The mixture was then gently shaken at 500 rpm
for about 30 s. The mixture was then incubated at room
temperature for 30 min, and the luminescence signal was
recorded using an ELISA reader system (SoftMax Pro5®,
Molecular Devices, USA). Additionally, every experiment
was conducted in the dark and all results were normal-
ized to the control group. Relative caspase 3/7 activity
normalized versus control was used to display the data.

Statistical analysis

Statistical analysis was conducted using GraphPad
Prism (V 9.1.0, San Diego, CA, USA), and the results are
reported as mean+SEM. The two-tailed unpaired stu-
dent’s ¢-test was applied to statistically comparing two
groups, while an ANOVA (one-way analysis of variance)
test was utilized for statistical comparison among multi-
ple groups. The statistical significance levels were deter-
mined as follows: **P<0.01, ***P<0.001, ****P<0.0001,
and *P<0.05. The significance level for non-significant
(ns) results is P<0.05. All the experimental procedures
were conducted in triplicates.

Results

The growth kinetics of MDA-MB-231 and MCF-7 tumor
spheroids

We utilized two breast cancer cell lines, namely MDA-
MB-231 and MCEF-7, to create two distinct types of
spheroids. The drug resistant, MDA-MB-231 cell line,
characterized as invasive ductal carcinoma, exempli-
fies an aggressive form of triple-negative breast cancer
(TNBC) that does not express estrogen receptor (ER),
human epidermal growth factor 2 (HER2), or proges-
terone receptor (PR), categorizing the cells as HER27/
PR7/ER™ subtype [26]. The non-metastatic adenocar-
cinoma MCEF-7 cell line, in contrast, represents the
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less aggressive and non-invasive human breast cancer
phenotype that expresses the glucocorticoid receptor,
HER2, PR, and the ER [26]. The detailed scheme for the
method used to generate the spheroids, involving the
seeding of 2x 10* MDA-MB-231 or MCE-7 cells per well
in a 96-well agarose-coated plate, is depicted in Fig. 1A.
Brightfield images show that both cell lines successfully
generated breast tumor spheroids starting from day 3
(Fig. 1B). The MDA-MB-231 tumor spheroids showed
uniformed growth, became more rounded, and demon-
strated significant compactness as the diameter reduced
on days 12 and 15. MCF-7 tumor spheroids, in contrast,
were not uniform in shape and demonstrated an increase
in the diameter on days 12 and 15 (Fig. 1C). These dif-
ferences in growth might be attributed to the different
nature of the two cell lines, likely stemming from differ-
ent single-cell interaction within the tumor spheroids
and the amount of E-cadherin produced by each tumor
spheroids [27]. Diameters between 2-2.5 mm?® and
0.5-1 mm?® were selected for further experiments for
both MDA-MB-231 tumor spheroids and MCF-7 tumor
spheroids, respectively.

Pharmacological doses of Vit-C disrupt the MDA-MB-231
and MCF-7 tumor spheroids morphology and induce
cytotoxicity

To investigate whether plain Vit-C could induce a cyto-
toxic effect on two BC tumor spheroids (MDA-MB-231
and MCF-7) as previously described [28], we selected
five pharmacological concentrations of high-dose Vit-C
(1, 5, 10, 15, and 20 mM). After 72 h, Vit-C largely dis-
rupted the morphology and induced cytotoxicity in both
spheroids in a dose-dependent manner (Fig. 2A). Nota-
bly, compared with other doses, the 20 mM produced
the severest morphological disintegration in both cancer
spheroids. Although the effects were most pronounced
after 72 h, the outer cellular debris formation and the
residual spheroidal body generation started from 24 h
after Vit-C administration (Fig. 2A).

