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Intracellular magnetic hyperthermia reverses
sorafenib resistance in hepatocellular carcinoma
through its action on signaling pathways

Hugang Li,1,3 Zirui Ye,1,2 Xun Wang,4 Jianlan Yuan,4 Jingyi Guo,4 Chen Liu,4 Bin Yan,1,2,* Haiming Fan,4,5

Yi Lyu,1,2,3,* and Xiaoli Liu1,2,3,4,6,*

SUMMARY

Sorafenib, a first-line drug for advanced hepatocellular carcinoma (HCC), unfortunately encounters resis-
tance in most patients, leading to disease progression. Traditional approaches to counteract this resis-
tance, particularly those targeting the RAF-MEK-ERK pathway, often face clinical feasibility limitations.
Magnetic hyperthermia (MH), unlike conventional thermal therapies, emerges as a promising alternative.
It uniquely combinesmagnetothermal effectswith an increase in reactive oxygen species (ROS). This study
found the potential of intracellular MH enhanced the efficacy of sorafenib, increased cellular sensitivity to
sorafenib, and reversed sorafenib resistance by inhibiting the RAF-MEK-ERK pathway in an ROS-depen-
dent manner in a sorafenib-resistant HCC cell. Further, in a sorafenib-resistant HCC mouse model, MH
significantly sensitized tumors to sorafenib therapy, resulting in inhibited tumor growth and improved
survival rates. This presents a promising strategy to overcome sorafenib resistance in HCC, potentially
enhancing therapeutic outcomes for patients with this challenging condition.

INTRODUCTION

Liver cancer, with hepatocellular carcinoma (HCC) as the major subtype, is a significant global health concern, ranking as the most common

malignancy worldwide and fourth leading cause of cancer-related death.1–3 HCC is often diagnosed at an intermediate or advanced stage, at

which point systemic anti-cancer therapy becomes the primary treatment option.2,4,5 Sorafenib, a multi-targeted kinase inhibitor was

approved by the US Food and Drug Administration in 2008, is a first-line treatment for advanced HCC. It targets several kinases, including

rapidly accelerated fibrosarcoma (RAF) kinase, vascular endothelial growth factor receptors (VEGFRs), platelet-derived growth factor recep-

tors, KIT proto-oncogene receptor tyrosine kinase, and FMS-related tyrosine kinase 3.4,6 Sorafenib’s action mechanism involves inhibiting tu-

mor cell proliferation by affecting the mitogen-activated protein kinase (RAF-MEK-ERK) pathway to directly suppress tumor growth and in-

fluences the VEGF-VEGFR pathway to indirectly suppress tumor angiogenesis.3

Despite its initial efficacy, the effectiveness of sorafenib is significantly compromised due to the rapid development of drug resistance,

often occurring within several months of treatment commencement.3,7–9 This resistance severely limits the long-term effectiveness of sora-

fenib in treating advanced HCC. Regorafenib, the second-line treatment option, also failed to adequately address sorafenib resistance.10

The root cause of this resistance is often linked to the abnormal expression and interaction of intracellular signaling pathway targets, partic-

ularly the RAF-MEK-ERK signaling pathway. This pathway, vital for stress response,11 becomes overactivated in drug-resistant tumor cells,

leading to increased tumor cell proliferation, reduced apoptosis, and enhanced angiogenesis.12–15 Despite some reports of MEK-ERK inhib-

itors reversing sorafenib-induced resistance,16,17 their clinical application remains limited due to issues such as inhibitors resistance, poor

in vivo stability, and high toxicity.16–19

In this context, our study explores the potential of intracellular magnetic hyperthermia (MH) therapy, as a novel approach of counteract

sorafenib resistance in HCC. MH therapy, a variation of thermotherapy, can selectively eradicate cancer cells while preserving adjacent

healthy tissues.20–24 It achieves this through nanoscale thermal effects and amplified reactive oxygen species (ROS) levels at the subcellular

level, unlike conventional thermal therapies which are limited to broader tissue-level effects. These properties ofMH therapy are conducive to
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triggering intracellular stress responses and regulating various intracellular signaling pathways,25–27 potentially reversing sorafenib resistance.

Our research shows that using ferrimagnetic vortex-domain iron oxide nanoring (FVIO) with highmagnetothermal conversion efficiency inMH

therapy can effectively reverse sorafenib resistance in HCC models. In sorafenib-resistant HuH-7/SR cells, FVIO-mediated MH not only

reversed resistance but also did so independent of its cytotoxic effects, indicated by similar half-maximal inhibitory concentration (IC50) values

to non-resistant cells. Mechanistic studies showed that FVIO-mediatedMH downregulates phosphorylated ERK protein in the RAF-MEK-ERK

axis via ROS-dependent mechanisms. Notably, similar effects were not replicated with exogenous hyperthermia under comparable condi-

tions (Figure 1). This approach sensitized sorafenib-resistant tumors to therapy in a xenograft mouse model, suggesting MH therapy as a

promising strategy to overcome drug resistance in HCC.

RESULTS AND DISCUSSION

FVIO-mediated MH reverses sorafenib resistance in HCC cells

FVIO was synthesized using previously reported methods.20,23,24,28–31 The as-synthesized FVIO displayed a ring morphology with an average

outer diameter of about 61 nm (Figures 2A and 2B), which aligns with the intended structural design of the nanoring. X-ray diffraction analysis

revealed an inverse spinel crystal structure, typical of cubic spinel Fe3O4. The characteristic diffraction peaks were successfully indexed to the

(220), (311), (400), (422), (511), and (440) planes of cubic spinel Fe3O4, as depicted in Figure 2C. To enhance hydrophilicity, dopamine was

bound to the surface of FVIO, forming FVIO colloids (FVIO-Dopa) (Figure 2D). Dynamic light scattering analyses showed that the hydrody-

namic size of hydrophilic FVIO was approximately 74.02 G 10.79 nm in an aqueous solution (Figure 2E). During the 1-week observation,

the hydrodynamic diameter of FVIO remained consistent in both deionized water and DMEM culture medium, demonstrating its stability

in these environments (Figure S1A). Additionally, the hydrophilic FVIO exhibited a positive zeta potential of +32.23 mV (Figure S1B), suggest-

ing good colloidal stability. Crucially, the magnetothermal conversion efficiency, a critical parameter for evaluating its efficacy in MH, was

determined. The specific absorption rate (SAR) value, a quantitative measure of this efficiency, was calculated from the temperature increase

over time under an alternatingmagnetic field (AMF) with a frequency (f) of 365 kHz and a field strength (H) of 300Oe. Specifically, the equation

(SAR = C DT
Dt

1
mFe

) was used to calculate SAR value, where DT/Dt is the initial slope, C is the specific heat capacity of the water, and mFe is the

mass concentration of Fe in the samples. We examined the time-dependent heating profiles of FVIO at different Fe concentrations (50, 100,

and 150 mg/mL) under anAMF.We calculated the SAR values and observed that SAR values across different FVIO concentrations did not show

significantly changes (Figures S2A and S2B). The SAR value of hydrophilic FVIOwas found to be 2,107G 156W/g (Figure 2F), indicating a high

efficiency of magnetothermal conversion, which is vital for the effective application of MH in biomedical contexts.

