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Existing treatments are frequently ineffective in combating liver cancer (LC) due

to its rapid growth, high metastatic potential, and chemoresistance. Thus,

inducing ferroptosis, a new non-apoptotic regulated cell death-dependent

massive iron overload-mediated lipid peroxidation, is an alternative effective

approach for treating LC. The efficient trigger of ferroptosis requires blocking

cellular antioxidant (anti-ferroptosis) response and selectivity to avoid harming

other healthy tissues. In this study, green chemically synthesized ferrous oxide

nanoparticles (F(II) NPs) were used for enhancing selective iron accumulation in

tumor tissue, while diethyldithiocarbamate (DE) was for inhibiting the

antioxidant system (glutathione and aldehyde dehydrogenase (ALDH) 2)

which protects the tumor from damage-dependent lipid peroxides. Thus,

F(II) NPs were used with DE as a nanocomplex (DF(II) NPs), whose anti-LC

activity was compared to that of the typical complex, DF(II). In HepG2 cells and a

chemically inducedmetastatic LC animal model, DF(II) NPs outperformed DF(II)

in eradicating metastatic LC cells, as evidenced by flow cytometry, histological

and immunohistochemical analyses, and α-fetoprotein depletion. The superior

therapeutic potency-dependent ferroptotic activity of DF(II) NPs, attributed to

their higher selective accumulation (~77%) than DF(II) in tumor tissues (liver and

lung), resulted in a strong elevation of cellular lipid peroxidation with extreme

suppression of nuclear related factor 2 (Nrf2) transcriptional activity, glutathione

(GSH), glutathione peroxidase 4, and ALDH2. Subsequently, a severe inhibition

in the expression of oncogenes and metastatic cancer stem cell genes was

recorded in DF(II) NPs-treated LC animal group. In contrast to DF(II), DF(II) NPs

were able to normalize liver functions and did not show any variations in

hematological and histological parameters in the blood and tissues of DF(II)

NPs-treated normal mouse group. These findings validate the potency and

safety of DF(II) nanocomplex as a promising nanodrug for combating

metastatic LC.
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1 Introduction

Liver cancer (LC) is a lethal malignancy that affects people all

over the world. Because of its rapid proliferation, and migration

as well as chemoresistance, its progression is difficult to be

controlled with existing treatment options, particularly at the

advanced stage (metastasis), resulting in a low survival rate (Li

et al., 2022; Zhao et al., 2022). Consequently, finding an

alternative remedies becomes a current concern. One of the

effective therapeutic strategies is inducing ferroptosis, a new

non-apoptotic form of regulated cell death which is characterized

by iron accumulation-mediated lipid peroxidation propagation (Bekric

et al., 2022; Li et al., 2022). It is important to note that unselective

induction of ferroptosis can also damage other healthy hepatic cells

and tissues (Bekric et al., 2022). Therefore, a nanoformulation of

ferroptotic inducers is critical for improving safety by preventing

unspecific side effects and enhancing anti-cancer efficacy.

In this study, green chemically synthesized ferrous oxide

nanoparticles (F(II) NPs) were used as a ferroptosis inducer.

These NPs mediate iron accumulation inside tumor tissues

based on the enhanced permeability and retention effect

(Wilhelm et al., 2016). Excess iron mediates, via the Fenton

reaction, the uncontrolled generation of hydroxyl radicals

initiating lipid peroxidation chains that produce reactive

aldehydes, causing damage to cellular components (Wan et al.,

2019). In response to ferroptosis, cancer cells upregulate and

activate nuclear related factor 2 (Nrf2), a master regulator of

antioxidant response that mediates transcription and expression

of enzymatic and non-enzymatic antioxidants (including,

glutathione (GSH) and glutathione peroxidase (GPX)4,

respectively). It was found that GPX4 is overexpressed in

advanced malignant stage in LC patients (Bekric et al., 2022).

This glutathione system is critical for protecting cancer cells

against ferroptosis-dependent death via the detoxification

activity of GPX4 for reducing lipid peroxides into their alcohols

using GSH as a cofactor. The latter itself can also reduce lipid

peroxides (Yang et al., 2020; Bekric et al., 2022). Thus, it is

necessary to halt the antioxidant-mediated anti-ferroptotic

response of cancer cells by combining F(II) NPs with a

prooxidant agent (such as diethyldithiocarbamate, a metabolite

of FDA-approved alcoholism remedy). Diethyldithiocarbamate

(DE) has high affinity to F(II) NPs and is a powerful inhibitor

of aldehyde dehydrogenase (ALDH)2 that metabolizes lipid

peroxidation-derived aldehydes to protect cancer stem cell

functions (Wang et al., 2020; Abu-Serie & Abdelfattah, 2022).

Hepatic cancer stem cells (CSCs) are primarily responsible for the

initiation, chemoresistance, and metastasis of LC (Liu et al., 2020).

It was found that ALDH2 overexpression is related to the

aggressive progression of LC (Wang et al., 2020) via

maintaining stemness and invasion features of hepatic CSCs

(Zhang & Fu, 2021). Furthermore, DE caused GSH depletion

thus mediating an apoptosis-dependent oxidative stress and

exacerbated ferroptosis (Abu-Serie & Abdelfattah, 2022). A

recent study illustrated that nanocomplex of DE with F(II) NPs

(DF(II) NPs) exhibited a higher therapeutic potential than DE-

ferric oxide NPs for eradicating metastatic breast tumor using

orthotopic animal model (Abu-Serie & Abdelfattah, 2022).

Herein, the anticancer activity of this nanocomplex (DF(II)

NPs) was investigated, compared to DE complex with ferrous

oxide (DF(II)), and their individual components (DE, F(II) NPs,

and F(II)) against HepG2 cells. Then, therapeutic potentials of

both complexes (DF(II) NPs and DF(II)) were evaluated using

chemically induced metastatic liver tumor animal model through

assessing the elevation in reactive oxygen species (ROS) and lipid

peroxidation and the suppression of the anti-ferroptotic

parameters (Nrf2, GSH, GPX4, and ALDH2). The impact of

DE-F(II) NPs-mediated ferroptosis on CSCs genes, including

stemness, chemoresistance, and metastasis was also investigated.

2 Materials and methods

2.1 Materials

Iron nitrate, ferrous oxide, MTT, nuclear fluorescence dyes,

p-dimethylaminobenzene (DMAB), phenobarbital, 2′-7′-
Dichlorodihydrofluorescein diacetate (DCFD), thiobarbituric

acid (TBA), Ellman’s reagent, GSH, glutathione reductase,

cumene hydroperoxide, NADPH, and NAD were obtained

from Sigma-Aldrich (United States). DE was from Acros

Organics (United States). RPMI 1640 medium and fetal

bovine serum (FBS) were acquired from GIBCO

(United States). Primary antibodies of ki-67 and N-cadherin,

RNA extraction kit, primers, and one-step qPCR SYBR green kit

were purchased from Thermo Fisher Scientific (United States). α-
Fetoprotein (AFP) electrochemiluminescence kit and

Nrf2 transcription factor kit were purchased from Roche

Diagnostics (United States) and Abcam (UK), respectively.

Liver function kits were acquired from Spectrum Diagnostics

company (Egypt).

2.2 Preparation of DF(II) complexes

Ferrous oxide NPs were prepared by the addition of vitamin

C (20%) to a mixture of 160 mM Fe(NO3)3.9H2O and 1N NaOH
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and centrifugation as described previously (Abu-Serie &

Abdelfattah, 2022). The characterized F(II) NPs (0.02 mg/ml)

were mixed with DE (0.2 mg/ml) forming a soluble nanocomplex

of DF(II) NPs whose morphology was investigated using

transmission and scanning electron microscopes (JEOL, JEM-

1230, Japan and JEOL JSM5300, Japan, respectively) and

diameter was measured by ImageJ software. The traditional

complex of ferrous oxide and DE was prepared in the same

ratio (0.1:1).

