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Abstract. In recent years, inhibiting tumor cell activity by 
triggering cell ferroptosis has become a research hotspot. 
The development of generic targeted nanotherapeutics might 
bring new ideas for non‑invasive applications. Currently, the 
potential mechanism underlying the universal application of 
paclitaxel (PTX)‑loaded iron oxide nanoparticles (IONP@
PTX) to different types of tumors is unclear. The present study 
aimed to prepare IONP@PTX for targeted cancer therapy and 
further explore the potential mechanisms underlying the inhib‑
itory effects of this material on the NCI‑H446 human small 
cell lung cancer and brain M059K malignant glioblastoma cell 
lines. First, a CCK‑8 assay was performed to determine cell 
viability, and then the combination index for evaluating drug 
combination interaction effect was evaluated. Intracellular 
reactive oxygen species (ROS) and lipid peroxidation levels 
were monitored using a DCFH‑DA fluorescent probe and a 
C11‑BODIPY™ fluorescent probe, respectively. Furthermore, 
western blotting assay was performed to determine the 
expression of autophagy‑ and iron death‑related proteins. The 
experimental results showed that, compared with either IONP 
monotherapy, PTX monotherapy, or IONP + PTX, IONP@
PTX exerted a synergistic effect on the viability of both cell 
types, with significantly increased total iron ion concentra‑
tion, ROS levels and lipid peroxidation levels. IONP@PTX 
significantly increased the expression of autophagy‑related 
proteins Beclin 1 and histone deacetylase 6 (HDAC6) in both 
cell lines (P<0.05), increased the expression of light chain 3 
(LC3)‑II/I in NCI‑H446 cells (P<0.05) and decreased that of 

sequestosome1 (p62) in M059K cells (P<0.05). Moreover, the 
addition of rapamycin enhanced the IONP@PTX‑induced the 
upregulation of Beclin 1, LC3‑II/I and HDAC6 and the down‑
regulation of mTORC1 protein in both cell lines (P<0.05). 
Moreover, rapamycin enhanced the IONP@PTX‑induced 
downregulation of p62 protein in NCI‑H446 cells (P<0.05), 
suggesting that IONP@PTX induces ferroptosis, most likely 
through autophagy. Collectively, the present findings show that 
IONP works synergistically with PTX to induce ferroptosis 
via the autophagic pathway.

Introduction

Lung cancer is one of the most diagnosed types of cancer, the 
most common in China and the leading cause of cancer‑related 
mortality worldwide, with an estimated 2 million new cases 
and 1.76 million deaths every year (1,2). Treatment options 
for small cell lung cancer (SCLC) are limited compared with 
other types of lung cancer and provide only a transient benefit 
for most patients (3). SCLC accounts for >15% of all lung 
cancers (4) and most cases are associated with smoking (5). 
SCLC is characterized by rapid disease progression and early 
widespread metastasis. Thus, 80‑85% of patients have exten‑
sive‑stage small cell lung cancer (ES‑SCLC) at the time of 
initial diagnosis (6). For several years, the standard treatment 
for patients with ES‑SCLC has been platinum‑based combi‑
nation chemotherapy, which has shown a survival benefit; 
however, despite favorable initial treatment effects, median 
survival has rarely exceeded 1 year (5). Most patients with 
ES‑SCLC eventually die due to cancer recurrence, with only 
10‑20% of patients surviving longer than 2 years. Therefore, 
an in‑depth search for drug targets is needed to develop effec‑
tive combination therapies with minimal toxicity (5,7,8).

It is well known that the incidence of central nervous 
system tumors has a place in the statistics table of new cancers 
in China in 2022 (2). Glioblastoma (GBM) is the most common 
malignant primary brain tumor. GBM is classified by the World 
Health Organization as grade IV and the median survival of 
patients is only 8‑18 months (8). Currently, treatment strate‑
gies for glioma include surgery, radiotherapy, chemotherapy, 
immunotherapy and targeted therapy (9,10). However, chemo‑
therapeutic drugs have limited therapeutic effects when used 
alone (11). Therefore, combining chemotherapeutic drugs with 
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other carriers can overcome drug resistance and reduce their 
toxic side effects (10). For example, drug delivery systems 
such as polymeric micelles, liposomes and nanoparticles 
can all synergistically facilitate the passage of chemotherapy 
drugs across the blood‑brain barrier to target the desired 
sites (10,12,13). The main obstacles to effective chemotherapy 
for glioma are drug resistance and toxicity. Accordingly, there 
is an urgent need for new drugs and drug delivery systems to 
alleviate these two challenges for clinical application.

The pioneering drug paclitaxel (PTX), extracted from 
Taxus brevifolia, is a chemical drug derived from natural plants 
approved by the U.S. Food and Drug Administration (14). There 
is considerable evidence to suggest that PTX is one of the most 
successful and widely used natural antitumor drugs in various 
tumors, including glioma  (15‑17) and lung cancer  (18,19). 
Indeed, PTX selectively targets microtubules and causes cell 
cycle arrest at the G2/M phase, inducing cytotoxic effects in a 
dose‑ and time‑dependent manner. Recently, development of 
several innovative drug delivery formulations, such as nano‑
emulsions, nanosuspensions, nanoparticles, liposomes and 
polymeric micelles, have been used to enhance the targeted cell 
delivery of PTX (20‑23). However, the biological characteris‑
tics of PTX, such as low bioavailability, poor water solubility 
and high incidence of toxicity (24), may affect its antitumor 
efficacy to a certain extent and cause allergies, gastrointestinal 
reactions, neurotoxicity and other adverse reactions. However, 
the aforementioned defects can be partially overcome with the 
help of nano‑drug delivery systems (25).