We established a sorafenib-resistant HCC cell line, HuH-7/SR, by prolonged exposure to incrementally increasing concentration of sora-

fenib, as illustrated in Figure 3A. The degree of resistance developedby these cells was quantifiedby comparing their IC50 values for sorafenib

to those of the parental HuH-7 cells. The IC50 value for the HuH-7/SR cells was significantly higher at 36.14 mM compared to 12.93 mM in the

parental HuH-7 cells (Figure 3B), indicating a marked decrease in sorafenib’s potency against the resistant cell line.

Furthermore, we evaluated the cytotoxicity of FVIO-mediated MH in both HuH-7/SR and HuH-7 cells using a cell counting kit-8 (CCK-8)

assay. This assay revealed that cell viability remained relatively high (above 80%) for both cell lines at FVIO concentrations up to 75 mg/mL

Isolate tumor tissue 
to 1-2 mm3 pieces

Weeks

BALB/c nude mice

0 2 4 6

Mice with sorafenib-
resistant tumor

Subcutaneous injection 
of HuH-7/SR cells
Oral administration sorafenib 
daily for 6 weeks

Alternating 
magnetic field

Extracellular heating (EH)

Intracellular heating (IH)

Heating

ROS

Nano-agent,
 FVIO

RAF

MEK

ERK

p=0.146

0

10

20

30

40

So
ra

fe
ni

b 
IC

50
(μ

M
)

Ctrl EH

ns

Ctrl IH

**
p=0.0029

0

10

20

30

40

So
ra

fe
ni

b 
IC

50
(μ

M
)

Figure 1. Illustration of FVIO-mediated intracellular MH reversing sorafenib resistance in HCC rather than extracellular heating
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Fe, suggesting that the hydrophilic FVIO alone exhibited minimal cytotoxicity (Figures S3A and S3B). However, upon treatment with FVIO-

mediated MH, a notable decrease in cell viability was observed in both HuH-7/SR and HuH-7 cells, showing a dependence on the concen-

tration of Fe used. Specifically, after exposure to anAMF at a frequency of 365 kHz and a field strength of 300Oe for 10min, the viability of cells

incubated with 75 mg/mL Fe of FVIO dropped to approximately 56.8% for HuH-7/SR cells and 55.3% for HuH-7 cells (Figures S3C and S3D).

This reduction in cell viability was evenmore pronounced at a higher Fe concentration of 100 mg/mL, decreasing to around 35.8% in HuH-7/SR

cells and 37.0% in HuH-7 cells. Following co-incubating 75 mg/mL FVIO with HuH-7/SR cells, the intracellular Fe ion concentration was de-

tected using an inductively coupled plasma mass spectrometer. The result showed that the maximum accumulation (50.76 pg/cell) of

FVIO occurred at a time of 24 h (Figure S4), and the cellular uptake of FVIO showed almost no change when the co-incubation times were

prolonged.

To assess the effectiveness of FVIO-mediated MH in reversing sorafenib resistance, we conducted a detailed study on HuH-7/SR cells,

specifically focusing on those that survived theMH treatment. Initially, cells undergoing apoptosis as a result of MH treatment were identified

and excluded from further analysis, as shown in Figure 3C. According to the CCK-8 assay results, the cell viabilities of the left HuH-7/SR cells

approximately were 100% and 96%, when treated with 50 mg/mL and 75 mg/mL Fe of FVIO-mediated MH, respectively (groups 4 and 7 in

Figure 3D). The high survival rate of these cells post-MH treatment allowed us to concentrate on the surviving cell population, providing a

valuable opportunity to further explore how FVIO-mediatedMH influences sorafenib resistance in these cells.We then proceeded to examine

the functionality and cellular architecture of the remaining HuH-7/SR cells post-MH treatment (Figure 3C). We noted significant cytotoxic ef-

fects when sorafenibwas combinedwith FVIO-mediatedMH in treatingHuH-7/SR cells, as shown in groups 5 and 8 of Figure 3D. Interestingly,

this enhanced cytotoxicity was not observed in groups treated with FVIO alone followed by sorafenib (groups 3 and 6 in Figure 3D). While

sorafenib combined with 50 mg/mL Fe FVIO-mediated MH (group 5 in Figure 3D) showed a certain level of cytotoxicity, this effect was mark-

edly enhanced when the FVIO concentration was increased to 75 mg/mL Fe (group 8 in Figure 3D). Remarkably, FVIO-mediated MH at

50 mg/mL Fe reduced the IC50 value of sorafenib from 30.69 to 22.10 mM, and at 75 mg/mL Fe, it further reduced this value to 10.84 mM (Fig-

ure 3E; Figure S5). This observation suggests that the combination of MH and sorafenib effectively mitigates resistance in sorafenib-resistant

HuH-7/SR cells, with a more pronounced reduction at the higher concentration of FVIO. Control experiments, involving either FVIO plus sor-

afenib or AMF plus sorafenib without the MH treatment, did not exhibit a similar reduction in the IC50 value (Figure 3E; Figure S5).

Todetermine the impact of the duration ofMHon the efficacy of sorafenib, we further detected the IC50 values of sorafenib inHuH-7/SR cells

treated with different durations of FVIO-mediated MH. Following the removal of apoptotic cells post-MH treatment, CCK-8 analysis showed

Figure 2. Characterization of FVIO

(A) Transmission electron microscope (TEM) image of FVIO. Scale bar: 50 nm.

(B) Scanning electron microscope (SEM) image of FVIO. Scale bar: 500 nm.

(C) X-ray diffraction patterns of FVIO.

(D) Fourier transform infrared spectroscopy spectra of dopamine-modified FVIO (FVIO-Dopa), FVIO, and dopamine.

(E) Hydrodynamic diameters of FVIO.

(F) Time-dependent heating profiles of 1 mL of FVIO (100 mg/mL) suspension under alternating magnetic field (AMF) (360 kHz, 300 Oe).
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Figure 3. FVIO-mediated MH reverses sorafenib resistance in HCC cells

(A) A schematic diagram of the construction of sorafenib-resistant cells. Sorafenib-resistant HuH-7/SR cells were exposed to increasing concentrations (0.5, 1, 2, 5,

10, 15, 20, 25, and 30 mM) for 2 weeks at each concentration.

(B) The IC50 values of HuH-7 andHuH-7/SR cells were determined by incubating cells with increasing concentrations of sorafenib (0, 0.5, 1, 2, 4, 10, 20, 40, 100, 200,

and 400 mM).