2.3 In vitro investigation of anti-liver
cancer activity

2.3.1 MTT assay
Briefly, HepG2 cells which were cultured in 10% FBS-

supplemented RPMI 1640 medium, seeded (5 × 103) in 96-

well culture plate. After 24 h in CO2 incubator (37 °C), cells

were incubated for 72 h with serial concentrations of DF(II) NPs,

DF(II), DE, F(II)NPs, and FeO. According to Mosmann (1983),

MTT assay was used to assess the percentage of growth inhibition

in the treated cells relative to the untreated cells and then the dose

at which 50% growth inhibition (IC50) was estimated using

GraphPad Prism 9. Additionally, morphological alterations in

chelating complexes (the most active compounds)-treated

HepG2 cells were recorded using phase contrast inverted

microscope (Olympus, Japan).

2.3.2 Lipid peroxidation assay (ferroptosis
marker)

Briefly, HepG2 cells were treated with the above-mentioned

compounds (at the lowest IC50 values “3.4 μg/ml”). After 72 h,

the elevation in cellular content of lipid peroxidation was

determined in the supernatant, relative to the untreated cells,

using thiobarbituric acid reactive substance method (Girotti

et al., 1991).

2.3.3 Fluorescence nuclear staining for
investigation of cell death

After 72 h treatment of HepG2 with 3.4 μg/ml of DF

complexes (DF(II) NPs and DF(II)). Cell death can be

observed after staining the untreated and treated cells with

acridine orange/ethidium bromide (AO/EB) using fluorescence

microscope (Olympus, Japan). For accurate quantification, cells

were stained with fluorescein isothiocyanate (FITC)-labelled

annexin V/propidium iodide (PI) and analyzed at FITC signal

detector (FL1) and phycoerythrin emission signal detector (FL2)

using flow cytometry (Partec, Netherlands) with FloMax

software.

2.3.4 Wound healing (migration) assay
The anti-migration activity of DF complexes was evaluated

by 24 h incubation with scratched monolayer HepG2. The

wound closure area was recorded, by a digital camera-phase

contrast inverted microscope, at 0 h and 24 h of treatment and

then analyzed using ImageJ NIH software.

2.4 In vivo investigation of anti-liver
cancer activity

About 75 male Swiss albino mice (20–25 g) were split into

two main groups, healthy group (N, n = 36) and liver cancer

group (LC, n = 39). LC group was supplied with 165 mg

DMAB/kg body weight (b.w) and oral administered with

0.05% phenobarbital (1.2 mg/kg b. w) daily for 6 weeks

(Pathak & Khuda-Bukhsh, 2007) for inducing LC. After

6 weeks, the metastatic LC incidence was clarified by

hematoxylin and eosin (H&E) staining of liver and lung

tissues (Figure 2D) from three sacrificed LC mice. Then these

two groups (N and LC) were blindly divided into three sub-

groups, including untreated, DF(II) NPs, and DF(II). The two

treated groups of each main group (i.e., N-DF(II) NPs, N-DF(II),

LC-DF(II) NPs, and LC-DF(II)) were intraperitoneally injected

with 2 mg DF complexes/kg b. w for 3 weeks (three times/week).

At the eighth week, six mice from each group were decapitated

under isoflurane anesthesia, and then liver and lung organs were

gathered for the analysis of redox indicators (ROS, Nrf2, GSH,

GPX4, and ALDH2). At the end of this experiment (9th week), all

mouse groups were sacrificed after isoflurane-anaesthetizing

then blood and tissues were harvested. For hematological and

AFP tests, blood samples were drawn in EDTA tubes. Liver, lung,

and spleen tissues were weighted in relation to the measured

body weight. Small parts of tissues were 10% formalin-fixed for

histological and immunohistochemical assessments, whilst the

remaining parts were kept (−80°C) for biochemical and

molecular investigations.

2.4.1 Histological and immunohistochemical
examinations of tumor tissues and quantification
of α-fetoprotein level

Typical procedures were used to prepare the tissue slides for

the histological investigation of liver, lung, and spleen by H&E

staining and immunohistochemical assessments (ki-

67 immunostaining tumor tissues “liver and lung” as well as

N-cadherin immunostaining liver). CellSens and ImageJ were

used to analyze the immunostaining images.

The level of AFP (a basic liver tumor marker) in the blood

was quantified using the AFP-chemiluminescent

immunoassay kit.

2.4.2 Atomic absorption quantification for
biodistribution of DF(II) NPs and DF(II)

In a separate animal study, LC-bearing mice (b.w ~ 20 g, n =

15) were divided into three groups (untreated LC, LC-DF(II)

NPs, and LC-DF). The two treated LC groups were received
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intraperitoneally 0.04 mg of DF complexes per day for 1 week.

After that, mice were sacrificed and tissues (hepatic nodules,

lung, spleen, brain, heart, and kidney) were harvested. Using

graphite atomic absorption spectrometry (Analytik Jena AG,

Germany), the tissue level of iron which is equivalent to the

accumulative tissue uptake of DF complexes, was quantified after

normalization by subtracting from the corresponding iron tissue

level of the untreated LC group.

2.4.3 Quantification of redox parameters in
tumor tissues

The following redox parameters were assessed in liver and

lung tissue homogenates of the treated LC groups, relative to the

untreated groups, after centrifugation at 3,000 g for 15 min at

4 °C. The fold increment in ROS and lipid peroxidation was

determined using DCFD (Hempel et al., 1999) and TBA reactive

substance (Ohkawa et al., 1979) methods, respectively.

Furthermore, the relative fold decrement in antioxidant

parameters (Nrf2 transcription activation and GSH content)

were measured in these tumor tissue homogenates according

to the instructions of Nrf2 transcription factor assay kit and

Ellman’s assay (Ellman, 1959), respectively.

Briefly, following the tissue homogenization in 0.1 M Tris-

HCl pH 7.4 (0.25 M sucrose, 5 mM β-mercaptoethanol, and

protease inhibitor cocktail) and centrifugation, GPX4 activity

was measured using coupled enzyme assay (Roveri et al., 1994).

To begin reaction, tissue samples were added to the mixture of

0.14 U glutathione reductase, 0.2 mM NADPH, 3 mM GSH,

0.1 mM cumene hydroperoxide (substrate) and then oxidation of

NADPH was recorded, per min, at 340 nm (Kernstock & Girotti,

2008). Regarding ALDH2 activity, in brief, the tissue homogenate

supernatants (at 100,000 xg for 60 min at 4°C) were mixed with

1% triton and re-centrifuged, the obtained supernatants were

then incubated with 50 mM sodium pyrophosphate buffer

pH 9.5, 2.5 mM NAD+(coenzyme) and 10 μM

malondialdehyde (substrate). ALDH2 activity was estimated

as μmole NADH generated/min/mg protein (Josan et al.,

2013). All of the aforementioned assays were normalized

using the tissue protein content which was quantified using

Bradford (1976) assay (Bradford, 1976).

2.4.4 QPCR assessment for molecular tumor
markers

Total RNA was isolated from the tumor tissues (liver and

lung) of LC (untreated and treated) groups using the kit’s

standard protocol. Following the quantification of RNA, one-

step SYBR green master mix (qPCR kit) with certain primers

(Supplementary Table S1) had been used to assess the relative

variations in the gene expression using an equation of 2−ΔΔCt.

These genes included Bcl-2-associated X protein (BAX), cyclin-

dependent kinase inhibitor 1 (p21), cyclin D, telomerase reverse

transcriptase (TERT), vascular endothelial growth factor

(VEGF), matrix metalloprotease (MMP)9, ATP binding

cassette subfamily G member 2 (ABCG2), CD90, NOTCH1,

WNT1, sex-determining region Y-box 9 (Sox9), 4-octamer-

binding transcription factor (OCT), and Nanog.

