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Abstract: Background: Fe3O4 nanoparticles possess bone-targeting properties. This study investigated the anti-

osteosarcoma mechanism of Fe3O4 nanoparticles by focusing on the tumor microenvironment, specifically examining their 

impact on macrophage activation. Objectives: To investigate their mechanism against osteosarcoma, focusing on the tumor 

microenvironment and specifically examining their impact on macrophage activation. Methods: The nanomaterials were 

characterized by electron microscopy and their release profiles were assessed both in-vitro and in-vivo. The antitumor 

activity of iron oxide nanoparticles (IONPs) was evaluated in osteosarcoma cell lines and mouse models by measuring 

tumor volume and size. Cytokine and inflammatory factor changes were analyzed using PCR-array and further validated 

by RT-PCR and Western blot. Results: All particles were within the size range of 11-17 nm with a normal distribution. 

Treatment with iron oxide nanoparticles significantly inhibited tumor cell proliferation, extended mouse survival and 

rescued macrophage activation in the tumor microenvironment. This mechanism is likely attributed to the reprogramming 

of macrophage activation and the activation of the MIP-1α/CCL3 signaling pathway. Conclusion: Fe3O4 nanoparticles 

effectively inhibit osteosarcoma progression by reprogramming macrophages and activating the MIP-1α/CCL3 signaling 

pathway, providing a new direction for developing nanotechnology-based immunotherapy strategies for osteosarcoma. 
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INTRODUCTION 

 

Osteosarcoma is a highly malignant bone tumor that 

predominantly affects children and adolescents. Despite 

multimodal treatments, including surgery and intensive 

chemotherapy, the five-year survival rate has plateaued at 

approximately 60%, indicating a poor prognosis (Xu et al., 

2024). A major challenge in the treatment of osteosarcoma 

is the high incidence of metastasis. Approximately 20% of 

patients present with radiologically detectable metastases 

at diagnosis, while up to 80% harbor undetectable 

micrometastases (Zhao et al., 2024; Nasir et al., 2022). 

Although surgery and adjuvant chemotherapy have 

improved overall survival in localized osteosarcoma, the 

survival rates for patients with metastatic or recurrent 

disease have remained low over the past few decades, with 

a post-relapse five-year survival rate of less than 30% (Yu 

and Yao, 2024; Liu et al., 2022). The clinical benefits of 

traditional chemotherapy are limited due to low tumor drug 

deposition and dose-limiting toxicities (Jiang et al., 2022; 

Adewuyi et al., 2025). Therefore, the development of novel 

drug delivery modalities and therapeutic strategies is 

urgently needed. 
 

The malignant progression and drug resistance of tumors 

are closely associated with their complex tumor 

microenvironment (TME). In osteosarcoma, the TME is 

composed of various cell types, among which tumor-

associated macrophages (TAMs) play a critical role (Zhao 

et al., 2021). TAMs typically exhibit plasticity, polarizing 

mainly between the pro-inflammatory M1 phenotype and 

the anti-inflammatory, pro-tumorigenic M2 phenotype. A 

high density of M2-type or "alternatively activated" TAMs 

is associated with poor prognosis in various cancers (Zhao 

et al., 2021). M2 macrophages exert immunosuppressive 

functions by secreting immunosuppressive factors, 

whereas M1 macrophages participate in inflammatory 

responses through the secretion of pro-inflammatory 

factors (Anand et al., 2023). In a viral myocarditis model, 

the lncRNA AK083884, derived from M2 macrophage 

exosomes, was shown to mediate metabolic 

reprogramming in macrophages by regulating the 

PKM2/HIF-1α axis, influencing disease progression 

(Zhang et al., 2024). Similarly, in osteosarcoma, molecules 

such as TMEM64 (Yang et al., 2024) and the m6A-

modified lncRNA CHASERR (Wu et al., 2024) have been 

demonstrated to exacerbate the malignant phenotype by 

activating signaling pathways like Wnt/β-catenin, 

indicating extremely complex signal crosstalk within the 

TME. Furthermore, the mechanisms of drug resistance in 

osteosarcoma are intricate. Studies have revealed that the 

dual regulation of Sprouty 4 palmitoylation by ZDHHC7 

and palmitoyl-protein thioesterase 1 provides a potential 

therapeutic strategy to overcome cisplatin resistance 

(Huang et al., 2025). Recent research in sarcoma has also 

highlighted the potential role of liquid-liquid phase 

separation in pathogenesis and treatment (Cheng et al., 

2025). 
 

