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Iron-bearing nanoparticles trigger human umbilical vein endothelial cells 
ferroptotic responses by promoting intracellular iron level 
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A B S T R A C T   

Iron-bearing nanoparticles (IBNPs) were abundant in particulate matter (PM). Due to their high reactivity, IBNPs 
were considered hazardous to human health, however, their toxic mode-of-action(s) are highly unclear. Fer-
roptosis is a novel programmed cell death (PCD) that highly associated with intracellular iron. However, the pro- 
ferroptotic effect of IBNPs has not been characterized. To this end, we ought to investigate whether and how 
IBNPs (synthetic γ-Fe2O3 and Fe3O4 NPs were selected as the model compounds) are involved in ferroptosis. We 
found that human umbilical vein endothelial cells (HUVECs) phagocytized large qualities of γ-Fe2O3 and Fe3O4 
NPs, resulting in increased intracellular iron level. We further observed the disrupted cystine/glutamate reverse 
transporter (System Xc

− ) and glutathione peroxidase 4 (GPX4) signaling in γ-Fe2O3 and Fe3O4 NPs-challenged 
HUVECs. γ-Fe2O3 and Fe3O4 NPs could also cause mitochondrial fusion and fission dysregulation, activate 
lipid peroxidation and iron metabolism-related genes in a P53-dependent manner. Together, the ferroptotic 
activity of IBNPs should be acknowledged for the risk assessment of PM associated health effects.   

1. Main finding 

IBNPs trigger human umbilical vein endothelial cells ferroptotic re-
sponses by promoting intracellular iron level. 

2. Introduction 

Iron-bearing nanoparticles (IBNPs) are important components in 
airborne particulate matter (PM) that attribute to traffic emission and 
iron ore mining (Gonet and Maher, 2019). Iron can contribute up to 
~6% of PM mass at heavily trafficked roadsides (Harrison et al., 2004). 
In terms of their health impacts, IBNPs may be more significant. There 
are several forms of iron oxides, including magnetite (Fe3O4), maghe-
mite (γ-Fe2O3) and hematite (α-Fe2O3) (Sanderson et al., 2016). In 
addition, magnetic IBNPs have been widely used in industry and 
biomedical applications, such as magnetic liquids, catalysis, water 
remediation, pharmaceutical reagents and magnetic resonance imaging 
(MRI) (Hu et al., 2005; Liang et al., 2015; Monga et al., 2020; Sahu et al., 

2015). These human activities often result in a large discharge of IBNPs 
into the environment during their production, transportation and 
application, and thus became a huge concern to ecosystems and 
long-term influence on human health. However, the biocompatibility 
and cytotoxic effects of IBNPs have not kept pace with their develop-
ment in application. The relative cytotoxic mechanisms are an ongoing 
concern. 

IBNPs may entered human body through inhalation. Following pul-
monary deposition, IBNPs are able to penetrate alveolar-capillary bar-
rier and enter blood circulation (Lu et al., 2020). Their exposure may 
break endothelial cell barrier integrity and cause endothelial leakiness, 
implying their potential linkage with vascular diseases (Peng et al., 
2019; Tee et al., 2019a, 2019b). In addition, IBNPs can enter the retic-
uloendothelial system through phagocytosis or endocytosis (Wu et al., 
2010). Given that endothelial cells are the key cells involved in tumor 
growth/metastasis and atherosclerosis, it is important to evaluate the 
toxic effects of IBNPs on endothelial cells. Moreover, IBNPs are prone to 
translocate into the secondary organs, e.g., brain, spleen and liver (Elder 
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et al., 2006; Geiser and Kreyling, 2010; Oberdorster et al., 2002, 2004). 
IBNPs-mediated cytotoxicity has been reported and summarized, the 
prevailing toxicological effects include DNA damage, compromised 
mitochondrial function, cell membrane disruption, and chromosome 
condensation, resulting in cell death (Liu et al., 2013). 

Cell death is not only functional on the control of ultimate fate of 
cells, but also plays an irreplaceable role in the growth and development 
of the whole body. In this regard, cell death is equally important to cell 
division and proliferation. In contrast to accidental cell death, pro-
grammed cell deaths (PCDs) draw a lot of attention due to their 
advantage of controllability. PCDs occur by the perturbation of subtle 
microenvironment and orchestrate by certain molecular machinery. The 
most of PCDs fall into three categories, apoptosis, autophagy and ne-
crosis, and the mechanisms of NPs-induced PCDs have been extensively 
investigated (Mohammadinejad et al., 2019). In 2012, Dixon et al. found 
a new type of PCD caused by iron-dependent oxidative damage, named 
ferroptosis (Dixon et al., 2012). The mechanism of ferroptotic cell death 
is mediated by the production and accumulation of reactive oxygen 
species (ROS), leading to lethal lipid peroxidation (D’Herde and Krysko, 
2017; Dixon and Stockwell, 2014). However, whether and how IBNPs 
stimulate ferroptotic response(s) are current largely unknown. 

Iron is an essential element for life; however, iron is also favorable 
for the production of ROS. Iron-catalyzed oxygen radical formation has 
been extensively proposed. Mechanistically, free ferric ion (Fe2+) cata-
lyzes the formation of hydroxyl radical and triggers oxidative damage to 
biomacromolecules (Dixon et al., 2012). Thus, iron overload has great 
implication in the process of ferroptosis. Recent studies confirmed that 
airborne PM generated hydroxyl radical and this activity was related to 
the release of iron ions (Valavanidis et al., 2000). Interestingly, another 
line of evidence illustrated that PM exposure induced ferroptotic fea-
tures in endothelial cells (Wang and Tang, 2019). Although 
IBNPs-prompted Fenton reaction have been frequently reported, how-
ever, there has very limited information regarding to IBNPs-stimulated 
ferroptotic response(s) (Sang et al., 2019a, 2019b; Shen et al., 2018). 

In the current study, synthetic γ-Fe2O3 and Fe3O4 NPs were selected 
to mimic natural IBNPs maghemite and magnetite that existed in 
airborne PM. Human umbilical vein endothelial cells (HUVECs) were 
selected as the potential target for γ-Fe2O3 and Fe3O4 NPs. Indeed, our 
finding supports that γ-Fe2O3 and Fe3O4 NPs exposure exhibit ferrop-
totic features in HUVECs. Our finding provides more theoretical basis on 
the mechanism of IBNPs-mediated PM-related health effects. 

3. Materials and methods 

3.1. Materials and reagents 

Magnetic γ-Fe2O3 NPs (catalog #: F809546) and magnetic Fe3O4 NPs 
(catalog #: I811859) were purchased from Macklin (Shanghai, China). 
Erastin, ferrostatin-1 and vitamin E were obtained from Sigma-Aldrich 
(Missouri, USA). Nicotinamide-adenine dinucleotide phosphate oxi-
dase isoform 2 (NOX2), P53, acetyl-P53, voltage-dependent anion- 
selective channel protein 2 (VDAC2), VDAC3 and six-transmembrane 
epithelial antigen of prostate 3 (STEAP3) polyclone primary anti-
bodies were purchased from Bioss Biotech (Beijing, China). Lamin B 
polyclone primary antibody was purchased from Proteintech (Wuhan, 
China). β-Actin polyclone primary antibody and goat anti-rabbit IgG- 
HRP-conjugated secondary antibody were obtained from Sangon 
Biotech (Shanghai, China). Ferritin light chain (FTL), ferritin heavy 
chain 1 (FTH1), transferrin receptor 1 (TFR1), divalent metal ion 
transporter 1 (DMT1), solute carrier family 7, member 11 (SLC7a11), 
glutathione peroxidase 4 (GPX4), Acyl-CoA synthetase long-chain fam-
ily member 4 (ACSL4), heat shock 70 kDa protein 5 (HSPA5), heat shock 
protein family B (small) member 1 (HSPB1), p-HSPB1 and nuclear re-
ceptor coactivator 4 (NCOA4) polyclone primary antibodies were ob-
tained from Santa Cruz Biotechnology (CA, USA). Lillie ferrous staining 
kit, cell ccounting kit-8 (CCK8) and ColorMixed Protein Marker were 

obtained from Solarbio (Beijing, China). MitoTracker® Deep Red FM 
fluorescent probe was obtained from Yeasen Biotech (Shanghai, China). 
Glutathione (GSH) assay kit and malondialdehyde (MDA) assay kit were 
purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). Lactate dehydrogenase (LDH) assay kit was obtained from 
Wanlei Bio (Shenyang, China). RPMI 1640 medium and trypsin were 
obtained from Keygen Biotech (Nanjing, China). 

