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Abstract: Alterations occur in the homeostasis of the transition metals iron (Fe?") and copper (Cu?*)
during aging and these are further amplified in neurodegenerative diseases, including Alzheimer’s
disease (AD). These observations suggest that the most effective drug candidates for AD might
be those that can reduce these alterations. The flavonoid fisetin has both neuroprotective and
anti-inflammatory activity both in vitro and in vivo and can bind both iron and copper suggesting
that its chelating activity might play a role in its beneficial effects. To test this idea, the effects of iron
and copper on both the neuroprotective and anti-inflammatory activities of fisetin were examined.
It is shown that while fisetin can reduce the potentiation of cell death by iron and copper in response
to treatments that lower glutathione levels, it is much less effective when the metals are combined
with other inducers of oxidative stress. In addition, iron but not copper reduces the anti-inflammatory
effects of fisetin in a dose-dependent manner. These effects correlate with the ability of iron but not
copper to block the induction of the antioxidant transcription factor, Nrf2, by fisetin. In contrast,
although the flavanone sterubin also binds iron, the metal has no effect on sterubin’s ability to induce
Nrf2 or protect cells from toxic or pro-inflammatory insults. Together, these results suggest that while
iron and copper binding could contribute to the beneficial effects of neuroprotective compounds in
the context of neurodegenerative diseases, the consequences of this binding need to be fully examined
for each compound.
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1. Introduction

My laboratory has shown that the flavonoid fisetin (3,7,3’,4’ tetrahydroxyflavone) has both
neuroprotective and cognition-enhancing activities [1]. Fisetin was first identified in a screen for
compounds that could protect nerve cells from a form of oxidative stress-induced nerve cell death
called oxytosis or ferroptosis [2]. Not only does fisetin have direct antioxidant activity but it can
also maintain the levels of the major intracellular antioxidant, glutathione (GSH), in the presence of
oxidative stress by inducing the transcription factors, Nrf2 and ATF4 [3]. Importantly, administration
of fisetin via the diet prevented the loss of cognitive function in mouse models of both familial
(APPswe/PS1dE9 (huAPP/PS1) double transgenic AD mice) [4] and sporadic (rapidly aging SAMPS
mice) [5] Alzheimer’s disease (AD). In addition, fisetin has shown efficacy in preclinical models of
Parkinson’s disease, Huntington’s disease and amyotrophic lateral sclerosis as well as multiple models
of stroke [forreview1]. Importantly, fisetin was found to have robust anti-inflammatory activity both
in vitro [6-8] and in vivo [9]. Together, these observations suggest that fisetin has multiple properties
that might make it useful for the treatment of age-related neurological diseases.
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With aging there is an increase in both iron and copper in the brain and these levels are further
increased in AD [10-16] suggesting that they might play a role in the cognitive dysfunction that is
the primary characteristic of the disease. For instance, a correlation was found between accelerated
cognitive decline and high copper intake [17]. Analysis of the brains of AD patients with magnetic
resonance imaging (MRI) found that damage to the hippocampus, the region of the brain that plays a
key role in memory;, is associated with iron accumulation [18,19]. Moreover, increases in brain iron
levels as determined by MRI were associated with a decrease in cognitive function [19,20]. Importantly,
the iron accumulation occurs only in the parts of the brain that are involved in AD [18]. A more
recent study which investigated the association between post-mortem iron levels with the clinical and
pathological diagnosis of AD found a strong correlation between high levels of iron in the inferior
temporal cortex and cognitive decline while no increase in iron was seen in the cerebellum, a part of
the brain not affected by AD [21].

Not only can iron and copper accumulation contribute to increases in oxidative stress and the
potentiation of nerve cell death by oxytosis/ferroptosis [22] but recent studies suggest they may also
may play roles in cellular senescence, a pro-inflammatory cell fate associated with age-related diseases,
including AD [23,24]. Furthermore, iron and copper chelators have shown beneficial effects in animal
models of AD[11,25,26] as well as some limited positive results in human AD patients [24,27]. However,
these human results are tempered by the neurotoxicity associated with one of these compounds,
cliquinol [28,29], as well as questions about its efficacy [30]. Indeed, the cliquinol clinical trials were
stopped due to severe neurotoxic effects due to oxidative damage [29].

Metal chelation has been implicated in the beneficial effects of a number of different flavonoids
including fisetin [31]. Indeed, fisetin has been reported to bind both iron [31-34] and copper [33,35].
Therefore, in this study it was asked if at least some of the neuroprotective and/or anti-inflammatory
properties of fisetin could be due to its ability to modulate the effects of iron and/or copper on cells.

2. Materials and Methods

2.1. Materials

The source of FeCl,, CuCl, and all other chemicals and reagents was Sigma-Aldrich (St. Louis,
MO, USA) unless another company is listed.

2.2. Oxytosis Assay

The HT22 mouse hippocampal nerve cells are grown in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA, USA) which is supplemented with 10% fetal
calf serum (FCS) (Invitrogen). The cells were plated in 96-well plates at 5 x 103 cells/well. After 24 h
of culture, the medium was exchanged with fresh medium and glutamate [36] and fisetin alone
(5 uM) or 5 puM fisetin (Indofine, Hillsborough, NJ, USA) and different amounts of FeCl, or
CuCl, (0.5-10 uM) were added to the cells. In some cases, the oxidants H,O, or t-butylperoxide
or the glutathione peroxidase 4 inhibitor RSL3 (Cayman Chemical, Ann Arbor, MI, USA) were
used instead of glutamate to induce cell death. After 24 h of treatment, viability was measured
by the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay as previously
described [36,37]. The results of the MTT assay were confirmed by visual observation of the wells.
To test for the effects of the metals on cell survival and proliferation, controls with the metals alone
were included.

2.3. Inflammation Assay

In this assay, mouse BV2 microglial cells grown in low glucose DMEM supplemented with 10%
FCS were plated at 5 x 10° cells in 35 mm tissue culture dishes. After growth overnight, the cells
were treated with 25 pug/mlL bacterial lipopolysaccharide (LPS) alone or in the presence of fisetin
alone (5 uM) or 5 uM fisetin and different amounts of FeCl, or CuCl, (0.5-10 uM). After 24 h the
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medium was removed, spun briefly to remove floating cells and 100 uL assayed for nitrite as described
previously [38]. ELISAs (R&D Systems, Minneapolis, MN, USA) were used to assess the levels of IL-6
and TNFa in the supernatants following the manufacturer’s instructions.

2.4. Enzymatic Measurement of Total Glutathione (tGSH)

For measurement of total GSH, 3 x 10° HT22 cells were plated in 60 mm dishes. After 24 h of
culture, the medium was exchanged with fresh medium and the indicated concentrations of glutamate,
5 uM fisetin alone or 5 uM fisetin and different amounts of FeCl, or CuCl, (0.5-10 uM) were added to
the cells. The cells were treated for 24 h or as indicated in the figure legends and then prepared and
analyzed for GSH as described previously [3]. The GSH content was normalized to total protein in the
solubilized acid-precipitated pellet using the bicinchoninic acid (BCA) assay (Pierce, Rockford, IL) [3].
To compare the effects of the treatments on cytoplasmic versus mitochondrial GSH levels, 9 x 10° HT22
cells were plated in 100 mm dishes and treated exactly as the cells in 60 mm dishes. At the end of the
treatment, the cells were separated into cytoplasmic, nuclear and mitochondrial fractions by differential
centrifugation [39] and then the cytoplasmic and mitochondrial fractions were assaysed for GSH as
described above for the total cell extract.

2.5. Reactive Oxygen Species (ROS) Measurement

HT22 cells were seeded onto 96-well black walled microtiter plates at a density of 1 x 10* cells
per well. The next day, the cells were treated with 10 uM fisetin alone or in the presence of FeCl, or
CuCl, and/or in the presence of 5 mM glutamate for 7-8 h or 250 nM RSL3 for 4 h. The medium was
then replaced with 100 uL loading medium (phenol red-free Hank’s balanced salt solution containing
10 uM CM-H,DCFDA (C6827, Invitrogen)). After 30 min, the fluorescence (A excitation = 495 nm,
A emission = 525 nM) was determined using a Molecular Devices microplate reader. Each treatment
was done in sextuplicate. DCFDA fluorescence was normalized to control cells not exposed to metals,
glutamate or fisetin.

