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Iron is essential for cell survival; however, iron overload disorders lead to excess iron deposition, which can induce
oxidative stress and reduce cell viability. Rapid chelation of iron to prevent oxidative stress is critical to avoiding the
negative impacts of iron overload. Iron-chelating agents are often used to treat iron overload; however, most of these
agents have adverse side effects and a narrow scope of applications. Recently, many classes of phytochelators with
additional antioxidant activities have been developed for clinical use. Sulforaphane (SFN) has potent antioxidant and
cytoprotective activities, but its role in iron metabolism has never been reported. Thus, we assessed the protective
role of SFN against iron-induced cell toxicity in hepatoma Hep3B cells and examined its mechanism. In this study,
Fe ions increased intracellular ROS levels and decreased cell viability. An antioxidant transcription factor called
NF-E2-related factor 2 (Nrf2) was activated by Fe treatment. Iron chelator deferoxamine (DFO) reduced ROS levels
but did not affect cell viability. Next, we assessed the protective role of SFN and showed that SFN decreased ROS
levels and improved cell viability by further enhancing Nrf2 levels via the phosphoinositide 3-kinase (PI3K) pathway.
Mechanistically, Nrf2 transcriptionally activated metallothionein (MT), a metal-binding protein. Overexpression of
MT protected Hep3B cells from excess iron-induced toxicity, similar to SFN cytoprotective activities. These results
suggest that the induction of Nrf2 and the increased MT mRNA by SFN are essential mechanisms contributing to
reduced oxidative stress and improved viability in iron overload disorders.

1. INTRODUCTION

Iron is an essential element involved in various biochemical and
metabolic processes, including oxygen transport, energy transduction,
and DNA synthesis [1]. However, like many other micronutrients, high
doses of iron are associated with harmful side effects. Iron overload refers
to the accumulation of iron in organs, particularly the liver, pancreas,
and heart, that causes various organ failures [2,3] and several disorders,
including beta-thalassemia [4,5], type 2 diabetes mellitus (T2DM), and
nonalcoholic fatty liver disease (NAFLD) [6]. A recent study reported
that the major contributors to mortality in patients with iron overload
are infection and cardiac complications [7]. Under normal conditions,
iron is bound to transferrin, and the body stores it in the form of ferritin
to maintain physiological levels of iron in the body [8]. During iron
overload, the capacity of transferrin to bind iron is exceeded, leading to
the subsequent formation of non-transferrin-bound iron (NTBI), which
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is taken up non-selectively by cells via NTBI transporters on the cell
membrane [9]. The formation of NTBI increases the cellular labile iron
pool (LIP) and catalyzes the formation of reactive oxygen species (ROS),
including the superoxide anion (O,’), hydrogen peroxide (H,0,), and
hydroxyl radical (HO"), through the Fenton and Haber—Weiss reactions,
which initiate oxidative stress [10,11]. The excessive generation of ROS
causes oxidative stress, which induces molecular damage and impairs
cellular functions [12,13]. Therefore, effective new therapies have been
developed to target and prevent iron overload and toxicity.

Chelation therapy has long been used as a treatment for diseases related
to metal ion poisoning, either as primary, alternative, or adjuvant therapy
[14]. Iron-chelating agents such as deferoxamine (DFO), deferiprone, and
deferasirox have been introduced in medical care to protect patients from
iron toxicity [15]. These chelating drugs are used daily to ameliorate iron
overload in thalassemia [16]. DFO, the gold standard in iron chelation
therapy over the past 50 years [17], specifically binds to six ligands of
Fe**, rendering it stable against reactions with free radicals [18], which
then attenuates iron-induced oxidative stress by binding to free iron and
preventing it from catalyzing the formation of ROS [19,20]. A recent
report has demonstrated that DFO ameliorates iron overload and reduces
ROS in a traumatic brain injury-induced rat model [21]. In clinical settings,
DFO is given parenterally due to its short plasma half-life [22]. Most of
the clinically used chelating agents, including DFO, have adverse side
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effects and a narrow scope of applications [23]. A recent study showed
that individuals who are susceptible to transfusion-related iron overload
may develop idiosyncratic drug-induced neutropenia after treatment
with chelating agents, which could increase their risk of infection [24].
Additionally, DFO causes ocular and auditory neurotoxicity, pulmonary
and renal toxicity, gastrointestinal problems, muscle spasms and pain,
and growth retardation [15]. Hence, new treatment modalities are to be
discovered, for which many classes of phytochemical-based chelators
with additional antioxidant activities hold great promise [25,26].

