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Introduction 
 

Primary malignant bone tumors and metastatic bone tumors are mainly located in the proximal femur 

(Schneiderbauer MM et al. 2004). Surgical resection and amputation have generally been performed to treat 

patients with malignant tumors of the proximal femur. Although amputation may arrest the tumor progression, 

it causes severe physical disability for patients. Therefore, more effective treatment instead of surgery needs to 

be developed for femur tumors to save the patients’ limbs. 
 

We recently identified an iron-salen, i.e., μ-oxo-N,N'- bis(salicylidene)ethylenediamine iron [Fe(Salen)] 

as a new antitumor organic compound with intrinsic magnetic property (Eguchi H et al. 2015, Ohtake M et 

al. 2017, Sato I et al. 2016, Umemura M et al. 2017, Kim JH et al. 2017). The magnetic property of 

Fe(Salen) enables controlled drug delivery using a permanent or electric magnet. Fe(Salen) exhibits potent 

cytotoxicity, presumably via production of reactive oxygen species (ROS) that nicks DNA and then causes 

DNA damage (Eguchi H et al. 2015, Sato I et al. 2016, Umemura M et al. 2017). However, the 

mechanism of Fe(Salen) needs further investigation. 
 

In addition, we have recently examined the use of this intrinsic magnetic Fe(Salen) for hyperthermic 

therapy, demonstrating successful targeting of a tongue cancer in rabbit (Sato I et al. 2016). Intravenous 

administration of Fe(Salen) per se suppressed the tumor growth before magnetically guided delivery and 

AMF-inducing heating were applied. Addition of these two magneto-responsive modalities further suppressed 

the tongue tumor. Furthermore, we have also reported the antitumor and hyperthermia-inducing effects of 

Fe(Salen) in human glioblastoma (GB), both in vitro and in vivo (Ohtake M et al. 2017). The combination of 

local Fe(Salen) injection and AMF exposure (combined hyperthermia-chemotherapy) showed greater 

antitumor effects in a mouse model of GB than did either Fe(Salen) alone or carmustine (BCNU) alone. Based 

on these results, Fe(Salen) would be a potent, single-drug anticancer agent in future clinical applications. 

For clinical usage, we need to evaluate the cytotoxicity of Fe(Salen). Therefore, we performed a preclinical 

toxicity study of Fe(Salen) nanoparticles using rat and then analyzed hematological examinations and blood 

chemistry tests. Furthermore, we examined the feasibility and effectiveness of combined hyperthermia-

chemotherapy with catheter-guided Fe(Salen) injection into the feeding artery to treat femur tumor in a rabbit 

model. Because catheters can readily select feeding arteries of tumors, it is easy to expose an AMF. Our results 

indicate that this method is indeed promising. 
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Materials and Methods 
 

We first evaluated the in vitro cell proliferation to confirm the effective concentration of Fe(Salen) by 

using xCELLigence (ACEA Biosciences, CA, USA) Real-Time Cellular Analysis system. Cell suspension 

containing 5×103 VX2 was seeded into the wells. In the mechanistic study, we performed western blotting and 

immunocytochemical analysis to investigate the effect of Fe(Salen) on the cell signaling pathways as we 

previously described (Oda K et al. 2017, Umemura M et al. 2014, Akimoto T et al. 2018). VX2 cells 

(3×105 cells/40 mm petri dish) were treated with 15 µM Fe(Salen) and incubated for 0.25, 1, 3 and 6 hours at 

37°C with 5% CO2 in the humidified air. We also evaluated mitochondrial potential after stimulating VX2 

cells by 15 µM Fe(Salen) for 0 and 3 hours and then staining with MitoTracker Res CMXRos (ThermoFisher 

Scientific) (Chazotte B 2011). The mitochondrial staining was quickly observed under a microscope. Staining 

intensity of the mitochondria was analyzed by NIS Element software (Nikon, Tokyo, Japan). 
 

We partly elucidated the antitumor mechanism of Fe(Salen) and performed an intravenous repeated 

dose toxicity study to decide the therapeutic amount. Furthermore, we evaluated the antitumor effect of 

selective intra-arterial injection or intravenous injection of Fe(Salen) via a catheter and the hyperthermia effect 

of Fe(Salen) when exposed to AMF in vivo. All experimental protocols were approved by the Animal Care and 

Use Committee at Yokohama City University, School of Medicine. The approval number is F-A-14-111. We 

used a rabbit model grafted with VX2 cells (rabbit squamous cell carcinoma) on the left legs (Sato I et al. 2016, 

Yoneda T et al. 1985). Under general anesthesia, we implanted VX2 cells into the lateral quadriceps of the 

rabbits. The tumors were allowed to grow to a size of 50 mm in length (usually for 14 days) prior to treatment. 