2.6. Determination of Intracellular Iron and Copper Binding

HT22 cells were seeded onto 96-well black walled microtiter plates at a density of 1 x 10* cells
per well. The next day, the cells were treated with fisetin alone or in the presence of FeCl, or CuCl,
for 3 h. The medium was then replaced with 100 pL loading medium (phenol red-free Hank’s balanced
salt solution containing either 2 uM Phen Green FL diacetate (copper; P6763, Invitrogen) or 2 uM Phen
Green SK diacetate (iron, P14313, Invitrogen). After 30 min, the fluorescence (A excitation = 490 nm,
A emission = 520 nM for Phen Green FL ovd A excitation = 507 nm, A emission = 532 nM for Phen
Green SK) was determined using a Molecular Devices microplate reader. Each treatment was done in
sextuplicate. Fluorescence was normalized to control cells not exposed to the metals.

2.7. Determination of the Trolox Equivalent Activity Concentration (TEAC)

TEAC values for fisetin were determined as described previously [40].

2.8. Protein Preparation and Western Blotting

For the analysis by Western blotting, 24 h prior to the indicated treatments, 3 X 10° HT22 cells
were plated on 60 mm dishes. After the treatments, nuclear extracts were prepared as described [3].
The protein concentrations of the extracts were determined using the BCA assay and equal amounts
were solubilized in sample buffer as described [3].

Equal amounts of protein (10-20 pg per lane) were used for SDS-PAGE. The proteins were
separated on 10% Criterion XT Precast Bis-Tris Gels (Biorad, Hercules, CA, USA) and transferred to
nitrocellulse using a semi-dry transfer apparatus (Transblot, Biorad). The blots were stained with
Ponceau S to ascertain the quality of protein measurement, electrophoresis and transfer efficiency.
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The nitrocellulse membranes were blocked for 1 h at room temperature with 5% non-fat milk in
TBS-T (20 mM Tris buffer pH 7.5, 0.5 M NaCl, 0.1% Tween 20) and then at 4 °C overnight in the
primary antibody diluted in 5% BSA in TBS/0.05% Tween 20. The primary antibodies used were:
rabbit anti-Nrf2 (#sc-13032, 1/500) and rabbit anti-ATF4 (#sc-200, 1/500) from Santa Cruz Biotechnology
(Dallas, TX, USA) and HRP-conjugated rabbit anti-actin (#5125, 1/20,000) from Cell Signaling (Danvers,
MA, USA). The anti-ATF4 and anti-Nrf2 blots were rinsed with TBS/0.05% Tween 20 and incubated for
1 h at room temperature in horseradish peroxidase-goat anti-rabbit (Biorad, Hercules, CA) diluted
1/5000 in 5% nonfat milk in TBS/0.1% Tween 20. The immunoblots were developed with the Super
Signal reagent (Pierce, Rockford, IL). For both antibodies, the same membrane was re-probed with
the HRP anti-actin antibody. Autoradiographs were scanned using a Biorad GS800 scanner and the
band density was determined using the manufacturer’s software. Each Western blot was performed a
minimum of three times with independent protein samples.

2.9. Statistical Analysis

All of the experiments were performed at least in triplicate and were repeated a minimum of
three times. The statistical analysis of the results was done using GraphPad Prism 7 and either
the t-test or analysis of variance (ANOVA) test and Tukey’s post test for individual group means
comparisons as appropriate. The results were analyzed for statistically significant differences with
p < 0.05 considered significant.

3. Results

To examine the effects of iron and copper on fisetin-mediated neuroprotection, I used the oxytosis
assay in conjunction with the HT22 hippocampal nerve cell line. This assay tests the ability of
compounds to rescue cells from oxidative stress-induced regulated cell death initiated by glutathione
(GSH) depletion [41]. Because of the mechanistic association of the oxytosis assay with aging and
age-associated neurodegenerative diseases such as AD, it is an excellent model for studying pathways
involved in nerve cell damage and death in these diseases [42—44]. Importantly, recent studies indicate
that iron [22,45] and copper [22] can both exacerbate the cell death initiated by GSH depletion.

3.1. Addition of Fisetin Shifts the Dose Response Curve for Iron and Copper Potentiation to Higher Concentrations

Recently, it was shown that Fe?* and Cu?* can potentiate oxytosis in a dose-dependent manner [22]
so it was asked if fisetin could reduce this potentiation and how that related to the metal:fisetin ratio.
Fisetin was tested at 5 uM, a concentration that provides excellent protection [3]. For these experiments,
the metals and fisetin were added separately alone or in the presence of glutamate and the effects
on cell survival determined. While the addition of 2.5 uM Fe?* significantly potentiated glutamate
toxicity (Figure 1A), the presence of 5 uM fisetin shifted this dose to 10 uM Fe?*. Similarly, the dose
response curve for the potentiation of toxicity by Cu?* was also shifted significantly by 5 uM fisetin.
However, fisetin was less effective at protecting against potentiation of oxytosis by Cu?* than by Fe?*.
Together, these results indicate that fisetin can modulate the potentiation of oxytosis by transition
metals prompting further investigation into the mechanisms underlying this effect.
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Figure 1. FeCl, and CuCl, modulate the effects of fisetin on survival and GSH. (A) Fisetin reduces the
potentiation of glutamate toxicity by FeCl, and CuCl,. HT22 cells were treated with 2.5 mM glutamate
in the presence of 5 uM fisetin and/or FeCl, or CuCl, at the indicated concentrations. Cell survival was
measured after 24 h with the MTT assay. The experiments were done in quadruplicate and the results
are the average of 5-6 independent experiments. (B) Fisetin reduces the potentiation of total GSH loss
by FeCl, and CuCl,. HT22 cells were treated with 2.5 mM glutamate in the presence of 5 uM fisetin
and/or FeCl, or CuCl, at the indicated concentrations. Cells were harvested after 24 h and total GSH
was measured. The results are the average of 5-6 independent experiments. * indicates p < 0.05 and
*** indicates p < 0.001 relative to fisetin + glutamate alone and " indicates p < 0.05, *" indicates p < 0.01
and "™ indicates p < 0.001 relative to glutamate alone. (C) Fisetin similarly reduces the potentiation of
total GSH loss by FeCl, and CuCl, in both cytoplasm and mitochondria. HT22 cells were treated with
2.5 mM glutamate in the presence of 10 uM fisetin and/or 5 uM FeCl, or CuCl; (0.5:1, metal:fisetin).
Cells were harvested after 24 h, separated into cytoplasmic and mitochondrial fractions and total GSH
was measured. The results are the average of 4-6 independent experiments. ** indicates p < 0.01 and
*** indicates p < 0.001 relative to fisetin + glutamate alone. ™" indicates p < 0.01 and " indicates p < 0.001
relative to glutamate alone. (D) Fisetin reduces free intracellular Fe2* levels at Fe?* fisetin ratios of 0.5:1
and below. Free intracellular Fe>* was measured using the dye PhenGreen SK after 3 h of treatment
with 10 uM fisetin and the indicated concentrations of FeCl,. (E) Fisetin reduces free intracellular
Cu?* levels at Cu?*fisetin ratios of 0.25:1 and below. Free intracellular Cu** was measured using
the dye PhenGreen FL after 3 h of treatment with 10 uM fisetin and the indicated concentrations
of CuCl,. The experiments were done in sextuplicate and the results are the average of 4-6 independent
experiments. * indicates p < 0.05 and ** indicates p < 0.01 relative to the metal alone.
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3.2. Fisetin Reduces the Effects of Iron and Copper on GSH Loss

Since GSH loss is a key step in oxytosis [41] and fisetin is able to reduce glutamate-induced loss of
GSH [2,3,40], the effects of fisetin on Fe?*- or Cu?*-potentiated GSH loss in glutamate-treated cells were
examined next. As shown in Figure 1B, when Fe?* or Cu?* and 5 uM fisetin were added separately
in the presence of glutamate, fisetin was able to shift the dose response curve for GSH loss to higher
concentrations of the metals. Similar to the results of the oxytosis assay, fisetin was less effective at
protecting against potentiation of GSH loss by Cu?* than by Fe?*. Similar results were obtained when
the cells were fractionated and GSH levels were measured in both the cytoplasmic and mitochondrial
fractions (Figure 1C) with fisetin less effective at preventing the potentiation of GSH loss by Cu®*
than by Fe?*.

