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Abstract

Iron toxicity intricately links with ferroptosis, a unique form of cell death, and is significantly influenced by lipid peroxida-
tion. Despite its critical role in various diseases and drug development, the association between iron toxicity and ferrop-
tosis remains relatively unexplored. Accidental iron ingestion has emerged as a growing concern, resulting in a spectrum
of symptoms ranging from gastrointestinal discomfort to severe outcomes, including mortality. This research introduces
tannic acid (TA), which contains numerous phenol groups, as a powerful antiferroptotic agent. In male Wistar rats, even a
modest dose of TA (7.5 mg/kg) significantly curtailed thiobarbituric acid reactive substances (TBARS), a well-established
indicator of lipid peroxidation, and mitigated iron accumulation induced by ferrous sulfate (FeSO,) in the liver and kidney.
The evidence supporting TA's protective function against iron-triggered liver and kidney dysfunction was substantiated by
assessing specifically the levels of blood urea nitrogen (BUN) and alanine aminotransferase (ALT). In cell models using
ferroptosis inducers such as iron-salophene (FeSP) and RAS-selective lethal 3 (RSL3), tannic acid (TA) exhibited supe-
rior protective capabilities compared to the traditional iron chelator, deferoxamine (DFO). Nrf2 and HO-1, regulators of
antioxidant defense genes, are implicated in controlling ferroptosis. The expression of Nrf2 and HO-1 increased with TA
treatment in the presence of FeSP, indicating their role in reducing lipid ROS levels. Additionally, TA significantly reduced
the heightened levels of COX?2, a marker associated with ferroptosis. In summary, the remarkable antiferroptosis activity of
TA is likely due to its combined iron-chelating and antioxidant properties. With its safety profile for oral consumption, TA
may offer benefits in cases of accidental iron ingestion and conditions like hemochromatosis.
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Introduction

Ferroptosis, a term coined to describe iron-dependent cell
death, was proposed just over a decade ago [1]. Although it
was initially observed three decades ago and the term 'oxy-
tosis' was used two decades ago, 'ferroptosis' has become
the predominant term in current literature [2]. The defining
characteristic of ferroptosis is an increased level of lipid per-
oxidation in the membrane phospholipids, which can lead
to membrane damage. Iron, being the primary catalyst for
triggering lipid peroxidation, remains a critical factor in the
occurrence of ferroptosis through Fenton reaction [3]. Over
the years, it has become evident that ferroptosis is involved
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in various diseases affecting vital organs such as the kidneys,
liver, brain, heart, and lungs [4, 5]. A recent toxicological
study revealed that the highest accumulation of the lipid
peroxidation product malondialdehyde (MDA) occurs 12 h
after a large dose of intraperitoneal injection of iron. This
accumulation was most prominently observed in the kidney
(3.1-fold increase), liver (3.2-fold increase), and ileum (1.5-
fold increase) [6]. Several key proteins involved in antioxi-
dant defense, such as gluthathione peroxidase 4 (GPX4) [7],
nuclear factor erythroid 2—related factor 2 (Nrf2) [8], and
heme oxygenase-1 (HO-1) [9], have been found to play a
crucial role in protecting against ferroptosis. Furthermore,
researchers widely employ GPX4 inhibition as a method to
model ferroptosis in both in vitro and in vivo studies [10].
Tannic acid (TA) is a compound belonging to the group
of tannins, which are astringent polyphenols consisting of
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multiple gallic acid units at the periphery and a glucose at
its core. This compound is widely known for its biomedi-
cal applications, including its use as a crosslinking agent in
hydrogels and polymers [11]. Additionally, numerous studies
have demonstrated that TA possesses several benefits, such
as antimicrobial, antifungal, anticancer properties, and its
potential to improve diabetes conditions [12]. In a compara-
tive study, TA exhibited antioxidant activity similar to other
antioxidants like butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), tocopherol and trolox. [13]. Addi-
tionally, TA has been shown to act as a natural iron chelator,
a property employed in various applications, such as drug
delivery to sustain iron supply and kill cancer cells [14].
Considering the growing body of research highlighting the
involvement of ferroptosis in various diseases and the poten-
tial benefits of TA as an antioxidant and iron chelator [15],
utilizing TA as a ferroptosis inhibitor holds great promise.
In this study, we employed human proximal tubule kidney
cells exposed to iron overload and GPX4 inhibition, as well
as Wistar rats subjected to iron overload, to investigate the
potential antiferroptosis effects of TA. In the in vitro model,
even a low dose of TA successfully prevents the deterio-
ration resulting from iron overload and GPX4 inhibition,
whereas deferoxamine (DFO), an iron chelator, requires a
much higher dose to achieve similar results. Moreover, our
in vivo model also yields consistent findings, comparable
to the in vitro model, where TA reduces lipid peroxidation
induced by ferrous sulfate in the kidney and liver while
maintaining kidney and liver parameters at normal levels.

