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Abstract
Background

Iron exhibits a close association with neuroblastoma (NB), as elevated serum ferritin is frequently
observed in high-risk NB and correlates with an unfavorable prognosis. Ferroptosis, a recently identified
cell death modality characterized by iron-dependent lipid peroxidation, involves the crucial triggering role
of intracellular free iron overload.

Methods

In this study, we assessed the cellular activity, cellular morphology and reactive oxygen species (ROS)
levels in response to ferric citrate (FAC), ATO, and their combination in NB cell lines SK-N-AS and SH-
SYS5Y. Subsequently, a rescue assay was employed to confirm that the primary mode of NB cell death
induced by ATO in conjunction with FAC was ferroptosis.

Results

FAC augmented the inhibitory effects of ATO on NB cells. Increasing FAC concentrations did not
significantly promote the proliferation of SK-N-AS and SH-SY5Y NB cell lines. The inhibitory impact of
ATO on the proliferation of these NB cell lines was more pronounced with elevated ferroptosis indicators,
ROS, in combination with FAC. Moreover, treatment with the ferroptosis inhibitor Fer-1 alleviated the
inhibitory effects of ATO in combination with FAC on the two NB cell lines.

Conclusion

Our findings suggest that FAC does not notably contribute to tumor growth but enhances the inhibitory
effects of ATO on NB cells. This indicates the potential of FAC combined with ATO as a treatment
strategy for NB.

Introduction

Neuroblastoma (NB) is the most common extracranial solid tumor of embryonic origin in childhood [1].
While the overall survival (OS) rate for low- and intermediate-risk NB has surpassed 90%, high-risk NB
(HR-NB), comprising approximately half of all NB cases, continues to present clinical challenges [2]. HR-
NB is characterized by a propensity for early distant metastasis and a high degree of malignancy, as
evidenced by a chemotherapy-induced complete remission rate of only 45% and a 5-year survival rate of
less than 15% [3, 4]. Additionally, the development of multidrug resistance (MDR) in advanced stages of
HR-NB restricts treatment options and contributes to a high 2-year recurrence rate of 80% [5].
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Consequently, pediatric oncologists are compelled by a pressing imperative to investigate economically
sustainable and efficacious methodologies for the management of HR-NB.

Iron plays a crucial role in fostering cellular metabolism, proliferation, and growth. Nevertheless, the
biological characteristics of malignant tumors frequently involve an imbalance in iron homeostasis and
the aberrant activation of iron-regulated genes [6]. Excessive iron loading further stimulates the
proliferation, invasion, and distant metastasis of tumor cells [7]. Notably, children diagnosed with HR-NB
at the initial stage often exhibit elevated serum ferritin levels, which are correlated with an unfavorable
prognosis [8]. However, it is noteworthy that the extent of iron loading within tumor cells can also hold
therapeutic potential. Ferroptosis, introduced as a non-apoptotic mode of cell demise by Stockwell's
research group in 2012, is initiated through iron-dependent lipid peroxidation [9]. The escalation of
intracellular free iron levels precipitates the generation of reactive oxygen species (ROS) free radicals,
provoking lipid peroxidation, and ultimately culminating in cell death [10]. The primary recognized
mechanisms for triggering ferroptosis involve the GSH-GPX4 pathway and iron overload [9]. Within the
iron overload pathway, ferritin degradation through iron autophagy releases stored ferric ions, while
heme oxygenase-1 (HO-1) catalyzes heme, leading to the production of ferric ions, thereby inducing
intracellular iron overload. This process plays a pivotal role in regulating the activation of ferroptosis [11].
The investigation revealed that inducers of ferroptosis play a pivotal role in the induction of cell death in
NB [6, 12]. For instance, Erastin was observed to downregulate the expression of both mRNA and protein
associated with Ferroportin1, an iron-transporting protein, within the SH-SY5Y cell line of NB, which
resulted in a reduced efflux of iron ions from SH-SY5Y cells, leading to an increased intracellular iron load
and subsequent initiation of ferroptotic cell death in NB cells [6]. Synthetic iron complexes, functioning
as ferroptosis inducers, hastened the demise of NB1 cells and heightened the cytotoxic impact of the
chemotherapeutic drug cisplatin on NB1 cells [12]. These findings propose a prospective strategy for
addressing HR-NB. Nevertheless, various small-molecule ferroptosis inducers, such as Erastin and BSO
(glutathione synthesis inhibitors), along with RSL3 (a GPX4 inhibitor), are presently in the preclinical
phase, with uncertainties surrounding their clinical implementation [13, 14].