In recent years, the application of nanomaterials in the 

biomedical field, particularly in targeted drug delivery, has 

shown significant potential (Xu et al., 2023; Park et al., 

2022). Among them, iron oxide (Fe3O4) nanoparticles have 

garnered considerable attention due to their good *Corresponding author: e-mail: yiranyin@swmu.edu.cn 
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biocompatibility, superparamagnetism, ease of surface 

functionalization and inherent bone-targeting properties 

(Zheng et al., 2021; Zhang et al., 2024). These 

nanoparticles can serve as carriers to specifically deliver 

chemotherapeutic drugs, genetic material, or 

immunomodulators to tumor sites, thereby enhancing 

therapeutic efficacy and reducing systemic toxicity. The 

design of nanomaterials has also become increasingly 

sophisticated. Studies indicate that small-molecule drugs 

such as dimethyl fumarate can enhance the anticancer 

activity of nanoparticles (e.g., silver nanoparticles) by 

activating pathways like NRF2 (Stephens et al., 2025), 

offering new avenues for combining nanotechnology with 

osteosarcoma treatment. Although antitumor mechanisms 

of Fe3O4 nanoparticles, such as their photothermal effect, 

have been reported (Li et al., 2024), the specific molecular 

mechanisms by which they influence osteosarcoma 

progression through modulation of the tumor 

microenvironment, particularly the polarization state of 

macrophages, remain unclear. 
 

This study aims to investigate the impact of Fe3O4 

nanoparticles on osteosarcoma and specifically examine 

whether their mechanism of action involves influencing 

macrophage activation within the tumor microenvironment. 

We hypothesize that Fe3O4 nanoparticles may modulate 

key signaling pathways, such as MIP-1α/CCL3, thereby 

affecting the functional state of macrophages, altering the 

immune landscape of the TME and ultimately inhibiting 

osteosarcoma growth. This research will not only help 

elucidate a novel mechanism of Fe3O4 nanoparticles but 

also provide a theoretical foundation for developing new 

nanotechnology-based immunotherapeutic strategies for 

osteosarcoma. 
 

MATERIALS AND METHODS 
 

Animal feeding 

Ctsk-Ctrl and Ctsk-CKO mice (C57BL/6J background) 

were obtained from The Jackson Laboratory (Bar Harbor, 

ME, USA) and subsequently bred in the animal facility of 

The Affiliated Hospital of Southwest Medical University. 

All mice were maintained under specific pathogen-free 

(SPF) conditions in individually ventilated cages (IVCs), 

with regular health monitoring. Both male and female mice 

were used in this study, with equal sex distribution per 

group (n = 3–4 males and 3–4 females per group, totaling 

7 mice per group). At the start of the experiment (8 weeks 

of age), body weight ranged from 20 to 25 g, with no 

significant differences among groups. Mice were housed 

under standard indoor conditions at 23 ± 1°C and 55–60% 

humidity, with a 12-hour light/dark cycle. They were 

randomly assigned to four groups: Ctsk-Ctrl group, Ctsk-

Ctrl+Fe3O4 nanoparticles group, Ctsk-CKO group, and 

Ctsk-CKO+Fe3O4 nanoparticles group. Mice (8 weeks old) 

were fed with water containing 100 μg/mL Fe3O4 

nanoparticles for 12 weeks. Then, mice (20 weeks old) 

were humanely euthanized by inhalation of carbon dioxide 

(CO2) followed by cervical dislocation, in accordance with 

the AVMA Guidelines for the Euthanasia of Animals. 