Materials and Methods
Materials

Human Kidney 2 (HK-2) proximal tubular cell was pur-
chased from ATCC (Manassas, VA, USA). Dulbecco’s Mod-
ified Eagle’s Medium (DMEM), phosphate buffered saline
(PBS), and 100X penicillin—streptomycin (10,000 U/mL)
were purchased from Life Technologies Corporation (Grand
Island, NY, USA). Fetal bovine serum (FBS) was purchased
from Hyclone (Logan, UT, USA). BioTrace™ nitrocellu-
lose transfer membrane was purchased from Pall (Port
Washington, NY, USA). Iron Salophene (FeSP) (28,788),
RSL3 (19,288), ML385 (21,114), and TBRAS assay kit
(10,009,055) were purchased from Cayman (Ann Arbor, MI,
USA). CCK-8 cell counting kit was purchased from Vazyme
(Nanjing, China). BODIPY™ 581/591 C11 was purchased
from Invitrogen (Waltham, MA, USA). Antibodies against
COX2 (#12,282), and TfR1 (#13,113), were purchased from
Cell Signaling Technology (Danvers, MA, USA). Antibody
against HO-1 (A19062), Nrf2 (A1244), and pNrf2 (AP1133)
were purchased from Abclonal Technology (Woburn, MA,
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USA). Antibodies against GAPDH (sc-32233), mouse and
rabbit secondary antibodies were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Immobilon West-
ern Chemiluminescent HRP Substrate was purchased from
Millipore (Burlington, MA, USA). Tannic acid (W304204)
and potassium hexacyanoferrate (II) trihydrate (P3289)
were purchased from Sigma Aldrich (St. Louis, MO, USA).
GenMute™ transfection reagent (SL100568) was purchased
from SignaGen® Laboratories (Frederick, MD, USA).
SiNrf2 (NFE2L2, 4780) was purchased from Dharmacon,
Inc. (Lafayette, CO, USA). Iron Assay Kit (MAKO025) was
purchased from Sigma Aldrich (St. Louis, MO, USA). Fer-
roOrange was purchased from Dojindo (Kumamoto, JP).

Animal Experiment

Animal experiments were carried out in strict accordance
with the National Institutes of Health Guide for Care and
Use of Laboratory Animals and with the approval of the
Institutional Animal Care and Use Committee (IACUC
approval no. 112-10) of Hualien Tzu Chi Hospital. Fur-
thermore, all procedures conducted in the animal study were
in accordance with the ARRIVE guidelines.

The sample size for the animals in this study was deter-
mined using the resource equation method [16]. The health
status of the animals was not evaluated. Upon acquiring
the animals, they were provided with a one-week period to
acclimatize to the room and cage conditions. Eight-week-old
male Wistar rats weighing 180-220 g were utilized for this
investigation. All rats were housed in a controlled environ-
ment (temperature: 23 + 1 °C; humidity: 55-60%) under a
12/12-h light/dark cycle, with unrestricted access to food
and water.

Tannic acid (TA) was intragastrically administered to
three groups of rats at daily doses of 7.5 mg/kg, 15 mg/kg,
and 30 mg/kg daily over an 8-day period, with each group
receiving a volume of 5 ml/kg. On the 7th and 8th days, Fer-
rous Sulfate (FeSO,) (300 mg/kg) was administered intra-
gastrically, 30 min after TA administration to induce iron
overload [17]. Control group only received water (5 ml/kg)
as a vehicle for TA. Subsequently, 24 h later, blood, liver,
and kidney samples were collected from the rats under deep
isoflurane anesthesia.

Culture of HK-2 cells

HK-2 cells were maintained in DMEM supplemented
with 10% FBS and 1X penicillin—streptomycin at 37 °C
in a humidified 5% CO2 incubator. Once the cells reached
around 90-100% confluence, they were seeded in 6-well
or 12-well culture plates for experiments. Before TA,
FeSP, RSL3, and ML385 treatments, the growth media



Tannic Acid Suppresses Ferroptosis Induced by Iron Salophene Complex in Kidney Cells and Prevents...

was replaced with DMEM/F-12 without serum to make
the cells quiescent for overnight.