2.4.5 Biochemical detection of liver functions
and hematological parameters

The main liver function parameters were determined in liver

homogenate supernatants (1 g liver homogenizing in 9 ml of

150 mM Tris-KCl buffer pH 7.4) after centrifugation at 3,000 g

for 15 min at 4 °C (Gaskill et al., 2005). Using colorimetric kits,

these parameters (alanine aminotransferase (ALT), aspartate

aminotransferase (AST), and albumin) were assessed in both

treated LC groups, relative to the untreated LC and healthy N

group. A complete blood count (CBC) was also performed on all

groups using a hematology analyzer (Mindray, China).

2.4.6 Histological investigation of DF complexes
impacts on the main tissues of the treated N
groups

The safety of DF(II) complexes was examined using H&E

staining of multiple tissues (liver, lung, spleen, brain, and kidney)

of DF(II) NPs- and DF(II)-treated groups versus the untreated

healthy N group.

2.5 Statistical analysis

Data are demonstrated as mean ± standard error of mean

(SEM). GraphPad Prism 9.3.1. was used to analyze the obtained

data using t-test and one-way analysis of variance (ANOVA)

multiple comparison with Dunnett’s post hoc test. The statistical

significance was considered at p ≤ 0.05*, ≤0.005**, and ≤0.001***.

3 Results and discussion

The use of nanoformulation of DF(II) to induce ferroptosis

with blocking cellular antioxidant system is an alternative

effective therapeutic approach for metastatic LC.

3.1 DF(II) NPs synthesis

The studied DF(II) NPs were prepared by using the chelating

affinity of DE to F(II) NPs (1:0.1). These NPs were completely

characterized their size (157.8 nm) with zeta potential (-41.25),

morphology, oxidation state, and composition using zetasizer,

scanning and transmission electron microscopes, X-ray

diffraction, energy dispersive X-ray analysis, respectively, as

showed in author’s recent study. Moreover, the formation of

this nanocomplex was affirmed by fourier transformed infrared

(IR) spectra (Abu-Serie & Abdelfattah, 2022). Figure 1A shows

the semi-spherical morphology of as-prepared nanocomplex
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under transmission and scanning electron microscopes with the

assessed diameter of 176.3 ± 4.13 nm.

3.2 In vitro anticancer activity of DF(II) NPs
outperforming DF(II)

MTT results (Figures 1B,C) show that all tested compounds

inhibited HepG2 growth in a dose-dependent manner and their

growth inhibition potentials can be ranked as follows; DF(II)

NPs > DF(II)> DE > F(II) NPs > F(II). In comparison to other

compounds (IC50 ≥ 27 μg/ml), DF(II) NPs and DF(II) had the

lowest IC50 values (4.27 ± 0.47 μg/ml and 8.31 ± 0.56 μg/ml,

respectively). Accordingly, in the treated HepG2, DF(II) NPs

exhibited a 2-fold higher anticancer potency with causing more

dramatically alterations (Figure 1D) in cellular morphology than

DF(II). The highest cytotoxicity of DF(II) complexes against LC

cells attributes to efficient enhancement of F(II)-mediated

ferroptosis, in the presence of DE as a prooxidant agent, that

was confirmed by the highest elevation of lipid peroxidation

(≥9 folds) in DF(II) complexes-treated HepG2 cells (Figure 1E).

This current result is in line with author’s recent study, which

illustrated that DE-treated MDA-MB 231 cells had a lower GSH

level than F(II) NPs-treated cells. Subsequently, the highest fold

increment of the cellular lipid peroxidation level, as indicator of

ferroptosis, was recorded for DF(II) NPs compared to DE, F(II)

NPs, and DE-ferric nitrate complex (Abu-Serie & Abdelfattah,

2022). Importantly, Figure 1E also shows that the relative

FIGURE 1
Morphology of ferrous oxide nanoparticles-diethyldithiocarbamate nanocomplex (DF(II) NPs) and its anticancer activity (in vitro study). (A)
Micrograph of DF(II) NPs using transmission electron microscope (left image) and scanning electron microscope (right image) at
magnification ×5000). MTT results of HepG2 growth inhibition as illustrated by (B) dose-response curve of both complexes, diethyldithiocarbamate
(DE), ferrous oxide nanoparticles (FII NPs), and ferrous oxide (F(II)) and (C) their IC50 values with (D)morphological alterations of DF(II) NPs- and
DF(II)-treated HepG2 cells using phase contrast microscope (Magnification ×100). (E) Relative fold increment in lipid peroxidation in the treated
HepG2 cells. All values are demonstrated as mean ± SEM. DF(II) NPs-treated cells were compared to other treated cells and the differences were
considered significant at p ≤ 0.05*, ≤0.005**, and ≤0.001*** (F) Fluorescence microscope after staining with acridine orange/ethidium bromide
(Green, yellowish green and orange fluorescences indicating for viable, early death and late death stage cells, respectively). (G) Flow cytometry
analysis of the treated HepG2 cells, after staining with annexin V/propidium iodide (annexin/PI) as showed by (i) dot plots (Q1, Q2, Q3, andQ4 refer to
propidium iodide (PI)-stained cells (PI & annexin V) dual stained cells at the late death stage, negatively stained healthy cells, and annexin-stained
early apoptotic cells, respectively) and (ii) the percentages of annexin- and annexin/PI-stained cell populations. All values are demonstrated as
mean ± SEM. DF(II) NPs-treated cells were compared to other treated cells and the differences were considered significant at p ≤ 0.05*, ≤0.005**,
and ≤0.001***.
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elevation in cellular lipid peroxidation was significantly higher in

DF(II) NPs-treated cells (14.39 ± 0.85 folds) than in DF(II)-

treated cells (8.81 ± 0.789 folds). Furthermore, fluorescence

staining with AO/EB illustrated orange fluorescence of DF(II)

NPs-treated cells, and yellowish green fluorescence of DF(II)-

treated cells indicating late stage cell death, and early stage cell

death, respectively, compared to green fluorescence of the

untreated healthy HepG2 nuclei. Meanwhile, DE-, F(II) NPs,

and F(II)-treated cells exhibited light green fluorescence with the

lowest number of yellowish green fluorescence nuclei (Figure 1F).

AO/EB staining distinguishes between viable, early death, and

late death based on the fact that AO intercalates into viable and

non-viable cells’ DNA, giving them green fluorescence, but EB is

only taken up by dying cells, giving them red fluorescence. Early

apoptotic cells take up less EB than late apoptotic cells, whose

membrane and DNA are completely damaged, resulting in

yellowish green and orange-red fluorescence, respectively

(García-Rodríguez et al., 2013).

For more clarification, flow cytometry analysis for annexin

V/PI-stained HepG2 cells was performed, annexin V-stained

cells and dual annexin V/PI-stained cells referring to

apoptotic population (Q4) and late cell death population

(Q2), respectively. The latter population had the highest

percentage in both DF complexes-treated cells (>42%)

compared to DE, F(II)NPs, and F(II)-treated cells (<15%).

Figure 1G (i,ii) also depicted that DF complexes-treated cells

had low apoptotic cell populations (≤20%) as well as the

percentage of dual stained-late stage cell death population was

significantly higher in DF(II) NPs-treated cells (63.42 ± 2.05%)

than DF(II)-treated cells (45.45 ± 0.07%). The recorded annexin

V-stained populations in two DF(II) complexes-treated

HepG2 cells were primarily related to apoptotic potential of

DE (Ishak et al., 2014; Abu-Serie, 2018). Meanwhile, the high

percentages of dual annexin V/PI-stained population in DF(II)

complexes-treated cells (Figure 1G) are mainly due to ferroptotic

effect-dependent lipid peroxidation on membrane, which results

in membrane integrity loss (Bekric et al., 2022), subsequently

dual dyes stained these cells. In terms of migration inhibitory

potential, DF(II) NPs revealed stronger activity than DF(II) via

halting HepG2 wound closure by 89.02 ± 3.84% and 58.75 ±

2.70% in DF(II) NPs- and DF(II)-treated cells (Figure 2A i,ii).

