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Abstract: Since the approval by the Food and Drug Administration (FDA), ferumoxytol and other iron oxide nanopar-
ticles (IONs) have been widely used as iron supplements for patients with iron deficiency. Meanwhile, IONs have also 
been used as contrast agents in magnetic resonance imaging and as drug carriers. Importantly, IONs have demon-
strated a significant inhibitory effect on the growth of tumors, including hematopoietic and lymphoid tumors, such 
as leukemia. In this study, we further demonstrated the effect of IONs on inhibiting the growth of diffuse large B-cell 
lymphoma (DLBCL) cells by enhancing ferroptosis-mediated cell death. IONs treatment caused an accumulation of 
intracellular ferrous iron and the onset of lipid peroxidation in DLBCL cells as well as the suppressed expression of 
anti-ferroptosis protein Glutathione Peroxidase 4 (GPX4), thereby leading to increased ferroptosis. Mechanistically, 
IONs increased cellular lipid peroxidation through the generation of ROS via the Fenton reaction and regulating the 
iron metabolism-related proteins, such as ferroportin (FPN) and transferrin receptor (TFR), which elevated the intra-
cellular labile iron pool (LIP). Hence, our findings suggest the potential therapeutic effect of IONs on the treatment 
of patients with DLBCL. 
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Introduction

Among non-Hodgkin’s lymphoma, DLBCL is the 
most common subtype and accounts for about 
30-40% of all cases worldwide according to the 
large population-based statistical analysis [1, 
2]. The current standard R-CHOP chemothera-
py (rituximab, cyclophosphamide, doxorubicin, 
vincristine, and prednisone) for DLBCL results 
in a complete recovery in approximately 50-70% 
of DLBCL patients; however, about one-third of 
the patients develop relapsed or refractory dis-
ease. Hence, it is imperative to identify novel 
targets and to develop effective therapies for 
patients with relapsed or refractory DLBCL [3, 
4]. 

Ferumoxytol and other IONs were initially used 
as contrast agents and drug carriers preclini-
cally and clinically [5-8] and were approved by 
the Food and Drug Administration (FDA) for 
treating iron deficiency anemia [9]. Recently, 
IONs have been reported to exert antitumor 

effects on hematopoietic and lymphoid tumors 
such as leukemia; however, the molecular 
mechanisms underlying the IONs’ antitumor 
activity have not been fully elucidated [10, 11]. 
Structurally, Ferumoxytol is a superparamag-
netic iron oxide that can be delivered into the 
human body where ferrous and ferric iron are 
released and trigger Fenton reactions in the 
presence of peroxides, thereby leading to the 
production of ROS [12, 13]. ROS is closely 
linked to the process of ferroptosis lipid 
peroxidation. 

In this study, we revealed the antitumor effect 
of IONs and further elucidated the mechanisms 
by which IONs induced cell death in DLBCL. 

Materials and methods

Chemicals and reagents

The following chemicals were purchased: FeCl3-
6H2O (97%) from Sigma, Darmstadt, Germany; 
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FeCl2-4H2O (99.0%) and FeCl2-4H2O (99.0%) 
from Aladdin, Shanghai, China; Dextran 
(100,000 MT) from Sangon Biotech, Shanghai, 
China; Ammonia from Sinopharm, Shanghai, 
China; FerroOrange from Dojindo, Japan; Li- 
perfluo from Dojindo, Japan, Penicillin/Strepto- 
mycin from Beyotime, Shanghai, China. Cell  
culture 1640 medium was purchased from 
Hyclone, Utah, USA; FBS was from Gibco, NY, 
USA. Cell Counting Kit-8 (CCK8) was from 
Beyotime, Shanghai, China. Annexin V-APC 
Apoptosis Assay Kit was from BestBio, Beijing, 
China. ECL reagent was from Pierce, Massa- 
chusetts, USA. 

The following antibodies were purchased from 
Abcam, Cambridge, UK: anti-Glutathione Pero- 
xidase 4 (1:2000, ab125066), anti-SLC40A1 
(1:2000, ab239583), anti-Transferrin (1:1000, 
ab214039), anti-GPX4 antibody (1:100, ab12- 
5066), anti-SLC40A1 antibody (30 μg/ml, 
ab239583), and anti-Transferrin antibody (1: 
500, ab214039). 

Anti-β-actin (1:2000) and HRP-conjugated sec-
ondary antibody (1:5000) were from ZSGB-Bio, 
Beijing, China. 