3.3. Effects of Fisetin on the Intracellular Levels of Iron and Copper

In order to determine how these effects of fisetin on the potentiation of GSH loss and cell death by
Fe?* or Cu?* correlated with the ability of fisetin to bind the metals within the HT22 cells, fluorescent
dyes sensitive to the metals were used [46,47]. In both cases, the fluorescence of the dye is quenched
by the free metal so if fisetin binds the metal, then the fluorescence should be increased relative to
the level in the presence of the metal alone. As shown in Figure 1D, fisetin was able to reduce the
fluorescence quenching by Fe?" at Fe?*fisetin ratios of 0.5:1 and below. Fisetin was less effective at
reducing the fluorescence quenching by Cu?* with no significant effects seen at a Cu?*:fisetin ratio
higher than 0.25:1 (Figure 1E).

3.4. Iron but Not Copper Inhibits the Induction of Nrf2 by Fisetin

Previously, we showed that fisetin maintained GSH levels in the presence of oxidative stress
partly by increasing the levels of the transcription factors Nrf2 and ATF4 [3]. To determine if some of
the effects of the metals on fisetin’s ability to maintain GSH levels in the presence of oxidative stress
were related to inhibition of fisetin’s ability to induce Nrf2 and/or ATF4, nuclei were prepared from
control cells and cells treated with 5 uM fisetin alone or in the presence of increasing concentrations of
Fe?* or Cu®*. Surprisingly, while Cu?* had no significant effect on the ability of fisetin to increase Nrf2
or ATF4 levels at any of the concentrations tested, Fe?" significantly reduced the levels of Nrf2 and
ATF4 induced by fisetin at a 0.5:1 (Fe?*:fisetin) ratio and above (Figure 2A,B) although the effect on
Nrf2 levels was greater than the effect on ATF4 levels (Figure 2B). However, neither Fe>* nor Cu?* had
any effect on the ability of several other Nrf2 inducers including carnosol, celastrol and sulforaphane
to induce Nrf2 or ATF4 (Figure 2C,D).

It was then asked if Fe?* also interfered with Nrf2 or ATF4 induction by other flavonoids.
Quercetin is a potent Nrf2 inducer [48], has also been shown to bind Fe?* [49] and is structurally very
closely related to fisetin with the only difference being an additional hydroxyl group at the 5 position.
We recently showed that the flavanone sterubin is also a strong inducer of Nrf2 and binds Fe?* [50].
Interestingly, similar to the results with fisetin, Fe>* but not Cu®* interfered with the ability of quercetin
to induce Nrf2 and ATF4 but neither metal had any effect on the induction of Nrf2 or ATF4 by sterubin
(Figure 2E,F).

3.5. Effects of Iron and Copper on the Antioxidant Activity of Fisetin

Recently, it was shown that Fe?* and Cu®* increase the levels of reactive oxygen species (ROS)
in control cells as measured using the dye CM-H;DCFDA [22]. Increases in ROS also play a key
role in the oxytosis pathway [41]. Fisetin was able to prevent the metal-induced increases in ROS in
control cells (Figure 3A). However, while 5 uM fisetin was also very effective at reducing the increases
in ROS production following glutamate treatment, the presence of 10 M Fe?" blocked that effect.
Surprisingly, 10 uM Cu?" interfered much less with the ability of fisetin to suppress glutamate-induced
ROS (Figure 3B).
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Fisetin has direct antioxidant activity which might play a role in its ability to both suppress ROS
production and maintain GSH levels and this activity might be affected differentially by the metals.
This direct antioxidant activity can be assessed using the Trolox Equivalent Activity Assay (TEAC) [40]
where fisetin has a reported TEAC value of ~3 [2]. This value did not change significantly in the
presence of increasing concentrations of Fe?* or Cu®* (Figure 3C) consistent with the lack of effect
of Fe** or Cu?* on basal ROS levels (Figure 3A). These results are also consistent with the lack of
correlation between iron binding and radical scavenging for a number of flavonoids, including fisetin,
seen in an earlier study [31]. Thus, direct interference of Fe?" or Cu?* with the direct antioxidant
activity of fisetin cannot explain the differential effects of the metals on the ability of fisetin to suppress
glutamate-induced ROS production.
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Figure 2. Effects of FeCl, and CuCl, on fisetin-induced increases in the transcription factors Nrf2
and ATF4. (A) Representative Western blots for Nrf2, ATF4 and actin of nuclear extracts from HT22
cells treated for 4 h with 5 uM fisetin either alone (fis) or in the presence of increasing concentrations
of FeCl, or CuCl,. (B) Quantitation of results from four independent experiments identical to (A).
(C) Representative Western blots for Nrf2, ATF4 and actin of nuclear extracts from HT22 cells treated
for 4 h with 5 uM fisetin, 1 uM carnosol, 1 uM celastrol or 5 uM sulforaphane either alone (-) or
in the presence of a 2 fold molar excess of FeCl, or CuCl,. (D) Quantitation of results from three
independent experiments identical to (C). Since sulforaphane did not induce ATF4, no results for this
are shown. (E) Representative Western blots for Nrf2, ATF4 and actin of nuclear extracts from HT22
cells treated for 4 h with 5 uM fisetin, 5 uM quercetin or 5 uM sterubin either alone (-) or in the presence
of 10 uM FeCl, or CuCl,. (F) Quantitation of results from four independent experiments identical to (E).
In (B,D), * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001 relative to fisetin alone.
In (F), * indicates p < 0.05 and *** indicates p < 0.001 relative to compound alone.
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Figure 3. Effects of FeCl, and CuCl; on fisetin-mediated reductions in ROS levels. (A) HT22 cells were
treated with 10 uM fisetin and increasing concentrations of FeCl, or CuCl,. After 7 hr, ROS levels
were determined using CM-H; DCFDA as described in Materials and Methods. The treatments were
done in sextuplicate and the results are the average of 4 independent experiments. (B) Cells were
treated with 5 mM glutamate alone or in the presence of 10 uM fisetin and/or 10 pM of FeCl, or CuCl,.
After 7 h, ROS levels were determined using CM-H; DCFDA as described in Materials and Methods.
The treatments were done in sextuplicate and the results are the average of 4 independent experiments.
**p <0.01, ** p < 0.001 relative to glutamate alone. " p < 0.001 relative to glutamate + CuCl, alone.
(C) TEAC values were determined for fisetin in the presence of increasing concentrations of FeCl, or
Cu(l, as described in Materials and Methods.

3.6. Iron More than Copper Dose-Dependently Reduces the Protection by Fisetin against Multiple Stresses

Given the distinct effects of Fe>* or Cu®* on the ability of fisetin to prevent glutamate-induced ROS
production (Figure 3), it was next asked whether Fe?* and/or Cu?* altered fisetin-mediated protection
against oxidative stresses not associated with GSH depletion. Recently, it was shown that neither Fe?*
nor Cu?* potentiated the toxicity of t-butyl peroxide or hydrogen peroxide [22]. Here, the effects of the
metals on fisetin-mediated protection against t-butyl peroxide and/or hydrogen peroxide toxicity were
examined. As shown in Figure 4A,B, Fe>* reduced protection by 10 uM fisetin against both insults at
concentrations of 5 uM and above while Cu?* had a much more modest effect.

RSL3 is an inhibitor of glutathione peroxidase 4 (GPx4) [51] which induces a form of cell death
called ferroptosis which is very similar, if not identical, to the form of cell death induced by treatment
with glutamate [42]. However, its toxicity does not involve GSH depletion. As shown in Figure 4C,
both Fe?" and Cu?" alone potentiated RSL3 toxicity consistent with the effects of both metals on
glutamate toxicity. Surprisingly, 5 tM fisetin enhanced the potentiation of RSL3 toxicity by Fe?" at
concentrations of 2.5 uM and above but had little or no effect on the potentiation of RSL3 toxicity by
Cu®* at the same ratios.