The superior anticancer activity of DF(II) NPs on DF(II) is

FIGURE 2
In vitro anti-migration potential and in vivo anti-liver cancer efficacy (morphology, weight, and histochemical assessments) using chemically
induced animal model (A) Anti-migration activity as illustrated by (I) microscopic images of migration (at 0 and 24 h) of the untreated and DF(II)
complexes-treated HepG2 cells and (II)migration inhibition percentages. Data are shown asmean ± SEM. DF(II) NPs-treated cells were compared to
the untreated and DF(II) complexes-treated cells, considering statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001***. (B) Macroscopic
images of liver morphology of all studied groups (C) Relative liver, lung, and spleen weights to body weight in the untreated and DF(II) complexes-
treated liver cancer (LC) groups, compared to healthy (N) group. Data are shown as mean ± SEM. Healthy N group was compared to the untreated
and DF(II) complexes-treated LC groups, considering statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001*** (C) H&E-staining liver, lung, and
spleen tissues of the untreated LC group, at the 6th week of LC induction (showing neoplasia in liver, small section of lung cancer cells without
modifications in spleen) and at the 9th of LC induction (declaring a characterized anaplasia (clear cell hepatocellular carcinoma, expanded area of
lung cancer, and lymphoid hyperplasia in spleen), and DF(II) complexes-treated LC groups (3 weeks of treatment), disclosing stronger therapeutic
efficacy of DF(II) NPs than DF for eradicating LC cells with halting metastasis to lung or spleen.
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attributed to their nanocharacters (nanosize and semi-spherical

shape), which are responsible for enhanced cellular uptake and

accumulation in cancer cells (Brandelli, 2020; Sabourian et al.,

2020; Zein et al., 2020). It is also linked to cancer overexpressing

proteins-stimulated endocytosis, which mediates high NPs

internalization (Ho et al., 2008; Huang et al., 2012).

3.3 Anti-liver cancer potential of DF(II) NPs
surpassing DF(II), in chemically induced
metastatic LC animal model, in terms of
the following indicators

3.3.1 Morphology, weight, and histology of
tumor tissues

Liver organ of the untreated LC group showed oval pale

yellow nodules with increasing its relative weight by 1.7 folds as

well as lung weight by 1.6 folds without any increase in spleen

weight, compared to tissues of healthy N group (Figures 2B,C).

The incidence of metastatic LC was assured by histological

investigation at the 6th week of chemical induction, using

H&E staining that revealed severe neoplastic alterations

(multinucleated giant nuclei with increasing nuclear to

cytoplasm ratio) in liver, pneumocytic hyperplasia in lung,

and no abnormal variations in spleen section (Figure 2D). At

the 9th week, H&E staining demonstrated clear cell

hepatocellular carcinoma with hyperchromatic pleomorphic

nuclei anaplastic cells in liver section, expanding

adenocarcinoma lesion in lung tissue, and lymphoid nodular

hyperplasia (abnormal expansion of white pulp) in spleen

(Figure 2D). In LC-DF(II) NPs group, there were no nodules

in liver and no weight gain in any organs (liver, lung, and spleen)

compared to N groups. Meanwhile, liver of LC-DF(II) group had

small nodules (mean number 8, compared to 16 nodules in the

FIGURE 3
Immunohistological and biochemical investigations of DF(II) complexes impact on tumormarkers as well as biodistribution. (A) Immunostaining
for Ki-67 and N-cadherin in tumor tissues (liver and lung) as illustrated by (I) microscopic captured images and (II) the percentages of positive
immunostained cells. Data are shown as mean ± SEM. LC-DF(II) NPs group was compared to LC-DF(II) group, considering statistically significant at
p ≤ 0.05*, ≤0.005**, and ≤0.001***. (B) Blood level of α-fetoprotein (AFP, ng/mL). Healthy N group was compared to the untreated and DF(II)
complexes-treated LC groups, considering statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001***. (C) Biodistribution of DF(II) NPs and DF(II) in
liver, lung, and other tissues of the treated LC groups. Data are shown as mean ± SEM. LC-DF(II) NPs group was compared to LC-DF(II) groups,
considering statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001***.
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untreated LC) with a significant increase in liver weight

compared to N group but no abnormal increase in lung or

spleen weight (Figures 2B,C). H&E staining declared that

DF(II) NPs had a higher therapeutic efficacy than DF(II) as

evidence by complete area of normal liver, lung, and spleen cells

in LC-DF(II) NPs, which is contrary to the presence of neoplastic

area in liver and lung sections with expansion of splenic

lymphatic nodules in LC-DF(II). This confirms DF(II) NPs

completely inhibited LC growth and metastasis to lung or

spleen (Figures 2B,C).

3.3.2 Immunohistochemical and AFP assessment
as well as biodistribution in tumor tissues

Immunohistochemical detection of ki-67+ in tumor tissues

(liver and lung) and N-cadherin+ (metastasis marker) in liver

(Figure 3A i,ii) suggested that DF(II) NPs had significantly

stronger suppressive potential for these parameters (95.67%,

88.86%, and 96.02%, respectively) than DF(II) complex

(36.45%, 64.22%, and 51.19%, respectively). Furthermore,

DF(II) NPs normalized the elevation of AFP which was

325 folds in the untreated LC group compared to N group

and moderately decreased to 136 folds in LC-DF(II) group

(Figure 3B).

Figure 3C demonstrates that DF(II) NPs accumulated mainly

in liver tissue (~70%) followed by lung (7.0%) and spleen

(2.32%), while other tissues of LC-DF(II) NPs group recorded

very small amounts (≤0.2%) of this nanocomplex, indicating for a

highly selective distribution in tumor tissues. More importantly,

hepatic and lung uptakes of DF(II) NPs were >3 folds and

2.6 folds, respectively, higher than those of DF(II) as

illustrated in Figure 3C. Based on the enhanced permeability

and retention of nanoparticles in tumors (Wu, 2021), the results

of atomic absorption declared a selective and massive overload of

DF(II) NPs, compared to DF(II), in tumor tissues. This

accumulation is the main contributor for inducing targeted

and efficient ferroptosis (Bekric et al., 2022). The strong

trigger of ferroptosis in LC-DF(II) group interprets the perfect

eradication of hepatoma cells (Figures 2B,D), which was

accompanied by a halt in the elevation of key tumor protein

markers, including Ki-67, N-cadherin, and AFP (Figures 3A,B).

The marked upregulation of these mentioned markers indicates a

high grade of tumor stage, metastatic growth and poor survival

FIGURE 4
Lipid peroxidation generation-dependent pro-oxidant activity of DF(II) complexes in tumor tissues relative to the untreated LC groups. Relative
fold increment in (A) reactive oxygen species (ROS) and (B) lipid peroxidation. Relative fold decrement in (C) Nrf2 transcriptional activation and (D)
glutathione (GSH), All treated group values were normalized to the untreated LC group values, which were set at 1 as demonstrated by the dashed
line, with values above 1 indicating fold increment and values below 1 demonstrating fold decrement. Relative inhibition percentages of lipid
peroxide-detoxifying enzymes, including (E) glutathione peroxidase (GPX)4 and (F) aldehyde dehydrogenase (ALDH) 2. Data are shown as mean ±
SEM. LC-DF(II) NPs group was compared to LC-DF(II) groups, considering statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001***.
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FIGURE 5
Impact of DF(II) complexes on the gene expression of apoptotic, oncogenes, and stemness genes. Relative fold change in the gene expression
of apoptotic genes (BAX and p21), key oncogenes (cyclin D, telomerase reverse transcriptase (TERT), vascular endothelial growth factor (VEGF),
matrix metalloprotease (MMP) 9-mediated metastasis), and stemness (ATP Binding Cassette Subfamily G Member 2 (ABCG2), CD90, NOTCH1,
WNT1, Sox9, 4-OCT, and Nanog) in tumor tissues, including (A) liver and (B) lung. Data are shown as mean ± SEM. LC-DF(II) NPs group was
compared to the untreated LC and LC-DF(II) groups, considering statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001***.