3.2. Characterization of γ-Fe2O3 NPs and Fe3O4 NPs 

The morphology of pristine γ-Fe2O3 NPs and Fe3O4 was character-
ized by Hitachi-7500 TEM instrument (Hitachi, Japan). After ultrasonic 
for 15 min, zeta potentials and hydrodynamic sizes of γ-Fe2O3 NPs and 
Fe3O4 NPs in RPMI 1640 complete medium were measured by dynamic 
light scattering (DLS) technique using a ZEN3700 instrument (Malvern 
Instruments, UK). X-ray diffraction (XRD) patterns were obtained using 
a X’Pert3 Powder diffractometer (Panalytical, Holland) with Cu Kα ra-
diation. The XRD patterns were recorded at 2θ = 10–90◦ with 2θ step of 
0.025◦. 

3.3. Iron ions release assay in buffering system 

For iron ions concentrations in the supernatant of γ-Fe2O3 NPs and 
Fe3O4 suspension detection, γ-Fe2O3 NPs and Fe3O4 were dissolved in 
RPMI 1640 complete medium or artificial lysosomal fluid (ALF) at a 
concentration of 0–200 μg/mL, and incubated at 37 ◦C for 24 h. After 
centrifugation at 18, 000 rpm for 30 min, the supernatant was collected 
for detection using the atomic absorption spectroscopy (AAS) in the 
graphite furnace mode (TAS-990, Persee, China). Each experiment was 
performed in triplicate. 

3.4. Cell culture 

HUVECs were maintained in RPMI 1640, 10% FBS, 100 U/mL 
penicillin, 100 μg/mL streptomycin and split when cells reached 90% 
confluence. Before administration, γ-Fe2O3 NPs and Fe3O4 were sus-
pended in RPMI 1640 complete medium and ultrasonic for 15 min. 

3.5. Cell viability assay 

HUVECs were seeded in 96-well flat-bottom plates at a density of 5 ×
103 cells/well and incubated for 12 h. HUVECs were exposed to γ-Fe2O3 
or Fe3O4 NPs for 24 h with or without other co-treatment. Then, 10 μL of 
CCK8 and 90 μL of serum-free medium were added and kept at 37 ◦C for 
2 h. The absorbance was measurement at 450 nm by a Bio-Tek micro-
plate reader. 

3.6. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
analysis 

HUVECs were exposed to γ-Fe2O3 or Fe3O4 NPs (0, 50, 100, 200 μg/ 
mL) for 12 h. Then cells were washed, trypsinized, and harvested. For 
quantitative assessment of the uptake of NPs, a total of 1 × 106 cells were 
digested by 75% nitric acid (a 3:1 mixture of nitric acid and hydrogen 
peroxide) at 75 ◦C for 12 h. Later, the amount of iron uptake in cells was 
analyzed by ICP-OES (PerkinElmer Avio200, USA). Iron content was 
expressed as μg/1 × 106 cells. 

3.7. Lillie divalent iron staining 

HUVECs were seeded in a confocal cell culture dish at approximately 
8 × 104 cells and incubated for 24 h. Cells were exposed to γ-Fe2O3 or 
Fe3O4 NPs for additional 24 h. Cells were washed three times with PBS, 
and incubated with Lillie divalent iron staining reagent at 37 ◦C for 1 h. 
Then, cells were incubated with neutral red staining solution for 2 min. 
After rinsed three times with PBS, the cells were examined under a 
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reversed fluorescence microscope (Olympus IX71). 

3.8. Western blotting 

After exposure, HUVECs were collected and lysed. Proteins in the cell 
lysate were resolved on 10%–12.5% SDS-PAGE and transferred onto a 
nitrocellulose membrane (Pall, USA). After blocking with 5% milk and 
probing with primary and secondary antibodies, the blots were visual-
ized via a ECL system. 

3.9. Mitochondrial morphology analysis 

HUVECs were seeded in a confocal cell culture dish at approximately 
8 × 104 cells and incubated for 24 h. HUVECs were exposed to γ-Fe2O3 
or Fe3O4 NPs at the concentration of 200 μg/mL for additional 24 h. 
Erastin (25 μM) was used as a positive control. Cells were washed three 
times with PBS, then, cells were incubated with MitoTracker® Deep Red 
FM fluorescent probe in the dark at 37 ◦C for 45 min. After the stained 
cells were washed three times with PBS, cells were imaged under super- 
resolution confocal microscope (Nikon N-SIM). 

3.10. GSH level measurement 

HUVECs at a concentration of 1 × 107 cells/dish were seeded in 10 
mm cell culture dishes. Cells were exposed to γ-Fe2O3 or Fe3O4 NPs (0, 
50, 100, 200 and 400 μg/mL) for 24 h. Total reduced GSH was measured 
by measuring the yellow product of 5,5′-dithio-bis-(2-nitrobenzoic acid) 
at a maximum absorbance of 405 nm. 

3.11. Detection of LDH and MDA content 

LDH is a cytoplasmic enzyme that can be released from cells with 
damaged membranes (Kumar et al., 2018). Therefore, LDH release is 
used to evaluate the occurrence of cell death, especially ferroptosis. The 
level of MDA was measured to evaluate the extent of lipid peroxidation. 
After being exposed to γ-Fe2O3 or Fe3O4 NPs, the culture medium was 
collected to measure LDH leakage. After removing residual IBNPs from 
the culture medium, the level of LDH was detected using a LDH assay kit 
according to the manufacturer’s protocol. And the cells were harvested 
and homogenized in PBS. After removing residual IBNPs by the mag-
netic adsorption method to eliminate the interference of IBNPs, the 
lysate was used to detect MDA levels using the colorimetric TBA method 
by an MDA assay kit following the manufacturer’s protocols. All ex-
periments were carried out in triplicate. 

3.12. Small RNA (siRNA) interference 

HUVECs were grown up to 50% confluence. Then, cells were trans-
fected with 50 nM P53 siRNA (sequence: 5′-CCA CCA UCC ACU ACA 
ACU A-3′) or negative siRNA using siRNA-mate transfection reagent 
(GenePharma, Shanghai, China) according to the manufacturer’s pro-
tocol. After 24 h transfection, the cells were maintained in normal cul-
ture medium for another 24 h before γ-Fe2O3 or Fe3O4 NPs exposure. 

3.13. Real-time quantitative PCR (RT-qPCR) 

Total RNA was extracted with a total RNA purification kit (BioTeke, 
Beijing, China) as described in the manufacturer’s instructions. Real 
time analyses of cDNA samples were performed using with the tran-
scriptor first strand cDNA synthesis kit (Roche, Switzerland). A two-step 
RT-qPCR was run on the Light Cycler 96 instrument protocol with 
FastStart Essential DNA Green Master (Roche, Switzerland). The 
amplification was carried out as follows: 1 cycle for denaturation (95 ◦C 
for 1 min) followed by 40 cycles for two-stage PCR (95 ◦C for 30 s and 
57 ◦C for 1 min). The mRNA sequences used in this study were listed in 
Table 1. The relative changes in gene expression were calculated by the 

△Ct method using β-actin as a control. 