Viability assay

HK-2 cells were cultured in 12-well plates, after they
reached 80-90% confluence, the growth media was
replaced with DMEM without serum and the cells were
incubated at 37 °C for overnight before further treatment.
After treatment, the viability of the cells was measured
by using CCK-8 assay kit. Briefly, CCK-8 solution was
mixed with the growth media (20pL/mL) and 500 pL was
added to each well and incubated for 2 h at 37 °C. The
absorbance at 460 nm was measured with Epoch™ BioTek
Instruments microplate spectrophotometer.

Lipid ROS Detection

The BODIPY™ 581/591 C11 probe was used to detect
lipid ROS generation in HK-2 cells. The BODIPY™
581/591 C11 was diluted in DMSO to make 1.5 mM stock
solution. After treatment, the media was removed, and
replaced with working solution of BODIPY™ 581/591
C11 diluted in growth media for 1.25 uM incubated for
30 min in a humidified 37 °C incubator. After incubation,
the cells were harvested and subjected to flow cytometry
analysis.

Western Blot Analysis

The protocol used was similar to previous studies [18, 19].
Following treatment, the cells were harvested. The media
was removed and the cells were washed with PBS. The mix-
ture of 2X Laemmli buffer and 2X RIPA buffer in 1:1 ratio
was added to collect the cells. The total protein was meas-
ured using Bradford assay kit. Around 20-30 pg of total
protein were separated in 10% SDS-PAGE gel for 100 min
and 90 V conditions, and then transferred to a nitrocellu-
lose membrane. The membrane was cut according to the
desired protein size, and then incubated in primary antibody
(1:1000) diluted in 5% BSA at 4 °C for overnight. The fol-
lowing day, the primary antibody solution was removed,
and the membrane was washed thrice for 5 min each with
tris buffered saline containing 1% Tween 20. Thereafter,
the membrane was incubated with appropriate secondary
antibody (1:5000) diluted in 5% BSA at RT for 1 h. Finally,
chemiluminescent substrate was used to visualize the pro-
teins. The signal was captured by using UVP ChemStudio
Plus touch (Analytik Jena; Jena, Germany). The images were
quantified using ImageJ (NIH).

Immunofluorescence Staining

The protocol for immunofluorescence staining has been
described in the previous study [20]. Briefly, the cells
were fixed with 4% paraformaldehyde after treatment for
5 min, followed by washing with PBS thrice for few sec-
onds. Next, 1% BSA was added to block the unspecific
binding of antibodies for 30-min at RT. After blocking,
the cells were incubated with primary antibody overnight
at 4 °C. The following day, the primary antibody solu-
tion was removed, and the cells were washed with PBS
thrice. Finally, a secondary antibody was added for one
hour at RT. The cells were mounted with DAPI solution
and covered with coverslips. The images were taken using
fluorescence microscopy (Olympus).

Intracellular Fe?* Detection

FerroOrange was used to detect intracellular Fe** accumu-
lation assessed by flowcytometry. Briefly, after 16 h treat-
ment the cells were trypsinized, followed by washing with
PBS once. Next, the cells were incubated in 37 °C incubator
for 30 min with 1 pmol/l FerroOrange working solution.
After incubation, the cells were subjected to flow cytometry
analysis.

Serum Parameters

The serum blood parameters were assessed by automated
analyzer for clinical chemistry (SPOTCHEM EZ SP-4430).
Briefly, blood was collected during animal sacrifice. The
blood was centrifuged, serum was isolated and then kept
at—80 °C for later analysis of BUN and ALT.

Thiobarbituric Acid Reactive Substances (TBRAS)
Measurement

Liver and kidney tissues were subjected to sonication to dis-
rupt the tissue structure. Subsequently, the protein content
was quantified. The TBRAS measurements were performed
using an equal amount of protein from each sample, follow-
ing the instructions provided in the TBRAS kit. In brief,
25 l of the sample was mixed and vortexed with 25 pl of
SDS solution. Then, 1 ml of a color reagent, comprising a
mixture of thiobarbituric acid diluted with acetic acid and
sodium hydroxide, was added, and the mixture was boiled at
100 °C for 1 h. Afterward, the sample was promptly placed
on ice to halt the reaction for 10 min, followed by centrifu-
gation, and the absorbance was read at 530 nm using an
ELISA reader.
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Tissue Iron Staining

Liver and kidney tissues, which had been fixed in formalin,
were sliced to a thickness of 20 um. Subsequently, the tis-
sues underwent Prussian Blue staining by immersing them
in a mixture of equal parts of a 20% aqueous solution of
hydrochloric acid and a 10% aqueous solution of potassium
ferrocyanide for a duration of 20 min. Following the stain-
ing process, the tissues were thoroughly rinsed with distilled
water and then dehydrated sequentially with 95% and 100%
ethanol. Finally, they were immersed in xylene.