Sulforaphane (SFN) is an aliphatic isothiocyanate that is mainly found
in cruciferous vegetables such as broccoli and Brussels sprouts. Recent
studies have reported that SFN protects human mesenchymal stem cells
and mononuclear cells from cadmium toxicity [27,28]. SFN exerts
cytoprotective effects by reinforcing the transcription factor called
nuclear factor erythroid 2-related factor 2 (Nrf2) [29,30]. In fact, SFN is
known as one of the most potent and rapid inducers of Nrf2 [31,32]. Nrf2
serves as a central regulator of the antioxidant response network against
oxidative stress through the regulation of antioxidant response element
(ARE)-mediated gene induction, including heme oxygenase 1 (HO-1)
and NAD(P)H quinone dehydrogenase 1 (NQO1) [33-35]. Additionally,
recent findings suggest that Nrf2 induces iron-metabolizing enzymes
[1,36,37]. Collectively, those reports prompted us to hypothesize that
SFN protects cells from iron toxicity by activating the Nrf2 system.

In this study, we used FeCl, (Fe*") and FeCl, (Fe’) to trigger iron
overload in vitro, examined the effects of SFN on intracellular ROS
levels and cell viability, and elucidated its mechanism of action. This
study provided a novel strategy for reducing oxidative stress under
excess iron conditions.

2. METHODS

2.1. Cell Cultures and Treatments

The human hepatoma cell line (Hep3B) was cultured in DMEM (Wako,
Osaka, Japan) supplemented with FBS, penicillin, and streptomycin
and incubated at 37°C in 95% air and 5% CO,. Hep3B cells were
treated with iron (II) chloride tetrahydrate (FeCl,.4H,0; Wako) and
iron (III) chloride hexahydrate (FeCl,.6H,O; Wako) for 36 h at a
final concentration of 200 uM, which is an equivalent concentration
of iron ions in human livers with thalassemia [38]. DFO (Wako) at
a concentration of 200 uM, SFN (Cayman Chemical Company, Ann
Arbor, MI) at a concentration of 10 or 25 uM, and a PI3K inhibitor
(LY294002; Wako) at a concentration of 50 uM were added to Hep3B
cells for 8, 30, and 30 h, respectively.

2.2. Preparation of Construct and Transfection

Human Nrf2 (NM_006164) cDNA was amplified
by polymerase chain reaction (PCR) using  primers
5'"-AAGGATCCATCATGATGGACTTGGAGCT-3’
(forward; underlined, BamHI site) and
5'-TTTCTAGACTAGTTTTTCTTAACATC-3" (reverse; underlined,
Xbal site). Human MT (NM_005953) cDNA was amplified by PCR
using  primers 5'-AAGAATTCTGATCCCAACTGCTCCTG-3'
(forward; underlined, EcoR1 site) and
5'-TTTCTCGAGTCAGGCGCAGCAGCTGCACT-3' (reverse;
underlined, X#ol site). Amplified Nrf2 and MT were then digested with
BamHI and Xbal, and EcoRl and Xhol, respectively, and inserted into
the 3XFLAG-pcDNA4 and pcDNA3.1(+) vectors (Invitrogen, Carlsbad,
CA). Nrf2- and MT-containing plasmids were transfected into cells
using standard calcium phosphate. For the knockdown experiments,
si-Nrf2, si-MT, and AllStars Negative Control were purchased from

Qiagen (Hilden, Germany) and were transfected with ScreenFect™ A
(Wako, Osaka, Japan) according to the manufacturer’s instructions.

2.3. ROS Measurement

The intracellular level of ROS was measured by
2'-7'-dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma Aldrich
Co., St. Louis, MO) according to the previously reported method
[39]. Hep3B cells were incubated in a medium containing 10 nM
DCFH-DA, an intracellular probe for oxidative stress, for 10 min in
the dark at 37°C [40]. Cells were washed with PBS, and fluorescence
intensity was measured using a plate reader (EnVision 2104 Multilabel
Reader, PerkinElmer, Waltham, MA) with an excitation wavelength of
480 nm and an emission wavelength of 530 nm.