Nanoparticles have been the topic of emerging research 
interest for their unique properties, including nanometer 
size, biocompatibility, large surface‑to‑volume ratio and easy 
surface modification (26). Traditional antitumor chemotherapy 
drugs, such as single and non‑targeted drugs, are slowly being 
discontinued. For example, resistance to PTX monotherapy 
can occur in the treatment of prostate cancer, so docetaxel 
in combination with prednisone is now the recommended 
treatment for this disease  (27). Since combination therapy 
has the synergistic effect of multiple drugs, which may act 
through different pathways, it can improve efficacy, reduce 
drug dosage and toxicity, and gradually replace the current 
cancer treatment strategy (28). Pulvirent et al (29) prepared 
a hybrid system including the iron oxide magnetic nanopar‑
ticles and a metal‑organic framework subclass constituted by 
trivalent transition metals and bi‑ or tri‑carboxylic ligands 
(MNPs@MIL) with a particle size of ≤50 nm, which retains 
the magnetic properties of the iron core and has the loading 
capacity of porous containing iron ions and MILs. Moreover, 
the same study showed that MNPs@MIL could carry, load 
and release a higher quantity of drugs. In the treatment of 
GBM with temozolomide, the MIL‑modified MNPs were 
more endocytosed than the naked MNPs at all concentrations 
due to the capability of in  situ PTX‑loaded MNPs@MIL 
targeting to the nucleus and cytoplasm to produce antitumor 
effects, suggesting that the hybrid system is able to overcome 
the blood‑brain barrier and target brain tumors. Recently, 
iron‑based iron oxide nanoparticles (IONP) have been used 
in clinical practice (30). Drug‑encapsulating nanoparticles can 
enter the blood system and reach specific tumor sites through 
their enhanced permeability and retention effect, which is 
defined as the process of extravasation of large molecules from 

leaky tumor vasculature and accumulation in the tumor tissue, 
continuously releasing the drug and eventually producing 
a significant inhibitory effect on tumor growth (31). It was 
shown that the PTX‑loaded IONPs (IONP@PTX) synthesized 
by the present research group possess lower toxicity than PTX 
monotherapy, suggesting that IONP can reduce the toxicity of 
drugs and improve biosafety (32).

Autophagy is an evolutionarily conserved process for 
cellular degradation, yet it is frequently viewed in cancer biology 
as a double‑edged sword with the twin functions of tumor 
development and tumor suppression (33). Autophagy‑related 
protein (ATG), including Beclin 1 and mTOR, and autophagic 
pathways (i.e., the autophagy‑lysosome pathway, ubiquitin‑like 
protein system and mTOR signaling pathway) are involved 
in the pathological processes of cancer development (33,34). 
As one of the most crucial protein complexes in the creation 
of the autophagic pathway, Beclin1 is the first mammalian 
discovered tumor‑associated ATG protein and it also plays 
a vital role in the production of autophagosomes as well as 
their expansion and maturation (35). mTOR1, a key autophagy 
regulator connected to endosomes and lysosome membranes, 
interacts with its effectors through phosphorylation and plays 
a role in the development of lysosomes as well as the suppres‑
sion of the autophagic process (36,37). Sequestosome1 (p62) 
is a multifunctional adapter protein that regulates the accu‑
mulation of protein aggregates and autophagic clearance (38). 
Histone deacetylase 6 (HDAC6) is a member of class IIb 
HDAC family and it deacetylates microtubule proteins, 
resulting in microtubule depolymerization and disconnection 
of the autophagosomal lysosomal fusion pathway  (39‑41), 
thereby inhibiting a member of the ATG8 family, LC3, 
which is a marker of the autophagic process. Moreover, the 
state of cellular redox homeostasis has a significant impact 
on autophagy (42). A growing body of evidence suggests that 
excessive autophagy and lysosome activation may cause lipid 
peroxidation (LPD), promoting ferroptosis (43). Accordingly, 
it has also been recommended to induce autophagy‑mediated 
cellular ferroptosis to kill cancer cells (43).

Ferroptosis is a nonapoptotic programmed cell death 
process that can eradicate tumors via reactive oxygen species 
(ROS) accumulation and iron‑dependent pathways (44). In 
the acidic environment of tumors, Fe2+ and Fe3+ ions released 
from the iron‑based nanoparticles participate in the Fenton 
reaction, which generates ROS and triggers LPD, eventually 
leading to excessive accumulation of iron ions and inducing 
tumor cell death by ferroptosis (45). In addition, ferroptosis 
can be triggered by inhibiting two types of small‑molecule 
substances, namely system Xc‑mediated cystine uptake and 
glutathione peroxidase 4 (GPX4)  (46). On the other hand, 
depleting L‑cysteine (Cys) can also sensitize cells to ferrop‑
tosis through direct or indirect cysteine dioxygenase type 
1‑mediated metabolism of Cys, thereby reducing glutathione 
(GSH) expression  (46). In a previous study, the nuclear 
factor erythroid 2‑related factor 2 (Nrf2) was demonstrated 
to be involved in ferroptosis regulation and the treatment of 
neurodegenerative diseases (47).