Next, we wanted to see if the observable cytotoxic-
ity in both tumor spheroids was due to high-dose
Vit-C-induced ATP depletion. For that purpose, after
72 h of Vit-C treatment with the designated doses, we
used CellTiter-Glo® 3D Cell Viability Assay, which is a
homogenous compound that determines the viable cell
numbers present in 3D tumor spheroids based on the
quantification of the ATP (which is a characteristic of
metabolically active cells) by generating luminescent
readouts. Based on the results obtained, Vit-C inhib-
ited the MDA-MB-231 and MCEF-7 spheroids growth
by producing significant cytotoxicity in a dose-depend-
ent manner compared to the vehicle control (VCTL),
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Page 5 of 15

A
20,0 elllwell 20‘000 celliwell
7 1 2|3 4567 8 9101112
A©©©© @@@ iAgarose(1.5%)ooatE
500D0000F00o | | .
bleolelelelololelolelel@le] ]
[Jelelelelelelelololelele)
F 600006000600 '
B ‘ > 3 o eroi
6 000000000000 o] &) o] @ s
(HOOOOOOOOOOOO Day0  Dayl Day2 Day3
B Day 3 Day 6 Day 9 Day 12 Day 15
MDA-MB-231
MCF-7
2.5+ -~ MDA-MB-231
-+ MCF-7
o~ 2.0
Cc £
E 15 \\‘\I—__'
g
3 1.0
G
>
0.5
0.0

T T T T T
Day3 Day6 Day9 Day12 Day15

Fig. 1 Characterization of MDA-MB-231 and MCF-7 Tumor spheroids. A Schematic diagram showing the protocol utilized to develop MDA-MB-231
and MCF-7 tumor spheroids. B Representative brightfield images for the growth kinetics of the MDA-MB-231 and MCF-7 tumor spheroids. Cells

at the density of 2x 10* cells/well were seeded in a 96-well agarose-coated plate and incubated over a period of 15 days. Images were acquired
starting from day 3 from seeding to day 15. Scale bars =500 pM; all images are of the same resolution. C A graph showing the growth kinetics

of MDA-MB-231 and MCF-7 tumor spheroids, where the diameter of MDA-MB-231 tumor spheroids decreased with time, as compared to MCF-7

tumor spheroids, for which the diameter increased with time

and the cytotoxic effect of 20 mM was superior to that
of the other Vit-C doses (Fig. 2B, C). MDA-MB-231
spheroids (Fig. 2B) experienced a more severe cytotoxic
effect compared to MCF-7 spheroids (Fig. 2C), indicat-
ing that Vit-C could not only target the non-aggressive
BC, represented by MCF-7 spheroids, but also more

effectively target the aggressive form of BC, repre-
sented by MDA-MB-231 spheroids.
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Fig. 2 Pharmacological doses of Vit-C induce cytotoxicity of MDA-MB-231 and MCF-7 spheroids. A After successfully generating MDA-MB-231

and MCF-7 spheroids, five pharmacological doses of Vit-C (1 mM, 5 mM, 10 mM, 15 mM, and 20 mM) were used to treat each spheroid for 72 h,
while the vehicle control (VCTL) was treated with ddH,O. Representative brightfield images were captured for each spheroid after treatment

to show that Vit-C induced morphological disintegration in both tumor spheroids in a dose-dependent manner. Scale bars=500 pM; all images are
of the same resolution. B and C Cell viability analysis after treatment of MDA-MB-231 and MCF-7 spheroids with five pharmacological doses of Vit-C
(1,5,10,15,and 20 mM) for 72 h. In MDA-MB-231 and MCF-7 spheroids, the cytotoxic effect of Vit-C was dose-dependent (B and C). The statistical
significance levels were determined as follows: **P<0.01, ***P < 0.001, ****P < 0.0001, and *P < 0.05, ns, not significant. Two-tailed unpaired student’s
t-test was employed in both cases, and the error bars describe the mean + SEM; data represent three independent experiments (n=3)

(See figure on next page.)