Death was confirmed by cessation of heartbeat and 

respiration. The number of mice per group (n = 7) was 

determined based on pre-experimental data and calculated 

using G*Power software (α = 0.05, β = 0.2, effect size d = 

1.5) to ensure a statistical power of ≥80%. Exclusion 

criteria were predefined as follows: (1) unexpected death 

before the scheduled endpoint due to causes unrelated to 

treatment; (2) failure to develop measurable tumors; (3) 

signs of severe systemic illness (e.g., >20% body weight 

loss, severe lethargy). No mice met these exclusion criteria 

during the study. All animal experimental procedures 

strictly adhered to the institution's "Guidelines for the Care 

and Use of Laboratory Animals" (Storves et al., 2025) and 

were approved by the Animal Ethics Committee of The 

Affiliated Hospital of Southwest Medical University 

(Approval No: AHSMU-E-20240505). 

 

Nanoparticle construction 

20 mg of HMNPs and 80 mg of PU-TMP were co-

dissolved in 2.8 g of chloroform (CHCl3). Subsequently, 5 

mL of a sodium dodecyl sulfate (SDS, 0.6 mg/mL) solution 

was added and the mixture was subjected to ultrasonic 

emulsification at 200 W power for 10 minutes in an ice bath 

to form a microemulsion. Chloroform was then removed 

via evaporation until no chloroform volatilization was 

detected, resulting in a deep-yellow PTCP-20 latex (with 

an HMNPs content of 20%). The prepared Fe3O4 

nanoparticles were surface-coated with oleic acid via 

coordination to render them hydrophobic. 
 

Tissue staining 

To examine the tissues, paraffin sections were stained with 

0.1% Sirius Red F3B and 1.3% picric acid or Masson's 

trichrome saturated aqueous solution to assess collagen 

deposition. Ten non-overlapping areas per section (n = 7) 

were scored semi-quantitatively, relative to total area. The 

tissue samples were dehydrated and fixed for section 

processing, and the cytological morphology was stained 

with hematoxylin and eosin (H&E) (Lorsuwannarat et al., 

2024), and cell morphology was observed under a 

microscope. Inflammatory cell markers were analyzed by 

immunofluorescence (IF) microscopy. Positive signals in 

IF images were quantified from at least five randomly 

selected regions using ImageJ 1.52 software. 
 

Immunohistochemical staining 

After slides were treated for 60 min, the primary antibody 

(1:100, Abcam) was applied for 1 h incubation. After 

secondary antibody staining, slides were counterstained 

with hematoxylin and then with blue reagent. 
 

RT-PCR 

RNA was extracted from miRNeasy FFPE using 

TransScript Green One-Step qRT-PCR SuperMix 

(Shanghai Thermo Fisher Co., Ltd.). TM microRNA qPCR 

Quantification Kit (Galimberti et al., 2022).  
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GAPDH was used as a control and the real-time PCR was 

performed using the total cDNA as the starting material on 

a real-time PCR system (Shanghai Thermo Fisher Co., 

Ltd.). Software analysis. The primer sequences used are 

listed in table 1. 
 

Western blot 

Protein was isolated and quantified followed by Western 

blot analysis using primary antibody (Proteintech, 1:1000). 

Protein bands were assessed by Odyssey Imaging System 

(Liu and Herr, 2024). 
 

Immunofluorescence staining 

Cells seeded in 6-well plates were transfected with the 

plasmid, it was washed twice with PBS, fixed with 

formalin and permeabilized with Triton-X100 solution. 

After blocking, the primary antibody was added for 

overnight incubation and the secondary antibody was 

added the next day and the blocking solution added. Then, 

4,6-diamino-2-phenylindole was added for fixation, which 

was used for nuclear counterstaining and the protein was 

observed with a fluorescent microscope. Negative control 

photos were processed in a similar manner and PBS was 

used as a control. 
 

Statistical analysis 

Statistical analysis was performed using SPSS 19.0 

software. Data are presented as mean ± standard deviation 

(SD). For in-vitro cell experiments, each treatment group 

consisted of at least six independent biological replicates 

(n ≥6) to ensure statistical power and result reproducibility. 

For animal experiments, seven mice were used per group 

(n =7) to ensure result reproducibility and statistical 

robustness. Comparisons among multiple groups were 

assessed by one-way analysis of variance (ANOVA), 

followed by Tukey’s post hoc test for multiple comparisons. 