FIGURE 6
Impact of DF(II) complexes on liver function parameters as well as histological assessment of their toxicity on tissues of the treated N groups (A)
Liver function indexes (ALT, AST, and albumin) in healthy N group and the untreated and treated LC groups. Healthy N group was compared to the
untreated and DF(II) complexes-treated LC groups, considering statistically significant at p ≤ 0.05*, ≤0.005**, and ≤0.001*** (B)H&E staining tissues
of DF(II) NPs- and DF(II)-treated N groups compared to the untreated healthy N groups.
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(Sell, 2008; Shi et al., 2015; Kaszak et al., 2020). Therefore, it is

important to monitor them.

3.3.3 Redox markers
These potent anti-LC activities of DF(II) nanocomplex are

mainly attributed to its lipid peroxidation generation-dependent

pro-oxidant activity as indicated by elevation of ROS and lipid

peroxidation in tumor tissues (liver and lung) by 2.8–6.6 folds

and 4.3–6.1 folds, respectively, relative to the untreated LC group

(Figures 4A,B). Meanwhile, DF(II) increased ROS and lipid

peroxidation contents by only 1.06–2.6 folds and

1.18–1.53 folds, respectively (Figures 4A,B). Moreover, DF(II)

NPs suppressed Nrf2 transcriptional activity (2.09–4.3 folds),

decreased GSH level (2.10–6.94 folds), and inhibited GPX4 and

ALDH2 activities (by > 45.02% and >46.50%) more effectively

than DF(II) complex (1.06–2.58 folds, 1.18–1.53 folds, ~1 fold,

1.096–1.26 folds, 2.97–3.04 folds, and 2.78–3.35 folds,

respectively) as shown in Figure 4 C-F. These anti-ferroptotic

parameters (Nrf2, GSH, GPX4, and ALDH2) were inactivated by

the thiol-affinity of DE forming disulfides resulting in preventing

the transcriptional activity (promotor binding) of Nrf2,

irreversible oxidation of GSH, and inhibiting GPX4 and

ALDH activities (Brar et al., 2004; Abu-Serie & Eltarahony,

2021; Nie et al., 2022). These latter enzymes play key roles in

the detoxification of lipid peroxide aldehydes (Bekric et al., 2022;

Gao et al., 2022). Recent studies have illustrated that

ALDH2 protects against these reactive aldehydes

(malondialdehyde and 4-hydroxy-2-nonenal) by converting

them into malonic acid and hydroxy-2-nonenoic acid,

respectively (Zhao et al., 2019; Gao et al., 2022). Due to

higher biodistribution of DF(II) NPs in tumor tissues, this

antioxidant protective system was lower in LC-DF(II) NPs

and subsequently, this group showed stronger elevation of

ROS and lipid peroxidation than in LC-DF(II) group.

3.3.4 Molecular tumor markers
Moreover, DF(II) nanocomplex was more effective than

DF(II) in upregulating the expression of proapoptotic genes

(BAX and p21) and downregulating the expression of all

studied oncogenes and stemness genes in tumor tissues of

liver and lung (Figure 5 A,B). In both tumor tissues, DF(II)

NPs enhanced apoptotic gene expression by 5.5–72 folds and

lowered the expression of cyclin D, TERT, VEGF, and

MMP9 by ≥ 2 folds and stemness genes (ABCG2, CD90,

NOTCH1, WNT1, Sox9, 4-Oct, and Nanog) by ≥ 2 folds

compared to <7 folds, ≤2 folds, and ≤1 fold in the case of

TABLE 1 Hematological (WBCs, platelets, and RBCs) parameters.

WBCs PLTs

WBC (103/µl) Lymph% Mid% Gran% PLTs (103/µl) MPV (fl) PDW PCT (ml/L)

Untreated N 8.67 ± 0.4 85.8 ± 1.0 5.62 ± 0.6 8.59 ± 0.4 1,211 ± 20 5.99 ± 0.1 15.1 ± 0.2 6.75 ± 0.3

N-DF(II)NPs 8.52 ± 0.6 86.2 ± 1.5 5.35 ± 0.9 8.49 ± 0.5 1,208 ± 26 6.10 ± 0.2 15.2 ± 0.1 6.68 ± 0.2

N-DF(II) 7.11 ± 0.8 81.9 ± 0.3 6.69 ± 0.6 11.4 ± 0.8 1,231 ± 36 5.93 ± 0.1 14.8 ± 0.2 7.37 ± 0.4

Untreated LC 8.64 ± 0.7 63.8 ± 2.2* 14.8 ± 3.5* 21.4 ± 1.3* 1,179 ± 26 5.72 ± 0.2 14.9 ± 0.3 6.36 ± 0.4

LC-DF(II)NPs 8.71 ± 0.3 80.8 ± 2.3 4.29 ± 0.14 14.9 ± 2.5 1,201 ± 6 5.35 ± 0.1 15.0 ± 0.1 7.08 ± 0.4

LC-DF(II) 7.85 ± 0.8 68.8 ± 1.2* 13.1 ± 1.5* 18.1 ± 0.2* 1,184 ± 29 5.60 ± 0.2 15.1 ± 0.1 8.00 ± 0.3

RBCs

RBC (106/µl) Hg (g/dl) HCT (%) MCV (fL) MCH (pg) MCHC (g/dl) RDW-CV (%) RDW-SD (fL)

Untreated N 7.34 ± 0.5 12.5 ± 0.5 37.3 ± 2.2 54.1 ± 1.0 17.77 ± 0.3 32.08 ± 0.9 16.8 ± 0.2 29.3 ± 0.6

FND NPs 7.26 ± 0.5 12.7 ± 1.0 38.2 ± 4.0 56.9 ± 2.5 18.10 ± 0.5 31.80 ± 0.6 17.8 ± 0.3 29.7 ± 0.8

N-DF(II) 7.14 ± 0.4 11.9 ± 0.0 37.5 ± 0.2 56.3 ± 0.1 17.65 ± 0.1 31.30 ± 0.2 18.2 ± 0.2 31.8 ± 0.8

Untreated LC 7.08 ± 0.3 11.2 ± 0.0 36.3 ± 3.7 50.4 ± 0.7 16.47 ± 0.4 33.75 ± 0.7 16.2 ± 0.3 29.7 ± 1.3

LC-DF(II)NPs 7.45 ± 0.3 13.2 ± 0.3 36.7 ± 2.1 51.2 ± 1.1 17.75 ± 0.2 35.10 ± 1.3 14.7 ± 0.1 27.5 ± 0.7

LC-DF(II) 7.06 ± 0.4 11.2 ± 0.0 36.2 ± 5.1 50.9 ± 4.1 17.30 ± 0.5 34.05 ± 1.8 16.9 ± 0.4 31.3 ± 3.4

All values are demonstrated as mean ± SEM., All studies groups were compared to untreated N group and the differences were considered significant at p ≤ 0.05*, ≤0.005**, and ≤0.001***.
WBCs; white blood cells, Lymph; lymphocyte, Mid; monocytes, eosinophils, and basophils, Gran; granulocyte, PLTs; platelets, MPV; mean PLT, volume, PDW; PLT, distribution width,

and PCT; plateletcrit. RBCs; red blood cells, Hg; hemoglobin, HCT; hematocrit, MCV; mean corpuscular volume, fL; 10−15 liter, MCH; mean corpuscular Hg, MCHC; mean corpuscular Hg

concentration, RDW-SD, and RDW-CV; RBC, distribution width-coefficient of standard deviation and variation.
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DF(II), respectively (Figures 5A,B). A previous study illustrated

that bismuth diethyldithiocarbamate enhanced cell cycle arrest

and apoptosis in HepG2 cells by activation of p53 and BAX

(Ishak et al., 2014). This effective alteration in the gene expression

of apoptosis, cell cycle, telomerase, angiogenesis, metastasis,

chemoresistance, and stemness (NOTCH1, WNT1, Sox9, 4-

Oct, and Nanog) in LC-DF(II) is strongly linked to the high

accumulative DF(II)-mediated potent ferroptosis-dependent

lipid peroxidation, compared to DF(II). As it was

demonstrated, DF(II) NPs can suppress functional parameters

(ALDH2, CD90, and stemness genes) of CSCs which are

responsible for tumor metastasis and chemoresistance (Xiao

et al., 2016; Zhang et al., 2018; Wang et al., 2020).