Fig. 3 Pharmacological doses of Vit-C generate high H,O, concentrations. A Schematic diagram showing the mechanism of vitamin

C (Vit-C)-mediated hydrogen peroxide (H,0,) production via the Fenton reaction and the Haber-Weiss reaction. The transition of Vit-C

between ascorbic intermediate radical (Asc™) and dehydroascorbic acid (DHA) can lead to H,0, production in the extracellular environment,
which can rapidly diffuse inside the BC cell. Following the entrance of Asc™ via sodium-dependent Vit-C transporter (SVCT) and DHA via glucose
transporter 1 (GLUT-1), they utilize the transition labile iron pool (LIP, Fe?") in addition to the reduction of reduced glutathione (GSH) to glutathione
disulfide (GSSG) by DHA in the presence of NADPH to produce massive amounts of intracellular hydrogen peroxide (H,0,), hydroxide ion (OH"),
hydroxyls radical (OH), and superoxide (O,7). This, in turn, will activate caspases 3 and 7, leading to cancer cell death by apoptosis. B and CH,0O,
level measurement in MDA-MB-231 and MCF-7 spheroids after the treatment with five pharmacological doses of Vit-C (1 mM, 5 mM, 10 mM,

15 mM, and 20 mM) for 72 h, respectively. The levels of H,O, production were Vit-C dose-dependent in MDA-MB-231 tumor spheroids and MCF-7
tumor spheroids, respectively (B and C). D and E Cell viability analysis of MDA-MB-231 and MCF-7 tumor spheroids treated with CAT (300 U/mL)
for 2 h, then supplemented with five pharmacological doses of Vit-C (1, 5, 10, 15, and 20 mM) for 72 h. The statistical levels of significance were
determined as follows: **P<0.01, ***P < 0.001, ****P <0.0001, and *P < 0.05. Two-tailed unpaired student’s t-test was employed in both cases,

and the error bars represent the mean + SEM; the data are representation of three independent experiments (n=3)



Mussa et al. Journal of Translational Medicine

O
Cytoplasm

(2025) 23:31

Endosome

4000

3000

2000

Luminescence (RLU)

1000

120

Cell viability % of control

Fig. 3 (Seelegend on previous page.)

MDA-MB-231 (n=3) c

H,0, level

Fkkk

)
=]

VCTL

Luminescence (RLU)

1 5 10 15 20

Vit-C conc. [mM]

NG
Y

MDA-MB-231 (n=3) E
(ns)

e

£

8

5

B3

z

3

>

3
S & & & »
KRG

Vit-C conc. [nM]+CAT

MCF-7 (n=3)
Hy0,, level

Hokdk

Fkkk

*
=y

VCTL 1 5 10 15 20
Vit-C conc. [mM]

MCF-7 (n=3)

120 (ns)
100+

80—

60

40—

20

o

&& ,,&“\Q&"‘@@ @@“‘

Vit-C conc. [MM]+CAT

Page 7 of 15



Mussa et al. Journal of Translational Medicine (2025) 23:31

Pharmacological doses of Vit-C induce cytotoxicity

in MDA-MB-231 and MCF-7 tumor spheroids by generating
ROS

We wanted to investigate if the cytotoxic effect mediated
by the pharmacologically high-doses of Vit-C on both
BC tumor spheroids was due to generation of high H,0O,
concentrations (Fig. 3A). After 72 h of Vit-C treatment
with the designated doses, we used the ROS-GLO" H,0,
ASSAY to measure the total H,O, concentration. The
data show that all Vit-C concentrations, especially 10, 15,
and 20 mM, produced significant concentrations of H,0O,
compared to the control. Moreover, the concentrations
increased in a dose-dependent manner in both BC tumor
spheroids (Fig. 3). In comparison to MDA-MB-231 tumor
spheroids shown in Fig. 3B, the H,0, generation induced
by Vit-C was more significant in MCF-7 tumor sphe-
roids, as depicted in Fig. 3C. This suggests that MCEF-7
breast spheroids exhibit a greater susceptibility to Vit-C-
induced cell death, whereas the aggressive MDA-MB-231
spheroids displayed a lower sensitivity. We next aimed to
confirm whether the concentrations of H,0, generated
are responsible for Vit-C-mediated BC tumor spheroids
cell death. To this end, we added catalase (CAT, EC Num-
ber: 1.11.1.6), a key antioxidant enzyme that protects the
cells from H,0,-mediated cellular damage by converting
the H,0O, to water and oxygen [21]. Next, the cell viabil-
ity was assessed. Interestingly, prior treatment with CAT
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(600 U/mL) for 2 h effectively prevented the production
of H,0, by Vit-C and preserved the viability of both BC
spheroids (Fig. 3D and E).