Cell culture 

Human DLBCL cell lines SUDHL-2 (activated 
subtype, ABC) and SUDHL-4 (germinal center 
subtype, GCB) were provided by Dr. Ding of The 
First Affiliated Hospital of USTC China and cul-
tured in 1640 medium supplemented with 10% 
FBS and 1% Penicillin/Streptomycin. All cells 
were maintained in a 37°C humidified incuba-
tor with 5% CO2. 

Preparation of iron oxide nanoparticles

FeCl3-6H2O (0.28 mol/L), FeCl2-4H2O (0.14 
mol/L) and Dextran (5 g) were dissolved in 25 
mL of deionized water followed by the addition 
of 25 mL Ammonia (7.5%) under magnetic stir-
ring. The solution was kept at 60°C for 15 min, 
ultrasonicated for 30 min, and then heated to 
100°C for 30 min. The solution was ultrasoni-
cated again for 30 min and filtrated through a 
450 µm and a 220 µm membranes (Figure 1).

Proliferation assays 

Cell proliferation was assessed by CCK8 assay. 
Briefly, SUDHL-2 and SUDHL-4 cells (3 × 104 
cells/100 µL) were seeded in 96-well plates 
and treated with different concentrations of 
IONs (0, 300, 600, and 1200 ug/ml). Cells in 
control group were treated with different con-
centrations of dextran (0, 300, 600, and 1200 
ug/ml). After treatment for 72 hours, 10 µL of 
the CCK8 solution was added to each well for 2 
hours, and the optical density (OD) values at 
450 nm was measured by a plate reader. The 
results represented the average readings of 
five wells. 

Apoptosis analysis

Cell apoptosis was analyzed by using Annexin 
V-APC Assay Kit following the manufacturer’s 
protocol. Briefly, SUDHL-2 and SUDHL-4 cells 
were treated with IONs (1200 ug/ml) for 48 
hours, and the cell pellets were collected. After 
washing with PBS, the cells were stained in 
Annexin V-APC and propidium iodide (PI) stain-
ing solution at 4°C for 30 minutes in dark and 

Figure 1. Transmission electron micrographs of synthetic iron oxide nanoparticles. 
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analyzed by FACS (BD FACScelesta3, San Jose, 
CA, USA). 

ROS measurement

The intracellular ROS level was evaluated by 
the uptake of DCFH-DA (Fluorescent Probes, 
BestBio, Beijing, China). To visualize the ROS 
production, 5 × 105 SUDHL-2 and SUDHL-4 
cells were seeded in 6-well plates and treated 
with IONs (1200 ug/ml) for 48 hours, while the 
control group was treated with vehicle PBS. 
Then, the cells were washed once with PBS and 
stained with DCFH-DA (1:2000) for 30 minutes 
at 37°C in dark. Cells were resuspended in 
PBS, and green fluorescence was detected by 
FACS analysis. Data were collected from at 
least 10,000 cells. The fluorescent intensity of 
each group was normalized to that of the con-
trol group. 

Fe2+ detection

To detect intracellular Fe2+, FerroOrange was 
used according to the manufacturer’s instruc-
tion. Briefly, SUDHL-2 and SUDHL-4 cells were 
treated with IONs (1200 ug/ml) for 48 hours 
and stained with 1 μmol/L FerroOrange for 30 
minutes at 37°C, while cells in control group 
were treated with PBS. Images were acquired 
using a Leica SP5 confocal laser scanning 
microscope (Leica Microsystems) equipped 
with a Plan Apochromat 60 × 1.40 NA oil 
immersion objective. Analysis of Fe2+ in SUDHL-
2 and SUDHL-4 cells was performed by mea- 
suring the intensity of fluorescence of from at 
least 100 cells for each treatment condition. 
Fluorescence intensity was determined by 
Image J (National Institutes of Health). 

Lipid peroxides measurement

To visualize the lipid ROS, cells were seeded in 
6-well plates, treated with IONs for 48 hours, 
and stained with 10 μmol/L Liperfluo for 30 
minutes at 37°C in dark. The cells were then 
washed twice with PBS and observed by a 
Leica SP5 confocal laser scanning microscope 
(Leica Microsystems) equipped with a Plan 
Apochromat 60 × 1.40 NA oil immersion objec-
tive. Fluorescence intensity was determined by 
Image J. 

Western blot analysis 

Western blot analysis was carried out using 
standard protocol. Briefly, cells were lysed in 

RIPA buffer containing protease inhibitors, and 
the cell lysates were obtained by centrifugation 
followed by protein quantification using BCA. 
Approximately 20 µg proteins were separated 
by SDS-PAGE, transferred to polyvinylidene 
difluoride (PVDF) membranes, and blocked wi- 
th 5% skim milk in TBST at room temperature 
for 1 hour, followed by incubation in the indi-
cated primary antibodies at 4°C overnight. 
After extensive washing with TBST, the mem-
branes were incubated with HRP-conjugated 
secondary antibody for 1 hour at room temper-
ature, and the proteins were visualized using 
ECL reagent with a chemiluminescence imag-
ing instrument (Tanon5200, Shanghai, China). 
Protein expression was quantified using ImageJ 
software and normalized to β-actin. 