Tissue Iron Measurement

The tissue iron measurement procedure was conducted
following the company's protocol. Briefly, approximately
50 mg of wet tissue was homogenized by sonication in
200 pl of iron assay buffer, followed by centrifugation at
16,000 X g for 10 min at 4 °C. Fifty ul of the sample was
used for measurement in a 96-well plate. Five ul of iron
reducer was added to each sample and incubated at room
temperature for 30 min. Subsequently, 100 pl of iron probe
was added to each sample and incubated again for 60 min at
room temperature before finally being read at 593 nm using
ELISA reader.

SiRNA Transfection

After the HK-2 cells reached approximately 50% confluence,
the medium was removed and replaced with fresh medium

Fig. 1 Effect of various con-
centrations of tannic acid (TA),

A

supplemented with 10% FBS. After 1 h, the cells were trans-
fected with a 50 nM Si-Nrf2 complex using GenMute™
transfection reagent for 8 h in a humidified 37 °C incubator.
Subsequently, the medium was replaced with serum-free
medium for 16 h before treatment with FeSP or TA.

Statistical Analysis

The data were presented as mean + S.E.M. and were statisti-
cally analyzed and graphed using GraphPad Prism version
7.0.0. All data were assumed to follow a normal distribution.
One-way ANOVA and post hoc Dunnett multiple compari-
sons were conducted. A p-value of <(0.05 was regarded as
statistically significant.

Results

Effect of Tannic Acid, FeSP, and RSL3 on Cell Viability
of HK-2 Cells

To assess the optimal concentration and cytotoxicity in
HK-2 cells, we conducted a viability assay. In Fig. 1A, we
demonstrated that a 24-h incubation with TA, up to a con-
centration of 5 pM, does not adversely affect the viability
of HK-2 cells. Ferroptosis is closely associated with lipid
peroxidation within cells. Therefore, when lipid peroxida-
tion levels rise, it can lead to the damage of cell membranes,
indicating the occurrence of ferroptosis. In Figs. 1B and C,
we presented that the concentration for inducing ferroptosis
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in HK-2 cells is 1 pM for FeSP and 2 pM for RSL3 during
a 16-h incubation. Doubling the dosage did not result in a
significant further reduction in cell viability. This suggests
that, at this concentration, lipid peroxidation exceeds the
threshold that HK-2 cells can withstand.

Tannic Acid Confers Better Protection
from Ferroptosis than Deferoxamine

TA is well-known as an iron chelator. In Fig. 2A, as little as
0.25 pM of TA provided complete protection from ferrop-
tosis induced by 1 pM FeSP. In Fig. 2B, we demonstrated
that TA prevented ferroptosis induced by 2 pM RSL3 in a
dose-dependent manner, with 1 uM of TA offering 100%
protection. We compared this to DFO, a commonly used
iron chelator, which had been previously tested to prevent
ferroptosis [1]. Our results indicate that DFO provides
approximately 80% protection from ferroptosis induced by
FeSP at 0.25 pM and complete protection at 5 pM (Fig. 2C).
However, DFO does not provide any protection when cells
are induced by RSL3 (Fig. 2D). Furthermore, we displayed
bright field images of the cells to visually illustrate the pro-
tective effects of TA and DFO (Fig. 2E, F). In Fig. 2G, we
also demonstrated that TA attenuates the elevation of lipid
ROS 8 h after FeSP treatment.

Tannic Acid Stabilizes the Expression of Molecular
Markers Associated with Ferroptosis

In previous studies, various ferroptosis markers such as
TfR1 and COX2 have been identified. However, our find-
ings, as shown in Fig. 3A, indicate that TA has no significant
impact on Nrf2, pNrf2, HO-1, or COX2 expression (results
not displayed as no discernible expression was observed).
Treatment with both FeSP (Fig. 3B) and RSL3 (Fig. 3C) led
to a reduction in Nrf2 and pNrf2 levels, accompanied by an
increase in COX2 expression. In Fig. 3D, a clear increase
in TfR1 levels was observed in cells treated with FeSP for
8 h, alongside a decrease in HO-1 and Nrf2 expression fol-
lowing a 16-h FeSP treatment. Interestingly, the addition
of TA resulted in reduced TfR1 expression while increas-
ing both HO-1 and Nrf2 expression, although TA alone did
not induce the expression of these proteins. TA has been
known to have chelating activity towards iron. In Fig. 3E,
we showed that FeSP treatment increases intracellular Fez+,
one of the markers of ferroptosis. As expected, TA treat-
ment concentration-dependently reduces the accumulation
of intracellular Fe**.