2.4. MTT Assay

MTT assay was used for the measurement of cell viability according
to the previously reported methods [41]. In brief, around 2 x 10* cells
were incubated in the 12-well plate dish. After corresponding treatment,
5 mg/mL MTT (3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Sigma) was added to the medium, and cells were incubated
for 2 h at 37°C. The culture medium was removed, and the resulting
purple formazan was dissolved in 500 pL of isopropanol containing
0.04N HCI and 0.1% NP40. The absorbance was measured at 590 nm
using a microplate reader (PerkinElmer, Waltham, MA).

2.5. Immunofluorescence

Hep3B cells were cultured in 3.5-cm glass-bottomed dishes (Thermo
Fisher Scientific, Waltham, MA), treated with corresponding treatment,
washed with PBS, and fixed with 4% paraformaldehyde (Wako) at 4°C
for 20 min, followed by washing with PBS containing 0.2% Tween 20
(TPBS) (Bio-Rad, Hercules, CA). Blocking was performed using 0.1%
bovine serum albumin (Wako) diluted in TPBS at 4°C for 1 h. Cells were
then incubated with the anti-Nrf2 antibody (1: 1,000) at 4°C for 1 h and
washed three times with TPBS. Cells were incubated with Alexa Fluor®
488-conjugated goat anti-rabbit IgG (1: 1,000; Invitrogen) at 4°C for 1 h,
then washed three times with TPBS. The nucleus was counterstained using
4’ 6-diamidino-2-phenylindole (DAPI; 1:1,000; Dojindo, Kumamoto,
Japan). Immunofluorescence was detected using the confocal microscope
TCS SP8 (Leica Microsystems, Wetzlar, Germany).

2.6. Western Blotting

Whole-cell homogenates were subjected to Western blotting using
antibodies against Nrf2 and B-actin. The antibodies against Nrf2 and
B-actin were prepared as previously described [42]. Proteins were
loaded and separated by sodiumdodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 7.5% SDS polyacrylamide gel and
then transferred to nitrocellulose membranes (Bio-Rad Laboratories,
Hercules, CA). Membranes were incubated with the primary antibodies,
and proteins were visualized by horseradish peroxidase conjugated to
goat anti-rabbit or anti-mouse IgG (secondary antibody) and 4-chloro-
1-naphthol (4CN; Bio-Rad Laboratories). The band intensities of
proteins were quantified using ImageJ (Version 1.36b; National
Institutes of Health, Bethesda, MD).

2.7. Isolation of RNA and Reverse Transcription PCR

Total RNA was extracted from Hep3B cells using Isogen in accordance
with the manufacturer’s instructions. Total RNA was converted to
cDNA by MMLV Reverse Transcriptase (Nippon Gene, Toyama,
Japan) with the following protocol: incubation at 25°C for 15 min,
42°C for 60 min, followed by heating at 70°C for 10 min. PCR was
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performed using Go Taq Green Master Mix (Promega, WI), 10 pmol
of each primer, and 100 ng of cDNA at 94°C for 30 s, 55°C for 30 s,
and 72°C for 30 s. All primers and GenBank accession numbers are
shown in Table 1. PCR products were separated by electrophoresis on
a 1% agarose gel and visualized by ethidium bromide staining. The
band intensities were quantified using ImagelJ (Version 1.36b; National
Institutes of Health, Bethesda, MD).

2.8. Bioinformatics Analysis on Differentially Expressed Genes

The transcriptomic datasets were screened from the publicly available
Gene Expression Omnibus (GEO, http:/www.ncbi.nlm.nih.gov/geo)

Table 1: Primers used for the gene expression analysis.

[43] database with the keywords “iron overload,” “Nrf2,” “sulforaphane,”
“mRNA,” “liver,” and “Homo sapiens.” The GSE186655, GSE230608,
and GSE20479 were selected. The raw data were processed using a
built-in interactive online tool, GEO2R (https://www.ncbi.nlm.nih.gov/
geo/geo2r/) [43]. Differentially expressed genes (DEGs) were screened
with a false discovery rate (FDR) corrected p-value <0.05, and [fold
change (FC)| >2.0 was selected as the screening threshold for each
group. The DEGs in each dataset were presented in volcano plots and
integrated into Venn diagrams using an online platform for data analysis
and visualization SRplot (http://www.bioinformatics.com.cn/srplot).