Survival curves were plotted using the Kaplan-Meier 

method and differences between groups were analyzed by 

the Log-rank test. For the primary outcome (tumor volume), 

effect sizes were calculated as Cohen’s d using G*Power 

software. A Cohen’s d value >0.8 was considered a large 

effect size. A P-value <0.05 was considered statistically 

significant. 

 

Blinding: All outcome assessments, including tumor 

volume measurement, histological scoring (HE, PCNA, 

TUNEL, and immunofluorescence staining), Western blot 

band quantification, and RT-PCR data analysis, were 

performed by investigators blinded to the group allocation. 

Unblinding occurred only after all data had been collected 

and analyzed. 
 

Table 1: Real-time PCR primers and primer sequences. 
 

Primer Sequences 

smMHC 
Forward primer 

Reverse primer 

5'-ACGCTGGTGCTCTATGCAAG-3' 

5'-ACGCTGGTGCTCTATGCAAG-3' 

CD31  
Forward primer 

Reverse primer 

5'-GACTCTTGCGTCAACTTCAAGG-3' 

5'-CAGGCTGTCTTTTGTCAACGA-3' 

GAPDH 
Forward primer 

Reverse primer 

5'-AAAGGGTCATCATCTCCGCC-3' 

5'-AGTGATGGCATGGACTGTGG-3' 

MIP-1α 

 

Forward primer 

Reverse primer 

F: 5'-ATTACCCGCCCGAGAAAGG-3'  

R: 5'-TCGCAGCAAAGATCCACACAG-3' 

Caspase-1 

 

Forward primer 

Reverse primer 

F: 5'-CTTGGAGACATCCTGTCAGGG-3'  

R: 5'-AGTCACAAGACCAGGCATATTCT-3' 

 

 
Fig. 1: Molecular formula of Fe3O4 nanoparticles. 
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RESULTS  
 

Preparation of Fe3O4 nanoparticles 

The surface coating coordinated by oleic acid renders the 

magnetic nanoparticles hydrophobic. Observation by 

transmission electron microscope shows that ferric oxide 

nanoparticles are relatively uniform and spherical. It can be 

seen that the size of ferroferric oxide nanoparticles is 

mostly in 11-17 nm (Fig. 2A) with normal distribution (Fig. 

2B). In FT-IR spectrum (Fig. 2C), absorption peaks at 2923 

and 2850 cm−1 are saturated C-h stretching, indicating that 

the Fe3O4 nanoparticles are composed of magnetite and 

oleic acid (Fig. 2D). DLS results showed a PDI of 0.12 and 

a Zeta potential of -25.3 mV, indicating that the 

nanoparticles possess good colloidal stability. 
 

Fe3O4 nanoparticles improve osteosarcoma in mice 

To investigate the role of Fe3O4 nanoparticles in 

osteosarcoma progression, we performed HE and PCNA 

staining and found significantly attenuated proliferation of 

tumor cells after treatment with Fe3O4 nanoparticles (Fig. 

3A). In contrast, the survival period of mice after treatment 

with Fe3O4 nanoparticles was significantly prolonged, as 

shown in Fig. 3B. 
 

Activation of macrophages in the tumor 

microenvironment of osteosarcoma mice was improved 

by Fe3O4 nanoparticles 

Fig. 4A and 4B show significantly increased caspase-1 

levels and TUNEL positive cells in mice fed with Fe3O4 

nanoparticles. The activation of caspase-1 in HFD mice 

treated with ferric oxide nanoparticles was enhanced (Fig. 

4C). As shown in fig. 4D and 4E, CD31 was highly 

enriched in the tumor tissue, but the expression of CD31 

was hardly detected around the tumor (*P=0.012). On the 

contrary, the expression of smMHC in the tumor tissue was 

low and the expression was high in the periphery of the 

tumor, indicating that the isolated RNA mainly came from 

macrophages. 