(C) The experimental process used to determine the IC50 values of sorafenib after HuH-7/SR cells were treated with FVIO-mediated MH.

(D) The cell viability of HuH-7/SR cells after treatment with DMEM, sorafenib (Sor: 10 mM, incubation 48 h), FVIO (50 or 75 mg/mL, incubation 24 h) plus sorafenib,

FVIO-mediated MH (FVIO: 50 or 75 mg/mL, incubation 24 h; AMF: 300 Oe, 10 min), and MH plus sorafenib.

(E) The IC50 values of sorafenib in HuH-7/SR cells treated with DMEM, AMF (300 Oe, 10 min), FVIO (50 or 75 mg/mL, incubation 24 h), or MH (FVIO: 50 or 75 mg/mL,

incubation 24 h; AMF: 300Oe, 10min). Values are themeansG SD from three independent experiments. Statistical differences were determined by the Student’s

t test and one-way ANOVA with Tukey’s multiple comparison tests. The range of p values is indicated by the number of asterisks *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001; ns, no significance p > 0.05.
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that the cell viabilities of theHuH-7/SR cells were 86.87%, 96.10%, and85.37%,when thedurations of FVIO-mediatedMHwere 5, 10, and15min,

respectively (group 3, 5, and 7 in Figure S6A). Interestingly, FVIO-mediatedMH for the duration of 5 min in combination with sorafenib showed

significant cytotoxicity, which remained unchanged when the duration was extended to 15 min (group 2, 4, 6, and 8 in Figure S6A). In addition,

FVIO-mediatedMH for the duration of 5 min reduced the IC50 value of sorafenib in HuH-7/SR cells from 31.17 to 19.39 mM. Extending the dura-

tion to 10 and 15 min decreased the IC50 values to 10.84 and 10.72 mM, respectively (detailed in Figures S6B and S6C). This result showed that

there was no significant difference between the duration of 10 and 15min for FVIO-mediatedMH action on reversal of sorafenib resistance. To

minimize the impact of FVIO-mediatedMHon cell viability, the duration of 10minwas chosen to investigate the potential mechanisms of FVIO-

mediatedMH on reversal of sorafenib resistance in HuH-7/SR cells. These finding underscores the unique contribution of MH in enhancing the

sensitivity of HuH-7/SR cells to sorafenib. These results collectively indicate that FVIO-mediated MH is an effective strategy for sensitizing sor-

afenib-resistant HCC cells to treatment, independent of the direct cytotoxic effects of the FVIO-mediated MH.

Mechanism of sorafenib resistance and impact of FVIO-mediated MH on the MEK-ERK axis

Previous studies have identified the overactivation of the RAF-MEK-ERK signaling pathway as a key factor in the development of sorafenib

resistance in HCC cells, including resistance to inhibitors targeting RAS, RAF, and MEK.16,17,32 In this current work, western blot analysis re-

vealed elevated levels of phosphorylated MEK (p-MEK) and ERK (p-ERK) in sorafenib-resistant HuH-7/SR cells compared to HuH-7 cells

(Figures S7A and S7B), corroborating these findings. This overactivation suggests a critical role of the MEK-ERK axis in sorafenib resistance.

Our hypothesis was that FVIO-mediated MH could potentially reverse this resistance by modulating the MEK-ERK pathway.

Previous reports indicate that FVIO-mediated MH generates nanoscale magnetothermal heating and intracellular ROS in various cancer

cell lines.29,30 In this study, treatment with FVIO-mediated MH (75 mg/mL Fe) significantly increased both temperature and intracellular ROS

production in HuH-7/SR cells, as illustrated in Figures 4A and 4B. Since ERK is a downstream transducer in ROS-mediated signaling,33–36 we

observed a decrease in p-ERK expression following treatment with FVIO-mediated MH (75 mg/mL Fe) in HuH-7/SR cells. This decrease was

reversed upon the introduction of ROS scavenger N-acetylcysteine (3 mM; Figures 4C–4E). Intriguingly, when we replicated the conditions of

FVIO-mediated MH using exogenous hyperthermia (EH) via water bath heating (maintaining the same Fe concentration of 75 mg/mL and

treatment duration of 10 min), we did not observe a reduction in p-ERK levels in the HuH-7/SR cells. After EH treatment of HuH-7/SR cells,

we did not observe a significant difference in the IC50 value compared to the control (Figures S8A and S8B).

We further examined the protein expression of the MEK-ERK pathway in HuH-7/SR cells after FVIO-mediated MH treatment at varying Fe

concentrations (ranging from 0 to 75 mg/mL). A distinct Fe concentration-dependent effect was observed, where higher concentrations of Fe

in theMH treatment corresponded tomore pronounced downregulation of p-ERK (Figures 4F–4H). This finding is crucial as it demonstrates a

dose-dependent efficacy of MH in modulating key signaling pathways in HCC cells. This outcome, detailed in Figure 4, is particularly signif-

icant as it highlights the specificity of the MH-induced effects. It underscores that the observed downregulation of p-ERK is not merely a

consequence of increased temperature but is instead attributed to the unique ROS-dependent mechanism triggered by FVIO-mediated

MH. This distinction is critical for understanding the therapeutic potential of MH in treating HCC, especially in the context of overcoming

drug resistance.

Interestingly, our western blotting analysis indicated that p-MEK levels remained unchanged across various treatments, including control,

sorafenib, and FVIO-mediatedMH (with or without sorafenib) (Figures 5A and 5B). This consistency across different treatment conditions sug-

gests that p-MEK may not be the primary target in the context of sorafenib resistance in HCC cells. Conversely, a significant variation was

observed in p-ERK expression. While sorafenib alone moderately downregulated p-ERK, the combination of FVIO-mediated MH

(75 mg/mL Fe) and sorafenib led to a dramatic reduction in p-ERK levels (Figures 5A and 5C). This pronounced effect implies that FVIO-medi-

ated MH enhances the ability of sorafenib to target and degrade p-ERK, a key player in the RAF-MEK-ERK pathway.

To elucidate the specific relationship between p-ERK and sorafenib resistance induced by FVIO-mediated MH, we employed PD98059, a

small-molecule inhibitor of p-ERK, and lipopolysaccharide (LPS), an agonist of p-ERK. The concentrations for these compounds (25 mM

PD98059 and 2 mg/mL LPS) were selected based on cytotoxicity assay results (Figures S9A and S9B). Notably, the addition of PD98059 to

the combined FVIO-mediated MH and sorafenib treatment significantly reduced p-ERK levels by 67.6%. In contrast, LPS increased p-ERK

levels by 2.5 times (Figure 5C). Furthermore, PD98059 dramatically decreased the IC50 value of sorafenib in HuH-7/SR cells from 34.74 to

10.64 mM,whereas LPS increased it to 110 mM (Figures 5D; Figure S10). These findings collectively demonstrate that FVIO-mediatedMHeffec-

tively reverses sorafenib resistance in HuH-7/SR cells, primarily by targeting and downregulating p-ERK expression in an ROS-dependent

manner. The differential effects of PD98059 and LPS further underscore the pivotal role of p-ERK in mediating sorafenib resistance and its

susceptibility to modulation by combined MH and sorafenib treatment.