2.9. Statistical Analysis

Primers  GenBank Sequences All values are given as the mean + S.D. and analyzed with IBM SPSS
Accession Statistics for Windows, version 23.0 (IBM Corp., Armonk, NY, USA).
No. p-values were assessed by the Student’s t-test or a one-way repeated
HO-1 NM 002133 Forward  5'- CCAGCCATGCAGCACTATGT -3’ measures ANOVA, followed by respective post-hoc tests for multiple
Reverse  5- AGCCCTACAGCAACTGTCGC -3 comparisons against specified groups as described in the figure
legends. Differences were considered significant when p was <0.05.
NQOI NM 000903 Forward 5'- TGATCGTACTGGCTCACTCA -3’
Reverse  5'- GTCAGTTGAGGTTCTAAGAC -3’
FTH ~ NM 002032 Forward  5-ATCTTCCTTCAGGATATCAA-3' 3. RESULTS
Reverse  5-ATCACTGTCTCCCAGGGTGT-3' 3.1. Iron Overload Induces Oxidative Stress in Hep3B Cells
MmT NM_005953 Forward ~ 5-ATGGATCCCAACTGCTCCTG-3' We found that FeCl, (Fe*") and FeCl, (Fe*") at a concentration of
Reverse  5-TCAGGCGCAGCAGCTGCACT-3' 200 uM for 36 h treatments in Hep3B cells increased intracellular
fractin NM_001101 Forward 5'- CAAGAGATGGCCACGGCTGCT-3  ROS levels [Figure 1A]. The elevation of ROS may induce lipid
, ) peroxidation, DNA damage, and protein modifications, which decrease
Reverse 5™ TCCTTCTGCATCCTGTCGGCA -3 cell viability and ultimately result in cell death [44]. Therefore, we also
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Figure 1: Effects of Fe*" and Fe** ions on Hep3B cells. (A) Hep3B cells were treated with 200 pM Fe?* and Fe** for 36 h, and the intracellular ROS levels were
measured by DCFH-DA assay. (B) Hep3B cells were treated with 200 uM Fe?* and Fe** for 36 h, and the viability of cells was examined using the MTT assay.
(C) Hep3B cells were treated with 200 uM Fe?* and Fe** for 36 h, and the expression of Nrf2 was assessed by Western blotting. (D-F) Hep3B cells were treated
with vehicle (D), Fe? (200 uM, 36 h) (E), and Fe** (200 uM, 36 h) (F), and the cellular localization of Nrf2 (green) was observed by immunofluorescence
counterstained with DAPI (blue). (G) Hep3B cells were treated with 200 pM Fe?* and Fe** for 36 h, and the expressions of HO-1, NOO!, and FTH mRNAs were
measured by RT-PCR. Values are mean + S.D. relative to the corresponding treatments with vehicle (Ctrl, designated as 1). Differences were analyzed by one-way
repeated measures ANOVA with Dunnett’s post-hoc test (n = 3).
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examined the viability of cells using the MTT assay, and we found
that Fe?* and Fe’* treatments decreased the viability of Hep3B cells
[Figure 1B]. Since the intracellular response to high ROS levels is
orchestrated by Nrf2, we measured the protein levels of Nrf2 after the
Fe** and Fe* treatments. The results showed that Fe** and Fe** induced
approximately a threefold and sevenfold increase in the accumulation
of the Nrf2 protein, respectively [Figure 1C]. Increases in Nrf2 levels
are generally accompanied by the nuclear localization of Nrf2 [45,46].
Indeed, Fe*" and Fe*' treatments promoted the nuclear localization of
Nrf2 [Figures 1D-F]. Consistently, the activity of Nrf2 was enhanced
by Fe?* and Fe*" treatments, as indicated by the elevated expression of
its putative target genes (HO-1 and NQOI) [Figure 1G]. Regarding
iron metabolism, a recent study suggested that Nrf2 also regulates
the expression of the ferritin heavy chain (FTH), which plays a role
in the storage of iron [35]. We also found that excess iron treatment
significantly increased FTH mRNA [Figure 1G].

3.2. DFO Does Not Improve the Cell Viability of Iron-treated
Hep3B Cells

DFO is an FDA-approved, gold-standard therapy for acute iron
intoxication and chronic iron overload due to transfusion-dependent
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anemia or thalassemia. To support its clinical efficacy, we examined the
effects of DFO on oxidative stress and the cell viability of excess iron-
induced Hep3B cells. We observed that DFO treatment significantly
decreased intracellular ROS levels in Fe**-treated cells but not in
Fe**-treated cells [Figure 2A], and DFO treatment did not affect the
viability of cells [Figure 2B]. Next, we examined the effects of DFO
on the activity of the Nrf2 pathway. DFO significantly reduced Nrf2
protein [Figures 2C and 2D] and the expression of Nrf2 target genes
[Figure 2E] in Fe*- and Fe*-treated cells. These results suggested
that the iron chelator DFO can be useful in preventing oxidative stress
in iron overload conditions, but for unknown reasons, DFO does not
recover the viability of cells.