Furthermore, the mechanism of Vit-C-mediated intra-
cellular H,O, production necessitates the depletion of
GSH (Fig. 3A) [29, 30]. Given this, we conducted meas-
urements of GSH and GSSG levels to analyze the GSH/
GSSG ratio after 72 h of treatment with designated
doses of Vit-C on both tumor spheroids. Our aim was to
examine whether Vit-C has the potential to disturb GSH
homeostasis as previously reported [29, 30]. Remarkably,
Vit-C treatment led to a noticeable decrease in the GSH
to GSSG ratio in a dose-dependent manner in both BC
spheroids compared to VCTL (Fig. 4). However, MCF-7
tumor spheroids (Fig. 4A) exhibited a more pronounced
decrease in the GSH-to-GSSG ratio compared to MDA-
MB-231 tumor spheroids (Fig. 4B). Still, the results indi-
cate that Vit-C can cause an imbalance in GSH levels in
both spheroid types leading to sever oxidative stress state.

H,0, generated by pharmacological Vit-C induce apoptotic
cell death in MDA-MB-231 and MCF-7 spheroids

To validate whether Vit-C-mediated H,0, can induce
apoptosis, first we used flow cytometry to detect Annexin
V-FITC and propidium iodide (PI) and assess the level
of apoptotic cell death in Vit-C-treated tumor spheroids
as well as in VCTL spheroids. As depicted in Fig. 5A
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Fig. 4 Pharmacological doses of Vit-C induce GSH/GSSG imbalance. A and B show the GSH/GSSG ratio analysis by using the GSH/GSSG-Glo™ Assay
in MDA-MB-231 and MCF-7 spheroids after treatment with five pharmacological doses of Vit-C (1, 5, 10, 15, and 20 mM) for 72 h, respectively. The
levels of the statistical significance were determined as follows: **P<0.01, ***P < 0.001, ****P<0.0001, and *P< 0.05, ns, not significant. One way
ANOVA was employed in both cases, and the error bars represent the mean + SEM. The data are representative of three independent experiments
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Fig.5 continued

and Fig. 5B, the cells were categorized into four popula-
tions: Annexin V-/P- (live), Annexin V + /P— (early apop-
tosis), Annexin V+/P+ (late apoptosis), and Annexin
V-/P+ (necrosis). We combined the early and the late
apoptotic population into total apoptotic population and
excluded the necrotic cells from the analysis because our

focus was only on assessing Vit-C-mediated apoptosis.
As previously described, we administered different con-
centrations of Vit-C to MDA-MB-231 and MCEF-7 tumor
spheroids. As shown in Fig. 5A and B, we observed a
dose-dependent increase in the percentage of apoptotic
cells in both tumor spheroids. For MDA-MB-231 tumor
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Fig.5 continued

spheroids, with higher drug concentrations reaching a
maximum at 20 mM, there was a significant increase in
apoptosis (Fig. 5A). Similarly, MCF-7 tumor spheroids
experienced a dose-dependent increase in apoptosis,
with 20 mM inducing the highest percentage of cellular
apoptotic death (Fig. 5B). The statistical analysis con-
firmed that the increases in apoptosis at each concentra-
tion were significant compared to the control (P<0.05).
The results indicate that Vit-C induces apoptotic cell
death in a dose-dependent manner.