Arsenic trioxide (ATO) has a rich history spanning over 2,000 years as a traditional Chinese medicine.
Currently, it holds approval for treating acute promyelocytic leukemia and advanced primary
hepatocellular carcinoma [15, 16]. In recent years, it has been revealed that the cytotoxic effects of ATO
are intricately linked to its distinctive oxidative damage mechanisms. ATO diminishes cellular antioxidant
capacity by elevating catalase, malondialdehyde, and ROS levels while concurrently reducing the content
of reduced glutathione (GSH) [17]. Moreover, the induction of excessive ROS production by ATO results in
the down-regulation of Bcl-2 expression, activation of caspases, disruption of mitochondrial membrane
potential, and initiation of structural alterations in DNA, encompassing base mutations, translocations,
deletions, sister chromatid exchanges, as well as DNA methylation or demethylation. These processes
collectively contribute to the promotion of apoptosis in tumor cells [18, 19]. ATO exhibits anti-tumor
effects on NB, as evidenced by our prior investigations, which have elucidated that ATO induces NB cell
death through three pathways: apoptosis [20], down-regulation of glycoprotein P [21], and inhibition of
the Hedgehog pathway [22]. Moreover, ATO has demonstrated clinical efficacy, enhancing objective
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remission rates when combined with conventional chemotherapy [23, 24]. In order to elucidate and
enhance the understanding of the anti-tumor mechanism of arsenic trioxide (ATO) on neuroblastoma
(NB), we identified differentially expressed proteins enriched in the ferroptosis pathway through
proteomics technology, following ATO treatment of the NB cell line SK-N-BE(2) [25]. Our subsequent in
vitro experiments demonstrated that ATO induces ferroptosis in NB cells by down-regulating the
ferroptosis rate-limiting enzyme, GPX4 [26].

In summary, iron loading exerts a dual influence on NB cells. Elevated iron levels serve as a pivotal
prerequisite for the growth of NB tumor cells, enhancing both their proliferative and invasive capabilities.
Concurrently, heightened iron concentrations induce the generation of ROS in NB, increasing their
susceptibility to ferroptosis. In this study, we undertook the initial endeavor to augment intracellular iron
levels in NB cells. Specifically, ferric citrate (FAC) served as a supplementary iron agent in conjunction
with ATO, an inducer of ferroptosis, to investigate the potential of this combination in promoting
ferroptosis in NB cells.

Materials and methods
Cell Culture

Human SK-N-AS, SH-SY5Y cells were purchased from Asbio Technology (Guangzhou, China). Cells were
cultured in DMEM/F12 medium (1:1; Hyclone; GE Healthcare Life Sciences, Logan, UT, USA)
supplemented with 10% heat-inactivated fetal bovine serum, at 37°C in an incubator with 5% CO,. After
reaching 80% confluency in a monolayer and multilayers, the cells were transferred to 96-well plates at
1x10% cells per well.

Cytotoxicity Assays

Cell Counting Kit 8 (CCK-8) (K1018, Apexbio, USA) was used to measure the cell growth inhibition. The

logarithmic cells were inoculated in 96-well with (182)x10% per well in 100 pl medium. After 12 h of
adherent growth, each cell line was treated with ATO (Harbin Yida Pharmaceutical Co., Ltd., Heilongjiang,
China) at a concentration gradient. NB cells were treated with serial dilutions of ATO for 24 h. Then, cells
were transferred into DMEM medium containing CCK-8 solution at 37°C for 3 h. The enzyme-linked
immunosorbent assay microplate reader (Molecular Devices LLC, Sunnyvale, CA, USA) was used to
access the absorbance values at 450 nm. The IC5j values of NB cells were calculated using GraphPad

Prism version 9.0.

Experimental Groups

Half-maximal inhibitory concentration (IC5;) values reflect the killing capacity of the drug. In general,
drugs with lower IC5 values are more potent [27]. To explore the influence of ATO, FAC, and their

Page 4/17



combination on the cell cycle and ROS levels, SK-N-AS, SH-SYSY cells were divided into three treatment
groups and respectively treated for 24 hours with the IC50 of ATO, FAC, and their combination. Controls
were medium samples devoid of ATO and FAC.