The Protection of Tannic Acid is Independent of Nrf2

Nrf2 functions as a central regulator of antioxidant defense.
Previous studies have highlighted Nrf2's critical role in

mitigating ferroptosis and lipid peroxidation. In our earlier
research, we utilized ML385, the only pharmacological
inhibitor designed specifically for Nrf2 inhibition. In that
study, we demonstrated significant toxicity when combin-
ing ML385 with RSL3 [8]. In Fig. 4, we employed non-
toxic concentrations of both FeSP and ML385. Consistent
with our previous findings, the inhibition of Nrf2 by ML385
resulted in heightened toxicity, even when challenged with
non-toxic doses of FeSP (Fig. 4A). Nonetheless, TA con-
tinued to protect cells from ferroptosis, indicating its Nrf2-
independent efficacy. In addition to pharmacological inhibi-
tion, we also employed Si-Nrf2 transfection to knock down
Nrf2. Similarly, despite the reduced expression and activity
of Nrf2, leading to the absence of HO-1 expression, TA still
exhibits its protective effect (Fig. 4B). We also showcased
TA's Nrf2-independent protective effect by examining the
expression of antioxidant proteins such as Nrf2, pNrf2 and
HO-1 (Fig. 4C and D). To strengthen this observation, we
assessed the definitive marker of ferroptosis, lipid ROS, and
observed that Nrf2 inhibition led to a ~tenfold increase in
lipid ROS levels in the presence of FeSP. However, TA pre-
treatment prevented this effect, maintaining lipid ROS levels
comparable to the control group (Fig. 4E).

Tannic Acid Prevents Liver and Kidney Dysfunction
in Male Rats Fed by FeSO,,

To assess TA's protective effects in vivo, we administered
TA to male albino rats for 8 days. On the 7th and 8th day, we
subjected the rats to an intragastric dose of FeSO, (300 mg/
kg). On the 9th day, the rats were sacrificed, and blood,
liver, and kidney samples were collected. In Fig. 5A, we
observed that BUN levels, an indicator of kidney function,
were elevated in rats fed with FeSO,. Figure 5B illustrates
that ALT levels, an indicator of liver function, were also
elevated in the FeSO,-fed rats. However, all tested doses
of TA significantly lowered BUN and ALT levels, indicat-
ing TA's protective effects. We further corroborated these
findings with TBRAS assays, which measure lipid peroxi-
dation. FeSO,-treated rats displayed higher TBRAS levels
in both the kidney (Fig. 5C) and liver (Fig. 5D), which TA
effectively prevented. Additionally, we examined the expres-
sion of several proteins, including Nrf2, pNrf2, and HO-1
(Fig. 5E and 5F). Generally, our observations in rats mir-
rored those in HK-2 cells. In both kidney and liver, FeSO,
treatment induced HO-1 expression, which was not observed
in the TA-treated group. This suggests that since HO-1
expression serves as a protective response to external stress,
such as FeSQO,, it increased in the kidney and liver. However,
due to TA's ability to trap iron and radicals, lipid ROS levels
did not increase, resulting in the absence of HO-1 expression
in this group.
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Fig.2 Comparison between the protective effects of tannic acid (TA)
and a renowned iron chelator, deferoxamine (DFO). (A) Cell viabil-
ity of HK-2 cells after incubation with FeSP or (B) RSL3 for 16 h
with or without TA pretreatment for 1 h. (C) Cell viability of HK-2
cells after incubation with FeSP or (D) RSL3 for 16 h with or without
DFO pretreatment for 1 h. (E) Brightfield image with 10X magnifica-
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tion of HK-2 cells after incubation with FeSP or (F) RSL3 for 16 h
with or without TA or DFO pretreatment for 1 h. (G) Lipid ROS level
assessed by flowcytometry in HK-2 cells after incubation with FeSP
for 8 h with or without TA or DFO pretreatment for 1 h. N=3 for
each group. *p<0.05 compared to FeSP or RSL3, analyzed by one-
way ANOVA followed by Dunnett post-test



Tannic Acid Suppresses Ferroptosis Induced by Iron Salophene Complex in Kidney Cells and Prevents...