A key aspect of our study was to determinewhether FVIO-mediatedMH could enhance the sensitivity of sorafenib-resistant HuH-7/SR cells

to sorafenib. Our initial experiments showed that sorafenib alone had a moderate effect on the colony formation and growth of HuH-7/SR

cells, reducing it to 83.7%. However, when we combined FVIO-mediated MHwith sorafenib, we observed a substantial inhibition in both col-

ony formation and cell growth, with rates plummeting to 30.6% as detailed in Figures S11A and S11B. This significant decrease highlights the

potential of MH to augment the therapeutic efficacy of sorafenib. Furthermore, the combination of MH and sorafenib markedly increased the

rate of apoptosis in HuH-7/SR cells. Post treatment, the apoptotic ratewas 39.8%, a 2.48-fold increase compared to the sorafenib-alone group

(p = 0.0003), as illustrated in Figures S11C and S11D. This heightened induction of apoptosis clearly demonstrates the sensitizing effect of

FVIO-mediated MH on HuH-7/SR cells toward sorafenib. These findings collectively suggest that FVIO-mediated MH can significantly sensi-

tize sorafenib-resistant HCC cells to sorafenib treatment. By markedly suppressing colony formation, inhibiting cell growth, and enhancing
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apoptosis rates, MH treatment emerges as a promising strategy to improve the efficacy of sorafenib in resistant HCC cases. This synergistic

interaction between MH and sorafenib offers a promising approach that could be pivotal in managing drug resistance in HCC therapy.

FVIO-mediated MH in enhancing the anti-tumor efficacy of sorafenib in a sorafenib-resistant HCC mouse model

Clinical evidence has indicated that sorafenibmonotherapy, although initially effective, often results in a limited disease control rate (35.3%) in

patients with advanced HCC due to the development of resistance to the drug.8 To address this challenge and assess the potential of

Figure 4. Mechanism of sorafenib resistance by intracellular MH

(A) Confocal laser scanningmicroscope (CLSM) images of HuH-7/SR cells treated after DMEM (Ctrl), FVIO (FVIO: 75 mg/mL, incubation 24 h), FVIO-mediatedMH

(FVIO: 75 mg/mL, incubation 24 h; AMF: 300Oe, 10min), or N-acetylcysteine (NAC) plusMH (N+M;NAC: 3mM, incubation 24 h; FVIO: 75 mg/mL, incubation 24 h;

AMF: 300 Oe, 10 min). ROS production was detected using DCFH-DA (green). Nuclei were stained with Hoechst 33342 (blue). Scale bar: 100 mm.

(B) Thermal images of HuH-7/SR cells treated with DMEM, MH (FVIO: 75 mg/mL, incubation 24 h; AMF: 300 Oe, 10 min), or endogenous hyperthermia (EH; FVIO:

75 mg/mL, incubation 24 h; 43�C water bath heating, 10 min) were acquired by an infrared radiation (IR) camera.

(C) The expression of proteins in the RAF-MEK-ERK pathway after HuH-7/SR cells were treated with DMEM, MH (FVIO: 75 mg/mL, incubation 24 h; AMF: 300 Oe,

10 min), NAC (3 mM, incubation 24 h) plus MH, or EH (FVIO: 75 mg/mL, incubation 24 h; 43�C water bath heating, 10 min).

(D and E) Quantitative analysis of p-MEK and p-ERK protein expression.

(F) HuH-7/SR cells were treated with FVIO-mediated MH with various Fe concentrations (0, 25, 50, and 75 mg/mL) or NAC (3 mM, incubation 24 h) plus MH (FVIO:

75 mg/mL, incubation 24 h; AMF: 300 Oe, 10 min) and the cell lysates were analyzed by western blotting.

(G and H) Quantitative analysis of p-MEK and p-ERK protein expression. Values are the meansG SD from three independent experiments. Statistical differences

were determined by the Student’s t test. The range of p values is indicated by the number of asterisks *p < 0.05, ***p < 0.001, ****p < 0.0001; ns, no significance

p > 0.05.
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reversing sorafenib resistance, we established a sorafenib-resistant HCC mouse model using HuH-7/SR cells. The mice were subjected to

daily oral gavage with 15 mg/kg of sorafenib, as depicted in Figure 6A. After a 6-week treatment period, tumor tissues from these mice

were collected and analyzed through immunohistochemical examination. Notably, we observed elevated levels of p-MEK and p-ERK in

the sorafenib-treated tumors compared to non-treated controls (Figure 6B). This provided evidence of successful establishment of a sorafe-

nib-resistant HCC mouse model, in line with previous studies.16,37,38

Subsequently, sorafenib-resistant tumor tissues, dissected into 1–2mm3 fragments, were transplanted subcutaneously into the right dorsal

region of male BALB/C nude mice. Upon the tumors reaching approximately 100 mm3, the mice were divided into six groups (5 mice per

group), encompassing various treatments: (1) control, (2) sorafenib, (3) FVIO-mediated MH, (4) FVIO-mediated MH plus PD98059, (5)

FVIO-mediated MH plus sorafenib, and (6) FVIO-mediated MH plus sorafenib and PD98059, as shown in Figure 6C. The treatment protocol

included intra-tumoral injection of FVIO (3mg Fe/cm3) on day 1, followedby exposure to an AMF (300Oe, 360 kHz) for 10min on days 1, 3, and

5. PD98059 was administered intravenously on alternate days, and sorafenib was given daily until the end of the experiment. Infrared thermal

imaging confirmed that tumor temperatures reached approximately 43�C during MH treatments (Figure S12). Throughout the 24-day study

period, tumor volume and body weight were monitored every three days.