3.14. Statistical analysis 

Data were collected from at least three independent experiments. 
Data were presented as mean ± standard deviations (SD). The statistical 
significance of the differences was analyzed by one-way ANOVA fol-
lowed by a Student’s t-test for pairwise comparisons or Tukey’s multiple 
comparisons test, and p values less than 0.05 was considered statistically 
significant. 

4. Results 

4.1. Uptake of γ-Fe2O3 and Fe3O4 NPs by HUVECs triggers ferroptosis 

The properties and behaviors of γ-Fe2O3 and Fe3O4 NPs were sys-
tematically characterized. The TEM images showed γ-Fe2O3 NPs with a 
diameter of 55.50 ± 15.51 nm and Fe3O4 NPs with a diameter of 14.05 
± 3.56 nm (Fig. 1A and B). The hydrodynamic sizes of both γ-Fe2O3 and 
Fe3O4 NPs in complete medium were bigger than the TEM sizes (Fig. 1C 
and D), implying these particles may be slightly aggregated in complete 
medium, which was consistent with the weak surface charge of γ-Fe2O3 
and Fe3O4 NPs in this medium (Fig. 1E). The XRD pattern with char-
acteristic peaks agreed well with the previous study (Fig. 1F) (Gahrouei 
et al., 2020). 

When NPs are introduced into cells, lysosomes and other cellular 
structures participate in the whole internalization process, which may 
show toxic effects toward cells. To this end, we first examined the 
cytotoxicity of γ-Fe2O3 and Fe3O4 NPs on HUVECs. Statistical analysis of 
the results of CCK8 showed obvious concentration and time dependent 
effects on cell survival following in vitro stimulation by γ-Fe2O3 and 
Fe3O4 NPs, respectively (Fig. 2A and B). Some anti-oxidants, such as 
ferrostatin-1 or vitamin E, could prevent ferroptosis by directly sup-
pressing the peroxidation of lipids (Yu et al., 2017). Then, to investigate 
whether ferroptosis occurred under IBNPs exposure, HUVECs were 
pre-incubated with ferrostatin-1 or vitamin E before IBNPs administra-
tion, and cell death was monitored by LDH release. As showed in Fig. 2C 
and D, exposure to ferrostatin-1 or vitamin E alleviated γ-Fe2O3 or Fe3O4 
NPs-induced cell death, indicating γ-Fe2O3 and Fe3O4 NPs induced fer-
roptosis in HUVECs. Moreover, γ-Fe2O3 and Fe3O4 NPs significantly 
elevated the levels of MDA, and ferrostatin-1 ameliorated the MDA 
levels caused by γ-Fe2O3 or Fe3O4 NPs (Fig. 2E and F), suggesting 
γ-Fe2O3 and Fe3O4 NPs induced lipid peroxides generation in HUVECs. It 

Table 1 
The mRNA sequence used in this study.  

Primers Forward (5′ to 3′) Reverse (5′ to 3′) 

DMT1 ATC GGC TCA GAC ATG CAA GAA TTC CGC AAG CCA TAT TTG 
TCC 

STEAP3 CTC CCC GGA GGT CAT CTT TG TCT TGC TCT GTA GGG TTG 
CTC 

ALOX15 GGG CAA GGA GAC AGA ACT CAA CAG CGG TAA CAA GGG AAC CT 
PTGS2 ATG CTG ACT ATG GCT ACA AAA 

GC 
TCG GGC AAT CAT CAG GCA C 

OPA1 TGT GAG GTC TGC CAG TCT TTA TGT CCT TAA TTG GGG TCG 
TTG 

Mitofusin GAG GTG CTA TCT CGG AGA CAC GCC AAT CCC ACT AGG GAG 
AAC 

DRP1 TTT GAC ACT TGT GGA TTT GCC 
A 

AGT GAC AGC GAG GAT AAT 
GGA 

P53 CAG CAC ATG ACG GAG GTT GT TCA TCC AAA TAC TCC ACA 
CGC 

SLC7a11 TCT CCA AAG GAG GTT ACC TGC AGA CTC CCC TCA GTA AAG 
TGA C 

GPX4 GAG GCA AGA CCG AAG TAA ACT 
AC 

CCG AAC TGG TTA CAC GGG AA 

β-actin CAT GTA CGT TGC TAT CCA GGC CTC CTT AAT GTC ACG CAC 
GAT  
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appeared that Fe3O4 NPs have greater cytotoxicity compared to equal 
concentration of γ-Fe2O3 NPs in HUVECs, however, the exact reason for 
this discrepancy was current unknown. 

4.2. Increased intracellular iron ion level after HUVECs phagocytosed 
γ-Fe2O3 and Fe3O4 NPs 

Due to their unique size effect, nanomaterials were easily taken up by 
cells and caused changes in related signal transduction pathways (Chi-
thrani and Chan, 2007; Win and Feng, 2005). HUVECs were exposed to 
the environment containing γ-Fe2O3 or Fe3O4 NPs for 24 h, and the 
cellular internalization of NPs was quantitatively measured by ICP-OES. 
As shown in Fig. 3A and B, the uptake of γ-Fe2O3 and Fe3O4 NPs were 

both increased in a concentration-dependent manner. Consistent with 
the results of cell viability (Fig. 2), ICP-OES revealed higher cellular 
uptake efficiency with Fe3O4 than γ-Fe2O3 NPs, indicating the inter-
nalization of IBNPs may be contributed to IBNPs-triggered cytotoxicity. 
The internalization mechanism of γ-Fe2O3 and Fe3O4 NPs by HUVECs 
was further quantitatively measured using different endocytosis 
pathway inhibitors. Clathrin-mediated endocytosis, caveolae-mediated 
endocytosis, and scavenger receptor-mediated endocytosis were 
inhibited by chlorpromazine hydrochloride (CPZ), methyl--
β-cyclodextrin (MβCD), and polyinosinic acid (PIA), respectively. And 
our results showed that only CPZ inhibited γ-Fe2O3 and Fe3O4 NPs up-
take into HUVECs, suggesting IBNPs were partially transported into 
HUVECs via clathrin-coated endocytic vesicles (Fig. S1). Lillie ferrous 

Fig. 1. Characterization of γ-Fe2O3 and Fe3O4 NPs. (A, B) TEM image with an inset showing the size distribution of γ-Fe2O3 and Fe3O4 NPs, respectively. (C, D) Size 
distribution of γ-Fe2O3 and Fe3O4 NPs based on DLS analysis in RPMI 1640 complete medium. (E) Zeta-potentials of γ-Fe2O3 and Fe3O4 NPs in RPMI 1640 complete 
medium. (F) XRD patterns of γ-Fe2O3 and Fe3O4 NPs. 
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staining kit was used to stain HUVECs, which provided a simple and 
direct method of measuring ferrous (Fe2+) and ferric (Fe3+) iron. It was 
found that the content of iron ions in HUVECs were both elevated in 
γ-Fe2O3 or Fe3O4 NPs-treated groups (Fig. 3C and D). Combined with 
these results, it is safe to conclude that HUVECs increase the intracel-
lular iron level after phagocytosis of γ-Fe2O3 and Fe3O4 NPs. 