Cell Morphology

SK-N-AS, SH-SY5Y cells in logarithmic growth phase were inoculated in six-well plates and counted by
cell counting plate, about (4 ~ 6)x10° cells per well, and blank control group, ATO single drug group, FAC
single drug group and ATO combined with FAC group were set up, and the morphology of the cells was
observed under the inverted phase contrast microscope after incubation for 24h, and the experiment
was repeated three times.

Reactive oxygen species assays

Flow cytometry (FCM) (BD Biosciences, USA) and a ROS assay kit (Beyotime, Shanghai, China) were
employed to assess the level of ROS in NB cells. The cells were seeded in 6-well plates with 3 ml of
DMEM medium at a density of 8x105 cells overnight and treated with various dilutions of ATO for 12 h.
Subsequently, the cells were transferred to serum-free medium containing the fluorescent probe DCFH-
DA (1:10000) and incubated in the dark at 37°C for 20 min. Afterward, the cells were washed three times
with phosphate-buffered solution. The green fluorescence intensity was quantified using an automated
fluorescent microplate reader (Scientific Varioskan LUX, Thermo Fisher Scientific).

Ferroptosis rescue experiment analysis

Ferroptosis rescue experiment analysis was performed by CCK-8. Following an overnight culture of NB
cells, they were subjected to pre-treatment with specific compounds including Deferoxamine (DFO, 100
uM), Ferrostatin-1 (Fer-1, 1 uM), Z-VAD (OH)-FMK (Z-VAD, 10 uM), and Necrostatin-1 (Nec-1, 10 uM) for 1
h. Subsequently, the cells were were treated with ATO at a concentration of 20 uM for 24 h.
Subsequently, the cells were evaluated in accordance with the manufacturer's instructions. The
absorbance values at 450 nm were measured using an enzyme-linked immunosorbent assay microplate
reader.

Statistical Analysis

Each test was performed in triplicate and three times at least. The data was analyzed by GraphPad
Prism 9.0 (GraphPad Software, CA, USA). Statistical data are presented as mean * standard deviation
(SD). Normality and variance homogeneity were assessed using the Levene test and Kolmogorov-
Smirnov test separately. If the quantitative data met the above conditions, Student’s t-test was used. If
the conditions were not met, the rank-sum test was used. P < 0.05 was considered statistically
significant.
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Results

Influence of Different Concentrations of FAC and ATO on the Viability of SK-N-AS and SH-SY5Y Cells

This study established concentration gradients for ATO at OpM, 3uM, 6uM, 10uM, 12uM, 15uM, 20uM,
40uM, 50uM, 100uM (SK-N-AS cells) and OuM, 6uM, 8uM, 9uM, 10uM, TT1uM, 12uM, 15uM, 20uM, 25uM,
50uM, 100uM (SH-SY5Y cells). Additionally, FAC concentration gradients were set at OuM, 100uM,
200uM, 300uM, 400uM, 500uM, 600uM, 700uM, 800uM, 900uM, TmM. Subsequently, SK-N-AS and SH-
SY5Y cells were treated with varying concentrations of ATO or FAC, and cell viability was assessed after
24 hours. The results (Figs. 1 and 2) indicate that ATO induces cell death in both SK-N-AS and SH-SY5Y
cells, with a more pronounced effect at higher concentrations. Low-dose FAC (5uM and 10uM) promotes
NB cell growth, and with increasing FAC concentration, the decrease in NB cell proliferative activity is
moderate, not falling below 75%. After 24 hours of ATO treatment, SK-N-AS cell viability across the 3-100
UM concentration gradient was (105.57 + 8.4)%, (100.26 + 5.88)%, (92.69 + 4.8)%, (89.5+ 5.05)%, (84.41 +
4.07)%, (81.6 + 3.8)%, (57.48 + 1.6)%, (46.55 £ 3.51)%, (21.35 + 13.69)%, with GraphPad Prism 9.0
calculating IC5pATO = 46.52 pM. For SH-SY5Y cells, viability across the 6uM—-100uM concentration
gradient was (112.45+ 1.43)%, (89.87 +£2.4)%, (65.98 + 3.11)%, (50.62 + 3.94)%, (39.3 + 4.57)%, (28.65 =
8.18)%, (12.48 +7.03)%, (6.39 £ 29.08)%, (5.96 + 26.2)%, (5.41 + 36.47)%, (6.59 + 29.24)%, with GraphPad
Prism 9.0 calculating IC5,ATO = 10.29 uM. FAC treatment at varying concentrations for SK-N-AS and SH-
SY5Y cells after 24 hours yielded viability rates of (105.18 £ 0.32)%, (105.07 £ 0.1)%, (101.64 + 0.23)%,
(98.63+0.09)%, (93.46 + 0.4)%, (90.72 £ 0.02)%, (89.19 + 0.73)%, (88.17 + 0.08%) and (107.59 + 1.54)%,
(102.62+0.7)%, (93.89 +1.72)%, (90.11 £ 0.38)%, (85.86 + 1.46)%, (81.49 + 0.56)%, (79.87 + 1.31)%,
(76.62 + 0.41%), respectively.