3.3.5 Liver function and hematological
parameters

Regarding liver function indexes (Figure 6A), ALT and

AST activities were decreased significantly in liver tissues of

the untreated LC group (29.49 U/mg protein and 18.37 U/mg

protein, respectively) compared to healthy N group

(77.26 U/mg protein and 28.82 U/mg protein,

respectively). DF(II) NPs were found to be able to

normalize this depletion in liver enzymes (72.96 U/mg

protein and 25.69 U/mg protein, respectively). On the

other hand, DF(II) improved their activities (49.74 U/mg

protein and 20.94 U/mg protein, respectively) but still

significantly lowered when compared to N group. There

was no abnormal variation in the albumin level between

the untreated or treated LC groups and healthy N group

(Figure 6A). This insignificant difference between the

untreated LC group and N group, in the term of albumin

level, could be attribute to the protective role of albumin

against oxidative damage by preserving cellular GSH

(Carvalho & Verdelho, 2018). A recent study declared an

inverse correlation between the risk of different cancer types

(including, LC) and albumin level (Yang et al., 2021). The

normalization effect of DF(II) NPs on the altered liver

enzymes ascertained efficient eradication of hepatoma cells.

In terms of hematological indicators (Table 1), the

untreated LC groups showed a significant decrease in

lymphocyte (Lymph) percentage with increasing monocyte

(Mid) and granulocyte (Gran) percentages and no abnormal

changes in other parameters relative to healthy N group. These

abnormal variations were only normalized in LC-DF(II) NPs

group compared to N group and there was no significant

improvement in these leukocyte parameters in LC-DF(II)

group (Table 1). Lymphopenia is reported in metastatic

tumors, particularly non-Hodgkin’s lymphoma, LC, and

pancreatic cancer, which suppress the immune response by a

variety of mechanisms, including the expression of

proapoptotic ligands (Ménétrier-Caux et al., 2019).

Therefore, the anti-tumor-dependent ferroptotic effect of

DF(II) NPs halted the immunosuppressive potential of

metastatic hepatoma cells.

3.4 Safety of DF(II) complexes in the
treated N groups

When compared to healthy N group, DF(II) NPs-treated N

group showed normal liver morphology, whereas N-DF(II)-

treated group demonstrated liver damage (Figure 6B). The

latter is directly attributable to the unselective DF(II)

biodistribution, which resulted in unspecific ferroptosis-

mediated undesirable side effects that injured healthy cells (Jia

et al., 2021). Other tissues (lung, spleen, brain, and kidney)

showed no histological variations (Figure 6B), and normal

hematological measurements (Table 1) were normal in both

DF(II) complexes-treated N groups (N-DF(II) NPs and

N-DF(II)).

4 Conclusion

Based on the nanoformulation privilege, the prepared DF(II)

NPs exhibited superior therapeutic potential compared to DF(II),

against metastatic LC, via mediating a selective accumulated

iron-dependent ferroptotic effect associated with severe

depletion in antioxidant (anti-ferroptosis) response in tumor

tissues (liver and lung). Consequently, metastatic tumor

mediators (ki-67, N-cadherin, AFP, and gene expression of

cyclin D, TERT, VEGF, and MMP9) as well as functional

parameters of metastatic seeds (CSCs) were dramatically

downregulated in LC-DF(II) NPs. Hence, this nanocomplex

can efficiently eradicate hepatoma cells and halt their

metastasis to lung, as evidence by histological and

immunohistochemical findings. Moreover, DF(II) NPs did not

show any alterations in hematological and histological

parameters when were administered to normal healthy mice.

All these findings support the safety and efficacy of DF(II) NPs in

the treatment of metastatic LC.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Institutional

Care and Use Committee (Alex-IACUC)-International Council

Frontiers in Pharmacology frontiersin.org11

Abu-Serie 10.3389/fphar.2022.1089667

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1089667


for Laboratory Animal Science (ICLAS) with confirmation code

AU-0122172833.

Author contributions

MA-S was solely responsible for putting idea, experimental

design, data analysis, writing the manuscript, and revision the

manuscript. The final version of the manuscript has been read

and approved by the author.

Acknowledgments

The author acknowledges Ghada M. Ahmad (Assistant

lecturer, Medical Laboratory Technology, Alexandria

University, Egypt) and Walaa Haghazy Ali (Assistant lecturer,

Biochemistry department, Faculty of Science, Alexandria

University, Egypt) for their assistance during the animal

experiment (collecting blood and tissue samples and providing

with the used primers). Also, Author thanks Ashraf M. Omar

(Researcher, Medical Biotechnology Department, GEBRI, SRTA-

City) for his language revision of the submitted manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.1089667/full#supplementary-material

References

Abu-Serie, M. M., and Abdelfattah, E. Z. A. (2022). Anti-metastatic breast cancer
potential of novel nanocomplexes of diethyldithiocarbamate and green chemically
synthesized iron oxide nanoparticles. Int. J. Pharm. 627, 122208. doi:10.1016/j.
ijpharm.2022.122208

Abu-Serie, M. M., and Eltarahony, M. (2021). Novel nanoformulation of
disulfiram with bacterially synthesized copper oxide nanoparticles for
augmenting anticancer activity: An in vitro study. Cancer nano. 12, 25. doi:10.
1186/s12645-021-00097-5

Abu-Serie, M. M. (2018). Evaluation of the selective toxic effect of the charge
switchable diethyldithiocarbamate-loaded nanoparticles between hepatic normal
and cancerous cells. Sci. Rep. 8 (1), 4617. doi:10.1038/s41598-018-22915-4

Bekric, D., Ocker, M., Mayr, C., Stintzing, S., Ritter, M., Kiesslich, T., et al. (2022).
Ferroptosis in hepatocellular carcinoma: Mechanisms, drug targets and approaches
to clinical translation. Cancers (Basel) 14 (7), 1826. doi:10.3390/cancers14071826

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72, 248–254. doi:10.1006/abio.1976.9999

Brandelli, A. (2020). The interaction of nanostructured antimicrobials with
biological systems: Cellular uptake, trafficking and potential toxicity. Food Sci.
Hum. well. 9 (1), 8–20. doi:10.1016/j.fshw.2019.12.003

Brar, S. S., Grigg, C., Wilson, K. S., Holder, W. D., Dreau, D., Austin, C., et al.
(2004). Disulfiram inhibits activating transcription factor/cyclic AMP-responsive
element binding protein and human melanoma growth in a metal-dependent
manner in vitro, in mice and in a patient with metastatic disease.Mol. Cancer Ther.
3 (9), 1049–1060. doi:10.1158/1535-7163.1049.3.9