4.3. γ-Fe2O3 and Fe3O4 NPs up-regulate iron levels through the release of 
iron ion and iron metabolism modulation 

We first examined the iron ions shed by γ-Fe2O3 and Fe3O4 NPs in 
biologically relevant buffering system. As shown in Fig. 4, the dissolu-
tion of γ-Fe2O3 and Fe3O4 NPs in artificial lysosomal fluid (ALF) was 
higher than in RPMI 1640 complete medium. This result suggested the 
acidic environment of lysosomes facilitated γ-Fe2O3 and Fe3O4 NPs 
dissolution. Moreover, the ion release ability of Fe3O4 NPs was stronger 
than that of γ-Fe2O3 NPs. These results also explained why Fe3O4 NPs 
have greater cytotoxicity than γ-Fe2O3 NPs in Fig. 2. 

The transferrin (TF) pathway is essential for both normal and ma-
lignant epithelial cells to acquire iron (Torti and Torti, 2013). TF-Fe3+

complex transports Fe3+ to cells by binding to TFR1, which is expressed 
on most cell surfaces (El Hout et al., 2018). Ferritin and its related genes, 
FTL and FTH1, regulate the storage of iron ions. Next, we ought to 
explore the expressions of FTL, FTH1 and TFR1 after HUVECs ingested 

γ-Fe2O3 and Fe3O4 NPs. Indeed, our result suggested the obvious in-
crease of these genes (Fig. 5). The upregulation of ferritin expression 
suggested an increase in intracellular iron that triggered the 
over-expression of ferritin. In addition, as these NPs were ingested into 
the endoplasm by the cells, the trivalent iron (Fe3+) was reduced to 
divalent iron (Fe2+) by the ferrireductase STEAP3, and transported to 
the cytosol by DMT1, resulting in a large increase of Fe2+ in the cyto-
plasm (El Hout et al., 2018). Therefore, the protein expression and 
mRNA levels of STEAP3 and DMT increased in cells after γ-Fe2O3 and 
Fe3O4 NPs exposure (Fig. 6). These results showed that Fe2+ increased in 
HUVECs after they swallowed γ-Fe2O3 and Fe3O4 NPs. 

To further explore the effect of γ-Fe2O3 and Fe3O4 NPs on the regu-
lation of cellular iron level, we next investigated several iron 
metabolism-related protein expressions. Recent study has shown that 
HSPA5 is a negative regulator of ferroptosis (Zhu et al., 2017). Increased 
HSPA5 expression limits lipid peroxidation in ferroptosis by directly 
protecting GPX4 degradation (Zhu et al., 2017). Similarly, the phos-
phorylated HSPB1 prevents cytoskeletal-mediated iron uptake and 
subsequent lipid peroxidation, and the genetic silence of HSPB1 im-
proves erastin-induced ferroptosis (Sun et al., 2015). Quantitative pro-
teomics identified NCOA4 as a transporter responsible for ferritin 
degradation, resulting in ion release from ferritin (Mancias et al., 2014). 
Our result determined that γ-Fe2O3 and Fe3O4 NPs caused the 
down-regulated protein expressions of HSPA5, HSPB1, p-HSPB1 and 

Fig. 2. γ-Fe2O3 and Fe3O4 NPs treatment induce the 
loss of cell viability in HUVECs. HUVECs were 
exposed to (A) γ-Fe2O3 NPs and (B) Fe3O4 NPs for 24 
h and 48 h, and cell viability was measured by the 
CCK8 kit. (C, D) Fer-1 and Vit. E significantly reversed 
the changes of LDH release induced by γ-Fe2O3 or 
Fe3O4 NPs. Extracellular concentration of LDH was 
used to determine the cell death. (E, F) Effects of Fer-1 
on MDA levels triggered by γ-Fe2O3 or Fe3O4 NPs. 
HUVECs were preincubated with or without Fer-1 (3 
μM) or Vit. E (100 μM) for 1 h, and then exposed to 
IBNPs (200 μg/mL) for 24 h. Fer-1, ferrostatin-1; Vit. 
E, vitamin E. *p < 0.05, **p < 0.01, ***p < 0.001, 
compared with the control group; ##p < 0.01, ###p 
< 0.001 compared with the γ-Fe2O3 or Fe3O4 NPs 
group.   
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Fig. 3. Increased intracellular iron ion level after HUVECs phagocytosed γ-Fe2O3 and Fe3O4 NPs. (A, B) HUVECs were exposed to γ-Fe2O3 NPs and Fe3O4 NPs, the 
cellular uptake of NPs was identified ICP-OES. Data were shown as the mean ± S.D. from three independent experiments. ***p < 0.001, compared with the control 
group. HUVECs were exposed to (C) γ-Fe2O3 NPs and (D) Fe3O4 NPs for 24 h, and intracellular iron was visualized by Lillie divalent iron staining. 

Fig. 4. The dissolution of γ-Fe2O3 and Fe3O4 NPs. γ-Fe2O3 and Fe3O4 NPs were exposed to RPMI 1640 complete medium at pH 7.4 (A. B) and artificial lysosomal 
fluid (ALF) at pH 4.5 (C. D) for 24 h, and the iron ions concentrations were detected by atomic absorption spectroscopy (AAS). *p < 0.05, **p < 0.01 and ***p <
0.001, compared with the control group. 
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NCOA4 in HUVECs (Fig. 7A and B). Together, these results show that 
γ-Fe2O3 and Fe3O4 NPs exposure promote iron release and inhibit iron 
metabolism, which facilitate cellular iron accumulation. 

4.4. γ-Fe2O3 and Fe3O4 NPs enhance ferroptotic responses in HUVECs 

Mainly, there are two major systems that negatively regulate fer-
roptosis, namely, GPX4 and cystine/glutamate reverse transporter 
(system Xc

− ). Specifically, GPX4 translates GSH to the oxidized GSSG and 
reduces lipid peroxides to their corresponding alcohols (Yang et al., 
2014). System Xc

− maintains cellular cystine/cysteine redox 

homeostasis, which provides the precursor for GSH synthesis (Dixon 
et al., 2012). Our results determined that γ-Fe2O3 and Fe3O4 NPs caused 
the down-regulation of SLC7a11 (a major component of system Xc

− ) and 
GPX4 protein levels (Fig. 8A and B). Accordingly, we found the 
decreased GSH levels in HUVECs upon γ-Fe2O3 and Fe3O4 NPs challenge 
(Fig. 8C and D). 

Lipid peroxidation on cell membranes is a key event leading to fer-
roptosis (Dixon et al., 2012). Thereafter, arachidonic 15-lipoxygenase 
(ALOX15), a member of the lipoxygenase family is specifically respon-
sible for oxidative stress-induced ferroptosis (Seiler et al., 2008). The 
mRNA levels of ALOX15 were significantly up-regulated, indicating that 

Fig. 5. Effects of γ-Fe2O3 and Fe3O4 NPs on ferritin-related protein expressions in HUVECs. HUVECs were exposed to (A) γ-Fe2O3 NPs and (B) Fe3O4 NPs for 24 h, the 
protein expressions of FTL, FTH1 and TFR1 were detected by Western blotting. 

Fig. 6. Effects of γ-Fe2O3 and Fe3O4 NPs on Fe2+ transportation protein expressions in HUVECs. HUVECs were exposed to γ-Fe2O3 and Fe3O4 NPs for 24 h. The 
protein expression levels of DMT1 and STEAP3 were detected by Western blotting (A. B). The mRNA expression levels of DMT1 and STEAP3 were analyzed by RT- 
qPCR (C–F). Data were shown as the mean ± S.D. from three independent experiments. **p < 0.01 and ***p < 0.001, compared with the control group. 
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lipid peroxidation occurred in cells (Fig. 9A and B). It is noteworthy that 
the up-regulation of prostaglandin-endoperoxide synthase 2 (PTGS2) 
has recently been identified as a potential molecular marker of ferrop-
tosis by Stockwell (Yang et al., 2014). The mRNA level of PTGS2 in 
HUVECs was detected. In fact, when cells ingested γ-Fe2O3 and Fe3O4 
NPs, the mRNA levels of PTGS2 were significantly up-regulated, indi-
cating the occurrence of ferroptosis (Fig. 9C and D). 