A B

Tannic Acid (uM) _0 0.1 0.250.5 0.75 1.0
Nr2)> (o o - - -

o2 [

Nrf2p>

[ o = o = o |
GAPDH )"t i 4 200 oNr2D
HO-1»> E
D Control FeSP

TfR1/DAPI

HO-1/DAPI

NRf2/DAPI

E
Control

300

z
- '5 30001
FeSP 1 uM g8
- S § 20004
S FeSP1uM+TA0.25uM & u-=°_' 1000
150 s
- o.
. FeSP 1 uM + TA 0.5 uM 3
N FeSP 1 uM + TA 1 uM
DO 0 102 108 1ot o

PE-A

Fig.3 Evaluation of various ferroptosis markers in HK-2 cells
exposed to FeSP or RSL3 and subjected to tannic acid treatment. (A)
TA shows no apparent effect on Nrf2 and pNrf2 for 24 h incubation
(B) Western blot analysis of ferroptosis marker in HK-2 cells treated
with FeSP (1 uM) or (C) RSL3 (2 uM) for 16 h with or without 1 h
TA (0.25 uM in FeSP and 1 uM in RSL3) pretreatment. (D) Immuno-
fluorescence image with 10X magnification of TfR1 after 8 h incuba-

Tannic Acid Inhibits iron Accumulation in Ahe Liver
and Kidney Triggered by FeSO,,

Due to its large molecular size and poor bioavailability,
TA is known to have limited absorption. As anticipated,
the administration of a high dose of FeSO, resulted in
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tion with FeSP (1 uM), and HO-1 and Nrf2 after 16 h incubation with
FeSP (1 uM) with or without 1 h pretreatment with TA (0.25 uM).
(E) Intracellular Fe>* detected by FerroOrange after 16 h incubation
with FeSP (1 uM) with or without 1 h pretreatment with TA analyzed
by flowcytometry. *p <0.05 compared to FeSP, analyzed by one-way
ANOVA followed by Dunnett post-test

substantial iron accumulation in both the liver and kidney
as evidenced by the Prussian Blue staining (Fig. 6A), and
tissue iron measurement (Fig. 6B). Both TA and FeSO,
were administered intragastrically. In this context, we
hypothesized that TA would form complexes with iron,
reducing its absorption and tissue accumulation. As
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Fig.4 The protective effect of TA is independent of Nrf2. (A) Viabil-
ity of HK-2 cells subjected to ML385 (5 puM) pretreatment for 1 h,
or (B) transfected with Si-Nrf2 for 8 h, followed by TA (0.25 uM or
0.5 uM) for 1 h, and FeSP (0.5 uM) for 16 h. (C) Western blot analy-
sis of antioxidant protein in HK-2 cells subjected to ML385 (5 pM)
pretreatment for 1 h, or (D) transfected with Si-Nrf2 for 8 h, followed

expected, treatment with TA (7.5 mg/kg) effectively pre-
vented iron accumulation, with results comparable to the
control group. This suggests that, in addition to its anti-
oxidant properties, TA's significant effect may primarily
stem from its iron-chelating activity.
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Lipid ROS level assessed by flowcytometry in HK-2 cells after trans-
fection with Si-Nrf2 for 8 h, followed by TA (0.25 uM or 0.5 uM)
for 1 h, and FeSP (0.5 uM) for 8 h. N=3 for each group. *p<0.05
compared to FeSP+ML385 or FeSP + Si-Nrf2, analyzed by one-way
ANOVA followed by Dunnett post-test

Discussion

Iron accumulation is a core factor that increases lipid per-
oxidation, leading to ferroptosis [3]. Elevated levels of
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lipid peroxidation, followed by membrane damage, are
clear indications of ferroptosis. Numerous studies and
reviews have established that ferroptosis plays a crucial
role in various diseases and is a target for drug develop-
ment [21]. Several potent ferroptosis inhibitors, such as
Ferrostatin-1, Liproxstatin-1, and UAMC-3203, have been
identified to date. However, the concept of iron toxicity
in ferroptosis and the development of drugs to address
this aspect have received limited attention, with only a
few studies exploring this area. A recent study has shown
that plasma iron levels and lipid peroxidation of critically
ill patients exhibit a strong correlation with the severity
of multiorgan dysfunction. That study even went a step
further and used an iron toxicity model in mice to explore
potential of UAMC-3203 as antiferroptosis drugs [6].

Iron toxicity in humans is a well-documented concern. A
report from 2020 documented a total of 3625 instances of
unintended ingestion of iron or iron salts [22], indicating
an increasing trend compared to 2014, when 3211 cases
were reported [23]. The clinical spectrum of iron toxicity
is extensive, spanning a range of manifestations includ-
ing gastrointestinal discomfort, emesis, diarrhea, impaired
hepatic function, renal insufficiency, and, in exceptional
cases, mortality.