3.3. SFN Mitigates Iron Toxicity in Hep3B Cells by
Upregulating Nrf2

To gain insight into the role of nutraceuticals present in vegetables
on iron toxicity, we selected SFN due to its potential to alleviate
oxidative stress. We first confirmed the long-standing theory that SFN
activates Nrf2 levels. As expected, SFN induced Nrf2 protein levels
[Figure 3A], induced Nrf2 nuclear accumulation [Figure 3B], and
activated the expression of HO-1 and NQO-1 [Figure 3C]. Next, we
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Figure 2: Effects of DFO on excess iron-treated Hep3B cells. (A) Hep3B cells were treated with 200 uM DFO for 8 h, followed by 36 h incubation with 200 uM Fe**
or Fe**, and the intracellular ROS levels were measured by DCFH-DA assay. (B) Hep3B cells were treated with 200 uM DFO for 8 h, followed by 36 h incubation
with 200 pM Fe?* or Fe*, and the viability of cells was examined using the MTT assay. (C & D) Hep3B cells were treated with 200 uM DFO for 8 h, followed by 36 h
incubation with 200 uM Fe** (C) or Fe** (D), and the expression of Nrf2 was assessed by Western blotting. (E) Hep3B cells were treated with 200 uM DFO for 8 h,
followed by 36 h incubation with 200 uM Fe?* or Fe**, and the expressions of HO-1 and NOOI mRNAs were measured by RT-PCR. Values are mean + S.D. relative to the
corresponding treatments with vehicle (Ctrl, designated as 1). Differences were analyzed by one-way repeated measures ANOVA with Tukey’s post-hoc test (7 = 3).
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Figure 3: Role of SFN on excess iron-treated Hep3B cells. (A) Hep3B cells were treated with 10 or 25 pM SFN for 30 h, followed by 36 h incubation with 200 uM
Fe?* or Fe*', and the expression of Nrf2 was assessed by Western blotting. (B) Hep3B cells were treated with 10 uM SEN for 30 h, and the cellular localization of Nrf2
(green) was observed by immunofluorescence counterstained with DAPI (blue). (C) Hep3B cells were treated with 10 pM SFN for 30 h, and the expressions of HO-1

and NOQOI mRNAs were measured by RT-PCR. (D) Hep3B cells were treated with 10 uM SFN for 30 h, followed by 36 h incubation with 200 uM Fe** or Fe**, and

the intracellular ROS levels were measured by DCFH-DA assay. (E) Hep3B cells were treated with 10 uM SFN for 30 h, followed by 36 h incubation with 200 uM
Fe?* or Fe**, and the viability of cells was examined using the MTT assay. (F) Hep3B cells were treated with 10 pM SFN, 50 uM LY 294002, or both for 30 h, and
the expression of Nrf2 was assessed by Western blotting. Values are mean + S.D. (n = 3) relative to the corresponding treatments with vehicle (Ctrl, designated as 1).
Differences to this value were analyzed by one-sample t-test with Bonferroni’s correction for multiple testing (for C) and one-way repeated measures ANOVA with
Dunnett’s (for A) or Tukey’s (for D—F) post-hoc tests.

examined whether SEN protects Hep3B cells from iron toxicity. We
found that SFN significantly reduced the intracellular ROS [Figure 3D]
and improved cell viability [Figure 3E] of excess iron-induced Hep3B
cells. Several studies have shown that the Nrf2-activating effects of
SFN are mediated by phosphoinositide 3-kinase (PI3K) [47,48].
Indeed, the PI3K inhibitor, LY294002, partially inhibited the activation
of Nrf2 by SEN [Figure 3F].