ACSL4, a member of the long chain family of acyl coenzyme A syn-
thase, mediates the production of 5-hydroxyeicosatetraenoic acid and 
subsequent oxidative substance of phosphatidylethanolamine, which 
are essential for ferroptosis (Doll et al., 2017; Kagan et al., 2017; Yuan 
et al., 2016). VDAC2/3, but not VDAC1, are positive regulator of fer-
roptosis. VDAC2/3 cysteine as mitochondrial oxidation markers play a 
unique role in the signal transduction of ROS (Lemasters, 2017; Reina 
et al., 2016). In tumor cells carrying oncogenic Ras, RSL5-induced fer-
roptosis requires VDAC2/3 activation (Xie et al., 2016; Yang and 
Stockwell, 2008). NADPH can also regulate ferroptosis by maintaining 
the reductive state of GSH, and can be used as a biomarker for the 
sensitivity of cells to ferroptosis inducers, and ROS production during 
ferroptosis is associated with enhanced NADPH oxidase (NOXs) (Dixon 
et al., 2012; Shimada et al., 2016). The results determined that γ-Fe2O3 
and Fe3O4 NPs caused substantial up-regulated expressions of ACSL4, 

VDAC2, VDAC3 and NOX2 in HUVECs (Fig. 10A and B). 

4.5. γ-Fe2O3 and Fe3O4 NPs exposure dysregulate mitochondrial 
dynamics 

Unlike apoptosis, ferroptosis is not dependent on caspase activation 
(Dixon et al., 2012). In contrast, ferroptosis is driven by 
iron-accumulated lipid peroxidation (Xiao et al., 2016; Xie et al., 2016). 
Iron overload is usually accompanied by oxidative stress in mitochon-
dria, thus leading to mitochondrial dysfunction (Eaton and Qian, 2002). 
Here, mitochondrial staining assay revealed that the exposure of γ-Fe2O3 
and Fe3O4 NPs to HUVECs resulted in smaller mitochondria, which 
resemble the positive control erastin (Fig. 11A). Mitochondria are the 
dynamic organelle that change the number and morphology of mito-
chondria under iron overload conditions (Eaton and Qian, 2002). 
Different shapes of mitochondria are in a dynamic equilibrium due to 
frequent fusion and division (Chen and Chan, 2004; Tanaka and Youle, 
2008). Optic atrophy 1 (OPA1) and mitofusin are essential genes for 
mitochondrial fusion. Mammalian motor-associated protein 1 (DRP1) is 
a member of the dynein superfamily, which is the major protein that 
regulates mitochondrial division. When cells ingested γ-Fe2O3 and Fe3O4 
NPs, the mRNA levels of mitochondrial fusion genes OPA1 and mitofusin 

Fig. 7. Effects of γ-Fe2O3 and Fe3O4 NPs on iron metabolism-related proteins expressions in HUVECs. HUVECs were exposed to (A) γ-Fe2O3 and (B) Fe3O4 NPs for 24 
h. The protein expression levels of HSPA5, HSPB1, P-HSPB1 and NCOA4 were detected by Western blotting. 

Fig. 8. Effects of γ-Fe2O3 and Fe3O4 NPs on GPX4 signaling pathway. HUVECs were exposed to γ-Fe2O3 and Fe3O4 NPs for 24 h. The protein expression levels of 
SLC7a11 and GPX4 were detected by Western blotting. (A) γ-Fe2O3 and (B) Fe3O4 NPs. The GSH levels were detected by GSH kit. (C) γ-Fe2O3 and (D) Fe3O4 NPs. Data 
were shown as the mean ± S.D. n = 6. *p < 0.05 and **p < 0.01, compared with the control group. 
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were significantly decreased and mitochondrial division gene DRP1 
were considerably increased (Fig. 11B and C). 

4.6. P53 participate in the regulation of γ-Fe2O3 and Fe3O4 NPs-triggered 
ferroptosis 

Recent studies have shown that the activation of P53 is necessary for 
ferroptosis in cancer cells (Jiang et al., 2015). The tumor suppressor P53 
down-regulates SLC7a11, thereby inhibiting cell uptake of cysteine and 
increasing cell lipid peroxidation, ultimately leading to ferroptosis 
(Jiang et al., 2015). Western blotting results showed that γ-Fe2O3 and 
Fe3O4 NPs increased the protein expressions of P53 and acetylated P53 
(Fig. 12A and B), and also promoted P53 and acetylated P53 trans-
location from cytoplasmic to nucleus in HUVECs (Fig. 12C and D). On 
the contrary, the silence of P53 up-regulated SLC7a11 and GPX4 mRNA 
levels and down-regulated PTGS2 mRNA level in γ-Fe2O3 and Fe3O4 

NPs-treated HUVECs (Fig. 12E and F). These results showed that P53 
involved in the regulation of GPX4 signaling and ferroptosis by γ-Fe2O3 
and Fe3O4 NPs. 

To prove the IBNPs-induced ferroptosis is a universal principle, 
multiple cell lines with different resources were exposed to γ-Fe2O3 or 
Fe3O4 NPs. The results resemble those found within HUVECs in CCK8 
assay (Fig. S2) and protein expression (Fig. S3), indicating that IBNPs- 
induced ferroptosis may be a universal mechanism that applies in 
IBNPs-induced cell death. 

5. Discussion 

Since the term "ferroptosis" was coined in 2012, many potential 
mechanisms and signal transduction pathways of ferroptosis have been 
identified, including the activation of mitochondrial voltage-dependent 
anion channels and mitogen-activated protein kinase, up-regulation of 

Fig. 9. Effects of γ-Fe2O3 and Fe3O4 NPs on lipid peroxidation-related gene expressions. HUVECs were exposed to γ-Fe2O3 and Fe3O4 NPs for 24 h. The mRNA levels 
of ALOX15 and PTGS2 were detected by RT-qPCR, (A. B) ALOX15, (C. D) PTGS2. Data were shown as the mean ± S.D. from three independent experiments. *p <
0.05, **p < 0.01 and ***p < 0.001, compared with the control group. 

Fig. 10. γ-Fe2O3 and Fe3O4 NPs enhance ferroptotic responses in HUVECs. HUVECs were exposed to (A) γ-Fe2O3 and (B) Fe3O4 NPs for 24 h. The protein expression 
levels of ACSL4, VDAC2, VDAC3 and NOX2 were detected by Western blotting. 
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endoplasmic reticulum stress and inhibition of cystine/glutamate 
reverse transporters (Xie et al., 2016). PTGS2 is a key enzyme in pros-
taglandin biosynthesis. PTGS2 only indicates that the occurrence of 
ferroptosis, does not affect the development of ferroptosis. Thus, PTGS2 
was used as a marker of ferroptosis in cells (Yang et al., 2014). ALOX15 
is a member of the lipoxygenase family, which is specifically responsible 
for oxidative stress, leading to cellular lipid peroxidation and also as a 
marker of ferroptosis (Seiler et al., 2008). The upregulation of PTGS2 
and ALOX15 by γ-Fe2O3 and Fe3O4 NPs clearly demonstrated the 
occurrence of ferroptosis. 