 

Effect of loss of M1 expression on the expression of 

tumor inflammatory factors 

As shown in fig. 5A, the expression of CCL2 (2.41-fold), 

TSLP (2.17-fold), CSF2 (2.26-fold), CCL5 (2.05-fold), 

CCL3 (2.59-fold) and MIP-1α (2.74-fold) was 

significantly upregulated. mRNA was extracted from 

tumor tissues of two induced mouse groups (Ctsk- Ctrl and 

Ctsk-Ctrl+Fe3O4 nanoparticles mice) for RT-PCR 

verification, also found that MIP-1α and CCL3 expression 

in Ctsk-Ctrl+Fe3O4 nanoparticles mice were significantly 

up-regulated, Fig. 5B. And there is a statistical difference 

(**P=0.000). 

 

Ctsk-Ctrl+Fe3O4 nanoparticles mice activate MIP-

1α/CCL3 signaling  

MIP-1α and CCL3 were up-regulated and there was a 

statistical difference (Fig. 6A). In Fig. 6B, their membrane 

expression was also significantly enhanced after induction 

treatment. The results showed that the specific inhibition of 

M1 expression in macrophages promoted the activation of 

MIP-1α/CCL3 and increased the phenotypic 

transformation of vascular smooth muscle cells. Detecting 

CD31 staining expression to evaluate vascular remodeling, 

fig. 6C, after adding MIP-1α recombinant protein to tumor 

MG63 cells, the cells gradually developed into a spindle 

shape and grew in a swirl shape; CD31 staining results 

showed that after adding MIP-1α recombinant protein, 

blood vessels were increased. So it affects the activation of 

tumor cells after activating MIP-1α/CCL3 signaling. 
 

DISCUSSION 
 

In this study, ferric oxide nanoparticles were successfully 

prepared to interfere with the development of 

osteosarcoma cells. Fe3O4 nanoparticles are a type of 

nanoparticle that can treat tumors through the photothermal 

effect (Li et al., 2024). However, there are few reports on 

its mechanism. Compared to the triggered luminescence 

characteristics of polypeptide nanoparticles (Gao et al., 

2025), Fe3O4 nanoparticles demonstrate unique advantages 

in the targeted therapy of osteosarcoma due to their 

inherent bone-targeting properties, superparamagnetism 

and favorable biocompatibility. Therefore, they have 

potential applications as controlled-release drug carriers 

(Shen et al., 2021; Song et al., 2026). A key finding of this 

study is that Fe3O4 nanoparticles can modulate the 

activation state of macrophages within the tumor 

microenvironment of osteosarcoma-bearing mice and 

activate the MIP-1α/CCL3 signaling pathway. To ensure 

the reliability of this critical conclusion, all in vitro 

experiments investigating this pathway were conducted 

with at least six independent biological replicates. The 

consistent results across these replicates significantly 

enhance the statistical power of the data and the robustness 

of the conclusion. 
 

The analysis in this study aligns with the perspective that 

inflammatory signaling pathways in the tumor 

microenvironment are critically important. Previous 

studies have indicated (Shi et al., 2025) that the canonical 

NF-κB pathway, activated by inflammatory factors such as 

IL-1 and TNF, plays a critical role in regulating the 

expression of genes associated with inflammation, cell 

proliferation, survival, and metastasis, highlighting the 

direct driving effect of the canonical NF-κB pathway on 

osteosarcoma progression. In contrast, our research 

identified that Fe3O4 nanoparticles exert their anti-tumor 

effects through another related inflammatory pathway – 

MIP-1α/CCL3. As an important chemokine, MIP-

1α/CCL3 functions in recruiting and activating immune 

cells, including macrophages. This study observed that the 

upregulation of this pathway coincided with a tumor-

suppressive phenotype, suggesting that Fe3O4 

nanoparticles may combat the tumor by remodeling the 

immune microenvironment rather than through direct cell 

killing. 
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Fig. 2: Preparation and characterization of Fe3O4 nanoparticles. (A) Transmission electron microscopy (TEM) image 

showing particle morphology and size. Scale bar: 50 nm; (B) Zeta potential distribution of Fe3O4 nanoparticles; (C) FT-

IR spectrum of Fe3O4 nanoparticles. Y-axis: Transmittance (%). Characteristic absorption peaks at 2923 cm-¹ and 2850 

cm-¹ correspond to saturated C–H stretching, indicating oleic acid coating; (D) X-ray diffraction (XRD) pattern of Fe3O4 

nanoparticles. Y-axis: Intensity (a.u.). The diffraction peaks are indexed to the cubic spinel structure of magnetite (Fe3O4). 