We observed distinct variations in tumor growth among different treatment groups, as shown in Figure 6D. Notably, while sorafenib

alone failed to suppress tumor growth significantly, the combination of FVIO-mediated MH and sorafenib resulted in a substantial reduc-

tion of tumor growth by 71.46%. Further, the addition of PD98059 to this combination enhanced the suppression of tumor growth to

91.11%. These findings strongly suggest that FVIO-mediated MH effectively sensitizes sorafenib-resistant tumors to sorafenib therapy,

leading to significant tumor growth inhibition in the HuH-7/SR tumor model. Additionally, tumor weights in the group treated with

FVIO-mediated MH and sorafenib were significantly lower compared to other groups, as depicted in Figure 6E. Importantly, throughout

the experimental duration, mice in the FVIO-mediated MH plus sorafenib group exhibited no notable abnormal behaviors or loss in body

weight (Figure 6F). The survival analysis over 30 days, presented in Figure 6G, further underscored the effectiveness of our treatment stra-

tegies. While all mice in the control and sorafenib-only groups succumbed by day 28, those treated with FVIO-mediated MH, both with

and without PD98059, showed a 20% survival rate at day 30. Remarkably, the survival rate was significantly enhanced in groups treated with

the combination of FVIO-mediated MH and sorafenib, with or without PD98059. All mice in these groups survived to day 30 and exhibited

significant tumor regression. Hematoxylin and eosin (H&E) staining of tumors specimens revealed that the combination treatment with

FVIO-mediated MH and sorafenib resulted in chromatin condensation and disrupted tissue architecture, characteristics indicative of
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Figure 5. FVIO-mediated MH reverses sorafenib resistance in HCC cells by affecting the MEK-ERK axis

(A) Western blotting analysis of protein expression levels after HuH-7/SR cells were treated with DMEM, sorafenib (5 mM, incubation 24 h), MH (FVIO: 75 mg/mL,

incubation 24 h; AMF: 300 Oe, 10 min), PD98059 (20 mM, incubation 24 h), LPS (2 mg/mL, incubation 24 h), MH plus sorafenib, MH plus PD98059 plus sorafenib, or

MH plus LPS plus sorafenib.

(B and C) Quantitative analysis of p-MEK and p-ERK protein expression.

(D) The IC50 value of sorafenib in HuH-7/SR cells treated with DMEM, PD98059 (20 mM, incubation 24 h), or LPS (2 mg/mL, incubation 24 h), respectively. Values are

means G SD from three independent experiments. Statistical differences were determined by one-way ANOVA with Tukey’s multiple comparison tests. The

range of p values is indicated by the number of asterisks *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance p > 0.05.
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necrosis in the tumor tissues (Figure 6H). These results further supported that FVIO-mediated MH enhances the sensitivity of tumors to

sorafenib therapy in a sorafenib-resistant HCC model.

Immunohistochemical analysis of mouse tissue confirmed that FVIO-mediated MH downregulated p-ERK protein expression in vivo

(Figures 7A and 7B). This observation supports our hypothesis that FVIO-mediatedMH sensitizes sorafenib-resistant tumors to sorafenib ther-

apy by targeting the MEK-ERK pathway. Histopathological examinations of vital organs, including the heart, liver, spleen, lung, kidney, and
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Figure 6. FVIO-mediated MH in enhancing the anti-tumor efficacy of sorafenib in a sorafenib-resistant HCC mouse model

(A) A schematic diagram showing how sorafenib-sensitive and sorafenib-resistant tumor xenografts were established.

(B) Representative images of immunohistochemical staining of tumor specimens for p-MEK and p-ERK expression in sorafenib-sensitive and sorafenib-resistant

HCC models. Scale bar: 20 mm.

(C) The experimental schedule for treatment administration in the sorafenib-resistant mouse model.

(D) Tumor growth curves of different treatments in the sorafenib-resistant HCC model.

(E) The tumor weight of each treatment group of the sorafenib-resistant mouse model at the end of the experiment.

(F) The body weight of each treatment group of the sorafenib-resistant mouse model.

(G) The survival rate of the sorafenib-resistant mouse model in each treatment group.

(H) Hematoxylin and eosin (H&E) staining of tumors of each treatment group at the end of experiment. Scale bar: 20 mm. Data are expressed as the meansG SD

(n = 5 mice per group). Statistical differences were determined by one-way ANOVA with Tukey’s multiple comparison tests. The range of p values is indicated by

the number of asterisks *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance p > 0.05.
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brain, revealed no adverse changes (Figure 7C). In addition, we evaluated the potential cytotoxicity of FVIO in normal hepatocytes using

CCK-8 assay, which indicated that the cell viability was not significantly affected after treatment with different FVIO concentrations (Fig-

ure S13). Subsequently, we investigated the in vivo biosafety of FVIO by injecting it into the tail veins of healthy SD rats at a dose of

5 mg/kg Fe, with saline injections serving as controls. Blood biochemistry tests were performed on days 1 and 14 after intravenous injection

of FVIO. Functional indicators for the liver and kidney, including alanine aminotransferase, aspartate aminotransferase, blood urea nitrogen
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(A) Representative images of immunohistochemical staining of p-MEK and p-ERK in tumor specimens from each group. Scale bar, 20 mm.

(B) The relative expression of p-MEK and p-ERK in each treatment group.

(C) H&E staining of the heart, liver, spleen, lung, kidney, and brain of the sorafenib-resistant mouse model. Scale bar, 20 mm. Data are expressed as the meansG

SD. Statistical differences were determined by one-way ANOVA with Tukey’s multiple comparison tests. The range of p values is indicated by the number of

asterisks *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance p > 0.05.
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and creatinine, exhibited no significant differences between the control and FVIO groups (Figure 8A). Similarly, H&E staining of the heart,

liver, spleen, lung, kidney, and brain from treated rats showed no abnormality in cellular morphology compared to those from control rats

(Figure 8B). These data demonstrated the excellent biosafety of hydrophilic FVIO. In conclusion, these results collectively demonstrate the

potent in vivo effect of FVIO-mediated MH in reversing sorafenib resistance. They offer promising insights for the development of new ther-

apeutic strategies for HCC patients who have developed resistance to sorafenib, potentially improving outcomes in this challenging clinical

scenario.

While several approaches have been explored to overcome sorafenib resistance in HCC,39–42 they often face challenges such as

low efficacy, limited targeting ability, and adverse side effects, which restrict their clinical application. Encouragingly, our study high-

lights the potential of FVIO-mediated MH as a promising alternative. FVIO-mediated MH effectively suppresses the activity of the

MEK-ERK signaling pathway in an ROS-dependent manner, thereby facilitating the reversal of sorafenib resistance in HuH-7/SR cells.

Our results indicate that FVIO-mediated MH not only decreases the IC50 value of sorafenib in HuH-7/SR cells but also enhances sor-

afenib-induced apoptosis. This dual effect suggests a heightened sensitivity of the sorafenib-resistant cells to the drug, making

FVIO-mediated MH a valuable tool in combatting resistance. Furthermore, we demonstrated the efficacy of this approach in vivo.

In a sorafenib-resistant HCC xenograft mouse model, FVIO-mediated MH significantly inhibited tumor growth, pointing to its poten-

tial in clinical settings. The findings of our study are particularly promising as they reveal a novel and effective strategy for

overcoming sorafenib resistance in HCC. By targeting the MEK-ERK signaling pathway through an ROS-dependent mechanism,

FVIO-mediated MH opens new avenues for enhancing the efficacy of sorafenib treatment in HCC, particularly in cases where tradi-

tional approaches have failed. This breakthrough has the potential to significantly improve therapeutic outcomes for patients

suffering from this challenging form of cancer.