Carvalho, J. R., and Verdelho, M. M. (2018). New insights about albumin and
liver disease. Ann. Hepatol. 17 (4), 547–560. doi:10.5604/01.3001.0012.0916

Ellman, G. L. (1959). Tissue sulfhydryl groups.Arch. Biochem. Biophys. 82, 70–77.
doi:10.1016/0003-9861(59)90090-6

Gao, J., Hao, Y., Piao, X., and Gu, X. (2022). Aldehyde dehydrogenase 2 as a
therapeutic target in oxidative stress-related diseases: Post-translational
modifications deserve more attention. Int. J. Mol. Sci. 23 (5), 2682. doi:10.3390/
ijms23052682

García-Rodríguez, M. D. C., Carvente-Juárez, M. M., and Altamirano-Lozano, M.
A. (2013). Antigenotoxic and apoptotic activity of green tea polyphenol extracts on

hexavalent chromium-induced DNA damage in peripheral blood of CD-1 mice:
Analysis with differential acridine orange/ethidium bromide staining. Oxid. Med.
Cell Longev. 2013, 486419. doi:10.1155/2013/486419

Gaskill, C. L., Miller, L. M., Mattoon, J. S., Hoffmann,W. E., Burton, S. A., Gelens,
H. C., et al. (2005). Liver histopathology and liver and serum alanine
aminotransferase and alkaline phosphatase activities in epileptic dogs receiving
phenobarbital. Vet. Pathol. 42 (2), 147–160. doi:10.1354/vp.42-2-147

Girotti, M. J., Khan, N., and McLellan, B. A. (1991). Early measurement of
systemic lipid peroxidation products in the plasma of major blunt trauma patients.
J. Trauma. 31 (1), 32–35. doi:10.1097/00005373-199101000-00007

Hempel, S. L., Buettner, G. R., O’Malley, Y. Q., Wessels, D. A., and Flaherty,
D. M. (1999). Dihydrofluorescein diacetate is superior for detecting
intracellular oxidants: Comparison with 2′, 7′-dichlorodihydrofluorescein
diacetate, 5 (and 6)-carboxy-2′, 7′-dichlorodihydrofluorescein diacetate, and
dihydrorhodamine. Free Radic. Biol. Med. 27, 146–159. doi:10.1016/s0891-
5849(99)00061-1

Ho, C. C., Kuo, S. H., Huang, P. H., Huang, H. Y., Yang, C. H., and Yang, P. C.
(2008). Caveolin-1 expression is significantly associated with drug resistance and
poor prognosis in advanced non-small cell lung cancer patients treated with
gemcitabine-based chemotherapy. Lung Cancer 59 (1), 105–110. doi:10.1016/j.
lungcan.2007.07.024

Huang, C., Qiu, Z., Wang, L., Peng, Z., Jia, Z., Logsdon, C. D., et al. (2012). A novel
FoxM1-caveolin signaling pathway promotes pancreatic cancer invasion and
metastasis. Cancer Res. 72 (3), 655–665. doi:10.1158/0008-5472.CAN-11-3102

Ishak, D. H., Ooi, K. K., Ang, K. P., Akim, A. M., Cheah, Y. K., Nordin, N., et al.
(2014). A bismuth diethyldithiocarbamate compound promotes apoptosis in
HepG2 carcinoma, cell cycle arrest and inhibits cell invasion through
modulation of the NF-κB activation pathway. J. Inorg. Biochem. 130, 38–51.
doi:10.1016/j.jinorgbio.2013.09.018

Jia, M., Zhang, H., Qin, Q., Hou, Y., Zhang, X., Chen, D., et al. (2021). Ferroptosis
as a new therapeutic opportunity for nonviral liver disease. Eur. J. Pharmacol. 908,
174319. doi:10.1016/j.ejphar.2021.174319

Josan, S., Xu, T., Yen, Y. F., Hurd, R., Ferreira, J., Chen, C. H., et al. (2013). In vivo
measurement of aldehyde dehydrogenase-2 activity in rat liver ethanol model using
dynamic MRSI of hyperpolarized [1-(13) C] pyruvate. NMR Biomed. 26 (6),
607–612. doi:10.1002/nbm.2897

Frontiers in Pharmacology frontiersin.org12

Abu-Serie 10.3389/fphar.2022.1089667

https://www.frontiersin.org/articles/10.3389/fphar.2022.1089667/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1089667/full#supplementary-material
https://doi.org/10.1016/j.ijpharm.2022.122208
https://doi.org/10.1016/j.ijpharm.2022.122208
https://doi.org/10.1186/s12645-021-00097-5
https://doi.org/10.1186/s12645-021-00097-5
https://doi.org/10.1038/s41598-018-22915-4
https://doi.org/10.3390/cancers14071826
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1016/j.fshw.2019.12.003
https://doi.org/10.1158/1535-7163.1049.3.9
https://doi.org/10.5604/01.3001.0012.0916
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.3390/ijms23052682
https://doi.org/10.3390/ijms23052682
https://doi.org/10.1155/2013/486419
https://doi.org/10.1354/vp.42-2-147
https://doi.org/10.1097/00005373-199101000-00007
https://doi.org/10.1016/s0891-5849(99)00061-1
https://doi.org/10.1016/s0891-5849(99)00061-1
https://doi.org/10.1016/j.lungcan.2007.07.024
https://doi.org/10.1016/j.lungcan.2007.07.024
https://doi.org/10.1158/0008-5472.CAN-11-3102
https://doi.org/10.1016/j.jinorgbio.2013.09.018
https://doi.org/10.1016/j.ejphar.2021.174319
https://doi.org/10.1002/nbm.2897
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1089667


Kaszak, I., Witkowska-Pilaszewicz, O., Niewiadomska, Z., Dworecka-Kaszak, B.,
Toka, F. N., and Jurka, P. (2020). Role of cadherins in cancer-a review. Int. J. Mol.
Sci. 21 (20), 7624. doi:10.3390/ijms21207624

Kernstock, R. M., and Girotti, A. W. (2008). New strategies for the isolation and
activity determination of naturally occurring type-4 glutathione peroxidase. Protein
Expr. Purif. 62 (2), 216–222. doi:10.1016/j.pep.2008.07.014

Li, L., Wang, X., Xu, H., Liu, X., and Xu, K. (2022). Perspectives and mechanisms
for targeting ferroptosis in the treatment of hepatocellular carcinoma. Front. Mol.
Biosci. 9, 947208. doi:10.3389/fmolb.2022.947208

Liu, Y. C., Yeh, C. T., and Lin, K. H. (2020). Cancer stem cell functions in
hepatocellular carcinoma and comprehensive therapeutic strategies. Cells 9 (6),
1331. doi:10.3390/cells9061331

Ménétrier-Caux, C., Ray-Coquard, I., Blay, J. Y., and Caux, C. (2019).
Lymphopenia in cancer patients and its effects on response to immunotherapy:
An opportunity for combination with Cytokines? J. Immunother. cancer. 7, 85.
doi:10.1186/s40425-019-0549-5

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival:
Application to proliferation and cytotoxicity assays. J. Immunol. Methods. 65,
55–63. doi:10.1016/0022-1759(83)90303-4

Nie, D., Chen, C., Li, Y., and Zeng, C. (2022). Disulfiram, an aldehyde
dehydrogenase inhibitor, works as a potent drug against sepsis and cancer via
NETosis, pyroptosis, apoptosis, ferroptosis, and cuproptosis. Blood Sci. 4 (3),
152–154. doi:10.1097/bs9.0000000000000117

Ohkawa, H., Ohishi, N., and Yagi, K. (1979). Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal. Biochem. 95, 351–358. doi:10.1016/
0003-2697(79)90738-3

Pathak, S., and Khuda-Bukhsh, A. R. (2007). Assessment of hepatocellular
damage and hematological alterations in mice chronically fed p-dimethyl
aminoazobenzene and phenobarbital. Exp. Mol. Pathol. 83 (1), 104–111. doi:10.
1016/j.yexmp.2006.10.003