Impact of Different Concentrations of FAC Combined with ATO on the Growth Inhibition of SK-N-AS and
SH-SY5Y Cells

Building upon preliminary findings, this study set ATO concentration gradients at OuM, 10uM, 20uM,
30uM, 40uM, 50uM, 60uM, 70uM, 80uM, 90uM, 100uM. SK-N-AS and SH-SY5Y cells were treated with
varying concentrations of FAC combined with ATO, and cell proliferation inhibition rates were measured
24 h later. The results (Fig. 3) reveal that both ATO monotherapy and combination with FAC induce cell
death in SK-N-AS and SH-SY5Y cells. As the ATO concentration increases, the cytotoxic effect becomes
more pronounced when FAC concentration remains constant. For the same cell line, with increasing FAC
concentration, the IC5y ATO decreases. At 50pM, 100uM, and 200uM FAC, the IC5,ATO for SK-N-AS and

SH-SY5Y cells were 28.18uM, 23.21uM, 16.02uM, and 10.2uM, 9.84uM, 6.87uM respectively.

Influence of Different Drug Combinations on the Morphology of SK-N-AS and SH-SY5Y Cells After 24
Hours

The experiment included a blank control group, ATO monotherapy group, TmM FAC monotherapy group,
and ATO combined with FAC group. After 24 hours, changes in cell morphology were observed through
inverted phase-contrast microscopy (Fig. 4). In both cell lines, the ATO monotherapy group exhibited
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significant inhibition of cell growth and cell shrinkage compared to the control group. The combined ATO
with FAC group showed a more pronounced effect, while the FAC monotherapy group showed no
significant changes.

Impact of Different Drug Combinations on the Generation of ROS in SK-N-AS and SH-SY5Y Cells After
24 Hours

The experiment included a blank control group, ATO monotherapy group, FAC monotherapy group, and
ATO combined with FAC group. After 24 hours, FCM analysis was used to detect the effect of these
treatments on ROS production in SK-N-AS and SH-SYS5Y cells. The results (Fig. 5) show that after 24
hours, the ROS levels in SK-N-AS cells for the blank control group, ATO monotherapy group, FAC
monotherapy group, and ATO combined with FAC group were (2.02 + 0.45)%, (17.01 £9.21)%, (13.15 %
0.63)%, (44.71 £+ 7.45)%, respectively. In SH-SY5Y cells, the ROS levels were (2.02 £ 0.45)%, (17.01 +
9.21)%, (13.15+0.63)%, (44.71 + 7.45)%, respectively. The ATO monotherapy group, FAC monotherapy
group, and ATO combined with FAC group exhibited higher ROS levels than the blank control group (P <
0.05), and the combined effect of the two drugs was stronger than each drug alone (P < 0.05). This
suggests that the ATO monotherapy group and FAC monotherapy group induced higher ROS levels than
the control group, and the combined effect of the two drugs was stronger than each drug alone.