The rabbits were then separated into 6 groups (4 in each group). Group 1 rabbits received no treatment 

(control); group 2 rabbits received intravenous Fe(Salen) injections (5 mg/kg); group 3 rabbits received intra-

arterial Fe(Salen) injection (5 mg/kg); group 4 rabbits received intra-arterial MTX injections (5 mg/kg); group 

5 rabbits received intra-arterial Fe(Salen) injections, followed by exposure to AMF; and group 6 rabbits were 

exposed to AMF without Fe(Salen) injection. MTX or Fe(Salen) was injected once daily for a week. Tumor 

size was measured manually for 7 days. The tumor volume was calculated as previously described by the 

following formula: 0.5 × (length×width2) every day. Similarly, the tumor area of rabbit was detected by 

magnetic resonance imaging (MRI, TOSHIBA 1.3 T) before the treatment (Yallapu MM et al. 2011). The 

tumor tissue was then excised and subjected to immunohistological analysis for hematoxylin and eosin (HE), 

Ki67, HSP70, and TUNEL (Ohtake M et al. 2017, Sato I et al. 2016). 

 

Results 
 

Fe(Salen) significantly inhibited cell proliferation of VX2 cells in a dose-dependent manner. We next 

evaluated the antioxidant effect of vitamin C and N-acetyl-cysteine (NAC) against Fe(Salen)-induced VX2 cells 
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death (Eguchi H et al. 2015). Both pretreatment vitamin C and NAC significantly negated the Fe(Salen)-induced 

antitumor effect in a dose-dependent manner. To examine the cellular signaling pathway, we performed western 

blotting analysis. Fe(Salen) phosphorylated the MEK and ERK, and dephosphorylated STAT 
(tyr705)

 in a time-

dependent manner. Moreover, vitamin C and MEK inhibitor (U0126) negated the Fe(Salen)-induce effect on the 

phosphorylation of ERK and STAT3 in VX2 cells. In addition, immunocytochemistry showed that Fe(Salen) 

decreased the protein expression of STAT3 at 3 and 6 hours after the stimulation compared to 0 hour in VX2 cells. 

Although, there was no significant difference in STAT3 protein expression between 3 and 6 hours. Taken together, 

Fe(Salen) might increase phosphorylation of MEK/ERK and then suppress the phosphorylation of STAT3, resulting 

in cell apoptosis via down regulation of the transcription of anti-apoptotic proteins. Moreover, Fe(Salen) decreased 

the mitochondrial membrane potential in VX2 compared with the control. 
 

To decide an optimal dose of Fe(Salen) in the animal study, we performed a toxicity study in rat, which 

was designed to study the dose level of intravenous repeated injection once per day for a week. These results 

showed that no deaths attributable to Fe(Salen) administration were observed in any group. No abnormal clinical 

signs were noted during the administration period in the 5, 25 mg/kg and 50 mg/kg groups. In a histopathological 

examination, aggregation of macrophage around brown pigment, assumed to be Fe(Salen), was seen in alveolar 

walls and liver in all groups. These results also showed that the estimated toxic dose for rat was above 50 mg/kg. 
 

To examine the effect of an alternating current magnetic field (AMF) in the presence of Fe(Salen) in 

rabbits, we established the rabbit model bearing squamous cell carcinoma in the right femur (Ohtake M et al. 

2017). Intra-arterial injection of Fe(Salen) exhibited a more significant antitumor effect than did the 

intravenous injection. Furthermore, the combination of Fe(Salen) intra-arterial injection and AMF exposure 

showed a more significant antitumor effect than did either Fe(Salen) or methotrexate (MTX) without AMF 

exposure, suggesting that AMF exposure greatly enhanced the antitumor effect of Fe(Salen) via arterial 

injection by catheter. HE staining analysis demonstrated the significant differences in the size of the necrotic 

area among the 3 groups. In the control group, the size of the necrotic area was 56.8±8.1%. In the intra-arterial 

Fe(Salen) group, it was 76.8±3.0%. Further, in the intra-arterial Fe(Salen) with AMF group, the size of 

necrosis was the greatest (89.6±1.6%). The median ratio of Ki67 index was 33% in the control group, 19% in 

the intra-arterial Fe(Salen) group, and 10% in the intra-arterial Fe(Salen) with AMF group. The number of 

HSP70 positive cells was similar between the control and the intra-arterial Fe(Salen) group, while it was 

significantly increased in the intra-arterial Fe(Salen) with AMF group. AMF decreased the cell viability and 

increased the heat shock protein expression. Similarly, the TUNEL staining study showed the similar results to 

those in the HE staining study, and these results were positively correlated with each other. 
 