Since fisetin did not prevent the potentiation of glutamate-induced ROS production by Fe?*
(Figure 3) and ROS are required for the initiation of lipid peroxidation which drives RSL3-mediated
cell death, it was asked if a similar response was seen with RSL3 treatment. HT22 cells were treated
for 4 h with RSL3 alone or in the presence of fisetin and/or the metals. As shown in Figure 4D,
fisetin completely blocked ROS production by RSL3. While Cu?* enhanced RSL3-mediated ROS
production, this was also completely prevented by fisetin. In contrast, while Fe>* alone did not further
increase RSL3-mediated ROS production, it was significantly increased in the presence of fisetin
consistent with the potentiation of RSL3 toxicity by the combination of Fe?" and fisetin.
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Figure 4. FeCl, and CuCl, modulate the effects of fisetin on protection from multiple toxicities.
FeCl, and CuCl, reduce fisetin-mediated protection against hydrogen peroxide (H,O,) (A) or t-butyl
peroxide (tBOOH) (B) toxicity. HT22 cells were treated with 0.5 mM H;O, or 2.5 pM tBOOH in the
presence of 10 uM fisetin and/or FeCl, or CuCl; at the indicated concentrations. Cell survival was
measured after 24 h with the MTT assay. The experiments were done in quadruplicate and the results
are the average of 4 independent experiments. (C) FeCl, and CuCl, differentially affect fisetin-mediated
protection against RSL3 toxicity. HT22 cells were treated with 100 nM RSL3 in the presence of 5 uM
fisetin and/or FeCl, or CuCl, at the indicated concentrations. Cell survival was measured after 24 h
with the MTT assay. The experiments were done in quadruplicate and the results are the average of
5 independent experiments. (A-C), * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001
relative to fisetin + toxin alone. (C), ™" indicates p < 0.01 and " indicates p < 0.001 relative to RSL3
alone for both FeCl, and CuCl,. (D) Cells were treated with 250 nM RSL3 alone or in the presence of
10 uM fisetin and 5 uM FeCl, or CuCl,. After 4 h, ROS levels were determined using CM-H,DCFDA
as described in Materials and Methods. The treatments were done in sextuplicate and the results are
the average of 4 independent experiments. ** p < 0.01, *** p < 0.001 relative to RSL3 alone. """ p < 0.001
relative to RSL3 + FeCl, or CuCl, alone.

3.7. Effects of Iron and Copper on the Anti-inflammatory Effects of Fisetin

To determine if the interactions between Fe?*, Cu?* and fisetin were specific to neuroprotection
or were also seen with other activities of fisetin, we looked at the effects of Fe?* and Cu%* on the
anti-inflammatory activity of fisetin using mouse BV-2 microglial cells. Multiple studies have shown
that fisetin dose-dependently reduces the increase in both nitric oxide (NO) and pro-inflammatory
cytokine production following LPS treatment of microglia [6-9]. The effects of Fe?* and Cu®* alone
on LPS-induced stimulation of NO and cytokine production were examined first. As shown in
Figure 5A-C, neither had any significant effect at the doses used (2.5-10 uM). However, while 5 uM
fisetin alone reduced NO production by ~75% (Figure 5A), IL-6 production by ~60% (Figure 5B) and
TNFa production by ~50% (Figure 5C), Fe?* dose dependently reduced the anti-inflammatory effects
of fisetin (Figure 5A-C). In contrast, Cu?* had no effect or slightly enhanced the anti-inflammatory
effects of fisetin (Figure 5A-C).
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Figure 5. FeCl, and CuCl, differentially modulate the anti-inflammatory effects of fisetin. Dose dependent
effects of FeCl, and CuCl, on the inhibition of NO and pro-inflammatory cytokine production by
fisetin in LPS-treated BV-2 microglial cells. BV-2 cells were treated overnight with 25 ng/mL LPS in the
presence of 5 uM fisetin alone or with the addition of the indicated concentrations of FeCl, or CuCl,.
Cell culture supernatants were cleared and assayed for NO by the Griess assay or pro-inflammatory
cytokines using specific ELISAs. Results are presented as the percent (%) of the value obtained with
LPS alone which was set at 100%. (A) NO, (B) IL6, (C) TNFa«. The results represent the average of
3—4 independent experiments. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001
relative to fisetin + LPS alone.

Since it was found that induction of Nrf2 by fisetin was blocked by Fe?* but not Cu?* (Figure 2)
and Nrf2 activates anti-inflammatory pathways [52], it was next asked whether inhibition of Nrf2
induction by Fe?* contributed to the Fe>*-mediated decrease in the anti-inflammatory effects of fisetin.
First, the effects of fisetin + Fe2* or Cu?* on nuclear Nrf2 levels were examined. BV-2 cells treated for
24 h with 5 uM fisetin showed a large increase in nuclear Nrf2 levels and this was significantly reduced
by Fe?* but not Cu?* (Figure 6A,B) at all doses of the metals that were tested. Next, Nrf2 was knocked
down in BV-2 cells with siRNA (Figure 6C; average knockdown = 82 + 9%) and the anti-inflammatory
effects of fisetin on LPS-treated cells in the absence and presence of the metals was examined. BV-2 cells
treated with control siRNA behaved almost identically to untreated cells with regard to the effects of
fisetin on LPS-stimulated NO and cytokine production (Figure 6D-F). In contrast, in BV-2 cells treated
with Nrf2 siRNA, the anti-inflammatory effects of fisetin were greatly diminished with regard to NO
and IL-6 production but not TNFe production (Figure 6D-F). In the absence of Nrf2, Fe?" only modestly
further reduced the effects of fisetin on NO and IL-6 production. Knockdown of Nrf2 had a much lesser
effect on the reduction of fisetin-induced TNFa production by Fe?*. ATF4 knockdown (not shown) did
not blunt the effects of Fe?* on the fisetin-mediated suppression of NO or IL-6 production. Together,
these results suggest that the negative effects of Fe?" on fisetin-induced Nrf2 upregulation could at
least partly explain its inhibition of the anti-inflammatory actions of fisetin.
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Figure 6. Nrf2 plays a key role in the anti-inflammatory effects of fisetin. (A) Representative Western
blots for Nrf2, ATF4 and actin in nuclear extracts from BV-2 cells treated with 25 ng/mL LPS alone or in
the presence of 5 uM fisetin + the indicated concentrations of FeCl, or CuCl, for 4 h. (B) Quantitation
of results from four independent experiments identical to (A). ** indicates p < 0.01 and *** indicates
p < 0.001 relative to fisetin alone. (C) Representative Western blot of BV-2 cells treated for 48 h with
control siRNA (ct si) or Nrf2 siRNA (Nrf2 si). (D-F) BV2 cells transfected with control siRNA (ct si) or
Nrf2 siRNA (Nrf2 si) were treated overnight with 25 ng/mL LPS and 5 uM fisetin and/or the indicated
concentrations of FeCl, or CuCl,. Cell culture supernatants were cleared and assayed for NO by the
Griess assay or pro-inflammatory cytokines using specific ELISAs. Results are presented as the percent
(%) of the value obtained with LPS alone which was set at 100%. NO (D); IL6 (E) or TNF« (F). Results in
(D-F) are the average of three independent experiments. * indicates p < 0.05, ** indicates p < 0.01 and
*** indicates p < 0.001 relative to fisetin + LPS alone. # indicates p < 0.05 relative to Nrf2 siRNA with
fisetin and LPS only.

3.8. Fe’™ Has a Minimal Effect on the Neuroprotective and Anti-inflimmatory Effects of Sterubin

Since we recently showed that sterubin has neuroprotective and anti-inflammatory activity in the
same assays as described above with fisetin [50] and here found that Fe?* does not interfere with the
ability of sterubin to induce Nrf2 or ATF4 (Figure 2E,F), it was next asked what effect Fe>* has in these
assays on the actions of sterubin. As shown in Figure 7, Fe’* had no effect on the protective effect of
5 uM sterubin in the oxytosis assay (Figure 7A) nor did it interfere with the ability of 5 pM sterubin
to maintain GSH levels in the presence of glutamate (Figure 7B). Similarly, Fe?* did not reduce the
protective effects of 5 uM sterubin against RSL3 toxicity (Figure 7C). Consistent with the results with
the HT22 cells, Fe?* did not alter Nrf2 induction by 5 uM sterubin in the BV2 cells (Figure 7D) and had
no effect on the strong anti-inflammatory effects of 5 pM sterubin against NO and IL-6 production in
the BV2 cells (Figure 7E,F). Effects on TNF were not examined as sterubin has only a very modest
effect on LPS-induced TNF« production [50]. Consistent with these results, FeZ*, did not interfere
with the induction of Nrf2 by sterubin in the BV2 cells (Figure 7G).
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Figure 7. FeCl, does not interfere with the activities of sterubin. (A) FeCl, does not alter the protective
effect of sterubin against glutamate toxicity. HT22 cells were treated with 2.5 mM glutamate in the
presence of 5 uM sterubin and/or FeCl; at the indicated concentrations. Cell survival was measured
after 24 h with the MTT assay. The experiments were done in quadruplicate and the results are the
average of 4 independent experiments. (B) FeCl, does not affect the maintenance of GSH levels by
sterubin. HT22 cells were treated with 2.5 mM glutamate in the presence of 5 pM sterubin and/or
FeCl, at the indicated concentrations. Cells were harvested after 24 h and total GSH was measured.
The results are the average of 5-6 independent experiments. (C) FeCl, only slightly impairs the
protective effect of sterubin against RSL3 toxicity. HT22 cells were treated with 100 nM RSL3 in the
presence of 5 uM sterubin and/or FeCl, at the indicated concentrations. Cell survival was measured
after 24 h with the MTT assay. The experiments were done in quadruplicate and the results are the
average of 4 independent experiments. (D-E) FeCl, does not reduce the anti-inflammatory effects
of sterubin. BV-2 cells were treated overnight with 25 ng/mL LPS in the presence of 5 uM sterubin
alone or with the addition of the indicated concentrations of FeCl,. Cell culture supernatants were
cleared and assayed for NO by the Griess assay or IL-6 using a specific ELISA. Results are presented
as the percent (%) of the value obtained with LPS alone which was set at 100%. ** indicates p < 0.01