Ferroptosis is closely regulated by iron metabolism-related processes 
(Xie et al., 2016). After γ-Fe2O3 and Fe3O4 NPs exposure, HUVECs engulf 

a large number of NPs into lysosomes and may release iron ions. Fe3+ in 
cells is reduced to Fe2+ by iron reductase activity of STEAP3. Finally, 
DMT1 mediates the release of Fe2+ into the unstable iron pool in the 
cytoplasm. Excess iron is stored in ferritin, a complex of iron storage 
proteins, including FTL and FTH1. Excess iron in cells produces ROS 
through Fenton reaction, which leads to ferroptosis. The transcription 
factor heat shock factor-1 (HSF-1) significantly induced HSPB1 expres-
sion after erastin exposure, and HSPB1 overexpression inhibited 
erastin-induced ferroptosis (Sun et al., 2015). The phosphorylation of 
HSPB1 promotes ferritin resistance by blocking cytoskeleton-mediated 
iron uptake and subsequent ROS production, which is important in 
regulating actin kinetics and iron uptake (Sun et al., 2015). In addition, 

Fig. 11. Effects of γ-Fe2O3 and Fe3O4 NPs on mito-
chondrial dynamics. HUVECs were exposed to 
γ-Fe2O3 and Fe3O4 NPs (200 μg/mL) for 24 h. Erastin 
(25 μM) was used as a positive control. (A) Mito-
chondrial morphological images of γ-Fe2O3 NPs, 
Fe3O4 NPs and erastin-exposed cells. The mRNA 
levels of OPA1, mitofusion and DRP1 were detected 
by RT-qPCR, (B) γ-Fe2O3 and (C) Fe3O4 NPs. Data 
were shown as the mean ± S.D. from three indepen-
dent experiments. ***p < 0.001, compared with the 
control group.   
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γ-Fe2O3 and Fe3O4 NPs inhibited the phosphorylation of HSPB1 and 
promoted ferroptosis in HUVECs. γ-Fe2O3 and Fe3O4 NPs inhibited the 
expression of HSPA5, a negative regulator of ferritin deposition, and 
NCOA4, a transport receptor for ferritin degradation, leading to 
ferroptosis. 

Chemically speaking, γ-Fe2O3 NPs contain Fe2+ only whilst Fe3O4 
NPs contain both Fe2+ and Fe3+. However, albeit a slight difference of 
cytotoxicity and uptake efficiency of γ-Fe2O3 and Fe3O4 NPs, our results 
did not show mechanistic dissimilarity between these two NPs on the 
triggering of ferroptosis. Since Fenton reaction depends on the divalent 
iron ion Fe2+ but not Fe3+, the contribution of Fe3+ in Fe3O4 NPs on 
ferroptosis is not clear. There are many oxidase and reductase exist in 
the cell, which may catalyze the futile redox cycle of Fe2+/Fe3+ pair. 
Although we treated HUVECs with equal mass concentration of γ-Fe2O3 
and Fe3O4 NPs accordingly, however, the efficiency of these two NPs on 
the supply of Fe2+ is not clear, let alone the contribution of ferroptosis. 
Interestingly, our recent study indicated that “iron free” NPs also pro-
mote ferroptosis through ROS-mediated lipid peroxidation and GSH 
depletion (Zhang et al., 2020). These NPs disrupt intracellular iron ho-
meostasis without direct provide iron. 

Ferroptosis is morphologically, biochemically and genetically 
distinct from apoptosis, necrosis and autophagy, a process characterized 
by overwhelming iron-dependent accumulation of lethal lipid ROS 
(Dixon et al., 2012). We found the depletion of GSH, decreased GPX4 
and Nrf2 protein expressions, which confirmed the correlation of ROS 
with γ-Fe2O3 and Fe3O4 NPs-induced ferroptosis. Excess ROS may lead 

to mitochondrial damage or failure. In this case, we found that γ-Fe2O3 
and Fe3O4 NPs cause mitochondrial fusion and fission disorder, which 
resemble ZnO NPs’ performance (Zhang et al., 2020). Similar to γ-Fe2O3 
and Fe3O4 NPs, ZnO NPs exposure also increased intracellular ROS level. 
Indeed, ROS accumulation seems to be necessary for ferroptosis 
(Christofferson and Yuan, 2010; Jacobson and Raff, 1995). 

6. Conclusion 

In summary, our results suggested that γ-Fe2O3 and Fe3O4 NPs 
exposure elevated intracellular iron level and lipid peroxidation that 
contributed to ferroptosis. The ferroptotic activity of γ-Fe2O3 and Fe3O4 
NPs should be considered. Further investigations were encouraged for 
discriminating the contribution of Fe2+/Fe3+ on ferroptosis in a time- 
space dynamic combination. 
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experiments. ***p < 0.001, compared with the con-
trol group. ###p < 0.001, compared with the negative 
siRNA control + γ-Fe2O3 or Fe3O4 NPs group.   

Z. Liu et al.                                                                                                                                                                                                                                       



Environmental Pollution 287 (2021) 117345

12

the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envpol.2021.117345. 

Credit author statement 

Z. L., X. X., and Y. S. designed research; Z. L., X. X. and X. L. per-
formed research; Z. L., E. S. and Y. S. contributed reagents/analytic 
tools; Z. L., X. X. and X. L. analyzed data; Z. L., X. X., and Y. S. wrote the 
paper. 

References 

Chen, H., Chan, D.C., 2004. Mitochondrial dynamics in mammals. Curr. Top. Dev. Biol. 
59, 119–144. 

Chithrani, B.D., Chan, W.C., 2007. Elucidating the mechanism of cellular uptake and 
removal of protein-coated gold nanoparticles of different sizes and shapes. Nano 
Lett. 7, 1542–1550. 

Christofferson, D.E., Yuan, J., 2010. Necroptosis as an alternative form of programmed 
cell death. Curr. Opin. Cell Biol. 22, 263–268. 

D’Herde, K., Krysko, D.V., 2017. Ferroptosis: oxidized PEs trigger death. Nat. Chem. Biol. 
13, 4–5. 

Dixon, S.J., Lemberg, K.M., Lamprecht, M.R., Skouta, R., Zaitsev, E.M., Gleason, C.E., 
Patel, D.N., Bauer, A.J., Cantley, A.M., Yang, W.S., Morrison 3rd, B., Stockwell, B.R., 
2012. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell 149, 
1060–1072. 

Dixon, S.J., Stockwell, B.R., 2014. The role of iron and reactive oxygen species in cell 
death. Nat. Chem. Biol. 10, 9–17. 

Doll, S., Proneth, B., Tyurina, Y.Y., Panzilius, E., Kobayashi, S., Ingold, I., Irmler, M., 
Beckers, J., Aichler, M., Walch, A., Prokisch, H., Trumbach, D., Mao, G., Qu, F., 
Bayir, H., Fullekrug, J., Scheel, C.H., Wurst, W., Schick, J.A., Kagan, V.E., Angeli, J. 
P., Conrad, M., 2017. ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid 
composition. Nat. Chem. Biol. 13, 91–98. 

Eaton, J.W., Qian, M., 2002. Molecular bases of cellular iron toxicity. Free Radic. Biol. 
Med. 32, 833–840. 

El Hout, M., Dos Santos, L., Hamai, A., Mehrpour, M., 2018. A promising new approach 
to cancer therapy: targeting iron metabolism in cancer stem cells. Semin. Canc. Biol. 
53, 125–138. 

Elder, A., Gelein, R., Silva, V., Feikert, T., Opanashuk, L., Carter, J., Potter, R., 
Maynard, A., Finkelstein, J., Oberdorster, G., 2006. Translocation of inhaled 
ultrafine manganese oxide particles to the central nervous system. Environ. Health 
Perspect. 114, 1172–1178. 

Gahrouei, Z.E., Imani, M., Soltani, M., Shafyei, A., 2020. Synthesis of iron oxide 
nanoparticles for hyperthermia application: effect of ultrasonic irradiation assisted 
co-precipitation route. Adv. Nat. Sci. Nanosci. Nanotechnol. 11. 