PTX is one of the most frequently prescribed medica‑
tions in Japanese clinical practice to treat recurrent SCLC 
and the efficacy of nanoparticle albumin‑bound (nab)‑PTX 
monotherapy might be moderate for heavily treated, relapsed 
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SCLC patients (19). Several studies reported the use of PTX 
combined with carboplatin, gemcitabine or albumin‑bound 
PTX nanoparticles for the treatment of metastatic or recurrent 
SCLC, indicating that PTX as second‑line chemotherapy is a 
good choice for the treatment of patients with SCLC (48‑50). 
After nano‑microsized modification, PTX is an ideal drug for 
the treatment of SCLC due to its improved therapeutic effi‑
ciency and diminished side effects. Based on nanoformulations, 
PTX can improve drug solubility, targeted activity, attenuate 
side effects after excisional surgery and effectively inhibit the 
growth of GBM cells (51,52). Accumulating evidence suggests 
that PTX is a broad‑spectrum antitumor drug and has been 
used against human cancers, including glioma (25,53‑55). For 
instance, it has recently been reported that an in situ targeted 
nanoparticle‑hydrogel hybrid system modified with PTX could 
enhance the therapeutic effect of chemo‑immunotherapy on 
residual infiltrative glioma (56). Nonetheless, to the best of 
our knowledge, there are only a few reports on the effects 
of IONP@PTX on NCI‑H446 and M059K cells. Therefore, 
elucidating the possible mechanisms underlying the treat‑
ment of IONP@PTX in vitro is of profound importance for 
the development of universal application targeted therapies 
against SCLC and GBM, which may provide new therapeutic 
ideas for clinical applications, particularly for non‑invasive 
therapeutic approaches. On this basis, the present study 
focused on the possible synergistic effect of IONP@PTX on 
SCLC H446 and GBM M059K cells and further explored its 
potential mechanisms.

Materials and methods

Preparation of IONP@PTX. High‑temperature pyrolysis was 
used to create oleic acid‑coated IONP. Briefly, 0.7 g Fe(acac)3 

(Shanghai Aladdin Chemical Reagent Co., Ltd.), 3.1 ml oleic 
acid (Shanghai Aladdin Chemical Reagent Co., Ltd), and 
0.9 ml oleylamine (Shanghai Aladdin Chemical Reagent Co., 
Ltd.) were dissolved in 20 ml benzyl ether (Shanghai Aladdin 
Chemical Reagent Co., Ltd.), preheated at 220˚C for 1 h and 
subsequently heated to 280‑300˚C for 30 h under the protection 
of nitrogen. After cooling to room temperature, the mixture 
was transferred into 30 ml anhydrous ethanol to collect the 
oleic acid‑coated IONP through magnetic separation and 
then dissolved in 10 ml chloroform. Subsequently, 150 mg 
1,2‑distearoyl‑sn‑glycero‑3‑phosphoethanolamine‑N‑[amino 
(polyethylene glycol)‑2000] (DSPE‑PEG 2000) (Shanghai 
Advanced Vehicle Technology, Co., Ltd.) and 5.5 mg PTX 
(Shanghai Aladdin Chemical Reagent Co., Ltd) were weighed 
and put into an eggplant‑shaped container with 5 ml trichlo‑
romethane. Then, 11 mg oleic acid‑coated IONP and 11 ml 
distilled water were added and mixed ultrasonically to make 
an emulsion, as previously described  (32). Thereafter, the 
suspension was concentrated through gentle solvent evapora‑
tion using a rotavapor for 50 min in a 70˚C water bath until 
the product was clear and transparent without visible bubbles, 
as previously described (32). Finally, the mixed emulsion was 
transferred to an ultrafiltration tube (0.5 ml, 3 kDa) to separate 
and purify the IONP@PTX, as previously described (32).

Drug loading capacity. Briefly, 1  mg/ml IONP@PTX 
solution was aspirated and diluted 25 times to measure the 

peak area by high performance liquid chromatography at 
227 nm, as descried in our previous study (32). The peak area, 
which was 293522, was substituted into the standard curve 
y=26736 x + 1154.9, R²=0.9987, to obtain the concentration 
and then to calculate the loading capacity of PTX/mg (iron 
concentration) solution using the following formula: Loading 
capacity=concentration x dilution x volume.

Cell culture. Human SCLC NCI‑H446 cells and human GBM 
M059K brain malignant cells were obtained from Jiangsu KGI 
Biotechnology Co., Ltd. NCI‑H446 cells were cultured in 90% 
RPMI‑1640 (Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin (P/S). 
Similarly, M059K cells were cultured in 90% DMEM/F12 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS and P/S (Beijing Solarbio Science & Technology 
Co., Ltd.). Both cell lines were placed in an incubator at 
37˚C with 5% CO2 and saturated humidity (Thermo Fisher 
Scientific, Inc.).