AAA

relative to sterubin + RSL3 alone. " indicates p < 0.05 and "™ indicates p < 0.001 relative to insult alone.
(F) Quantitation of results from four independent experiments identical to (G). (G) Representative
Western blots for Nrf2, ATF4 and actin of nuclear extracts from BV-2 cells treated with 25 ng/mL LPS

alone or in the presence of 5 uM sterubin + the indicated concentrations of FeCl, or CuCl, for 4 h.
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4. Discussion

The major observation from these studies is that the binding of iron or copper by the flavonol
fisetin modulates its effects on cells. Importantly, the consequences of this binding appear to depend
on both the type of cell and the type of insult. For example, while copper binding can reduce the
protective effects of fisetin against oyxtosis, it slightly potentiates the anti-inflammatory effects of
fisetin. In contrast, while iron has a dramatic effect on the anti-inflammatory effects of fisetin, it has a
lesser impact on the protective effects of fisetin against oxytosis.

These differences appear, at least in part, to be due to the other important observation from this
study which is that iron but not copper inhibits the induction of Nrf2 by fisetin. This effect of iron
is observed in both HT22 hippocampal nerve cells and in BV-2 microglial cells and is not seen with
several other Nrf2 inducers suggesting that the effect is specific to the mechanism underlying the
induction of Nrf2 by fisetin and structurally related flavonoids such as quercetin. The exact mechanism
is currently unclear but it is not due to the destabilization of Nrf2. The effect of fisetin on the half-life of
nuclear Nrf2 [3] is similar in the absence or presence of iron (not shown). In contrast, iron does not
interfere with the ability of the flavanone sterubin to induce Nrf2 and sterubin remains effective in all
of the assays, even in the presence of excess iron.

Another reason for the differences in the effects of iron and copper on the activity of fisetin in the
different cell assays could be due to the distinct contributions of iron and copper to the potentiation of
oxytosis. Recently, it was shown that copper is a more potent potentiator of oyxtosis than iron [22].
Copper but not iron has multiple detrimental effects in this toxicity assay including inhibition of
cystine uptake, which in its reduced form (cysteine) is the rate limiting amino acid in GSH biosynthesis,
and inhibition of glutamate cysteine ligase activity, the rate limiting enzyme in GSH biosynthesis.
Thus, any excess copper not bound by fisetin could still act on these targets to promote cell death.
In addition, it was found that in cells fisetin is less effective at binding copper than iron (Figure 1C,D)
which would further exacerbate this difference.

In contrast, the more dramatic effects of iron as compared to copper on fisetin-mediated protection
against hydrogen peroxide toxicity could be due to the much stronger ability of iron to oxidize fisetin
as compared to copper [33]. Importantly, oxidized fisetin was previously shown to be a potent
pro-oxidant [53]. This would be consistent with the inability of fisetin to prevent the potentiation of
glutamate-induced ROS production by iron but not copper. The iron-dependent oxidation of fisetin
to generate a pro-oxidant could also, at least partly, explain the enhancing effects of fisetin on the
iron-mediated potentiation of RLS3 toxicity. Inhibition of GPx4 by RSL3 leads to a large increase
in lipid peroxidation [51] and since lipid peroxidation requires an initiator ROS [54], it is possible
that oxidized fisetin can play this role. Indeed, while fisetin alone was very effective at preventing
RSL3-induced ROS production, the combination of fisetin and iron enhanced ROS production by RSL3
while that of fisetin and copper did not.

A number of studies have looked at the binding of iron by fisetin [31-34]. Dimitric Markovic [34] et al.
found that at neutral or alkaline pH, the chelating group was the catechol in the B ring and that
fisetin bound iron in a 1:1 ratio. Several studies have also looked at copper binding by fisetin [33,35].
At neutral pH, fisetin also binds copper in a 1:1 ratio and, as with iron, the main chelating group
is the catechol moiety in the B ring [35]. However, studies on other flavonols [55] found that the
catechol group was associated with weak copper chelation activity. These differences in iron and
copper binding by the catechol group could play a role in the distinct effects of the metals on the
different activities of fisetin. However, while these test tube studies showed that fisetin bound iron
and copper equally well, this does not seem to be the case is cells where fisetin is somewhat more
effective at binding iron than copper and in neither case does there appear to be 1:1 binding of the
metal with fisetin. This difference between the test tube and cells could be related to pH since at pH 7.5,
both neutral and ionized forms of all of the ionizable hydroxyl groups of fisetin can co-exist [35].

Iron and copper are not toxic by themselves at the doses used in these studies but they promote
the toxicity of various stresses, particularly those that induce GSH depletion [22]. GSH plays a key
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role in the maintainence of the cellular redox state [56]. Numerous studies have shown decreases
in total GSH and/or reduced GSH levels in the brain with aging for reviews see [57,58]. Although
many studies on GSH levels in the brain have been done on post-mortem tissue, more recent work
has used live subjects in combination with double-edited 'H magnetic resonance spectroscopy (MRS).
For example, when the GSH levels in the occipital cortex of healthy young (20 yr) and elderly (77 yr)
human subjects were compared, they were found to be significantly decreased (~30%) in the elderly
subjects [59]. Moreover, multiple studies in humans have demonstrated lower levels of GSH with
age in plasma and/or red blood cells [57,60-62] and this age-dependent decrease is enhanced in mild
cognitive impairment and AD [63]. AD patients also have lower levels of GSH in their brains for
review see [64]. Indeed, a study that used 'H MRS to examine GSH levels in the hippocampus and
frontal cortex of control, MCI and AD subjects showed a disease-dependent decrease in GSH levels in
both brain regions that correlated with lower levels of cognitive function [65]. Importantly, the levels of
GSH in the hippocampus could distinguish between healthy controls and MCI subjects while the levels
of GSH in the cortex could distinguish between MCI and AD patients. Further analysis showed that
the decreases in GSH were not secondary to tissue atrophy. Interestingly, two recent studies in mice
that used knockdown of the catalytic subunit of glutamate cysteine ligase, the rate limiting enzyme for
GSH biosynthesis in all neurons [66] or only forebrain neurons [67], to specifically reduce neuronal
GSH levels, showed an enhanced, age-dependent development of cognitive deficits relative to control
animals, supporting the idea that GSH loss contributes to cognitive impairments in aging and AD.
Importantly, in the former study [66], the decrease in GSH levels in the hippocampus was modest
but comparable to that seen in MCI and AD subjects [65]. Thus, age- and AD-dependent decreases
in GSH levels may make the elderly particularly susceptible to damage associated with the age- and
AD-dependent increases in the concentrations of iron and copper in the brain [14,25] and thereby
initiate a feed forward cycle of cell damage and death. Thus, the results presented here suggest that
compounds such as fisetin and sterubin that target both GSH loss and metal ion increases may provide
a more effective approach to treating sporadic AD. This conclusion is supported by our recent study
with fisetin in the SAMP8 mouse model of aging and sporadic AD [5].

However, as shown here, fisetin loses its effectiveness against both GSH loss and pro-inflammatory
stimuli at equimolar and higher concentrations of iron. In contrast, copper only negatively impacts the
effectiveness of fisetin against GSH loss and actually slightly enhances the anti-inflammatory activity
of fisetin. Thus, the use of fisetin should be calibrated to the potential role of iron or copper in the
specific condition being treated. Furthermore, the flavanone sterubin might provide an alternative to
fisetin in conditions with an excess of iron since iron did not have an impact on the beneficial effects
of sterubin in the various assays. Indeed, we recently showed that sterubin is effective at preserving
memory in an acute model of AD [68].