Geiser, M., Kreyling, W.G., 2010. Deposition and biokinetics of inhaled nanoparticles. 
Part. Fibre Toxicol. 7. 

Gonet, T., Maher, B.A., 2019. Airborne, vehicle-derived Fe-bearing nanoparticles in the 
urban environment: a review. Environ. Sci. Technol. 53, 9970–9991. 

Harrison, R.M., Jones, A.M., Lawrence, R.G., 2004. Major component composition of 
PM10 and PM2.5 from roadside and urban background sites. Atmos. Environ. 38, 
4531–4538. 

Hu, J., Chen, G., Lo, I.M., 2005. Removal and recovery of Cr(VI) from wastewater by 
maghemite nanoparticles. Water Res. 39, 4528–4536. 

Jacobson, M.D., Raff, M.C., 1995. Programmed cell death and Bcl-2 protection in very 
low oxygen. Nature 374, 814–816. 

Jiang, L., Kon, N., Li, T., Wang, S.J., Su, T., Hibshoosh, H., Baer, R., Gu, W., 2015. 
Ferroptosis as a p53-mediated activity during tumour suppression. Nature 520, 
57–62. 

Kagan, V.E., Mao, G., Qu, F., Angeli, J.P., Doll, S., Croix, C.S., Dar, H.H., Liu, B., 
Tyurin, V.A., Ritov, V.B., Kapralov, A.A., Amoscato, A.A., Jiang, J., 
Anthonymuthu, T., Mohammadyani, D., Yang, Q., Proneth, B., Klein- 
Seetharaman, J., Watkins, S., Bahar, I., Greenberger, J., Mallampalli, R.K., 
Stockwell, B.R., Tyurina, Y.Y., Conrad, M., Bayir, H., 2017. Oxidized arachidonic and 
adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 13, 81–90. 

Kumar, P., Nagarajan, A., Uchil, P.D., 2018. Analysis of cell viability by the lactate 
dehydrogenase assay. Cold Spring Harb. Protoc. 6, 465. 

Lemasters, J.J., 2017. Evolution of voltage-dependent anion channel function: from 
molecular sieve to governator to actuator of ferroptosis. Front Oncol 7, 303. 

Liang, S., Zhou, Q., Wang, M., Zhu, Y., Wu, Q., Yang, X., 2015. Water-soluble L-cysteine- 
coated FePt nanoparticles as dual MRI/CT imaging contrast agent for glioma. Int. J. 
Nanomed. 10, 2325–2333. 

Liu, G., Gao, J., Ai, H., Chen, X., 2013. Applications and potential toxicity of magnetic 
iron oxide nanoparticles. Small 9, 1533–1545. 

Lu, D., Luo, Q., Chen, R., Zhuansun, Y., Jiang, J., Wang, W., Yang, X., Zhang, L., Liu, X., 
Li, F., Liu, Q., Jiang, G., 2020. Chemical multi-fingerprinting of exogenous ultrafine 
particles in human serum and pleural effusion. Nat. Commun. 11, 2567. 

Mancias, J.D., Wang, X., Gygi, S.P., Harper, J.W., Kimmelman, A.C., 2014. Quantitative 
proteomics identifies NCOA4 as the cargo receptor mediating ferritinophagy. Nature 
509, 105–109. 

Mohammadinejad, R., Moosavi, M.A., Tavakol, S., Vardar, D.O., Hosseini, A., 
Rahmati, M., Dini, L., Hussain, S., Mandegary, A., Klionsky, D.J., 2019. Necrotic, 
apoptotic and autophagic cell fates triggered by nanoparticles. Autophagy 15, 4–33. 

Monga, Y., Kumar, P., Sharma, R.K., Filip, J., Varma, R.S., Zboril, R., Gawande, M.B., 
2020. Sustainable synthesis of nanoscale zerovalent iron particles for environmental 
remediation. ChemSusChem 13 (13), 3288–3305. 

Oberdorster, G., Sharp, Z., Atudorei, V., Elder, A., Gelein, R., Kreyling, W., Cox, C., 2004. 
Translocation of inhaled ultrafine particles to the brain. Inhal. Toxicol. 16, 437–445. 

Oberdorster, G., Sharp, Z., Atudorei, V., Elder, A., Gelein, R., Lunts, A., Kreyling, W., 
Cox, C., 2002. Extrapulmonary translocation of ultrafine carbon particles following 
whole-body inhalation exposure of rats. J. Toxicol. Environ. Health A 65, 
1531–1543. 

Peng, F., Setyawati, M.I., Tee, J.K., Ding, X., Wang, J., Nga, M.E., Ho, H.K., Leong, D.T., 
2019. Nanoparticles promote in vivo breast cancer cell intravasation and 
extravasation by inducing endothelial leakiness. Nat. Nanotechnol. 14, 279–286. 

Reina, S., Guarino, F., Magri, A., De Pinto, V., 2016. VDAC3 as a potential marker of 
mitochondrial status is involved in cancer and pathology. Front Oncol 6, 264. 

Sahu, N.K., Gupta, J., Bahadur, D., 2015. PEGylated FePt-Fe3O4 composite 
nanoassemblies (CNAs): in vitro hyperthermia, drug delivery and generation of 
reactive oxygen species (ROS). Dalton Trans. 44, 9103–9113. 

Sanderson, P., Su, S.S., Chang, I.T.H., Saborit, J.M.D., Kepaptsoglou, D.M., Weber, R.J. 
M., Harrison, R.M., 2016. Characterisation of iron-rich atmospheric submicrometre 
particles in the roadside environment. Atmos. Environ. 140, 167–175. 

Sang, M., Luo, R., Bai, Y., Dou, J., Zhang, Z., Liu, F., Feng, F., Liu, W., 2019a. BHQ- 
cyanine-based "Off-On" long-circulating assembly as a ferroptosis amplifier for 
cancer treatment: a lipid-peroxidation burst device. ACS Appl. Mater. Interfaces 11, 
42873–42884. 

Sang, M., Luo, R., Bai, Y., Dou, J., Zhang, Z., Liu, F., Feng, F., Xu, J., Liu, W., 2019b. 
Mitochondrial membrane anchored photosensitive nano-device for lipid 
hydroperoxides burst and inducing ferroptosis to surmount therapy-resistant cancer. 
Theranostics 9, 6209–6223. 

Seiler, A., Schneider, M., Forster, H., Roth, S., Wirth, E.K., Culmsee, C., Plesnila, N., 
Kremmer, E., Radmark, O., Wurst, W., Bornkamm, G.W., Schweizer, U., Conrad, M., 
2008. Glutathione peroxidase 4 senses and translates oxidative stress into 12/15- 
lipoxygenase dependent- and AIF-mediated cell death. Cell Metabol. 8, 237–248. 

Shen, Z., Liu, T., Li, Y., Lau, J., Yang, Z., Fan, W., Zhou, Z., Shi, C., Ke, C., Bregadze, V.I., 
Mandal, S.K., Liu, Y., Li, Z., Xue, T., Zhu, G., Munasinghe, J., Niu, G., Wu, A., 
Chen, X., 2018. Fenton-reaction-acceleratable magnetic nanoparticles for ferroptosis 
therapy of orthotopic brain tumors. ACS Nano 12, 11355–11365. 

Shimada, K., Hayano, M., Pagano, N.C., Stockwell, B.R., 2016. Cell-line selectivity 
improves the predictive power of pharmacogenomic analyses and helps identify 
NADPH as biomarker for ferroptosis sensitivity. Cell Chem Biol 23, 225–235. 

Sun, X., Ou, Z., Xie, M., Kang, R., Fan, Y., Niu, X., Wang, H., Cao, L., Tang, D., 2015. 
HSPB1 as a novel regulator of ferroptotic cancer cell death. Oncogene 34, 
5617–5625. 