Cell viability. Following digestion with 0.25% EDTA‑free 
trypsin (cat. no. C0205; Shanghai Biyuntian Biotechnology 
Co., Ltd.), the NCI‑H446 and M059K cells were separately 
counted and adjusted to a cell suspension of 5x104 cells/ml. 
Subsequently, 100 µl cell suspension was transferred to each 
well of a 96‑well cell culture plate and cultured for 24 h. 
After discarding the old culture medium, 100 µl NCI‑H446 
cells (or M059K cells) were treated with IONP (0.7 µg/ml), 
PTX (0.3 µg/ml), IONP (0.7 µg/ml) + PTX (0.3 µg/ml), and 
IONP@PTX (1.0 µg/ml) at 37˚C for 24 h. Simultaneously, 
untreated cells were set as a negative control. Thereafter, 
10 µl Cell Counting Kit‑8 solution (cat. no. KGA317; Nanjing 
KeyGen Biotech Co., Ltd.) was added to each well and incu‑
bated for another 2 h. After shaking gently for 10 min, the 
optical density (OD) of each well was detected at 450 nm 
on a microplate reader (BioTek ELx800; BioTek) and cell 
growth inhibitory rate was calculated using the formula: 
Inhibitory rate (%)=[(OD of control group‑OD of experimental 
group)/(OD of control group‑OD of blank group)] x100. As 
shown in a previous study (57), the calculation formula of 
drug interaction was calculated using the following formula: 
combination index=Ea+b/(Ea + Eb‑Ea x Eb), where a and b are 
any two treatments, Ea+b is the inhibitory rate of the combined 
a and b treatments, and Ea and Eb are separately the inhibitory 
rates of a and b. A combination index between 0.85 and 1.15 
shows an additive effect and its value >1.15 shows synergistic 
interactions.

Detection of iron ion. Total iron ion concentration was quan‑
tified with an Iron Colorimetric Assay Kit (cat. no. E1042; 
Applygen Technologies, Inc.). Under the premise of the 
above grouping, the autophagy promoter rapamycin (50 nM; 
MedChemExpress) was separately added to each group, namely 
IONP (0.7 µg/ml) + rapamycin (50 nM), PTX (0.3 µg/ml) + 
rapamycin (50 nM), IONP (0.7 µg/ml) + PTX (0.3 µg/ml) + 
rapamycin (50 nM), IONP@PTX (1.0 µg/ml) + rapamycin 
(50 nM), and untreated cells (negative control). Following the 
aforementioned treatment of NCI‑H446 and M059K cells, 
both cells were separately washed twice with cold PBS (cat. 
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no. C0221A; Shanghai Biyuntian Biotechnology Co., Ltd.) and 
lysed with 200 µl lysis buffer per well on a shaker for 2 h. In 
100 µl cell lysate, 100 µl PBS and 4.5% potassium perman‑
ganate mixture were added, mixed gently, incubated at 60˚C 
for 1 h and then cooled to room temperature. Subsequently, 
30 µl Iron ion detection agent was added, mixed gently and 
incubated at room temperature for another 30 min. Finally, 
all liquid was placed into a 96‑well plate and absorbance was 
measured at 550 nm on a microplate reader (BioTek ELx800; 
BioTek).

Detection of intracellular ROS. Diacetyldichlorofluorescein 
(DCFH‑DA) fluorescent probe (cat. no. KGT010‑1; Jiangsu 
Kaiji Biotechnology Co., Ltd.) was used to detect the level 
of intracellular ROS. In brief, NCI‑H446 and M059K cells 
were separately prepared for a cell suspension at a density 
of 5x105 cells/ml, plated into a 6‑well plate for 24 h and then 
treated as aforementioned. Meanwhile, untreated cells were 
set as a negative control. The cells were digested with 0.25% 
EDTA‑free trypsin, collected and washed with PBS three 
times and centrifuged at 110 x g for 5 min at 24˚C. Thereafter, 
1x106 cells/ml were suspended in DCFH‑DA (1:1,000) at a 
final concentration of 10 µmol/l, routinely cultured at 37˚C for 
20 min and mixed at 3‑5 min intervals. Finally, the stained 
cells were washed with serum‑free RPMI‑1640 three times 
to fully remove the free DCFH‑DA and then intracellular 
ROS was detected (excitation wavelength, 488 nm; Emission 
wavelength, 530  nm) using flow cytometry (CytoFLEX; 
Beckman Coulter, Inc.).

Detection of lipid peroxidation. Intracellular LPD was 
detected using the C11‑BODIPYTM (cat. no. D3861; Thermo 
Fisher Scientific, Inc.) fluorescent probe. Briefly, the pretreated 
NCI‑H446 and M059K cells were separately washed three 
times with PBS at 110 x g for 5 min at 24˚C, collected, and 
adjusted to 1x106 cells/ml. The cells were suspended in the 
1:1,000 diluted C11‑BODIPYTM at a final concentration of 
10 µmol/l, routinely cultured at 37˚C for 20 min, and mixed 
at 3‑5 min intervals. After washing the stained cells three 
times with serum‑free RPMI‑1640 to fully remove the free 
C11‑BODIPYTM, the intracellular LPD was finally detected 
using flow cytometry (CytoFLEX; Beckman Coulter, Inc.).