Next, we explored whether SFN-regulated Nrf2 protein abundance is
the critical mechanism for its protective activity against iron-induced
toxicity. To explore this, we first observed the effects of SFN on the
Nrf2 pathway under the excess iron condition. SFN further increased
the abundance of Nrf2 protein in Fe?*- and Fe*'-treated Hep3B cells
[Figures 4A and 4B]. The expression of Nrf2-target genes HO-I
[Figure 4C] and NQO-1 [Figure 4D] mRNAs was further elevated by
SFN in Fe?- and Fe¥*-treated cells. Second, we observed that Nrf2
knockdown by siRNA completely diminished the effects of SFN on
intracellular ROS levels [Figure 4E] and cell viability [Figure 4F].
Together, we unequivocally proved the critical involvement of the
Nrf2 pathway and that SFN protects cells from iron toxicity by further
activating Nrf2.

3.4. SFN Activates Nrf2-Regulated MT to Protect Hep3B Cells
From Iron Toxicity

To gain a deeper insight into the mechanism by which SFN and Nrf2
protect cells from iron toxicity, we explored publicly available gene
expression datasets by using the GEO (http://www.ncbi.nlm.nih.
gov/geo) database and selected datasets with the accession numbers
GSE186655, GSE230608, and GSE20479. The GSE186655 contains
RNA-seq data from three control and three ferric ammonium citrate-
treated HepG2 cells [49]. The GSE230608 contains RNA-seq data
of control (n = 3) and Keapl-knockout (» = 3) HepG2 cells [50].
The GSE20479 contains microarray data of control (n = 4) and
SFN-treated (n = 4) primary human hepatocytes [51]. Following the
screening of data based on the FDR-corrected p-value <0.05 and
[FC| >2.0, the number of DEGs obtained was 566 in GSE186655,
560 in GSE230608, and 1226 in GSE20479. In GSE186655, we
observed 344 upregulated and 222 downregulated genes [Figure SA].
In GSE230608, we found 404 upregulated and 156 downregulated
genes [Figure 5B]. In GSE20479, we found 525 upregulated and 701
downregulated genes [Figure 5C]. The Venn diagram was used to
identify overlapping genes in all sets. Nine genes were identified as
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common DEGs in iron overload conditions, Nrf2 overexpression, and
SFN treatment. We identified metallothionein (MT), a metal-binding
protein, as a commonly upregulated gene [Figure 5D].

Next, we examined the expression of M7 mRNA under excess iron,
Nrf2 overexpression, and SFN treatment to experimentally prove the
involvement of MT. Excess iron (both Fe*" and Fe*) increased the
expression of MT mRNA by approximately 50% [Figure 6A]. The
overexpression of Nrf2 induced a twofold increase in the accumulation
of MT mRNA [Figure 6B]. Finally, SFN elevated the abundance of
MT mRNA by approximately 40% [Figure 6C]. To assess the function
of MT against iron toxicity, we constructed and transfected FLAG-
tagged MT into iron-treated Hep3B cells. We observed that MT
overexpression reduced intracellular ROS levels in excess iron-treated

cells [Figure 6D] and was sufficient to restore the viability of cells
[Figure 6E]. In conclusion, we showed that SFN, via Nrf2, activates
MT transcriptionally to reduce excess iron toxicity.

As iron overload and Nrf2 can both induce MT expression, the cellular
responses are completely opposite. While iron overload leads to cell
death, Nrf2 activation can be protective against iron overload-induced
cell death. We hypothesize that an increase in MT expression may
not be a key event in iron overload-induced cell death. To clarify this
phenomenon, we further explore the role of MT activation in the cellular
response to iron overload. We found that MT knockdown by siRNA
elevated basal ROS levels and partially exacerbated iron overload-
induced oxidative stress and cell death, suggesting that the activation
of MT is an important cytoprotective mechanism against iron overload.
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Next, we added SFN to iron overload-treated MT knockdown cells and
showed that the protective roles of SFN on oxidative stress [Figure 6F]
and cell viability [Figure 6G] were partially attenuated. Together,
these findings suggest that Nrf2-mediated MT expression is a critical
event to prevent iron overload-induced cell death. The activation of
the cellular Nrf2/MT axis solely by iron overload may not be sufficient
to protect cells; therefore, further activation of the Nrf2/MT axis by an
additive such as SFN provides more protection against cell damage.