Tanaka, A., Youle, R.J., 2008. A chemical inhibitor of DRP1 uncouples mitochondrial 
fission and apoptosis. Mol. Cell 29, 409–410. 

Tee, J.K., Setyawati, M.I., Peng, F., Leong, D.T., Ho, H.K., 2019a. Angiopoietin-1 
accelerates restoration of endothelial cell barrier integrity from nanoparticle- 
induced leakiness. Nanotoxicology 13, 682–700. 

Tee, J.K., Yip, L.X., Tan, E.S., Santitewagun, S., Prasath, A., Ke, P.C., Ho, H.K., Leong, D. 
T., 2019b. Nanoparticles’ interactions with vasculature in diseases. Chem. Soc. Rev. 
48, 5381–5407. 

Torti, S.V., Torti, F.M., 2013. Cellular iron metabolism in prognosis and therapy of breast 
cancer. Crit. Rev. Oncog. 18, 435–448. 

Valavanidis, A., Salika, A., Theodoropoulou, A., 2000. Generation of hydroxyl radicals by 
urban suspended particulate air matter. The role of iron ions. Atmos. Environ. 34, 
2379–2386. 

Wang, Y., Tang, M., 2019. PM2.5 induces ferroptosis in human endothelial cells through 
iron overload and redox imbalance. Environ. Pollut. 254, 112937. 

Win, K.Y., Feng, S.S., 2005. Effects of particle size and surface coating on cellular uptake 
of polymeric nanoparticles for oral delivery of anticancer drugs. Biomaterials 26, 
2713–2722. 

Wu, X., Tan, Y., Mao, H., Zhang, M., 2010. Toxic effects of iron oxide nanoparticles on 
human umbilical vein endothelial cells. Int. J. Nanomed. 5, 385–399. 

Xiao, S., Chang, R.M., Yang, M.Y., Lei, X., Liu, X., Gao, W.B., Xiao, J.L., Yang, L.Y., 2016. 
Actin-like 6A predicts poor prognosis of hepatocellular carcinoma and promotes 
metastasis and epithelial-mesenchymal transition. Hepatology 63, 1256–1271. 

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., Kang, R., Tang, D., 2016. 
Ferroptosis: process and function. Cell Death Differ. 23, 369–379. 

Yang, W.S., SriRamaratnam, R., Welsch, M.E., Shimada, K., Skouta, R., Viswanathan, V. 
S., Cheah, J.H., Clemons, P.A., Shamji, A.F., Clish, C.B., Brown, L.M., Girotti, A.W., 
Cornish, V.W., Schreiber, S.L., Stockwell, B.R., 2014. Regulation of ferroptotic 
cancer cell death by GPX4. Cell 156, 317–331. 

Yang, W.S., Stockwell, B.R., 2008. Synthetic lethal screening identifies compounds 
activating iron-dependent, nonapoptotic cell death in oncogenic-RAS-harboring 
cancer cells. Chem. Biol. 15, 234–245. 

Z. Liu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.envpol.2021.117345
https://doi.org/10.1016/j.envpol.2021.117345
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref1
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref1
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref2
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref2
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref2
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref3
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref3
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref4
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref4
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref5
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref5
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref5
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref5
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref6
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref6
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref7
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref7
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref7
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref7
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref7
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref8
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref8
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref9
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref9
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref9
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref10
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref10
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref10
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref10
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref11
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref11
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref11
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref12
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref12
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref13
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref13
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref14
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref14
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref14
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref15
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref15
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref16
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref16
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref17
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref17
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref17
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref18
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref18
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref18
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref18
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref18
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref18
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref19
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref19
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref20
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref20
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref21
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref21
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref21
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref22
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref22
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref23
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref23
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref23
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref24
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref24
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref24
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref25
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref25
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref25
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref26
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref26
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref26
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref27
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref27
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref28
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref28
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref28
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref28
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref29
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref29
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref29
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref30
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref30
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref31
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref31
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref31
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref32
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref32
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref32
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref33
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref33
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref33
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref33
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref34
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref34
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref34
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref34
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref35
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref35
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref35
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref35
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref36
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref36
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref36
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref36
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref37
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref37
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref37
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref38
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref38
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref38
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref39
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref39
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref40
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref40
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref40
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref41
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref41
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref41
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref42
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref42
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref43
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref43
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref43
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref44
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref44
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref45
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref45
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref45
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref46
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref46
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref47
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref47
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref47
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref48
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref48
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref49
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref49
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref49
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref49
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref50
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref50
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref50


Environmental Pollution 287 (2021) 117345

13

Yu, H., Guo, P., Xie, X., Wang, Y., Chen, G., 2017. Ferroptosis, a new form of cell death, 
and its relationships with tumourous diseases. J. Cell Mol. Med. 21, 648–657. 

Yuan, H., Li, X., Zhang, X., Kang, R., Tang, D., 2016. Identification of ACSL4 as a 
biomarker and contributor of ferroptosis. Biochem. Biophys. Res. Commun. 478, 
1338–1343. 

Zhang, C., Liu, Z., Zhang, Y., Ma, L., Song, E., Song, Y., 2020. Iron free" zinc oxide 
nanoparticles with ion-leaking properties disrupt intracellular ROS and iron 
homeostasis to induce ferroptosis. Cell Death Dis. 11, 183. 

Zhu, S., Zhang, Q., Sun, X., Zeh 3rd, H.J., Lotze, M.T., Kang, R., Tang, D., 2017. HSPA5 
regulates ferroptotic cell death in cancer cells. Canc. Res. 77, 2064–2077. 

Z. Liu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0269-7491(21)00927-1/sref51
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref51
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref52
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref52
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref52
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref53
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref53
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref53
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref54
http://refhub.elsevier.com/S0269-7491(21)00927-1/sref54

	Iron-bearing nanoparticles trigger human umbilical vein endothelial cells ferroptotic responses by promoting intracellular  ...
	1 Main finding
	2 Introduction
	3 Materials and methods
	3.1 Materials and reagents
	3.2 Characterization of γ-Fe2O3 NPs and Fe3O4 NPs
	3.3 Iron ions release assay in buffering system
	3.4 Cell culture
	3.5 Cell viability assay
	3.6 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis
	3.7 Lillie divalent iron staining
	3.8 Western blotting
	3.9 Mitochondrial morphology analysis
	3.10 GSH level measurement
	3.11 Detection of LDH and MDA content
	3.12 Small RNA (siRNA) interference
	3.13 Real-time quantitative PCR (RT-qPCR)
	3.14 Statistical analysis

	4 Results
	4.1 Uptake of γ-Fe2O3 and Fe3O4 NPs by HUVECs triggers ferroptosis
	4.2 Increased intracellular iron ion level after HUVECs phagocytosed γ-Fe2O3 and Fe3O4 NPs
	4.3 γ-Fe2O3 and Fe3O4 NPs up-regulate iron levels through the release of iron ion and iron metabolism modulation
	4.4 γ-Fe2O3 and Fe3O4 NPs enhance ferroptotic responses in HUVECs
	4.5 γ-Fe2O3 and Fe3O4 NPs exposure dysregulate mitochondrial dynamics
	4.6 P53 participate in the regulation of γ-Fe2O3 and Fe3O4 NPs-triggered ferroptosis

	5 Discussion
	6 Conclusion
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	Appendix B Supplementary data
	Credit author statement
	References