Conclusion

In our study, we have demonstrated that FVIO-mediated MH is capable of reversing sorafenib resistance in HCC cells resistant to this drug.

A pivotal aspect of this reversal process is the modulation of the MEK-ERK signaling pathway in an ROS-dependent manner. This modulation
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not only sensitizes HuH-7/SR cells to sorafenib but also significantly enhances sorafenib-induced apoptosis. It is noteworthy that this effect is

attributed to the specific action of FVIO-mediated MH on signaling pathways rather than to its thermotherapeutic cytotoxicity. The implica-

tions of these findings extend beyond the scope of treating sorafenib-resistant HCC. Given the pivotal role of the MEK-ERK axis in various

drug-resistant tumors, it is reasonable to speculate that FVIO-mediatedMH could also enhance drug sensitivity in other types of cancer where

resistance is driven by aberrant activation of this signaling axis. This possibility opens new avenues for research and potential therapeutic

applications.

In conclusion, our work not only reveals a novel and effective approach to overcome sorafenib resistance in HCC but also suggests a

broader potential for FVIO-mediatedMH as a strategy tomitigate drug resistance in various cancers. This study contributes to the expanding

field of cancer therapeutics, offering new hope for improving treatment outcomes in drug-resistant cancers.

Limitations of the study

We demonstrated that FVIO-mediated MH has the potential to reverse sorafenib resistance, which is often due to an overactive MEK-ERK

pathway. Our findings indicate that MH enhances the anti-tumor efficacy of sorafenib in both HCC cells resistant to this drug and in a

sorafenib-resistant HCC xenograft mouse model, primarily by inhibiting MEK-ERK pathway. However, we cannot rule out the involvement

of other mechanisms in this process. Therefore, further investigation is necessary before this approach can be widely implemented in clin-

ical practice.
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RAF1 Polyclonal antibody Protenintech Cat# 26863-1-AP, RRID: AB_2880660

MEK1/2 Polyclonal antibody Protenintech Cat# 11049-1-AP, RRID: AB_2140649

ERK1/2 polyclonal antibody Protenintech Cat# 16443-1-AP, RRID: AB_10603369

Phospho-ERK1/2 (Thr202/Tyr204) Polyclonal antibody Protenintech Cat# 28733-1-AP, RRID: AB_2881202

GAPDH Polyclonal antibody Protenintech Cat# 10494-1-AP, RRID: AB_2263076

HRP-conjugated Affinipure Goat Anti-Rabbit IgG(H + L) Protenintech Cat# SA00001-2, RRID: AB_2722564
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FeCl3$6H2O Sigma-Aldrich Cat# 236489

NH4H2PO4 Sigma-Aldrich Cat# 216003

NaCl Sigma-Aldrich Cat# 793566

1-octadecene Sigma-Aldrich Cat# 74740

Oleic acid Sigma-Aldrich Cat# 01008

Dopamine hydrochloride Thermo Fisher Scientific Cat# A11136.14

Sorafenib Selleck Cat# S7397

PD98059 Selleck Cat# S1177

LPS Beyotime Cat# S1732

RIPA Lysis Buffer Beyotime Cat# P0013B

Critical commercial assays

CCK-8 Kit Beyotime Cat# C0038

crystal violet staining solution Beyotime Cat# C0121

Annexin V-FITC apoptosis detection kit Beyotime Cat# C1062

Reactive Oxygen Species Assay Kit Beyotime Cat# S0033

Enhanced BCA Protein Assay Kit Beyotime Cat# P0010

Hematoxylin-Eosin (HE) Stain Kit Solarbio Cat# G1120

Experimental models: Cell lines

HuH-7 Procell Life Science & Technology Corporation Cat# CL-0120

HuH-7/SR This paper N/A

AML-12 American Type Culture Collection Cat# CRL-2254

Experimental models: Organisms/strains

Mouse: BALB/c nude Vital River Laboratory

Animal Technology

Corporation

Cat# 401

Software and algorithms

GraphPad Prism 8.0.1 GraphPad https://www.graphpad.com

Fiji National Institutes of Health https://fiji.sc

Origin 2021 Originlab https://www.originlab.com

Image Pro Plus 6.0 Media Cybernetics https://mediacy.com/image-pro

Flow Jo v.9.9.4 Flow Jo, LLC https://www.flowjo.com
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiaoli Liu

(liuxiaoli0108@xjtu.edu.cn).

Materials availability

The FVIO are available on a reasonable request from the lead contact, Xiaoli Liu (liuxiaoli0108@xjtu.edu.cn).

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The human HCC cell line HuH-7 was purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, Hubei, China). The mouse normal

hepatocyte AML-12 cells were purchased from the American Type Culture Collection. HuH-7/SR cell lines were constructed by our group.

AML-12, HuH-7 andHuH-7/SR cell lines were cultured in DMEMmedium (Gibco, Carlsbad, CA) supplemented with 10% (v/v) heat-inactivated

fetal bovine serum (FBS, Biological Industries, Kibbutz Beit-Haemek, Israel) and 100 U/mL penicillin-streptomycin solution (Hyclone Labora-

tories Inc., Logan UT, USA) in an incubator at 37�C, 5% CO2. Additionally, HuH-7/SR cells were cultured with 2 mM sorafenib in the DMEM

medium to maintain sorafenib resistance. Cells in a logarithmic growth phase were selected for experiments. For all experiments, cells

were harvested using 0.25% EDTA trypsin (Gibco, Carlsbad, CA, USA). Four-week-old male BALB/c nude mice were obtained from Beijing

Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All animal experimental procedures were approved by the Animal Ethics

Committee of Northwestern University, China.

METHOD DETAILS

Preparation of FVIO

Dopamine hydrochloride-modified FVIO nanorings were fabricated in three steps. Firstly, a-Fe2O3 nanorings were synthesized according to a

previously reported method20,28: a-Fe2O3 nanorings were first developed via a hydrothermal method, and Fe3O4 powder was obtained after

reduction in a tube furnace at 450�C for 2 h under 5% H2/95% Ar.

Then, 30mgof Fe3O4 powder was dispersed by sonication in amixture of 0.4mL oleic acid and 10 g 1-octadecene. Themixture was rapidly

heated to 280�Cunder the protection of Ar and stirred continuously for 40min. After cooling to room temperature, Fe3O4 nanoparticles in the

oil phase were collected by centrifugation (8000 3 g, 10 min), then washed three times and dispersed in 4 mL tetrahydrofuran.

Finally, 150 mg dopamine hydrochloride was dispersed by sonication in a mixture of 2 mL Fe3O4 solution and 10 mL tetrahydrofuran so-

lution. The resulting mixture was reacted at 55�C for 5 h. The product was separated by centrifugation (8000 3 g, 10 min) and washed three

times with ultrapure water to obtain dopamine-modified FVIO.