4. DISCUSSION

Iron is an essential mineral that participates in a wide variety of
metabolic processes. Humans ingest two types of iron through
their diet: heme and non-heme. Meat, poultry, and fish contain
heme, whereas plant foods such as leafy greens, legumes, nuts, and
seed grains contain non-heme iron. Although essential, iron can
also be toxic in excess and can be life-threatening [52]. Hereditary
hemochromatosis, blood transfusion, hemolysis, and excessive
parenteral or dietary consumption can cause iron overload [53]. Iron
overload causes excessive iron deposition in a wide variety of tissues
because humans do not have the ability to actively excrete iron. For
instance, in beta-thalassemia, excess iron resulting from chronic blood
transfusions containing 200-250 mg of iron/unit-packed red blood
cells is deposited in organ tissues, particularly the liver, which leads to
oxidative damage [38,54,55]. In the present study, we showed that iron
overload leads to oxidative damage in the hepatoma cell line, Hep3B.
Elevated cellular LIP during iron overload catalyzes the formation of
ROS through the Fenton and Haber—Weiss reactions [10,11]. Various
chelating compounds, including DFO, DFP, and DFX, have been used
in clinical settings to inhibit iron uptake, improve iron excretion, and
reduce iron toxicity [15]; nevertheless, chelation therapy is not very
effective or safe [23]. In fact, we found that DFO did not improve
the viability of Hep3B cells under excess iron conditions. Therefore,
exploring a diet-based treatment is required to prevent and reduce the
effects of iron overload toxicity.

In response to elevated radicals, the transcription factor Nrf2 is
activated, acting as the converging point of these stimuli [46,56].
Exposure to electrophiles and oxidants attenuates the activity of Kelch-
like ECH-associated protein 1 (Keapl), which is a major regulator of
Nrf2. Keapl acts as an adaptor of the Cullin 3-based E3 ubiquitin
ligase that targets Nrf2 for posttranslational modification in the form of
ubiquitination, causing subsequent proteasomal degradation of Nrf2.
Electrophiles and oxidants modify the structure of Keapl, leading to
the inhibition of Nrf2 degradation and subsequently promoting Nrf2
translocation into the nucleus, where it activates the transcription
of cytoprotective genes against environmental stresses [57-59].
Regarding iron metabolism, Nrf2 transcriptionally activates the iron
storage proteins ferritin (FTH) and heme oxygenase 1 (HO-1), which
leads to a net deregulation of iron metabolism [60]. Previous studies
reported that Nrf2 knockout mice are more vulnerable to iron-induced
liver oxidative injury [61].

Due to the importance of Nrf2 in various diseases [62], many studies
have focused on exploring potent Nrf2 modulators to combat oxidative
damage, inflammation, and metabolic abnormalities. Currently, there
are approximately 100 clinical trials with Nrf2 activators listed on
Clinicaltrials.gov in the form of pure substances, dietary supplements,
or plant extracts. The naturally occurring isothiocyanate SFN, the
semisynthetic cyanoenone triterpenoid RTA-408 (omaveloxolone),
and dimethyl fumarate (DMF, Tecfidera®) are the only Nrf2 activators
currently used in clinical practice [63]. In the present study, we looked at

how SFN affected the iron-induced toxicity in Hep3B cells. Cruciferous
vegetables are rich in SFN, a chemical with anti-inflammatory, anti-
cancer, anti-microbial, and antioxidant properties [64]. SFN is one of
the most powerful and rapid activators of Nrf2 [65]. Multiple studies
have shown that SFN exerts protective effects against oxidative stress-
induced cellular injury by inducing Nrf2 and the expression of its
downstream genes [31]. Therefore, we postulated that SFN may reduce
iron-induced oxidative toxicity patterns in the human liver.

The effectivity of SFN was examined by adding SFN to iron-treated
cells to investigate its protective roles. The results revealed that SFN
treatment decreased intracellular ROS levels, and, intriguingly, SFN
also improved the viability of excess iron-treated Hep3B cells. These
findings unequivocally demonstrate that SFN is a biocompatible
substance that is excellent for use in the clinical context of iron overload-
related conditions. These data are supported by previous findings
showing that SFN significantly alleviated oxidative stress-induced
damage through the PI3K-Akt-mediated activation of Nrf2 [66]. In
the present study, we have also demonstrated that Nrf2 knockdown
completely diminished the effects of SFN on the elevated intracellular
ROS levels and reduced cell viability caused by iron overload. Taken
together, these results imply that SFN plays a cytoprotective role in
attenuating Fe ion-induced oxidative stress by activating Nrf2 through
pathway(s) other than the canonical ROS-mediated activation of
Nrf2 involving Keapl [67]. Various studies have indicated that Nrf2
can control the storage and outflow of iron through the regulation of
transcription of ferritin (an iron storage protein) and ferroportin 1 (an
iron exporter protein) [1]. Additionally, the regulation of HO-I gene
expression by Nrf2 is critical for the cellular response to iron overload.
Furthermore, through the actions of bilirubin, HO-1 demonstrates
anti-oxidative functions [68]. Numerous recent studies indicate that
the cytoprotective effects against ferroptosis are related to activation of
the Nrf2/HO-1 axis [69-71], which is consistent with this study.