To confirm the apoptosis results obtained from the
Annexin V-FITC and PI flow cytometry analyses, we
measured the activity of caspase-3/7 in both tumor sphe-
roids by using the Caspase-Glo® 3/7 3D assay (Fig. 5C
and D). MDA-MB-231 and MCF-7 tumor spheroids were
subjected to treatment with Vit-C as described previ-
ously, and then the activity of caspase-3/7 was quantified.
As expected, Vit-C augmented the activity of caspase-3/7
in a dose-dependent manner in both BC tumor spheroids
(Fig. 5C and D). In MDA-MB-231 tumor spheroids, the
activity of caspase-3/7 was significantly elevated at 5 mM
Vit-C and higher concentrations, with the highest activ-
ity observed at 20 mM (Fig. 5C). MCEF-7 spheroids also
demonstrated elevated levels of caspase-3/7 in a dose-
dependent manner, with the significant increase starting
at 5 mM and peaking at 20 mM (Fig. 5D). The statisti-
cal analysis confirmed that the increases in apoptosis at
each concentration were significant compared to the
control (P<0.05). Moreover, the results supported the
data obtained from the previous experiments involv-
ing Annexin V-FITC and PI, indicating that the produc-
tion of H,O, mediated by Vit-C can cause apoptotic cell
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death in a dose-dependent manner in both BC spheroids.
In addition, the strong correlation between the Annexin
V-FITC/PI staining results obtained by flow cytometry
and the caspase-3/7 activity data enhance the credibility
of our findings. As anticipated, the results of our study
demonstrate that Vit-C-induced H,O, generation is a
potent trigger of apoptosis, ultimately resulting in BC
spheroids death.

Discussion

Pharmacokinetic studies suggested that the plasma con-
centration of pharmacological Vit-C could range from 0.3
to 20 mM when supplied intravenously without produc-
ing noticeable off-target cytotoxic effects [31-33]. These
concentrations of Vit-C were found to produce cellular
cytotoxicity via the induction of tremendous amounts of
ROS, which selectively kill cancer cells while not affect-
ing normal cells [31, 32, 34, 35]. This indicates that tumor
cells are deficient in ROS detoxifying mechanisms, which
could mitigate the impact of ROS-induced cancer cell
death.

A recent study demonstrated that Vit-C (5-20 mM)
caused cytotoxicity through elevated ROS production in
three modules of osteosarcoma tumor spheroids, while
the direct addition of DHA and Asc’~ exhibited minimal
cytotoxic effects in comparison to Vit-C [28]. This indi-
cates that the processing of Vit-C under standard physi-
ological conditions is essential for achieving its optimal
cytotoxic effect mediated by ROS. In a 2D BC cell cul-
ture, a concentration between 5 and 20 mM was found
to induce a significant cytotoxic effect on the cancerous
MDA-MB-231, SK-BR3, and MCEF-7 cell lines, while the
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non-cancerous cell line MCF-10A remained unaffected
[25]. As a result, for our study we selected five different
Vit-C concentrations to match this range: 1, 5, 10, 15,
and 20 mM. Pharmacological Vit-C at these concentra-
tions triggered severe morphological disintegration and
cellular deformities in both tumor spheroids, as well as
significant cytotoxicity. The results presented here are
consistent with earlier findings in 2D BC cell culture,
which demonstrated that high concentrations of Vit-C
led to significant cellular cytotoxicity and morphologi-
cal disintegration [22, 25, 36, 37]. The findings align with
a recent study indicating that higher concentrations of
Vit-C especially 20 mM resulted in significant cellular
disintegration in osteosarcoma tumor spheroids [28]. In
a previous 2D, BC cell culture investigation, elevated con-
centrations of Vit-C (10 mM or 20 mM) induced cyto-
toxic effects in MCEF-7 cells, whereas MDA-MB-231 cells
remained unaffected [38]. In contrast, we have observed
that both of these BC cell lines to be susceptible to Vit-C
in these concentration regimens when adopting the form
of tumor spheroids. This suggests that pharmacological
Vit-C is effective not only against MCF-7 but also targets
MDA-MB-231 spheroids associated with triple-negative
breast cancer (TNBC) effectively.Vit-C can induce cyto-
toxicity in cancer cells through diverse mechanisms,
some of which, studied herein, can be attributed to ATP
depletion and H,O,-mediated apoptosis. Our results
align with other previous studies that have found that
pharmacological Vit-C can cause a significant reduc-
tion in ATP levels via over-activation of PARP-mediated
NAD"* depletion, thus inhibiting GADPH and ultimately
resulting in cell death by disrupting tumor cell metabo-
lism, notably glycolysis in a number of cancer models,
including BC [22, 35, 39-44]. This suggests that Vit-C
can induce selective cytotoxicity as a result of metabolic
stress in BC cells, that rely heavily on ATP as their pri-
mary source of energy.