Impact of Different Cell Death Inhibitors on the Proliferative Activity of SK-N-AS and SH-SY5Y Cells
After 24 Hours of Combined ATO and FAC Treatment

The experiment included a blank control group, ATO combined with FAC group, ATO combined with FAC
+ Fer-1 group, ATO combined with FAC + Z-VAD group, and ATO combined with FAC + Nec-1 group. After
24 hours, the analysis was conducted to detect the proliferative activity of SK-N-AS and SH-SY5Y cells.
The results (Fig. 6) show that in both cell lines, the cell proliferation rate of all drug-treated groups
significantly decreased compared to the blank control group (P < 0.05). Among them, the NB cell
proliferation rate of ATO combined with FAC + Fer-1 group, with ferroptosis inhibitor Fer-1 added, was
significantly higher than that of all other groups except the blank control group (P < 0.05). There was no
difference in the NB cell proliferation rate between the other groups (P > 0.05) compared to the blank
control group. Compared to the blank control group, the cell viability of all treatment groups significantly
decreased (P < 0.05). In both cell lines, the ATO combined with FAC + Fer-1 group had a significantly
higher cell viability than the ATO + FAC group (P < 0.05), suggesting that Fer-1 could partially counteract
the NB cell-killing effect induced by ATO combined with FAC. Additionally, in the SK-N-AS cell line, there
was no statistically significant difference between the ATO combined FAC + Z-VAD group, ATO combined
FAC + Nec-1 group, and ATO combined FAC group (P > 0.05). Similar results were found in the SH-SY5Y
cell line.

Discussion

While a high iron load is imperative for the proliferation of NB tumor cells, attempts to impede their
growth through iron chelation or deprivation have proven ineffective [28]. Based on previous research
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demonstrating that FAC effectively elevates the labile iron pool (LIP) in cancer cells to induce ferroptosis
[29], and our prior findings confirming that ATO monotherapy predominantly triggers ferroptosis rather
than other cell death modalities in NB cells [26], we hypothesized that leveraging the inherent high iron
susceptibility of NB cells could amplify ferroptotic effects. The accumulation of intracellular redox-active
iron represents a critical prerequisite for ferroptosis initiation. This mechanistic rationale motivated our
investigation into the synergistic potential of ATO combined with FAC to exacerbate ferroptosis in NB
cells.Prior to investigating whether FAC supplementation can potentiate the ferroptosis effect in NB
cells, it is imperative to clarify the primary query of whether iron supplementation augments the growth
of NB tumor cells and to what extent. Our experimental results did not reveal a significant growth-
promoting effect of FAC supplementation on NB cell lines. Low doses of FAC (5uM and 10uM) only
marginally promoted the growth of the two NB cell lines, and as the FAC concentration increased, the
proliferative activity of NB cells diminished. Therefore, promoting the ferroptosis effect of NB cells
through iron supplementation appears feasible. We posit that the observed phenomenon stems from the
predominant regulation of iron metabolism in tumor cells by iron regulatory proteins (IRP) 1 and IRP2
[30, 31]. These proteins fulfill crucial roles in intracellular iron storage, release, and the post-
transcriptional regulation of genes associated with iron homeostasis. Upon achieving iron homeostasis
in the presence of elevated iron levels, a balance is struck between the supply and demand of iron within
tumor cells. Even in the event of a subsequent increase in intracellular iron loading, it may not exert
further promotion of tumor cell proliferation. Surprisingly, excess iron might impede tumor growth by
inducing oxidative damage [32, 33]. Upon ascertaining that FAC does not appreciably enhance the
proliferation of NB cell lines, subsequent investigations unveiled a synergistic effect when FAC is
combined with the ferroptosis inducer ATO, augmenting iron-induced cell death specifically in SK-N-AS
and SH-SY5Y. This substantiates our hypothesis that supplementation with FAC enhances ATO-induced
ferroptosis by fostering iron overload in tumor cells. Simultaneously, various cell death inhibitors, namely
Fer-1 (a ferroptosis inhibitor), Z-VAD-FMK (an apoptosis inhibitor), and Nec-1 (a necrotic apoptosis
inhibitor), were employed to assess the extent of ferroptotic effects in the cytotoxicity of NB cells
induced by the combination of ATO with FAC. Our investigation revealed a prevalence of ferroptotic
effects, surpassing apoptosis and necrosis, in the ATO and FAC-induced cytotoxicity against SH-SY5Y.
Intriguingly, in the SK-N-AS cell line, necrotic effects predominated over ferroptosis. We posit that the
signaling cascades governing apoptosis, necrosis, and pyroptosis are intricately interconnected,
constituting a multifaceted network of programmed cell death mechanisms [34]. It is plausible that the
necrotic apoptosis inhibitor Nec-1 targets the antagonizing receptor-interacting protein kinase 1, serving
as feedback within this network, thereby amplifying the necrotic effect and reinforcing the cell-killing
efficacy [34]. Additionally, disparities in genetic makeup and cellular status between SK-N-AS and SH-
SY5Y, coupled with their distinct sensitivities to ferroptosis, could account for the observed experimental
discrepancies relative to expectations.