Western blotting assay. The pretreated NCI‑H446 cells 
and M059K cells were separately collected to extract the 
protein from the cell lysate following 15 min of centrifuga‑
tion at 21,912 x g at 4˚C, and the protein concentration was 
determined using a BCA protein content detection kit (cat. 
no.  KGA902; Nanjing KeyGen Biotech Co., Ltd.). First, 
identical amounts of protein (20 µg/lane) were separated on 
10% gels using SDS‑PAGE, transferred to PVDF membranes 
and blocked with fresh 5% nonfat dry milk at room tempera‑
ture for 2  h. The membrane was incubated with diluted 
primary antibodies, including rabbit anti‑P62 (1:1,000; 
cat. no. ab91526; Abcam), Nrf2 (1:5,000; cat. no. ab62352; 
Abcam), GPX4 (1:2,000; cat. no. ab123066; Abcam), mamma‑
lian target of rapamycin complex 1 (mTORC1) (1:2,000; cat. 
no. ab40768; Abcam), LC3II/I (1:2,000; cat. no. ab192890; 
Abcam), Beclin1 (1:1,000; cat. no. ab62557; Abcam), HDAC6 
(1:10,000; cat. no. ab133493; Abcam), and GAPDH (1:5,000; 

cat. no. KGAA002; Nanjing KeyGen Biotech Co., Ltd.). After 
washing with Tris‑buffered saline‑Tween (TBST) three times, 
the membrane was subsequently incubated with the Goat 
Anti‑Rabbit IgG/HRP antibody (1:10,000; cat. no. KGAA002; 
Nanjing KeyGen Biotech Co., Ltd.) for 1 h at room tempera‑
ture. Following washing with TBST again, the blots were 
developed using a chemiluminescence detection system (ECL 
Luminata Crescendo; cat. no. WBLUR0500; MilliporeSigma).

Statistical analysis. GraphPad Prism 8.0.1 software (GraphPad 
Software; Dotmatics) was used for statistical analysis. All data 
in this study are based on at least three replicated experiments. 
All data are expressed as the mean ± standard deviation and 
analyzed using either one‑way ANOVA or two‑way ANOVA 
followed by Tukey's post hoc test among groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Characterization of IONP@PTX. As reported in our previous 
study (32), the synthesized IONP@PTX was uniformly distrib‑
uted, with a core particle size of 10 nm, a hydrated particle size 
of 36.18±11.76 nm, a zeta potential of‑29±7.65 mV and a drug 
loading value of 273.5 µg/mg (iron concentration) solution.

Effects of IONP@PTX on the cell growth inhibitory rates. After 
24 h of treatment with IONP, PTX, IONP + PTX, and IONP@
PTX, the cell growth inhibitory rates, both for NCI‑H446 and 
M059K cells, were significantly higher in the IONP@PTX 
group, compared with those in the PTX monotherapy group 
or the IONP + PTX group (P<0.001); however, there was no 
significant difference between the PTX monotherapy group 
and the IONP + PTX group (P>0.05; Fig. 1A and B).

According to the cell inhibition rate calculation, the cell 
growth inhibitory rate of IONP + PTX was 41.70±0.99% in 
NCI‑H446 cells and 45.88±2.23% in M059K cells, and the 
combination index was 0.953 in NCI‑H446 cells and 1.03 
in M059K cells, which is between 0.85 and 1.15, therefore 

Table I. Q value of drug interaction in NCI‑H446 cells and 
M059K cells.

	 Cell growth
Group 	 inhibitory rate, %	 Q value

NCI‑H446 cells		
  IONP 	 1.66±0.51	 ‑
  PTX	 40.24±0.79	 ‑
  IONP + PTX	 41.70±0.99	 0.953
  IONP@PTX	 64.24±0.53	 1.46
M059K cells		
  IONP	 2.49±1.72	 ‑
  PTX	 46.93±1.34	 ‑
  IONP + PTX	 45.88±2.23	 1.03
  IONP@PTX	 70.90±2.68	 1.59

IONP, iron oxide nanoparticles; PTX, paclitaxel.
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showing an additive effect. However, the cell growth inhibi‑
tory rate of IONP@PTX was 64.24±0.53% in NCI‑H446 cells 
and 70.90±2.68% in M059K cells, and the combination index 
was 1.46 in NCI‑H446 cells and 1.59 in M059K cells, which is 
>1.15, therefore showing synergistic interactions. These results 
in H446 and MO59K cells indicate that IONP@PTX signifi‑
cantly exerts a synergistic effect on cell viability, compared 
with either PTX monotherapy or IONP + PTX (Fig. 1; Table I).

Effects of IONP@PTX on the induction of ferroptosis in 
NCI‑H446 and M059K cells. After 24 h of co‑incubation of 
NCI‑H446 cells with IONP, PTX, IONP + PTX, and IONP@
PTX, the total iron ion content, ROS and LPD levels measured 
using DCFH‑DA and C11‑BODIPYTM, respectively, were 
significantly higher in the IONP@PTX group than those in 
the other groups (all P<0.05; Fig. 2A‑E). However, the levels of 
ferroptosis‑related protein Nrf2 in the IONP@PTX group were 
slightly lower than those in the other groups, while the levels 
of GPX4 were slightly lower in the IONP@PTX group than 
those in the IONP + PTX group but there were no significant 
differences among them (P>0.05; Fig. 3A, G and H).

Similar results were also obtained in M059K cells in 
terms of total iron ion content, ROS and LPD levels (P<0.05; 
Fig.  4A‑E). In addition, a significantly lower expression 
of ferroptosis‑related protein GPX4 was measured in the 
IONP@PTX group compared with that in the IONP + PTX 
group (P<0.05). In addition, the protein expression of Nrf2 
was slightly lower but did not reach a statistical significance 
(P>0.05; Fig. 5A, G and H). These results were consistent in 
both cell lines following incubation with or without rapamycin 
(P<0.05; Figs. 3A, G and H, and 5A, G and H). Collectively, 
IONP@PTX significantly increases the levels of ROS, ferric 
ions and LPD in both cell lines. Moreover, the synergistic effect 
of IONP@PTX can be enhanced by addition of rapamycin, 
indicating that the autophagy promoter rapamycin enhances 
the IONP@PTX‑induced cellular ferroptosis.