Funding: This work was supported by funding from NIH (RO1 AG046153 and RF1 AG054714), the Edward N. &
Della Thome Memorial Foundation and the Paul F. Glenn Center for Aging Research at the Salk Institute.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Maher, P. Preventing and treating neurological disorders with the flavonol fisetin. Brain Plast. 2020, in press.
[CrossRef]

2. Ishige, K.; Schubert, D.; Sagara, Y. Flavonoids protect neuronal cells from oxidative stress by three distinct
mechanisms. Free Radic. Biol. Med. 2001, 30, 433-446. [CrossRef]

3. Ehren, J.L.; Maher, P. Concurrent regulation of the transcription factors Nrf2 and ATF4 mediates the
enhancement of glutathione levels by the flavonoid fisetin. Biochem. Pharmacol. 2013, 85, 1816-1826. [CrossRef]

4. Currais, A.; Prior, M.; Dargusch, R.; Armando, A.; Ehren, J.; Schubert, D.; Quehenberger, O.; Maher, P.
Modulation of p25 and inflammatory pathways by fisetin maintains cognitive function in Alzheimer’s
disease transgenic mice. Aging Cell 2014, 13, 379-390. [CrossRef] [PubMed]


http://dx.doi.org/10.3233/BPL-200104
http://dx.doi.org/10.1016/S0891-5849(00)00498-6
http://dx.doi.org/10.1016/j.bcp.2013.04.010
http://dx.doi.org/10.1111/acel.12185
http://www.ncbi.nlm.nih.gov/pubmed/24341874

Antioxidants 2020, 9, 1113 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Currais, A.; Farrokhi, C.; Dargusch, R.; Armando, A.; Quehenberger, O.; Schubert, D.; Maher, P. Fisetin
reduces the impact of aging on behavior and physiology in the rapidly aging SAMPS8 mouse. J. Gerentol. A
Biol. Sci. Med. Sci. 2018, 73, 299-307. [CrossRef] [PubMed]

Zheng, L.T.; Ock, J.; Kwon, B.-M.; Suk, K. Suppressive effects of flavonoid fisetin on lipopolysaccharide-
induced microglial activation and neurotoxicity. Int. Immunopharmacol. 2008, 8, 484-494. [CrossRef] [PubMed]
Wang, L.; Tu, Y.-C.; Lian, T.-W.; Hung, J.-T,; Yen, J.-H.; Wu, M.-]. Distinctive antioxidant and antiinflammatory
effects of flavonols. |. Agric. Food Chem. 2006, 54, 9798-9804. [CrossRef]

Sung, B.; Pandey, M.K.; Aggarwal, B.B. Fisetin, an inhibitor of cyclin-dependent kinase 6, down-regulates
nuclear factor-kB-regulated cell proliferation, antiapoptotic and metastatic gene products through the
suppression of TAK-1 and receptor-interacting protein-regulated IkBa kinase activation. Mol. Pharmacol.
2007, 71, 1703-1714. [CrossRef]

Gelderblom, M.; Leypoldt, E; Lewerenz, J.; Birkenmayer, G.; Orozco, D.; Ludewig, P.; Thundyil, J.;
Arumugam, T.V.; Gerloff, C.; Tolosa, E.; et al. The flavonoid fisetin attenuates postischemic immune cell
infiltration, activation and infarct size after transient cerebral middle artery occlusion in mice. J. Cereb. Blood
Flow Metab. 2012, 32, 835-843. [CrossRef]

Bourassa, M.W.; Leskovjan, A.C.; Tappero, R.V,; Farquhar, E.R.; Colton, C.A.; Van Nostrand, W.E.; Miller, L.M.
Elevated copper in the amyloid plaques and iron in the cortex are observed in mouse models of Alzheimer’s
disease that exhibit neurodegeneration. Biomed. Spectrosc. Imaging 2013, 2, 129-139. [CrossRef]

Hare, D.; Ayton, S.; Bush, A.IL; Lei, P. A delicate balance: Iron metabolism and diseases of the brain.
Front. Aging Neurosci. 2013, 5, 34. [CrossRef] [PubMed]

Ward, RJ.; Zucca, FA.; Duyn, J.H,; Crichton, RR.; Zecca, L. The role of iron in brain ageing and
neurodegenerative disorders. Lancet Neurol. 2014, 13, 1045-1060. [CrossRef]

Li, Y,; Jiao, Q.; Xu, H.; Du, X; Shi, L; Jia, F,; Jiang, H. Biometal dyshomeostasis and toxic metal accumulations
in the development of Alzheimer’s disease. Front. Mol. Neurosci. 2017, 10, 339. [CrossRef] [PubMed]
Bagheri, S.; Squitti, R.; Haertle, T.; Siotto, M.; Saboury, A.A. Role of copper in the onset of Alzheimer’s disease
compared to other metals. Front. Aging Neurosci. 2018, 9, 446. [CrossRef] [PubMed]

Ashraf, A ; Clark, M.; So, P-W. The aging of iron man. Front. Aging Neurosci. 2018, 10, 65. [CrossRef] [PubMed]
Ndayisaba, A.; Kaindlstorfer, C.; Wenning, G.K. Iron in neurodegeneration-Cause or consequence?
Front. Neurosci. 2019, 13, 180. [CrossRef]

Morris, M.C.; Evans, D.A.; Tangney, C.C.; Bienias, J.L.; Schneider, J.A.; Wilson, R.S.; Scherr, P.A. Dietary
copper and high saturated and trans fat intakes associated with cognitive decline. Arch. Neurol. 2006, 63,
1085-1088. [CrossRef]

Raven, E.P,; Lu, PH.; Tishler, T.A.; Heydari, P; Bartzokis, G. Increased iron levels and decreased tissue integrity
in hippocampus of Alzheimer’s disease detected in vivo with magnetic resonance imaging. J. Alzheimer’s Dis.
2013, 37, 127-136. [CrossRef]

Langkammer, C.; Ropele, S.; Pirpamer, L.; Fazekas, F.; Schmidt, R. MRI for iron mapping in Alzheimer’s
disease. Neurodegener. Dis. 2014, 13, 189-191. [CrossRef]

Penke, L.; Valdes Hernandez, M.C.; Maniega, SM.; Gow, A.J.; Murray, C.; Starr, ] M.; Bastin, M.E,;
Deary, L].; Wardlaw, ].M. Brain iron deposits are associated with general cognitive ability and cognitive aging.
Neurobiol. Aging 2012, 33, 510-517. [CrossRef]

Ayton, S.; Wang, Y.; Diouf, L; Schneider, J.A.; Brockman, J.; Morris, M.C.; Bush, A.L Brain iron is associated
with accelerated cognitive decline in people with Alzheimer pathology. Mol. Psychiatry 2019, in press.
[CrossRef] [PubMed]

Mabher, P. Potentiation of glutathione loss and nerve cell death by the transition metals iron and copper:
Implications for age-related neurodegenerative diseases. Free Rad. Biol. Med. 2017, 115, 92-104. [CrossRef]
[PubMed]

Masaldan, S.; Clatworthy, S.A.S.; Gamell, C.; Smith, Z.M.; Francis, P.S.; Denoyer, D.; Meggyesy, PM.; La
Fontaine, S.; Cater, M.A. Copper accumulation in senescent cells: Interplay between copper transporters and
impaired autophagy. Redox Biol. 2018, 16, 322-331. [CrossRef] [PubMed]

Masaldan, S.; Belaidi, A.A.; Ayton, S.; Bush, A.IL Cellular senescence and iron dyshomeostasis in Alzheimer’s
disease. Pharmaceuticals 2019, 12, 93. [CrossRef] [PubMed]

Hagemeier, J.; Geurts, ].].G.; Zivadinov, R. Brain iron accumulation in aging and neurodegenerative disorders.
Expert Rev. Neurother. 2012, 12, 1467-1480. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/gerona/glx104
http://www.ncbi.nlm.nih.gov/pubmed/28575152
http://dx.doi.org/10.1016/j.intimp.2007.12.012
http://www.ncbi.nlm.nih.gov/pubmed/18279803
http://dx.doi.org/10.1021/jf0620719
http://dx.doi.org/10.1124/mol.107.034512
http://dx.doi.org/10.1038/jcbfm.2011.189
http://dx.doi.org/10.3233/BSI-130041
http://dx.doi.org/10.3389/fnagi.2013.00034
http://www.ncbi.nlm.nih.gov/pubmed/23874300
http://dx.doi.org/10.1016/S1474-4422(14)70117-6
http://dx.doi.org/10.3389/fnmol.2017.00339
http://www.ncbi.nlm.nih.gov/pubmed/29114205
http://dx.doi.org/10.3389/fnagi.2017.00446
http://www.ncbi.nlm.nih.gov/pubmed/29472855
http://dx.doi.org/10.3389/fnagi.2018.00065
http://www.ncbi.nlm.nih.gov/pubmed/29593525
http://dx.doi.org/10.3389/fnins.2019.00180
http://dx.doi.org/10.1001/archneur.63.8.1085
http://dx.doi.org/10.3233/JAD-130209
http://dx.doi.org/10.1159/000353756
http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.032
http://dx.doi.org/10.1038/s41380-019-0375-7
http://www.ncbi.nlm.nih.gov/pubmed/30778133
http://dx.doi.org/10.1016/j.freeradbiomed.2017.11.015
http://www.ncbi.nlm.nih.gov/pubmed/29170091
http://dx.doi.org/10.1016/j.redox.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29579719
http://dx.doi.org/10.3390/ph12020093
http://www.ncbi.nlm.nih.gov/pubmed/31248150
http://dx.doi.org/10.1586/ern.12.128
http://www.ncbi.nlm.nih.gov/pubmed/23237353