Previous studies have shown that TA can inhibit erastin-
induced ferroptosis in stem cell [24]. In this study, we pre-
sent, for the first time, the robust antiferroptotic properties
of tannic acid (TA) both in vitro and in vivo, using iron and
RSL3 as inducers of ferroptosis. For the in vitro model, we
used kidney cells, as a previous study in mice showed that
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Fig.6 Tannic acid prevents
elevated iron deposition induced
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the kidney is the most affected organ by iron toxicity using
ferrous sulfate (FeSO,) [6]. We employed two ferroptosis
inducers in the cell model: one is iron-salophene (FeSP),
which mimics iron accumulation leading to ferroptosis, and
the second is RAS-selective lethal 3 (RSL3), a glutathione
peroxidase 4 inhibitor, which will eventually lead to lipid
peroxidation accumulation and ferroptosis. TA demonstrated
particular efficacy in mitigating ferroptosis triggered by
FeSP or RSL3 in HK-2 cells in a low concentration 1 uM
or less. TA is widely recognized for its ability to form com-
plexes with iron, a property that has found applications in
various biomedical fields, including drug delivery and can-
cer research [25]. Studies have demonstrated that TA forms
a 1:1 complex with Fe(Ill) and a 3:1 complex with Fe(II)
[26]. Physiologically, the majority of iron is internalized
through its binding with transferrin, facilitating its entry
into cells through endocytosis. Our findings indicate that
FeSP treatment leads to an increase in transferrin receptor
protein 1 (TfR1). Consequently, we propose that the elevated
levels of TfR1 contribute to an augmentation in cellular
iron uptake, potentially facilitating the entry of FeSP into
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the cells. By using FerroOrange as Fe** probe, we found
that FeSP treatment increases intracellular Fe2*, whereas
TA treatment concentration-dependently decreases intra-
cellular Fe?*, confirming its ability to trap iron. However,
our finding of increased TfR1 expression in kidney cells
appears noncanonical, as iron overload typically leads to a
reduction in TfR1 expression as part of the normal cellular
mechanism to regulate intracellular iron levels [27]. Addi-
tionally, we acknowledge the limitation that this study did
not assess TfR1 expression in the tissues of the rats, mak-
ing it challenging to draw definitive conclusions about TfR1
in iron-induced ferroptosis and toxicity. Further research is
needed to explore the role of different iron complexes and
other sources of iron in modulating TfR1 and other proteins
involved in iron trafficking to address this limitation and
enhance our understanding.

TA has been shown to possess strong antioxidant and
radical scavenging activity [13]. When exposed to FeSP, TA
demonstrated effective cell protection at a low concentration
of 0.25 uM. In contrast, the iron chelator DFO exhibited
similar efficacy but required a higher dose of > 1 uM for
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similar protection. When RSL3 was used, TA showed potent
protection at a concentration of 1 uM, whereas DFO failed
to provide any protection, even at a concentration of 10 uM.
One possible explanation for the lack of protective effects
observed with DFO in the presence of RSL3, a ferroptosis
inducer, could stem from the distinct mechanism by which
ferroptosis is induced. RSL3 triggers ferroptosis by reduc-
ing or eliminating GPX4 levels. GPX4 plays a crucial role
in catalyzing the reduction of lipid ROS into lipid alcohols,
directly counteracting lipid ROS. Given that DFO acts as an
iron chelator, its inability to confer protection in the context
of RSL3-induced ferroptosis can be reasonably understood.
These results indirectly imply that TA's antiferroptotic activ-
ity arises from its iron-chelating capabilities and its radical-
trapping ability, attributed to its polyphenolic nature. Our
investigation in vivo revealed that the intragastric admin-
istration of as little as 7.5 mg/kg of TA to rats effectively
reduces the elevated levels of malondialdehyde (MDA) and
iron accumulation induced by intragastric administration
of FeSO, in the liver and kidney of rats, which serve as a
model for iron overload. Notably, the results of kidney and
liver parameters, including blood urea nitrogen (BUN) and
alanine aminotransferase (ALT), provided additional sup-
port for our hypothesis that TA confers a strong protective
effect against iron-induced liver and kidney dysfunction.
However, comparing TA's activity with other ferroptosis
inhibitors that act as radical traps, such as Ferrostatin-1, is
essential. We acknowledge this as a limitation of our study
and recommend that future research include comparisons
with other ferroptosis inhibitors to provide a more compre-
hensive understanding.

Nrf2 is a transcription factor responsible for regulating
numerous antioxidant genes and plays a role in protecting
cells from ferroptosis [28]. Moreover, it also plays role in
controlling iron homeostasis [29]. In a previous study, we
discovered that the use of an Nrf2 inhibitor, ML385, resulted
in increased toxicity in cells treated with RSL3 [8]. In our
current study, we observed a significant decrease in Nrf2
expression when cells were treated with RSL3 and FeSP,
and this decrease was prevented by TA treatment. Interest-
ingly, TA treatment alone did not increase Nrf2 expression.
Our results also suggest that TA's protective effect operates
independently of Nrf2 since inhibiting Nrf2 with ML385 or
Nrf2 knockdown with Si-Nrf2 did not diminish the protec-
tion provided by TA against ferroptosis induced by FeSP.