Furthermore, in addition to depleting ATP, pharma-
cological Vit-C generates high levels of ROS, leading to
apoptotic cancer cell death [28, 29, 31]. In this regard,
H,0, is a remarkably stable molecule in the ROS group
and regarded as one of the main players in Vit-C-induced
cytotoxicity. It efficiently diffuses through the cellular
membrane upon extracellular generation, resulting in the
induction of severe oxidative stress [45]. Vit-C-mediated
killing of cancer cells depends on the ability to produce
sufficient concentrations of H,O,, inside the cells as well
as in the extracellular environment. This H,O, produc-
tion proceeds Vit-C autoxidation (Asc’”/DHA) in the
media by free radicals [28, 29, 31]. Vit-C uses the transi-
tion metal labile iron pool (ferrous iron; Fe?") produced
from the reduction of ferric iron (Fe**) by the endoso-
mal-six transmembrane-epithelial antigen of prostate-3
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(STEAP-3) in the endosome to generate H,O, through
the Fenton reaction and the Haber—Weiss reaction [21,
28, 29, 31]. Consistent with prior studies, we observed a
significant production of H,O, in both spheroids when
exposed to pharmacological doses of Vit-C [22, 29, 31, 35,
36, 39, 41, 46].

Catalase (CAT) is a known antioxidant enzyme that
mediates H,O, detoxification by catalyzing its conver-
sion into water and oxygen [21, 28, 45, 47]. To confirm
if the action of pharmacological Vit-C-mediated H,O,
generation could lead to the death of the two BC tumor
spheroids, we dosed the cells with CAT prior to the
administration of Vit-C. This prior addition of extracel-
lular CAT completely inhibited the death of the two
spheroids, indicating their sensitivity to pharmacologi-
cal Vit-C-mediated H,O, generation and thus confirm-
ing the contribution of H,O, in the observed cytotoxicity
mediated by Vit-C. The results we obtained are consistent
with previous findings that reached the same conclusions
in 2D cell culture and tumor spheroids [22, 28, 29, 31,
45, 47]. These findings indicate that both BC spheroids
have an extremely low expression of CAT, which may be
responsible for their high sensitivity to pharmacological
Vit-C-mediated H,O, cell death. However, further inves-
tigations are needed to determine if the low expression of
other antioxidant enzymes is also involved.

Given that pharmacological Vit-C-mediated H,O, gen-
eration can lead to redox imbalance, we also analyzed
the GSH/GSSG ratio in our spheroids. The results of this
analysis confirmed a significant decrease in the ratio of
GSH to GSSG in both BC tumor spheroids, which aligns
with previous findings [22, 28, 46, 47]. Moreover, data
from previous studies reported that Vit-C can lead to
cancer cell death via oxidative stress-induced activation
of caspases, in addition to other pathways such as ferrop-
tosis, TRAIL-induced apoptosis, metabolic disruption,
and necrosis [22, 29, 31, 35, 44, 48-52]. In the oxida-
tive stress-mediating cancer cell killing pathway, Vit-C-
mediated H,O, can inhibit anti-apoptotic protein, B cell
lymphoma 2 (Bcl-2), can activate Bax (a well-known
pro-apoptotic mediator), can induce mitochondrial
hyperpolarization, can stimulate the poly (ADP-ribose)
polymerase (PARP, a known apoptotic indicator) cleav-
age, and the cleavage of caspases, mainly caspases 3 and
7, ultimately leading to cancer cell death by apoptosis [22,
41-43, 53, 54]. In our study, Vit-C treatment significantly
induced apoptotic death of both tumor spheroids via
high concentrations of H,0O,-mediated caspase 3/7 acti-
vation. The results are consistent with previous research,
supporting the notion that Vit-C possesses potent apop-
totic properties in targeting cancer cell [22, 28, 46, 47,
53]. It should be noted that, the exact mechanism of
how Vit-C activates caspase 3/7 through H,O, is not
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completely understood, nor is it clear whether the signal
needed to trigger apoptosis is intrinsic (i.e., mitochon-
drial) or extrinsic. However, studies indicate that treat-
ment with Vit-C leads to the cleavage of caspase 8, which
suggests the presence of an extrinsic apoptotic signal [3].
This indicates the necessity for further investigation to
identify all the potential apoptotic pathways that may be
triggered by Vit-C.