Antioxidants 2020, 9, 1113 16 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ayton, S.; Lei, P,; Bush, A.I. Metallostasis in Alzheimer’s disease. Free Rad. Biol. Med. 2013, 62, 76-89.
[CrossRef]

Adlard, P.A.; Bush, A.I. Metals and Alzheimer’s disease: How far have we come in the clinic? ]. Alzheimer’s Dis.
2018, 62, 1369-1379. [CrossRef]

Bareggi, S.R.; Cornelli, U. Clioquinol: Review of its mechanisms of action and clinical uses in
neurodegenerative disorders. CNS Neurosci. Ther. 2012, 18, 41-46. [CrossRef]

Lanza, V.; Milardi, D.; Di Natale, G.; Pappalardo, G. Repurposing of copper(Il) chelating drugs for the
treatment of neurodegenerative diseases. Curr Med. Chem. 2018, 25, 525-539. [CrossRef]

Sampson, E.L.; Jenagaratnam, L.; McShane, R. Metal protein attenuating compounds for the treatment of
Alzheimer’s disease. Cochrane Database Syst. Rev. 2014, 16, CD005380.

Melidou, M.; Riganakos, K.; Galaris, D. Protection against nuclear DNA damage offered by flavonoids in
cells exposed to hydrogen peroxide: The role of iron chelation. Free Rad. Biol. Med. 2005, 39, 1591-1600.
[CrossRef] [PubMed]

Van Acker, S.A.B.E.; van den Berg, D.-J.; Tromp, M.N.J.L.; Griffioen, D.H.; van Bennekom, W.P.; van der
Vijgh, W].E,; Bast, A. Structural aspects of antioxidant activity of flavonoids. Free Rad. Biol. Med. 1996, 20,
331-342. [CrossRef]

Moridani, M.Y.; Pourahmad, J.; Bui, H.; Siraki, A.; O’Brien, PJ. Dietary flavonoid iron complexes as
cytoprotective superoxide radical scavengers. Free Rad. Biol. Med. 2003, 34, 243-253. [CrossRef]

Dimitric Markovic, J.M.; Markovic, Z.S.; Brdaric, T.P,; Filipovic, N.D. Comparative spectroscopic and
mechanistic study of chelation properties of fisetin with iron in aqueous buffered solutions. Implications on
in vitro antioxidant activity. Dalton Trans. 2011, 40, 4560-4571. [CrossRef] [PubMed]

Lodyga-Chruscinska, E.; Pilo, M.; Zucca, A.; Garribba, E.; Klewicka, E.; Rowinska-Zyrek, M.; Symonowicz, M.;
Chruscinski, L.; Cheshchevik, V.T. Physiochemical, antioxidant, DNA cleaving properties and antimicorbial
activity of fisetin-copper chelates. J. Inorgan. Biochem. 2018, 180, 101-118. [CrossRef]

Davis, ].B.; Maher, P. Protein kinase C activation inhibits glutamate-induced cytotoxicity in a neuronal
cell lines. Brain Res. 1994, 652, 169-173. [CrossRef]

Lewerenz, J.; Albrecht, P.; Tien, M.L.; Henke, N.; Karumbayaram, S.; Kornblum, H.I.; Wiedua-Pazos, M.;
Schubert, D.; Maher, P.; Methner, A. Induction of Nrf2 and XCT are involved in the action of the neuroprotective
antibiotic ceftriazone in vitro. J. Neurochem. 2009, 111, 332-343. [CrossRef]

Chiruta, C.; Schubert, D.; Dargusch, R.; Maher, P. Chemical modification of the multi-target neuroprotective
compound fisetin. J. Med. Chem. 2012, 55, 378-389. [CrossRef]

Chaiyarit, S.; Thongboonkerd, V. Comparative analyses of cell disruption methods for mitochondrial isolation
in high-throughput proteomics study. Anal. Biochem. 2009, 394, 249-258. [CrossRef]

Mabher, P. A comparison of the neurotrophic activities of the flavonoid fisetin and some of its derivatives.
Free Rad. Res. 2006, 40, 1105-1111. [CrossRef]

Tan, S.; Schubert, D.; Maher, P. Oxytosis: A novel form of programmed cell death. Curr. Top. Med. Chem.
2001, 1, 497-506. [PubMed]

Lewerenz, J.; Ates, G.; Methner, A.; Conrad, M.; Maher, P. Oxytosis/ferroptosis-(Re-)emerging roles for
oxidative stress-dependent non-apoptotic cell death in diseases on the central nervous system. Front. Neurosci.
2018, 12, 214. [CrossRef] [PubMed]

Schubert, D.; Currais, A.; Goldberg, J.; Finley, K.; Petrascheck, M.; Maher, P. Geroneuroprotectors: Effective
geroprotectors for the brain. Trends Pharmacol. Sci. 2018, 39, 1004-1007. [CrossRef] [PubMed]

Huang, L.; McClatchy, D.B.; Maher, P; Liang, Z.; Diedrich, ] K.; Soriano-Castell, D.; Goldberg, J.; Shokhirev, M.;
Yates, ].R., III; Schubert, D.; et al. Intracellular amyloid toxicity induces oxytosis/ferroptosis regulated cell
death. Cell Death Dis. 2020, 11, 828. [CrossRef]

Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, EM.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.;
Cantley, A.M.; Yang, W.S,; et al. Ferroptosis: An iron-dependent form of non-apoptotic cell death. Cell 2012,
149, 1060-1072. [CrossRef]

Chavez-Crooker, P.; Garrido, N.; Ahearn, G.A. Copper transport by lobster hepatopancreatic epithelial cells
separated by centrifugal elutriation: Measurements with the fluorescent dye phen green. J. Exp. Biol. 2001,
204, 1433-1444.


http://dx.doi.org/10.1016/j.freeradbiomed.2012.10.558
http://dx.doi.org/10.3233/JAD-170662
http://dx.doi.org/10.1111/j.1755-5949.2010.00231.x
http://dx.doi.org/10.2174/0929867324666170518094404
http://dx.doi.org/10.1016/j.freeradbiomed.2005.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16298684
http://dx.doi.org/10.1016/0891-5849(95)02047-0
http://dx.doi.org/10.1016/S0891-5849(02)01241-8
http://dx.doi.org/10.1039/c0dt01834a
http://www.ncbi.nlm.nih.gov/pubmed/21431152
http://dx.doi.org/10.1016/j.jinorgbio.2017.12.006
http://dx.doi.org/10.1016/0006-8993(94)90334-4
http://dx.doi.org/10.1111/j.1471-4159.2009.06347.x
http://dx.doi.org/10.1021/jm2012563
http://dx.doi.org/10.1016/j.ab.2009.07.026
http://dx.doi.org/10.1080/10715760600672509
http://www.ncbi.nlm.nih.gov/pubmed/11895126
http://dx.doi.org/10.3389/fnins.2018.00214
http://www.ncbi.nlm.nih.gov/pubmed/29731704
http://dx.doi.org/10.1016/j.tips.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30446211
http://dx.doi.org/10.1038/s41419-020-03020-9
http://dx.doi.org/10.1016/j.cell.2012.03.042

Antioxidants 2020, 9, 1113 17 of 18

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Petrat, F.; Rauen, U.; De Groot, H. Determination of the chelatable iron pool of isolated rat hepatocytes by
digital fluorescence microscopy using the fluorescent probe, Phen Green SK. Hepatology 1999, 29, 1171-1179.
[CrossRef]