The Nrf2 and heme-oxygenase 1 (HO-1) axis is known
to be involved in RSL3-induced ferroptosis. Our results in
both TA with FeSP or TA with RSL3 shows increase in
HO-1 expression. However, when TA was administered
alone, there was no noticeable increase in HO-1 expression
(results are not shown). Prior research has already indi-
cated that HO-1 plays a crucial role in reducing ferroptosis.
This was demonstrated when kidney cells lacking HO-1

displayed increased sensitivity to ferroptosis inducers [9].
In our research, we observed a significant difference in the
expression of HO-1 when comparing the use of a lethal con-
centration of FeSP (Fig. 3B) and a non-lethal concentration
(Fig. 4B). Specifically, we noted that HO-1 did not express
at all when the high dose of FeSP was administered. We
interpret this finding as follows: when a high dose of FeSP
is used, it leads to a substantial increase in lipid ROS levels
and a significant suppression of Nrf2 expression and activ-
ity. These factors collectively contribute to the absence of
HO-1 expression at higher FeSP doses. In contrast, when
a non-lethal concentration of FeSP is employed, it appears
to elevate lipid ROS levels to a moderate extent. We also
observed that when RSL3 was used, HO-1 was upregulated.
We suggest there was a speculative increase in lipid ROS
when HO-1 is upregulated, which triggers the cell antioxi-
dant system. In this case, it is orchestrated by Nrf2, leading
to the upregulation of HO-1. However, it is important to note
that a more comprehensive investigation is required to delve
deeper into this phenomenon and understand the underlying
mechanisms at play. We also noted an increase in COX2 lev-
els both with FeSP and RSL3. While COX2 is traditionally
recognized as a key player in inflammation, recent research
has suggested its potential as a specific marker for ferropto-
sis. However, attempts to inhibit COX2 during ferroptosis
do not result in a reduction in ferroptosis levels, confirm-
ing its role as a downstream marker rather than a causative
factor in ferroptosis [30]. In our experiments, we observed
an increase in COX2 expression when cells were treated
with either FeSP or RSL3, and this elevated expression was
almost completely diminished when treated with TA.

A limitation of our study is that, while the iron dose used
in this research is considered high and potentially toxic to
humans, no behavioral changes or pain symptoms in the rats
were observed at least 24 h after iron ingestion. Nonethe-
less, our study demonstrated that iron in the form of FeSO,
at a dose of 300 mg/kg resulted in increased lipid ROS,
elevated levels of BUN and ALT, as well as iron deposition
in the liver and kidney of the rats. This parallels the effects
observed in humans following high dose of iron ingestion.

Due to its antioxidant capacity, coupled with iron-chelat-
ing properties, TA may offer potential benefits in cases
of accidental iron ingestion. However, its route of admin-
istration is limited to oral consumption, as other methods
such as intravenous or subcutaneous administration can
be toxic [31]. TA is poorly absorbed in its unmetabolized
form through gastrointestinal (GI) system hence the ben-
eficial effect of TA we showed in this study is likely due to
its iron chelating activity in the GI track which inhibit the
absorbtion of iron into circulation. Nonetheless, TA can be
metabolized into gallic acid, pyrogallol, or resorcinol and
absorbed into circulation which although lost iron chelating
activity however still posseses antioxidant activity [32]. The
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iron-chelating ability of TA arises from its multiple phenolic
hydroxyl groups. However, when the ester bonds in TA are
hydrolyzed, free gallic acid is released, leading to a loss of
this chelating capacity. Despite this, gallic acid, which still
contains phenolic hydroxyl groups, can continue to function
as an antioxidant through H + transfer [33]. According to the
European Food Safety Authority, TA is considered safe for
consumption as a food additive at levels up to 15 mg/kg. Pre-
vious studies have investigated TA's specific chelation prop-
erties, revealing its ability to selectively affect serum iron
levels without interfering with essential minerals like zinc,
copper, and manganese [34]. This characteristic further sug-
gests that TA might be beneficial for conditions associated
specifically with elevated iron levels. For instance, TA could
have potential utility in individuals with hemochromatosis,
a condition characterized by the excessive accumulation of
iron in tissues and organs. Since the body does not produce
iron, supplementing with TA alongside food (source of iron)
could potentially provide therapeutic benefits for people with
hemochromatosis. However, further research is needed to
fully investigate and confirm these potential applications.
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