Xenagraft tumor model 

BALB/C female nude mice (age of 4-5 weeks, 
16-20 g) were obtained from GemPharmatech 
Co., Ltd. (Nanjing, China). Mice were fed with 
standard rodent chow and water ad libitum and 
were housed in a specific pathogen-free (SPF) 
facility under controlled temperature and hu- 
midity at the School of Basic Medical Scienc- 
es, Anhui Medical University. All experiments 
using animals were approved by the Animal 
Ethics Committee of Anhui Medical University. 
After a week of acclimatization, 2 × 107 SUDHL-
4 cells in 200 ul of PBS were subcutaneously 
injected into the right axillary regions of the 
mice. Tumor growth was monitored every two 
days, and the tumor volume was calculated 
using formula: (length × width × width)/2. When 
the tumor volume reached approximately 100 
mm³, the mice were randomly divided into four 
groups: the 3 mg/kg IONs IV (Intravenous in- 
jection) group (n=5), the 6 mg/kg IONs IV 
(Intravenous injection) group (n=6), the 6 mg/
kg IONs IP (Intraperitoneal injection) group 
(n=5), and the control group injected with PBS 
(n=5). Mice in each group received injection 
every other day for 12 days (the first day of 
administration was recorded as day 0), and the 
weight and tumor size of each mouse were 
recorded every other day. When the tumor vol-
ume reached approximately 2000 mm³, mice 
were euthanized, and the tumors were extract-
ed for further analysis. 

Transmission electron microscopy (TEM)

Standard protocol for sample preparation was 
followed. Briefly, 1 mm3 of fresh tumor tissue 
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was fixed in 2.5% glutaraldehyde overnight at 
4°C, embedded, and cut into 60-80 nm ultra-
thin sections. The sections were then subject-
ed to uranium and lead double staining. Mito- 
chondrial structure was studied under TEM, 
and the images at different magnifications (× 
10000 and × 25000) were captured. 

Immunohistochemistry (IHC) staining 

Standard IHC staining protocol was followed. 
Briefly, subcutaneous tumor specimens were 
fixed in 4% formalin, embedded in paraffin, and 
cut into 3 µm sections. All sections were 
dewaxed in xylene, rehydrated, and antigen 
retrieved with sodium citrate solution (pH=6), 
except for anti-Transferrin antibody where Tris/
EDTA buffer (pH=9) was used. After blocking in 
goat serum, sections were incubated with pri-
mary antibodies overnight at 4°C, followed by 
treatment with 3% hydrogen peroxide to block 
the endogenous peroxidase activity. For DAB 
staining, the sections were incubated with bio-
tinylated secondary antibodies for 20 minutes 
and counter stained with hematoxylin. Images 
of several random fields in each section were 
captured under different magnifications (× 200 
and × 400) using an Olympus BX51TF micro-
scope (Olympus, Tokyo, Japan), and the signals 
were analyzed by two professional patholo- 
gists.

Statistical analysis

All data were presented as the mean ± SEM 
from three independent experiments. The two-
tailed Student’s T-test and one-way ANOVA of 
GraphPadPrism (version 8.0.2) were used to 
determine statistical significance. The statisti-
cal calculations were conducted using SPSS 
software (version 25). A value of P<0.05 was 
considered statistically significant.

Results

IONs inhibited cell proliferation while induced 
apoptosis in DLBCL 

To explore the effects of IONs in DLBCL cells, 
we first examined the proliferation of SUDHL-2 
and SUDHL-4 cells upon IONs or dextran treat-
ment for 48 hours. CCK-8 assays showed that 
IONs decreased DLBCL cell viability in a dose-
dependent manner, while control dextran had 
no effect (Figure 2A-C). In contrast, IONs in- 
duced the apoptosis of DLBCL cells, as mea-

sured by flow cytometry with Annexin V-APC/PI 
staining (Figure 2D), indicating that IONs treat-
ment caused cell death in DLBCL. 