Zaplatic, E.; Bule, M.; Shah, S.Z.A; Uddin, M.S.; Niaz, K. Molecular mechanisms underlying protective role
of quercetin in attenuating Alzheimer disease. Life Sci. 2019, 224, 109-119. [CrossRef]

Mladenka, P; Macakova, K.; Filipsky, T.; Zatloukalova, L.; Jahodar, L.; Bovicelli, P.; Silvestri, LP;
Hrdina, R.; Saso, L. In vitro analysis of iron chelating activity of flavonoids. J. Inorgan. Biochem. 2011, 105,
693-701. [CrossRef]

Fischer, W.; Currais, A.; Liang, Z.; Pinto, A.; Maher, P. Old age-associated phenotypic screening for
Alzheimer’s disease drug candidates identifies sterubin as a potent neuroprotective compound from
Yerba santa. Redox Biol. 2019, 21, 101089. [CrossRef]

Yang, W.S.; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ] H,;
Clemons, P.A.; Shamji, A.F,; Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014,
156, 317-331. [CrossRef] [PubMed]

Ahmed, SM.U.; Luo, L.; Namani, A.; Wang, X.].; Tang, X. Nrf2 signaling pathway: Pivotal role in inflammation.
Biochim. Biophys. Acta 2017, 1863, 585-597. [CrossRef] [PubMed]

Galati, G.; Sabzevari, O.; Wilson, ].X.; O’Brien, PJ. Prooxidant activity and cellular effects of the phenoxyl
radicals of dietary flavonoids and other polyphenolics. Toxicology 2002, 177, 91-104. [CrossRef]

Zimniak, P. Relationship of electrophilic stress to aging. Free Rad. Biol. Med. 2011, 51, 1087-1105. [CrossRef]
Riha, M.; Karlickova, J.; Filipsky, T.; Macakova, K.; Rocha, L.; Bovicelli, P; Silvestri, L.P.; Saso, L.; Jahodar, L.;
Hrdina, R.; et al. In vitro evaluation of copper-chelating properties of flavonoids. RSC Adv. 2014, 4,
32628-32638. [CrossRef]

Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione
disulfide/glutathione couple. Free Rad. Biol. Med. 2001, 30, 1191-1212. [CrossRef]

Mabher, P. The effects of stress and aging on glutathione metabolism. Ageing Res. Rev. 2005, 4, 288-314.
[CrossRef]

Ballatori, N.; Krance, S.M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C.L. Glutathione dysregulation and
the etiology and progression of human diseases. Biol. Chem. 2009, 390, 191-214. [CrossRef]

Emir, U.E,; Raatz, S.; McPherson, S.; Hodges, ].S.; Torkelson, C.; Tawfik, P.; White, T.; Terpstra, M. Noninvasive
quantification of ascorbate and glutathione concentration in the elderly human brain. NMR Biomed. 2011, 24,
888-894. [CrossRef]

Giustarini, D.; Dalle-Donne, I.; Lorenzini, S.; Milzani, A.; Rossi, R. Age-related influence on thiol, disulfide
and protein-mixed disulfide levels in human plasma. J. Gerentol. A Biol. Sci. Med. Sci. 2006, 61, 1030-1038.
[CrossRef]

Droge, W.; Kinscherf, R.; Hildebrandt, W.; Schmitt, T. The deficit in low molecular weight thiols as a target
for antiageing therapy. Curr. Drug Targets 2006, 7, 1505-1512. [CrossRef] [PubMed]

Sekhar, R.V,; Patel, S.G.; Guthikonda, A.P; Reid, M.; Balasubramanyam, A.; Taffet, G.E.; Jahoor, F. Deficient
synthesis of glutathione underlies oxidative stress in aging and can be corrected by dietary cysteine and
glycine supplementation. Amer. |. Clin. Nutr. 2011, 94, 847-853. [CrossRef] [PubMed]

Bermejo, P.; Martin-Aragon, S.; Benedj, J.; Susin, C.; Felici, E.; Gil, P.; Ribera, ].M.; Villar, A.M. Peripheral
levels of glutathione and protein oxidation as markers in the development of Alzheimer’s disease from mild
cognitive impairment. Free Rad. Res. 2008, 42, 162-170. [CrossRef] [PubMed]

Saharan, S.; Mandal, PK. The emerging role of glutathione in Alzheimer’s disease. J. Alzheimer’s Dis. 2014,
40, 519-529. [CrossRef]

Mandal, PK.; Saharan, S.; Tripathi, M.; Murari, G. Brain glutathione levels-a novel biomarker for mild
cognitive impairment and Alzheimer’s disease. Biol. Psychiatry 2015, 78, 702-710. [CrossRef]
Fernandez-Fernandez, S.; Bobo-Jimenez, V.; Requejo-Aguilar, R.; SGonzalez-Fernandez, S.; Resch, M.;
Carabias-Carrasco, M.; Ros, J.; Almeida, A.; Bolanos, J.P. Hippocampal neurons require a large pool of
glutathione to sustain dendrite integrity and cognitive function. Redox Biol. 2018, 38, 5415-5428. [CrossRef]
Feng, W.; Rosca, M.; Fan, Y.; Hu, Y.; Feng, P.; Lee, H.-G.; Monnier, V.M.; Fan, X. Gclc deficiency in mouse
CNS causes mitochondrial damage and neurodegeneration. Hum. Mol. Gen. 2017, 26, 1376-1390. [CrossRef]


http://dx.doi.org/10.1002/hep.510290435
http://dx.doi.org/10.1016/j.lfs.2019.03.055
http://dx.doi.org/10.1016/j.jinorgbio.2011.02.003
http://dx.doi.org/10.1016/j.redox.2018.101089
http://dx.doi.org/10.1016/j.cell.2013.12.010
http://www.ncbi.nlm.nih.gov/pubmed/24439385
http://dx.doi.org/10.1016/j.bbadis.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27825853
http://dx.doi.org/10.1016/S0300-483X(02)00198-1
http://dx.doi.org/10.1016/j.freeradbiomed.2011.05.039
http://dx.doi.org/10.1039/C4RA04575K
http://dx.doi.org/10.1016/S0891-5849(01)00480-4
http://dx.doi.org/10.1016/j.arr.2005.02.005
http://dx.doi.org/10.1515/BC.2009.033
http://dx.doi.org/10.1002/nbm.1646
http://dx.doi.org/10.1093/gerona/61.10.1030
http://dx.doi.org/10.2174/1389450110607011505
http://www.ncbi.nlm.nih.gov/pubmed/17100590
http://dx.doi.org/10.3945/ajcn.110.003483
http://www.ncbi.nlm.nih.gov/pubmed/21795440
http://dx.doi.org/10.1080/10715760701861373
http://www.ncbi.nlm.nih.gov/pubmed/18297609
http://dx.doi.org/10.3233/JAD-132483
http://dx.doi.org/10.1016/j.biopsych.2015.04.005
http://dx.doi.org/10.1016/j.redox.2018.08.003
http://dx.doi.org/10.1093/hmg/ddx040

Antioxidants 2020, 9, 1113 18 of 18

68. Hofmann, J.; Fayez, S.; Scheiner, M.; Hoffmann, M.; Oerter, S.; Appelt-Menzel, A.; Maher, P.; Maurice, T.;
Bringmann, G.; Decker, M. Sterubin: Enatioresolution and configurational stability, enantiomeric purity in
nature and neuroprotective activity in vitro and in vivo. Chemistry 2020, 26, 7299-7308. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/chem.202001264
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Oxytosis Assay 
	Inflammation Assay 
	Enzymatic Measurement of Total Glutathione (tGSH) 
	Reactive Oxygen Species (ROS) Measurement 
	Determination of Intracellular Iron and Copper Binding 
	Determination of the Trolox Equivalent Activity Concentration (TEAC) 
	Protein Preparation and Western Blotting 
	Statistical Analysis 

	Results 
	Addition of Fisetin Shifts the Dose Response Curve for Iron and Copper Potentiation to Higher Concentrations 
	Fisetin Reduces the Effects of Iron and Copper on GSH Loss 
	Effects of Fisetin on the Intracellular Levels of Iron and Copper 
	Iron but Not Copper Inhibits the Induction of Nrf2 by Fisetin 
	Effects of Iron and Copper on the Antioxidant Activity of Fisetin 
	Iron More than Copper Dose-Dependently Reduces the Protection by Fisetin against Multiple Stresses 
	Effects of Iron and Copper on the Anti-inflammatory Effects of Fisetin 
	Fe2+ Has a Minimal Effect on the Neuroprotective and Anti-inflammatory Effects of Sterubin 

	Discussion 
	References