In this study, we first time evaluated the effectiveness of Fe(Salen) in the point of administration route, 

i.e., selective intra-arterial injection by catheter. Therefore, these results indicate a new administration route, 

i.e., selective arterial injection of Fe(Salen) by catheter, and the development of a new strategy of simultaneous 

hyperthermia-chemotherapy in the future. 
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Discussion 
 

Our results indicate that chemotherapy with Fe(Salen) nanoparticles (NPs) using the selective catheter 

and AMF-induced hyperthermia exhibited strong anti-tumor effects in a rabbit model of femur tumors. This 

strategy using the selective catheter and AMF showed a greater decrease of tumor size compared to the 

Fe(Salen) intravenous injection group, the MTX intra-arterial injection group or the Fe(Salen) intra-arterial 

injection group. Conventional chemotherapy drugs, including MTX, have anti-tumor effects, but not 

magnetism. In contrast, Fe(Salen) NPs could be used for both anti-tumor and hyperthermia therapies at the 

focal site. This magnetism is the major advantage of Fe(Salen) compared with the other conventional drugs. 

Furthermore, our study showed that the selective arterial injection of Fe(Salen) by catheter showed further 

antitumor effects of Fe(Salen) compared with the intravenous systematic injection that we previously reported 

(Eguchi H et al. 2015, Ohtake M et al. 2017, Sato I et al. 2016). Although we have reported the effect of 

Fe(Salen) using only intravenous injection or local injection into animal models, this is the first report that the 

effectiveness of the selective catheter is useful to treat them. 
 

We have previously reported that Fe(Salen) promotes ROS, resulting in DNA nicking (Eguchi H et al. 

2015, Ohtake M et al. 2017, Sato I et al. 2016). Fe(Salen) also increased cytochrome c in the 

mitochondria-enriched fraction, as shown by immunoblotting, resulting in cell apoptosis (Eguchi H et al. 

2015).4 However, little is known about the mechanism of the anti-tumor effect in Fe(Salen). In this study, we 

elucidated the mechanism of Fe(Slaen)-induced anti-tumor effect. The phosphorylation of ERK1/2 

downregulated the phosphorylation of STAT3 in the presence of Fe(Salen) in VX2 cells. STAT3 is a common 

signal transduction and transcription factor for anti-apoptotic proteins such as Bcl-2 and Mcl-1 (Siddiquee 

KAZ et al. 2008). The inhibition of STAT3 induced the G1 arrest of the cell cycle and suppressed cell 

proliferation in human pancreatic adenocarcinoma cell lines (Venkatasubbarao K et al. 2005). Taken 

together, Fe(Salen) exhibited the antitumor effect via MEK/ERK/STAT3 signaling. 
 

In the present study, we investigated the toxic effect of Fe(Salen) and determined the dose level of 

these toxic effects by repeated intravenous administration in male Sprague-Dawley rats. These results showed 

that the estimated toxic dose for rat was above 50 mg/kg. We previously reported that 5 mg/kg Fe(Salen) with 

magnet caused a robust decrease in tumor sizes of mice and rabbit (Eguchi H et al. 2015, Ohtake M et al. 2017, 

Sato I et al. 2016). Therefore, this result is consistent with our previous reports. Although we have previously 

reported the examination of systematic side-effects of Fe(Salen) and distribution of 14C-Fe(Salen) in local 

injection into the brain, the genotoxicity study report of Fe(Salen) is not available in the study of systematic 

intravenous injection (Ohtake M et al. 2017). Therefore, this study may provide the first evidence that supports 

the application of future clinical studies using Fe(Salen). 
 

In our pathological examination of the toxicity study, brown pigmentations were seen in lung and liver. 

These are assumed to be due to the embolism of Fe(Salen) nanoparticles because Fe(Salen) is insoluble. These 
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results indicated that we should sonicate this nanoparticle to prevent the embolism to the organ, or we should 
 
develop more suitable drug compounds, e.g., micelles coated with Fe(Salen). 
 

In the current study, we have demonstrated a new approach to inject Fe(Salen) via the selective catheter 
 
to treat femur tumors. Moreover, our results indicated that hyperthermia and chemotherapy with single-drug 
 
nanoparticles could be used for femur tumor treatment. 
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