Ferroptosis contributed to IONs-induced cell 
death in DLBCL 

Other studies have reported that IONs induce 
the ROS level. Hence, in our study, we verified 
this effect by measuring the production of total 
ROS under IONs treatment. The flow cytometric 
analysis results indicated that, compared to 
PBS treatment, IONs treatment significantly 
increased the ROS level in SUDHL-2 and SUDHL-
4 cells (Figure 3A). In addition, we measured 
the level of intracellular Fe2+ after IONs treat-
ment in DLBCL cells to further demonstrate the 
effect of IONs on intracellular iron metabolism. 
As shown in Figure 3B, IONs treatment induced 
excessive iron content in SUDHL-2 and SUDHL-
4 cells as indicated by higher FerroOrange sig-
nals compared to control cells. Furthermore, 
we detected lipid peroxidation in SUDHL-2 and 
SUDHL-4 cells by Liperfluo staining. As shown 
in Figure 3C, Liperfluo signal was significantly 
increased in IONs-treated cells, indicating that 
IONs induced lipid peroxidation in DLBCL cells. 
Similarly, the expression of TFR was significant-
ly increased after IONs treatment. Since ROS 
production level is closely related to ferropto-
sis, as ferroptosis is mainly dependent on the 
intracellular iron accumulation and lipid peroxi-
dation, our data suggested that ferroptosis was 
induced by IONs treatment. In support with 
this, the expression of ferroptosis negative reg-
ulators such as GPX4 and SLC40A1 was signifi-
cantly decreased after IONs treatment (Figure 
3D). 

IONs inhibited the growth of xenograft tumor

After having observed the growth-inhibitory 
effect of IONs in DLBCL cells in vitro, we used 
mouse xenograft tumor model to explore whe- 
ther IONs could inhibit tumor growth in vivo. 
SUDHL-4 cells-derived subcutaneous tumors 
were apparent 10 days after cell implant. Then, 
the mice were randomly divided into four gr- 
oups and treated with different concentration 
of IONs via IV or IP. Mice in control group 
received PBS injection. We found that IV injec-
tion of 3 mg/kg or 6 mg/kg IONs significantly 
inhibited tumor growth exhibiting reduced tu- 
mor size and weight, compared to the tumor 
growth in IP injected or control group mice. 
There was no significant difference between 
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different doses of IONs, nor between IV or IP 
injection (Figure 4B, 4C). The carcass weight 
among all mice was similar (Figure 4D), indi- 
cating the difference in tumor growth was not 
caused by mouse bodyweight. 

IONs induced ferroptosis in vivo.

Furthermore, the ultrastructure of the tumor 
tissues in IONs-treated or vehicle-treated gr- 
oups was examined by transmission electron 

Figure 2. IONs inhibit cell proliferation and induce apoptosis in DLBCL cells. The viability of DLBCL cells after treat-
ment with increasing concentrations of IONs (A) and Dextran (B) for 72 h. ** P<0.01, compared to untreated cells; 
(C) Representative cell morphological changes were detected under a microscope after treatment with IONs for 72 
h. (D, E) Representative results of annexin V/APC/PI staining and quantitative analysis. ** P<0.01. 
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Figure 3. Ferroptosis contributes to IONs-induced cell death in DLBCL cells. A. The cellular ROS level was analyzed 
by using flow cytometer; B. Intracellular Fe2+ in SUDHL-2 and SUDHL-4 cells after IONs treatment was determined by 
FerroOrange. Scale bar: 25 µm; C. Lipid peroxidation in SUDHL-2 and SUDHL-4 cells was detected by Liperfluo after 
IONs treatment. Scale bar: 25 µm; D. The expression of several key ferroptosis regulators in DLBCL cells after IONs 
treatment was examined by western blot analysis. ** P<0.01. 

Figure 4. IONs inhibit the growth of xenograft tumor. 2 × 107 SUDHL-4 cells were subcutaneously injected into the 
right sides of nude mice. When tumor volume reached about 100 mm³, mice were randomly divided into four groups 
and received IONs (3 mg/kg or 6 mg/kg) or PBS via IV or IP as indicated every other day. A. Representative images 
of mice from these four groups and their subcutaneous tumors dissected after euthanasia. B. The tumor volume in 
mice from these four groups. Subcutaneous tumor volume was reduced in two groups, 3 mg/kg IONs IV (n=5) and 
6 mg/kg IONs IV (n=6). No statistical difference in tumor volume between these two groups. C. The mice weight 
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microscopy. The results revealed that, com-
pared to the control group, 6 mg/kg IONs IV 
injection resulted in significant ferroptosis-
associated mitochondrial structure changes, 
such as increased membrane density, reduced 
mitochondrial volume, and decreased or ab- 
sent mitochondrial cristae (Figure 5A). Con- 
sistently, IHC staining showed that the expres-
sion of ferroptosis negative regulators GPX4 
and FPN was significantly decreased in the 
tumor of 6 mg/kg IONs IV treated mice, while 
the expression of TFR which is associated with 
intracellular iron accumulation was increased 
(Figure 5B). Collectively, these results demon-
strated that IONs could also induce ferroptosis 
in vivo and inhibited the growth of xenograft 
tumor. 