Effects of IONP@PTX on the induction of autophagy in 
NCI‑H446 and M059K cells. Compared with PTX, IONP@
PTX significantly increased the expression of autophagy‑related 
proteins Beclin 1, LC3‑II/I and HDAC6 (P<0.05) in NCI‑H446 
cells; however, there were no significant differences in the p62 
and mTORC1 expression. Notably, compared with IONP + 
PTX, IONP@PTX significantly increased the expression of 
autophagy‑associated proteins LC3 and HDAC6 in NCI‑H446 
cells (P<0.05; Fig. 3A‑F).

Compared with PTX, IONP@PTX significantly increased 
the expression of autophagy‑related proteins Beclin 1, HDAC6 
and significantly decreased the expression of p62 protein 
(P<0.05) in M059K cells; however, there were no significant 
differences in the LC3‑II/I and mTORC1 expression (P>0.05). 
Notably, compared with the IONP + PTX, IONP@PTX 
significantly increased the expression of autophagy‑associated 
HDAC6 and significantly decreased the expression of p62 
protein in M059K cells (P<0.05; Fig. 5A‑F).

Furthermore, additional rapamycin enhanced the IONP@
PTX‑induced the upregulation of Beclin1, LC3 and HDAC6, 
as well as the downregulation of mTORC1 in NCI‑H446 
and M059K cells (P<0.05). Moreover, rapamycin enhanced 
the IONP@PTX‑induced downregulation of p62 protein 
in NCI‑H446 cells (P<0.05; Figs.  3A‑F and 5A‑F). These 
results indicate that the autophagic signaling pathway may be 
involved in the IONP@PTX‑induced ferroptosis of H446 and 
M059K cells.

Discussion

It has been demonstrated in our previous study that IONP is 
effective for the induction of ferroptosis in GBM U251 cells (58) 
and IONP can effectively synergize with chemotherapeutic 
drugs against tumors via ferroptosis (59). It can therefore be 
inferred that IONP is expected to be a carrier for effectively 
transporting PTX and synergizing PTX against cancer cells. 

Figure 1. NCI‑H446 and M059K cell growth inhibitory rates after 24 h treatment with different drugs. (A) NCI‑H446 cell growth inhibitory rates. (B) M059K 
cell growth inhibitory rates. *P<0.05 vs. PTX group. #P<0.05 vs. IONP + PTX group. Data were obtained from three independent repeated experiments. IONP, 
iron oxide nanoparticles; PTX, paclitaxel.
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Figure 2. Changes in biochemical indices related to ferroptosis in NCI‑H446 cells following treatment with IONP@PTX. (A) Intracellular iron concentration 
in NCI‑H446 cells following treatment with or without 50 nmol/l rapamycin for 24 h. (B) Relative levels of ROS in NCI‑H446 cells following treatment 
with or without 50 nmol/l rapamycin for 24 h. (C) Relative levels of lipid peroxidation in NCI‑H446 cells following treatment with or without 50 nmol/l 
rapamycin for 24 h. (D) Flow cytometry analysis using DCFH‑DA fluorescent probe to measure the intracellular ROS content. (E) Flow cytometry analysis 
using C11‑BODIPY fluorescent probe to measure intracellular lipid peroxidation content. *P<0.05 vs. PTX group. #P<0.05 vs. IONP + PTX group. Data were 
obtained from three independent repeated experiments. IONP, iron oxide nanoparticles; PTX, paclitaxel; ROS, reactive oxygen species.
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However, it is not clear whether the observed effect was 
produced by bundling IONP with PTX to form a compound 
drug or by only simply adding nanoparticles with PTX. Unlike 
the nanoparticles used to induce ferroptosis investigated in our 
previous studies, the IONP@PTX used in the present study is 
a composite drug formed by bundling nanoparticles with the 

antitumor drug PTX. Considering that brain metastasis of lung 
cancer is one of the most common distant metastatic sites (60), 
the present authors chose two tumor cell lines (NCI‑H446 and 
M059K) that differ from the ones used in our previous study 
(U251 and HMC3) to investigate the possible antitumor effect. 
The experimental results have demonstrated that PTX has a 