Characterization of FVIO

Amedium-frequency electromagnetic field instrument was employed as an induction heating system (M5, Xi’an SuperMag Nanobiotechnol-

ogy Co., Ltd., China). The size and morphology of the FVIO were measured using a transmission electron microscope (Tecnai F30, FEI, USA)

and a scanning electronmicroscope (SU 8010, Hitachi, Japan). The X-ray diffraction pattern was obtained using a D8 advanced diffractometer

system (Bruker, Germany). Fourier transform infrared spectroscopy (FT-IR) spectra were recorded using a Tensor 27 spectrometer (Bruker,

Germany). The Malvern Zetasizer (Zetasizer 2000, Malvern, UK) was used to determine the hydrodynamic size and zeta potential distribution

of the FVIO nanorings. To ensure the quantity of FVIO was consistent for the subsequent experiments, the FVIO concentration was repre-

sented as Fe concentration in the samples and was determined using an inductively coupled plasma mass spectrometer (ICP-MS, Agilent,

7900, USA).

Measurement of SAR value

Themagnetic heating efficiency of FVIOwas evaluated by determining the SAR value. The Fe concentration of the FVIOwasmeasured by ICP-

MS. We chose different concentration (50 mg/mL, 100 mg/mL, 150 mg/mL) of FVIO to be exposed to an AMF of 360 kHz and 300 Oe for 10 min.

The temperature profiles were monitored using an optical fiber thermocouple. The SAR value was determined using the following equation:

SAR = C
DT

Dt

1

mFe
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where C is the specific heat capacity of the medium (4.18 J/g �C), mFe is the mass concentration of Fe in the samples, and DT/Dt is the initial

slope of the curve. If there are significant initial thermal losses or inhomogeneous temperature across the sample, such a procedure can result

in unknown errors in the determination ofDT/Dt. Thus, in order to minimize the errors,DT/Dt is calculated as themaximum slope of the curve.

Induction of a sorafenib-resistant cell line

Sorafenib-resistant cell lines were inducedby adding stepwise concentrations of sorafenib to themediumduring repeated passages. The IC50

value of sorafenib in HuH-7 cells was measured, and HuH-7 cells were used as the parental cell line for developing the sorafenib-resistant cell

line. Cells in a logarithmic growth phase were incubated with a starting concentration of 0.5 mM sorafenib for 24 h, and then the cells were

cultured in drug-free medium for 48 h. Subsequently, this procedure was repeated for 9 months by changing the sorafenib concentration to

0.5, 1, 2, 5, 10, 15, 20, 25 and 30 mM. Finally, the IC50 value of sorafenib was determined using a CCK-8 kit (Beyotime, Shanghai, China). After

resistance was established, HuH-7/SR cells were cultured with 2 mM sorafenib in the DMEM medium to maintain sorafenib resistance.

Half maximal inhibitory concentration assay

HuH-7 or HuH-7/SR cells were added to 96-well plates (13 104 cells per well) and cultured with various concentrations of sorafenib (0, 0.5, 1, 2,

4, 10, 20, 40, 100, 200 and 400 mM) for 48 h. Then, the cell viability was measured using a CCK-8 kit at 450 nm on a microplate reader (Thermo

Fisher Scientific,Wilmington, DE, USA). Non-linear curve fitting and IC50 value calculation were performed usingGraphPad Prism 8.0 software

(San Diego, CA, USA).

MH treatment and water bath heating of HuH-7/SR cells

FVIO were dissolved in concentrated nitric acid, the suspension was filtered through a 0.22 mmfilter membrane, and the Fe concentration was

determined using ICP-MS. HuH-7/SR cells were cultured in 35 mm cell culture dishes, the cells were co-incubated with various concentrations

of FVIO for 24 h. Then, the existing medium was discarded, the cells were washed 3 times with PBS and fresh medium was added. The cell

culture dish was sealed with sealing film (Parafilm, PM-996, USA), and then placed in a water bath at 43�C for 10 min or exposed to AMF (300

Oe, 360 kHz) for 10 min. The cells were then placed in an incubator at 37�C in 5% CO2 for subsequent experiments.

Cellular uptake assay

A total of 1 3 105 HuH-7/SR cells were cultured in 6-well plates for 24 h. FVIO suspensions with designated Fe concentrations replaced the

medium. After designated incubation times (0, 2, 4, 8, 16, 24 and 32 h), HuH-7/SR cells were washed three times with 13 PBS to remove redun-

dant FVIO suspension. Cells were immersed in concentrated nitric acid (MOS). After 1 h incubation under gentle shaking, ICP-MSwas used to

analyze the Fe concentration.

In vitro cell cytotoxicity

The cell cytotoxicity was assayed using a CCK-8 kit (Beyotime) according to the manufacturer’s protocol. Briefly, the cell suspension (100 mL)

was inoculated into 96-well plates (13 104 cells per well), and then cultured in an incubator at 37�C in 5% CO2 for 24 h. The supernatant was

discarded, and FVIO suspension at various concentrations (0, 10, 20, 30, 40, 50, 75 and 100 mg/mL) was added to each well and then incubated

for 24 h. Cell suspensions that were subjected to MH treatment were added to 96-well plates (100 mL per well), then incubated for 4 h. The

supernatant was discarded and 20 mL CCK-8 reagent was added to eachwell and incubated for 1 h. TheOD values of each well at 450 nmwere

detected using a microplate reader.

Colony formation assay and cell growth curve

A total of 5 3 105 HuH-7/SR cells were seeded in 35 mm cell culture dishes and placed in an incubator for 24 h, then cells were treated with

DMEM, sorafenib, MH or MH plus sorafenib, respectively. The cells were harvested using 0.25% trypsin and reseeded in 35 mm cell culture

dishes and placed in an incubator for 24 h. Then cells were harvested using 0.25% trypsin and resuspended in fresh medium before use in

subsequent experiments.

To determine colony formation, HuH-7/SR cells were added to a 6-well plate (500 cells/well) and cultured at 37�C in 5% CO2. The medium

was refreshed every three days, cells were allowed to culture for 15 days when visible colonies appeared. The mediumwas discarded and cell

colonies were fixed with 4% paraformaldehyde for 10 min, then stained with crystal violet staining solution (Beyotime) for 10 min at room tem-

perature, and imaged.

To determine cell growth curves, 13 104 HuH-7/SR cells/well were inoculated into 96-well plates and then placed in an incubator at 37�C in

5% CO2 for 12 h. The OD values/well at 450 nm were tested by the CCK-8 on 0 h, 24 h, 48 h, 72 h or 96 h, respectively. Then, the cell growth

curve was plotted by GraphPad 8.0 software using the OD values and culture time.