 

 
 

Fig. 3: Fe3O4 nanoparticles improve lesions in mice with osteosarcoma. 

(A) HE and IHC staining, Scale bar: 100 μm; (B) Survival data of mice after different treatments. 
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Fig. 4: The activation of macrophages in the tumor microenvironment of mice with osteosarcoma improved by Fe3O4 

nanoparticles. 
(A) Double immunofluorescence staining for CD31 (green) and activated caspase-1 (red, serving as a marker for M1-like macrophage-

associated inflammatory state). Scale bar: 50 μm; (B) Double immunofluorescence staining for CD31 (green) and TUNEL (red, 

indicating apoptotic cells, with increased signal associated with the cytotoxic function of M1-like macrophages). Scale bar: 50 μm; 

(C) Western-blot detection of apoptotic protein expression; (D) RT-PCR detection of smMHC and CD31 expression in adjacent tumor 

and tumor tissues. *P=0.012. 

 

 
 

Fig. 5: The effect of loss of M1 expression on the expression of vascular inflammatory factors. 
(A) The mRNA expression profile of cytokines in the tumor microenvironment following inhibition of the M1 macrophage phenotype 

was analyzed by PCR array. Each data point represents a gene, with its height corresponding to the fold change in its mRNA expression; 

(B) RT-PCR detection of MIP-1α and CCL3 mRNA levels; ** indicates P=0.000. 
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Fig. 6: Ctsk-Ctrl+ ferric oxide nanoparticle mice activate MIP-1α/CCL3 signaling pathway. 
(A) Western-blot detection of the protein expression of MIP-1α and CCL3; (B) Immunofluorescence detection to compare the 

expression of MIP-1α/CCL3 on cells. Scale bar: 25 μm; (C) The effect of MIP-1α on tumor cells. 
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The analysis in this study aligns with the crucial role of 

inflammatory signaling pathways in the tumor 

microenvironment. Recent studies have demonstrated that 

Cyclovirobuxine D (CVB-D) suppresses osteosarcoma 

progression by inhibiting the non-canonical NF-κB 

pathway, reducing stemness markers such as ALDH1A1 

and CD24, and inducing apoptosis (Guo et al., 2026), 

further supporting the crucial role of inflammatory 

signaling pathways in the tumor microenvironment. In 

comparison, our study demonstrates that Fe3O4 

nanoparticles exert anti-tumor effects through another 

related inflammatory pathway—MIP-1α/CCL3. As an 

important chemokine, MIP-1α/CCL3 is involved in 

recruiting and activating immune cells, including 

macrophages. The observed upregulation of this pathway 

alongside a tumor-suppressive phenotype suggests that 

Fe3O4 nanoparticles combat tumors by remodeling the 

immune microenvironment rather than through direct 

cytotoxicity. 

 

To evaluate the impact of Fe3O4 nanoparticles on 

macrophage activation in the tumor microenvironment, 

this study examined markers associated with 

inflammasome activation and apoptosis. Mice treated with 

Fe3O4 nanoparticles showed significantly increased levels 

of caspase-1 and TUNEL-positive cells in tumor tissues. 

Activated caspase-1 is a key executor of inflammasome 

activation in M1-like macrophages, driving the maturation 

of pro-inflammatory cytokines IL-1β and IL-18. 

Furthermore, partial co-localization of TUNEL-positive 

cells with the macrophage marker F4/80 was observed, 

suggesting that activated macrophages may exert anti-

tumor effects by inducing apoptosis in tumor cells. Thus, 

the elevated caspase-1 levels and increased TUNEL-

positive cells collectively indicate a shift in the tumor 

microenvironment toward an anti-tumor, M1-like 

macrophage phenotype. 