Figure 3. Effects of IONP@PTX on the expression of ferroptosis‑related proteins and autophagy‑related proteins in NCI‑H446 cells. (A) Representative 
western blot analysis of ferroptosis‑related proteins and autophagy‑related proteins in NCI‑H446 cells following treatment with different drugs for 24 h. 
(B‑F) Relative expression of autophagy‑related proteins HDAC6, mTORC1, p62, Beclin 1 and LC3‑II/I in NCI‑H446 cells following treatment with or without 
50 nmol/l rapamycin for 24 h.*P<0.05 vs. PTX group. #P<0.05 vs. IONP + PTX group; &P<0.05 vs. IONP@PTX monotherapy (without rapamycin) group. 
(G) Relative expression of ferroptosis‑related protein Nrf2 in NCI‑H446 cells following treatment with or without 50 nmol/l rapamycin for 24 h. (H) Relative 
expression of ferroptosis‑related protein GPX4 in NCI‑H446 cells following treatment with or without 50 nmol/l rapamycin for 24 h. *P<0.05 vs. PTX group 
(without rapamycin). &P<0.05 vs. IONP@PTX monotherapy (without rapamycin). Data were obtained from three independent repeated experiments. In the 
western blot analysis, the IONP group was used as the control group due to the large loading of IONP samples, which had lower toxicity on NCI‑H446 cells. 
The results of the circled strips are not reflected in this article. IONP, iron oxide nanoparticles; PTX, paclitaxel; Nrf2, nuclear factor erythrocyte 2 related 
factor 2; GPX4, glutathione peroxidase 4; p62, sequestosome1; Rapa, rapamycin.
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Figure 4. Changes in biochemical indices related to ferroptosis in M059K cells following IONP@PTX treatment. (A) Intracellular iron concentration in 
M059K cells following treatment with or without 50 nmol/l rapamycin for 24 h. (B) Relative levels of ROS in M059K cells following treatment with or 
without 50 nmol/l rapamycin for 24 h. (C) Relative levels of lipid peroxidation in M059K cells following treatment with or without 50 nmol/l rapamycin for 
24 h. (D) Flow cytometry analysis using DCFH‑DA fluorescent probe to measure intracellular ROS content. (E) Flow cytometry analysis using C11‑BODIPY 
fluorescent probe to detect intracellular lipid peroxidation content. *P<0.05 vs. the PTX group; #P<0.05 vs. IONP + PTX group. Data were obtained from three 
independent repeated experiments. IONP, iron oxide nanoparticles; PTX, paclitaxel; ROS, reactive oxygen species.
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certain inhibitory effect on viability in NCI‑H446 and M059K 
cells, whereas IONP monotherapy does not. Notably, the 
combination index of the IONP + PTX was between 0.85‑1.15 
and that of IONP@PTX was >1.15 in NCI‑H446 and M059K 
cells, implying that IONP@PTX produces a synergistic effect 
in different types of intracranial tumors, such as primary and 
secondary brain tumors, and the synergistic effect of IONP@

PTX is not a coincidence. Accordingly, IONP@PTX could be 
used in different kinds of brain tumors, laying the foundation 
for subsequent application‑based studies.

Ferroptosis is usually accompanied by massive iron accu‑
mulation and iron‑dependent LPD (61). The GPX family was 
shown to be capable of breaking down aberrant endogenous 
peroxides, among which GPX4 is the only enzyme that can 

Figure 5. Effects of IONP@PTX on the expression of ferroptosis‑related proteins and autophagy‑related proteins in M059K cells. (A) Representative western 
blot analysis of ferroptosis‑related proteins and autophagy‑related proteins in M059K cells following treatment with different drugs for 24 h. (B‑F) Relative 
expression of autophagy‑related proteins HDAC6, mTORC1, p62, Beclin1 and LC3‑II/I in the M059K cells following treatment with or without 50 nmol/l 
rapamycin for 24 h. *P<0.05 vs. PTX group. #P<0.05, vs. IONP + PTX group. &P<0.05, vs. IONP@PTX (without rapamycin) group. (G) Relative expres‑
sion of ferroptosis‑related protein Nrf2 in M059K cells following treatment with or without 50 nmol/l rapamycin for 24 h. (H) The relative expression of 
ferroptosis‑related protein GPX4 in M059K cells following treatment with or without 50 nmol/l rapamycin for 24 h. #P<0.05 vs. IONP + PTX group. &P<0.05 
vs. IONP@PTX (no rapamycin) group. Data were obtained from three independent repeated experiments. In the western blot analysis, the IONP group was 
used as the control group due to the large loading of IONP samples, which had lower toxicity in M059K cells. The results of the circled strips are not reflected 
in this article. IONP, iron oxide nanoparticles; PTX, paclitaxel; Nrf2, nuclear factor erythrocyte 2 related factor 2; GPX4, glutathione peroxidase 4; HDAC6, 
histone deacetylase 6; mTORC1, mammalian target of rapamycin complex 1; LC3, light chain 3; p62, sequestosome1; Rapa, rapamycin.
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reduce lipid membrane peroxides and its inactivation is central 
in ferroptosis (62). In turn, GSH is a key cofactor for the sele‑
noprotein GPX4. When intracellular GSH levels fall, GPX4 
activity decreases and intracellular ROS and lipid peroxide 
accumulation increases, eventually leading to cellular ferrop‑
tosis (46). Nrf2 is a basic leucine zipper transcription factor 
that participates in antioxidant reduction processes, lipid 
metabolism control and iron metabolism (47). The present 
study found that IONP@PTX substantially raised total iron 
ion concentration, ROS, and LPD levels in NCI‑H446 and 
M059K cells when compared with PTX or PTX + IONP. 
This finding was similar to that of our previous investiga‑
tion on GBM U251 cells (32). Using malignant GBM M059K 
cells in vitro, the present study confirmed that IONP@PTX 
significantly decreased the expression of ferroptosis‑related 
GPX4 protein compared with the IONP + PTX, but the 
expression levels of Nrf2 and GPX4 were not significantly 
reduced in other groups. It can be inferred that the IONP@
PTX‑induced ferroptosis does not occur through the normal 
Nrf2 and GPX4 routes, most likely due to the cells' height‑
ened sensitivity to ferroptosis caused by GSH depletion. 
We hypothesized that IONP@PTX significantly increased 
total iron ion concentration and abnormal labile iron pools, 
thus making cells more vulnerable to ferroptosis (63‑66). 