This work demonstrates the improved effectiveness of
high-dose Vit-C by the use of BC tumor spheroids, con-
sistent with current developments in 3D culture tech-
nology. This in turn, provides a comprehensive realistic
assessment of response to drugs and highlight a potential
for clinical translation.

Conclusions

Our study demonstrates that pharmacological Vit-C
effectively induces cytotoxicity in both non-aggressive
(MCEF-7) and aggressive (MDA-MB-213) forms of BC
tumor spheroids at various concentrations. The main
cause of cytotoxicity induced by Vit-C is the production
of H,0,. Significant levels of H,O, can cause apoptosis
and impose damage to DNA, lipids, and proteins. The
presence of high concentrations of H,0O,, induced by
Vit-C in a dose-dependent manner, resulted in the activa-
tion of caspase-3 and caspase-7, which directly promoted
the apoptosis. The key role of H,O, in mediating apop-
tosis was confirmed by reversing the cytotoxic action of
Vit-C when the H,O, inhibitor, CAT was incorporated
into the external cellular environment. The impact of
Vit-C on the destruction of the tumor cells varied slightly
between the two spheroids, yet in contrast to previous
literature using 2D models, it demonstrated the ability of
Vit-C to target both forms of BC effectively. The observed
subtle mechanistic variations could be attributed to the
characteristics of the BC cell lines employed, underscor-
ing the importance of evaluating different molecular sub-
types of BC.

Given the robust results obtained on our two tumor
spheroid models and the significant cytotoxic impact of
Vit-C, we urge fellow researchers to explore the effects of
Vit-C on spheroids of different cancers, as well as in more
advanced models, such as tumor organoids alone or with
different combinatorial cancer treatments. This will allow
us to go beyond the current limitations in the therapeutic
efficiency of Vit-C as an anticancer modality. Currently,
Vit-C is only used as a supplementary therapy, while its
use as a standalone treatment has not advanced pass the
preclinical stage. However, with deepening insight with
regard to the anticancer effect of Vit-C on the molecu-

lar level, these impasses may be overcome to take it from
bench to bedside.
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Vit-C Vitamin C

BC Breast cancer

GSH Reduced glutathione

GSSG Glutathione disulfide

TME Tumor microenvironment

3D 3-Dimensional

2D 2-Dimensional

ROS Reactive oxygen species

OH™ Hydroxide ion.

NF-«kB Nuclear factor kappa beta of activated b cells
H,0, Hydrogen peroxide

‘OH Hydroxyl radical

0, ~ Superoxide

LIP Labile iron pool

Asc™ Ascorbic intermediate radical

DHA Dehydroascorbic acid

SVCT Sodium-dependent Vit-C transporter
GLUT-1 Glucose transporter 1

CAT Catalase

Fe?t Ferrous iron

Fe+ Ferric iron

STEAP-3  Endosomal-six transmembrane-epithelial antigen of prostate-3
Bcl-2 B cell lymphoma 2

PARP Poly (ADP-ribose) polymerase
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