Roveri, A., Maiorino, M., and Ursini, F. (1994). Enzymatic and immunological
measurements of soluble and membrane-bound phospholipid-hydroperoxide
glutathione peroxidase. Methods Enzymol. 233, 202–212. doi:10.1016/s0076-
6879(94)33023-9

Sabourian, P., Yazdani, G., Ashraf, S. S., Frounchi, M., Mashayekhan, S., Kiani, S.,
et al. (2020). Effect of physico-chemical properties of nanoparticles on their
intracellular uptake. Int. J. Mol. Sci. 21 (21), 8019. doi:10.3390/ijms21218019

Sell, S. (2008). Alpha-fetoprotein, stem cells and cancer: How study of the
production of alpha-fetoprotein during chemical hepatocarcinogenesis led to
reaffirmation of the stem cell theory of cancer. Tumour Biol. 29 (3), 161–180.
doi:10.1159/000143402

Shi, W., Hu, J., Zhu, S., Shen, X., Zhang, X., Yang, C., et al. (2015). Expression of
MTA2 and Ki-67 in hepatocellular carcinoma and their correlation with prognosis.
Int. J. Clin. Exp. Pathol. 8, 13083–13089.

Wan, J., Ren, H., and Wang, J. (2019). Iron toxicity, lipid peroxidation and
ferroptosis after intracerebral haemorrhage. Stroke Vasc. Neurol. 4, 93–95. doi:10.
1136/svn-2018-000205

Wang, W., Wang, C., Xu, H., and Gao, Y. (2020). Aldehyde dehydrogenase, liver
disease and cancer. Int. J. Biol. Sci. 16 (6), 921–934. doi:10.7150/ijbs.42300

Wilhelm, S., Taveres, A. J., Dai, Q., Ohta, S., Audet, J., Dvorak, H. F., et al. (2016).
Analysis of nanoparticle delivery to tumours. Nat. Rev. Mat. 1 (5), 16014. doi:10.
1038/natrevmats.2016.14

Wu, J. (2021). The enhanced permeability and retention (EPR) effect: The
significance of the concept and methods to enhance its application. J. Pers. Med.
11 (8), 771. doi:10.3390/jpm11080771

Xiao, Y., Yong, X., Tang, B., Qin, Y., Zhang, J., Zhang, D., et al. (2016). Notch and
Wnt signaling pathway in cancer: Crucial role and potential therapeutic targets
(Review). Int. J. Oncol. 48, 437–449. doi:10.3892/ijo.2015.3280

Yang, Y., Lin, J., Guo, S., Xue, X., Wang, Y., Qiu, S., et al. (2020). RRM2 protects
against ferroptosis and is a tumor biomarker for liver cancer. Cancer Cell Int. 20 (1),
587. doi:10.1186/s12935-020-01689-8

Yang, Z., Zheng, Y., Wu, Z., Wen, Y., Wang, G., Chen, S., et al. (2021). Association
between pre-diagnostic serum albumin and cancer risk: Results from a prospective
population-based study. Cancer Med. 10 (12), 4054–4065. doi:10.1002/cam4.3937

Zein, R., Sharrouf, W., and Selting, K. (2020). Physical properties of nanoparticles
that result in improved cancer targeting. J. Oncol. 2020, 5194780. doi:10.1155/2020/
5194780

Zhang, H., and Fu, L. (2021). The role of ALDH2 in tumorigenesis and tumor
progression: Targeting ALDH2 as a potential cancer treatment. Acta. Pharm. Sin. B
11 (6), 1400–1411. doi:10.1016/j.apsb.2021.02.008

Zhang, K., Che, S., Su, Z., Zheng, S., Zhang, H., Yang, S., et al. (2018).
CD90 promotes cell migration, viability and sphere-forming ability of
hepatocellular carcinoma cells. Int. J. Mol. Med. 41, 946–954. doi:10.3892/ijmm.
2017.3314

Zhao, Y., Wang, B., Zhang, J., He, D., Zhang, Q., Pan, C., et al. (2019). ALDH2
(aldehyde dehydrogenase 2) protects against hypoxia-induced pulmonary
hypertension. Arterioscler. Thromb. Vasc. Biol. 39 (11), 2303–2319. doi:10.1161/
ATVBAHA.119.312946

Zhao, S., Zheng, W., Yu, C., Xu, G., Zhang, X., Pan, C., et al. (2022). The role of
ferroptosis in the treatment and drug resistance of hepatocellular carcinoma. Front.
Cell Dev. Biol. 10, 845232. doi:10.3389/fcell.2022.845232

Frontiers in Pharmacology frontiersin.org13

Abu-Serie 10.3389/fphar.2022.1089667

https://doi.org/10.3390/ijms21207624
https://doi.org/10.1016/j.pep.2008.07.014
https://doi.org/10.3389/fmolb.2022.947208
https://doi.org/10.3390/cells9061331
https://doi.org/10.1186/s40425-019-0549-5
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1097/bs9.0000000000000117
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1016/j.yexmp.2006.10.003
https://doi.org/10.1016/j.yexmp.2006.10.003
https://doi.org/10.1016/s0076-6879(94)33023-9
https://doi.org/10.1016/s0076-6879(94)33023-9
https://doi.org/10.3390/ijms21218019
https://doi.org/10.1159/000143402
https://doi.org/10.1136/svn-2018-000205
https://doi.org/10.1136/svn-2018-000205
https://doi.org/10.7150/ijbs.42300
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.3390/jpm11080771
https://doi.org/10.3892/ijo.2015.3280
https://doi.org/10.1186/s12935-020-01689-8
https://doi.org/10.1002/cam4.3937
https://doi.org/10.1155/2020/5194780
https://doi.org/10.1155/2020/5194780
https://doi.org/10.1016/j.apsb.2021.02.008
https://doi.org/10.3892/ijmm.2017.3314
https://doi.org/10.3892/ijmm.2017.3314
https://doi.org/10.1161/ATVBAHA.119.312946
https://doi.org/10.1161/ATVBAHA.119.312946
https://doi.org/10.3389/fcell.2022.845232
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1089667

	Targeted ferroptotic potency of ferrous oxide nanoparticles-diethyldithiocarbamate nanocomplex on the metastatic liver cancer
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of DF(II) complexes
	2.3 In vitro investigation of anti-liver cancer activity
	2.3.1 MTT assay
	2.3.2 Lipid peroxidation assay (ferroptosis marker)
	2.3.3 Fluorescence nuclear staining for investigation of cell death
	2.3.4 Wound healing (migration) assay

	2.4 In vivo investigation of anti-liver cancer activity
	2.4.1 Histological and immunohistochemical examinations of tumor tissues and quantification of α-fetoprotein level
	2.4.2 Atomic absorption quantification for biodistribution of DF(II) NPs and DF(II)
	2.4.3 Quantification of redox parameters in tumor tissues
	2.4.4 QPCR assessment for molecular tumor markers
	2.4.5 Biochemical detection of liver functions and hematological parameters
	2.4.6 Histological investigation of DF complexes impacts on the main tissues of the treated N groups

	2.5 Statistical analysis

	3 Results and discussion
	3.1 DF(II) NPs synthesis
	3.2 In vitro anticancer activity of DF(II) NPs outperforming DF(II)
	3.3 Anti-liver cancer potential of DF(II) NPs surpassing DF(II), in chemically induced metastatic LC animal model, in terms ...
	3.3.1 Morphology, weight, and histology of tumor tissues
	3.3.2 Immunohistochemical and AFP assessment as well as biodistribution in tumor tissues
	3.3.3 Redox markers
	3.3.4 Molecular tumor markers
	3.3.5 Liver function and hematological parameters

	3.4 Safety of DF(II) complexes in the treated N groups

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