 

Although macrophage depletion experiments were not 

conducted in this study, numerous recent studies has 

established the central role of macrophages in 

nanomaterial-based therapy. Related research explicitly 

stated that polarizing macrophages from pro-tumoral M2 

to anti-tumoral M1 phenotypes is an important strategy in 

cancer immunotherapy (Li et al., 2026). More importantly, 

recent osteosarcoma research. experimentally 

demonstrated that eliminating tumor-derived migrasomes 

suppresses M2 polarization of macrophages, thereby 

alleviating tumor progression (Liu et al., 2025), directly 

proving that modulating macrophage function can alter the 

malignant course of osteosarcoma. Based on this, our study 

proposes that Fe3O4 nanoparticles likely reprogram tumor-

associated macrophages to reshape the immune landscape 

of the tumor microenvironment, with the observed 

upregulation of the MIP-1α/CCL3 pathway representing a 

key molecular manifestation of this reprogramming 

process. 

This study not only confirms that Fe3O4 nanoparticles 

activate the MIP-1α/CCL3 signaling pathway but, more 

importantly, establishes a link between the activation of 

this pathway and macrophage reprogramming leading to a 

subsequent tumor-suppressive phenotype. A key scientific 

question arises: is the activation of the MIP-1α/CCL3 

pathway a necessary condition for the anti-tumor effects of 

Fe3O4 nanoparticles? While direct loss-of-function 

experiments remain the gold standard for definitively 

answering this question, recent research in 

immunometabolism and inflammation provides strong 

logical support for our findings. In an acute liver injury 

model, Qiao et al (2025). discovered that Rehmannia 

glutinosa polysaccharides can significantly alleviate LPS-

induced inflammation and improve liver function by 

specifically inhibiting the TLR4/NF-κB and MAPK 

signaling pathways. This demonstrates that the precise 

modulation of overactivated inflammatory pathways is a 

viable therapeutic strategy. In a complementary finding 

within the field of tissue regeneration, recent research 

revealed the central role of the P2X7R/NLRP3 

inflammasome axis in inhibiting enthesis regeneration. 

Blocking this axis effectively promoted tissue repair by 

remodeling the inflammatory and metabolic crosstalk 

between macrophages and stem cells (Gao et al., 2025). 

Collectively, these studies indicate that targeted 

intervention in specific immune-inflammatory signaling 

pathways can decisively influence the ultimate outcome of 

a disease. 
 

Furthermore, this study evaluated changes in the tumor 

vasculature through CD31 staining. The results indicated 

an increase in CD31-positive signal areas within the tumor 

tissue following the addition of recombinant MIP-1α 

protein. CD31 is a classical marker for vascular endothelial 

cells and its upregulation is typically interpreted as an 

indication of angiogenesis. Considering the differential 

CD31 expression observed between the core and peripheral 

regions of the tumor in our in vivo experiments, the current 

data suggest that activation of the MIP-1α/CCL3 pathway 

may promote intra-tumoral angiogenesis, potentially 

representing a tumor response to microenvironmental 

changes. This vascular alteration coincided with a 

morphological shift of MG63 cells towards a more invasive 

spindle shape, collectively influencing tumor cell 

activation and the malignant phenotype. Consequently, we 

propose a plausible hypothesis: in the context of 

osteosarcoma, the MIP-1α/CCL3 signaling induced by 

Fe3O4 nanoparticles similarly plays a central role in driving 

anti-tumor immunity and blocking this pathway would 

likely reverse its therapeutic efficacy. This explicit 

hypothesis provides clear direction for future functional 

validation studies. 

 

This study also has limitations. We did not investigate all 

subtypes of macrophages, which is a shortcoming of this 

work. In subsequent research, we will focus on examining 
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the phenotypes and mechanisms associated with other 

subtypes. 
 

CONCLUSION 
 

In conclusion, our study revealed that the proliferation of 

tumor cells was significantly attenuated after Fe3O4 

nanoparticle treatment; in contrast, the survival time of 

mice treated with Fe3O4 nanoparticles was significantly 

prolonged. At the same time, ferric oxide nanoparticles 

improved macrophage activation in tumor 

microenvironment of osteosarcoma mice. It is suggested 

that Fe3O4 nanoparticles can slow down the proliferation of 

osteosarcoma by activating the expression of MIP-

1α/CCL3 signal and have a significant anti-tumor effect in 

tumors. 
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