Cell apoptosis assay

A total of 53 105 HuH-7/SR cells were seeded in 35mmcell dishes. The cells were collected after treatment with DMEM, sorafenib,MH, orMH

plus sorafenib, respectively, and the level of apoptosis was assayed using an Annexin V-FITC apoptosis detection kit (Beyotime) according to

the manufacturer’s protocol. Briefly, the cells were washed with ice-cold PBS two times. Then, the cells were centrifuged at 10003 g for 5 min
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and resuspended in 195 mL 13 binding buffer, and 5 mL Annexin V-FITC and 10 mL PI were added to the cells for 30 min at room temperature.

A total of 13 104 cells were analyzed using a CyFlow Space cytometer (Sysmex Corporation, Kobe, Hyogo, Japan). The flow cytometry data

were analyzed with FlowJo software.

Analysis of in vitro ROS generation

HuH-7/SR cells were pre-seeded in 35 mm glass-bottomed cell culture dishes at a density of 1 3 105 cells/dish. The cells were treated with

DMEM, FVIO (75 mg/mL), or NAC (3 mM) plus FVIO (75 mg/mL) for 24 h. Cells were then washed 3 times with PBS, and incubated with 1 mL

serum-free DMEM and 1 mL DCFH-DA (Beyotime) in the dark at 37�C for 20 min. The cells were then washed 3 times with serum-free medium

and exposed to AMF (300 Oe, 360 kHz) for 10 min. The cells were immediately examined under a laser scanning confocal microscope (Nikon

A1 Rsi, Nikon, Tokyo, Japan at 488 nm excitation and 525 nm emission).

Western blotting assay

After the corresponding treatments, the total protein was extracted from cells using 100 mL RIPA lysis solution (Beyotime) and the supernatant

was collected by centrifugation at 12000g for 10 min at 4�C. The protein concentration was assayed using a BCA protein concentration kit

(Beyotime). The protein was mixed with 6 3 SDS loading buffer (Beyotime) at a ratio of 6:1 and boiled at 95�C–100�C for 10 min. Then

40 mg protein was separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyviny-

lidene fluoride (PVDF)membranes (Biosharp, Hefei, China). Non-specific binding antigenic sites on the PVDFmembranes were blocked using

5% skimmedmilk for 4 h. The immune blots were incubated overnight at 4�C with antibodies (RAF, MEK, ERK, p-ERK, Proteintech, 1:1000; p-

MEK, Abcam, 1:2000; GAPDH, Proteintech, 1:5000) and then incubated with the corresponding secondary antibody (Proteintech, 1:10000) for

2 h at room temperature. The immune blots were washed with Tris-buffered saline Tween (TBST) solution three times. The results of the ex-

periments were assayed using a western blot imaging system (Tanon, Shanghai, China). ImageJ software was used for quantification and

analysis.

Development of a sorafenib-resistant HCC mouse model

A sorafenib-resistant HCCmodel was established using a slightmodification to a previous study protocol.41 Four-week-oldmale BALB/c nude

micewere obtained fromBeijing Vital River Laboratory Animal TechnologyCo., Ltd. (Beijing, China). All animal experimental procedures were

approved by the Animal Ethics Committee of Northwestern University, China. To establish the model, 13107 HuH-7/SR cells or 13107 HuH-7

cells were injected subcutaneously into the right flank of BABL/c nude mice (n = 2), and mice in the HuH-7/SR group were given sorafenib

15 mg/kg daily for 6 weeks before all mice were sacrificed. Immunohistochemistry was performed on tumor samples from the mice.

Immunohistochemistry analysis and hematoxylin-eosin staining

Tissue samples were collected following in vivo experiments and fixed in 4% paraformaldehyde. The tumor tissues were embedded in

paraffin, dewaxed and rehydrated, and 4-mm sections were subjected to antigen repair and nonspecific protein blocking using 5% BSA at

room temperature for 30 min. The glass slides were incubated with anti-p-ERK (Proteintech, 1:100) and anti-p-MEK (Affinity, 1:100) antibodies

overnight at 4�C followed by counterstaining according to standardmethods. Conjugated secondary antibodies and diaminobenzidine were

applied to visualize the protein, and samples were analyzed under an optical microscope (Nikon Eclipse E100). Finally, the integrated optical

density (IOD) and area of the images weremeasured using Image Pro Plus 6.0 software (Media Cybernetics Inc., San Diego, CA, USA), and the

mean density (IOD/area) was calculated to account for protein expression differences. The mouse tissues including the brain, heart, liver,

spleen, lung, kidney and tumor were harvested for hematoxylin-eosin staining using a kit (Solarbio, Beijing, China) according to the manu-

facturer’s protocol. Then, the results were observed using a microscope.

Evaluation of in vivo antitumor efficacy

First-generation sorafenib-resistant xenografts (n = 10) were developed according to previous methods. Then, all mice were sacrificed and

tumor tissues were collected. Then, the tumor tissues were disaggregated into 1–2 mm3 tissue samples, and inoculated into BALB/c nude

mice to generate a sorafenib-resistant HCC tumor model. When tumor volumes reached approximately 100 mm3, the tumor-bearing mice

were randomized into 6 groups (n = 5 for each group), namely (1) control, (2) sorafenib, (3) FVIO-mediated MH, (4) FVIO-mediated MH

plus PD98059, (5) FVIO-mediated MH plus sorafenib and (6) FVIO-mediated MH plus sorafenib plus PD98059. The mice were intratumorally

injected with FVIO (3 mg Fe/cm3) on day 1, and subjected to an AMF for 10 min (300 Oe, 360 kHz) on days 1, 3, and 5. PD98059 (2 mg/kg) was

then intravenously injected on alternate days (on days 2, 4, and 6). Sorafenib (30 mg/kg) was administered to mice by oral gavage once every

day. Tumor volumewasmeasuredwith a caliper and calculated using the formula tumor volume= (length3width2)/2. At the endof the exper-

iment, all mice were sacrificed, and the tumor weights were recorded.

Evaluation of in vivo safety

Six-week-old SD rats randomly divided into two group (n= 3), received 200 mL of saline or saline containing FVIO (5.0mg/kg Fe) intravenously.

Serum sample were collected after injection on days 1 and 14. Parameters for determining liver function (ALT: alanine aminotransferase, AST:

aspartate aminotransferase) and kidney function (BUN: blood urea nitrogen and CREA: creatinine) weremeasured using a Hitachi 7100 blood
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biochemistry automatic analyzer 7100 (Hitachi Corp.). After 14 days of FVIO injection, all rats were euthanized. The heart, liver, spleen, lung,

kidney and brain were collected after 14 days for H&E staining. Then, the results were observed using a microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad 8.0 software and Origin 2021. All data are expressed as the meanG standard deviation

(SD). The Student’s t test and ANOVA were used to determine significant differences between test groups. p < 0.05 was regarded as indi-

cating a significant difference. The Figures are annotated as follows: ns, no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001; or

****p < 0.0001. See Table S1.
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