Although IONP@PTX did not reduce Nrf2 and GPX4 levels, 
it caused a significant increase in ROS and LPD accumula‑
tion in both cell lines. The main reason for this is that the 
increased intracellular GSH demand is insufficient to support 
the effective elimination of phospholipid hydroperoxides, 
eventually resulting in ferroptosis (67). Notably, the IONP@
PTX + rapamycin can release more iron ions, causing LPD 
and ferroptosis in NCI‑H446 and M059K cells. These find‑
ings imply that IONP@PTX‑induced ferroptosis may be 
associated with autophagy.

Recently, the relationship between autophagy and cancer 
has attracted considerable attention  (68). Autophagy is a 
defense mechanism that maintains cellular homeostasis 
and promotes cell survival by eliminating damaged organ‑
elles or abnormal proteins; it is also a lysosome‑mediated 
degradation pathway (69) that affects all stages of tumor 
initiation and progression (68,70,71). Microtubule‑associated 
proteins LC3, mTOR, Beclin 1 and p62 are central 
autophagy‑related genes involved in the regulation of the 
autophagic process (72). Among them, Beclin 1 and LC3 
mainly regulate autophagosome formation (73), while p62 is 
an effector of selective autophagy as well as a substrate of 
nuclear autophagy (73,74). A recent study has documented 
that rapamycin, a mTORC1 receptor‑specific inhibitor, can 

Figure 6. Proposed schematic diagram of the IONP@PTX mode of action. IONP, iron oxide nanoparticles; PTX, paclitaxel; ROS, reactive oxygen species; 
HDAC6, recombinant histone deacetylase 6.
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regulate the mTOR pathway to activate autophagy (71). It is 
known that at the core of the autophagy process is the conver‑
sion from LC3‑I to LC3‑II, and the expression of LC3‑II has 
been shown to be a marker of autophagic activity, therefore 
the expression of the LC3‑II/I ratio can be used to evaluate 
the level of autophagy (75). The present results showed that 
IONP@PTX increased the level of LC3‑II/I and decreased 
that of mTORC1 in NCI‑H446 cells. Moreover, additional 
rapamycin enhanced the IONP@PTX‑induced upregulation 
of LC3 and downregulation of mTORC1 in both cell lines. 
IONP@PTX did not significantly increase the expression 
level of LC3 but it showed a significant increase in the conver‑
sion from LC3‑I to LC3‑II in M095K cells. In our previous 
study, it was documented that, compared with PTX mono‑
therapy, IONP@PTX significantly increased the expression 
of LC3 protein in glioma U251 cells  (32). Accumulating 
evidence has indicated that PTX plays a vital role in 
antagonizing the production of HDAC6 protein  (76‑78). 
The detection of autophagy‑related proteins in the present 
study revealed that only the expression of autophagy‑related 
proteins HDAC6 and Beclin1 jointly increased in H446 
and M059K cells, without marked changes in other indi‑
cators. Notably, additional rapamycin enhanced IONP@
PTX‑induced upregulation of Beclin1 and HDAC6 in both 
cell lines. These results suggest that IONP@PTX induces a 
synergistic effect on cellular ferroptosis, most likely, through 
the autophagy pathway. Based on the above findings, it is 
hypothesized for the role of IONP@PTX, that is, IONP@
PTX synergistically induces cellular ferroptosis by affecting 
the Beclin1‑HDAC6 autophagic pathway. Specifically, 
IONP@PTX enhances autophagy and increases autophago‑
some formation by upregulating Beclin1 after endocytosis 
and induces ferroptosis by promoting the recruitment of 
HDAC6 to facilitate the fusion of autophagosomes with late 
endosomes/lysosomes. In turn, HDAC6 acetylates microtu‑
bulin to destabilize it and inhibits autophagosome‑lysosome 
fusion, thereby creating a feedback inhibition loop between 
autophagosome‑lysosome fusion and HDAC6, and inhibiting 
IONP@PTX degradation. Once the balance is disturbed, the 
autophagic degradation results in a continuous degradation 
of IONP@PTX, subsequently releasing PTX and iron ions. 
The PTX released from the IONP@PTX complex following 
endocytosis antagonizes this feedback inhibition loop of 
HDAC6, thus breaking this balance and promoting autopha‑
gosome‑lysosome fusion. On the other hand, the released 
PTX and iron ions synergistically promoted ferroptosis, 
ultimately producing a significant and enhanced synergistic 
induction of ferroptosis compared with PTX monotherapy 
or IONP + PTX (Fig. 6). Further studies are required to test 
the validity of this hypothesis. In the following study, tumor 
models will be created using NCI‑H446 (or M059K) cells in 
nude mice to further investigate whether IONP@PTX can 
synergistically induce ferroptosis through the autophagic 
pathway in vivo. Subsequently, Beclin1 and HDAC6 knocked 
down or overexpressing nude mice models will be created to 
verify the effects and key roles of these two genes in the 
synergistic effect of IONP@PTX in inducing ferroptosis 
through autophagy. In addition, the effect of IONP@PTX 
on the capacity of migrate, invade and apoptosis should be 
further studied in NCI‑H446 and M059K cell lines.

In conclusion, IONP bundled with PTX exerts a synergistic 
effect on the viability of NCI‑H446 and M059K cell lines by 
inducing cellular ferroptosis, which may be associated with 
autophagy.
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