We next examined the publicly available transcriptomic datasets to gain
mechanistic insight into the effects of SFN and Nrf2 on iron metabolism.
We found that excess iron, Nrf2, and SEN upregulated MT. MT is a
thiol-rich and heavy metal-binding protein that contains 20 cysteine
residues and binds to metal ions through its thiol (-SH) group. It acts as
an antioxidant by scavenging free radicals, enhancing cytoprotection
against oxidative stress [72-75]. MT has been documented to bind
heavy metals such as copper (Cu) with the greatest stability constant,
followed by cadmium (Cd), zinc (Zn), mercury (Hg), and bismuth (Bi)
[76]. The induction of MT is generally associated with heavy metals,
such as zinc (Zn) ions [77]; however, limited information is currently
available on the relationship between MT and Fe ions.

The present study clearly demonstrated that the overexpression of MT
was sufficient to reduce the generation of intracellular ROS and improve
cell viability, suggesting that MT has the capability to ameliorate
iron overload-related pathology. Our findings are supported by Baird
and colleagues, who reported that upregulated MT protects murine
macrophage-like J774 cells from apoptosis following oxidative stress
by stabilizing lysosome function [20]. In iron-induced dopaminergic
neurons, MT prevents oxidative stress by interacting with glutathione
(GPx), while oxidized glutathione regulates zinc transfer from MT to
zinc-depleted enzymes. Therefore, MT and GPx complement each
other’s functions during iron-induced oxidative stress [78]. A study in
rats’ blood cells suggested a reciprocal association between dietary iron
consumption and MT expression, even though MT does not directly
mobilize iron. This relationship may be indicative of alterations in
cellular Zn homeostasis or redox status. An MT-Zn axis may very
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well be functional in sizing the Zn pool, in addition to processes that
control iron homeostasis, as excess iron interferes with Zn availability
to proteins and vice versa [79].

Studies have reported that MT plays a prominent role in mediating
the protective role of SFN against renal and cardiac injury caused by
oxidative stress via the upregulation of Nrf2 [80,81]. Additionally, the
study suggested that the activation of Nrf2-driven MT gene expression
by SFN is mediated by mitogen-activated protein kinase (MAPK) in
human hepatoma HepG2 cells, which is related to the anti-cancer
activity of SFN [82]. In the present study, we showed the involvement
of PI3K, instead of MAPK, in the regulation of Nrf2 protein abundance
by SFN. Taken together, the concurrent activation of Nrf2 and elevation
of MT following the induction of SFN serve as a protective mechanism
against oxidative damage in iron overload conditions.

In conclusion, we herein demonstrate that excess iron-induced
oxidative toxicity can be attenuated by SFN, which induces Nrf2 and
subsequently increases MT at transcriptional levels. SFN could be
potentially used as a single therapy or in combination with standard iron
chelator drugs, but their drug—drug interaction should be determined
through further experimental study. Considering the toxic nature of
SFN at high concentrations, meticulous experiments should be done
in vivo and in clinical settings prior to its utilization as an alternative
treatment to alleviate iron overload-related conditions. Additionally,
there are some challenges associated with the development of Nrf2
modulators, such as target specificity, pharmacodynamic responses,
safety considerations, and determining the most appropriate
indications [63]. The persistently high expression of Nrf2 can promote
cancer development [83], which increases the challenges of using Nrf2
activators to treat iron overload.

Studies showed that drugs metabolized by the liver (substrates
of cytochrome P450s, CYPs) interact with SFN, which may alter
the enzymatic activities of CYPs, thus affecting the drugs’ effects
and adverse reactions [84]. Another study has shown that SFN
antagonistically interacts with furosemide (a loop diuretic), verapamil
(a calcium channel blocker), and ketoprofen (a nonsteroidal anti-
inflammatory drug) [85]. To the best of our knowledge, there is
currently no evidence on the interaction between commercially
available iron chelators and SFN. Therefore, further study is required
to study the interactions between SFN and other iron chelators for
clinical purposes.
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