In terms of feasibility and safety within clinical practice, iron supplementation emerges as a routine
treatment measure, benefiting from drug accessibility and high patient compliance. Characterized by a
broad spectrum of drug safety thresholds, minimal complications, and unexplored risks, along with a low
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likelihood of conflicting with conventional chemotherapy, this treatment option can be readily
generalized and applied. Moreover, the capacity for timely intervention with iron removal agents in the
face of adverse reactions adds to its overall safety profile. Our preliminary study constitutes the
inaugural validation of the potential and efficacy of coadministering iron with ATO to enhance ferroptosis
in the treatment of NB. This study serves as an experimental foundation for the development and
formulation of a clinical strategy for pharmacological ATO treatment in HR-NB, holding significant
clinical implications for improving the overall survival rate among children with HR-NB.

Conclusion

In conclusion, our results suggest that that FAC alone does not exert a significant impact on tumor
growth. Nevertheless, it exhibits a synergistic effect in enhancing ATO's inhibitory activity against NB
cells. The experimental evidence put forth in this study substantiates the therapeutic potential of ATO
and FAC in NB treatment.
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Figure 1

Cell activity rate of (A) SK-N-AS and (B) SH-SY5Y cells after ATO treatment with different concentrations
for 24 h. n=3.
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Figure 2

Cell activity rate of (A) SK-N-AS and (B) SH-SY5Y cells after 24 h treatment with different concentrations
of FAC. n=3.
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Figure 3

Cell activity rates of SK-N-AS and SH-SYS5Y cells were assessed after a 24-h treatment with varying
concentrations of FAC in combination with ATO. (A-D) In the case of the SK-N-AS cell line, the cell activity
rates were examined by introducing a gradient concentration of ATO at specific FAC concentrations (0
pM, 50 pM, 100 pM, and 200 pM, respectively). The ICs, values of ATO were determined for the SK-N-AS
cell line at FAC concentrations of 50 yM, 100 pM, and 200 uM, respectively. (E-H) For the SH-SY5Y cell
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line, the cellular activity rates were investigated by applying gradient concentrations of ATO at specific
FAC concentrations (0 uM, 50 pM, 100 pM, and 200 pM, respectively). The respective ATO IC5, values for
the SH-SY5Y cell line at FAC concentrations of 50 uM, 100 pM, and 200 pM. n=3.
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Figure 4

Light microscopy of SK-N-AS and SH-SY5Y cell morphology after 24h treatment with different drug
combinations. SK-N-AS (magnification 50x): (A) blank control group; (B) ATO single-drug group; (C)FAC
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single-drug group; (D) ATO coupled with FAC group.SH-SY5Y (magnification 200x): (E) blank control
group; (F)ATO single-drug group; (G) FAC single-drug group; (H) ATO coupled with FAC group. n=3.
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Figure 5

SH-SY5Y

The combination of FAC and ATO facilitated the increase in ROS levels and induced ferroptosis in NB
cells. NB cells were treated with 10 uM ATO, 100 uM FAC, and a combination of 10 uM ATO and 100 pM
FAC for 12 hours. Subsequently, lipid ROS levels were assessed using FCM with DCFH-DA 581/591
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fluorescence staining. Panels (A-B) represent the results for SK-N-AS cells, while panels (C-D)

correspond to SH-SY5Y cells. n=3; ™ P<0.01; ™ P<0.001; ™ P<0.0001.
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Figure 6

The cell viability rates of (A) SK-N-AS and (B) SH-SY5Y cells were evaluated following a 24-h treatment
with a combination of FAC and ATO, along with various cell death inhibitors. n=3; ns, no significance; *
P<0.05; ™ P<0.01.
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