Discussion

Iron oxide nanoparticles are used as drug carri-
ers and contrast agents in a variety of tumors 
for early diagnosis, adjuvant therapy, and prog-
nosis prediction [16-19], and their dextran-
coated compound ferumoxytol has shown di- 
rect anti-tumor effects [10, 11]. Many studies 
have demonstrated that iron oxide nanoparti-
cles can inhibit tumor growth and migration by 
polarizing tumor-associated macrophages into 
M1 cells [20-23] and promote apoptosis by 
assisting in the induction of ferroptosis through 
the Fenton response [24, 25]. It is also exciting 
to note that a novel iron oxide nanoparticles 
coated with gallic acid and polyacrylic acid 
(IONP-GA/PAA) possess intrinsic cytotoxic ac- 
tivity on various cancer cell lines by inducing 
ferroptosis in vitro [26]. In this study, we were 
the first to demonstrate the ability of ferumoxy-
tol, another novel iron oxide nanoparticles with 
dextran coating, to induce ferroptosis and 
inhibit DLBCL growth in vitro and in vivo and 
identify an additional pathway for iron oxide 
nanoparticles to induce ferroptosis in addition 
to the conventional Fenton reaction. 

We found that IONs significantly inhibited the 
proliferation and induced the apoptosis of 
DLBCL cells in vitro, which was not caused by 
the activity of dextran coating. Xenograft tumor 
growth in mice further confirmed the growth 
inhibitory effect of IONs. Nevertheless, the effi-

cacy of IONs did not show the same dose cor-
relation as in vitro, as no statistical difference 
between the 3 mg/kg IONs and 6 mg/kg IONs 
groups on tumor growth was observed, which 
was consistent with the findings on tumor pro-
gression in breast cancer [11] and was presum-
ably related to the absorption threshold of IONs 
in vivo. Furthermore, in our study, we observed 
the efficacy of IONs was different with different 
mode of injection, as intraperitoneal injection 
of IONs didn’t inhibit DLBCL tumor growth, con-
tradicting to the findings in breast cancer. We 
hypothesized that, although DLBCL is a solid 
tumor like breast cancer, it is still part of the 
hematopoietic and lymphoid tumors. Tail vein 
administration is more direct and consistent 
with the routine administration of IONs in clini-
cal practice [27]. 

Ferroptosis, a novel form of regulated cell 
death, has been studied in a variety of tumors 
since its discovery and has been contributed to 
the antitumor effects of several drugs [28]. In 
DLBCL, ferroptosis-related genes were found  
to be associated with prognosis [29, 30]. Our 
study further demonstrated the functional role 
of ferroptosis in DLBCL. It has been well known 
that intracellular iron accumulation and lipid 
peroxidation are two key aspects of ferroptosis 
[31, 32], and that the accumulation of ROS and 
the occurrence of lipid peroxidation are closely 
related [31, 32]. We revealed that IONs induced 
lipid peroxidation in DLBCL cells by accumulat-
ing ROS through the Fenton reaction in vitro, 
and that the expression of the ferroptosis ne- 
gative regulator GPX4 was reduced, with was 
further validated with mouse xenograft tu- 
mors. Moreover, we showed that IONs could 
cause abnormal expression of proteins related 
to iron metabolism. IONs reduced the expres-
sion of FPN which decreased intracellular iron 
efflux, while increased the expression of TFR 
which enhanced extracellular iron input. Th- 
rough these two synergistic effects, IONs in- 
creased the labile iron pool, thus contributing 
to ferroptosis. 

From a clinical perspective, because the main 
component of IONs is elemental iron which is 
already present in the body and is closely regu-
lated, IONs have fewer side effects and no 

of four groups. D. The subcutaneous tumor weights of four groups. Tumor weight in 3 mg/kg IONs IV- and 6 mg/
kg IONs IV-injected groups was statistically different from the control group but not statistically different between 
these two groups. 
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acute hematological and non-hematological 
toxicities which are associated with drugs in 
standard chemotherapy regimens. The main 
side effect of FDA-approved IONs drug is iron 
overload [33]. 

In summary, our study highlighted the promis-
ing application of IONs in the treatment of 
patients with DLBCL and provided new thera-
peutic strategies targeting ferroptosis in the 
future.
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