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Abstract

Background—Salicylaldehyde isonicotinoyl hydrazone (SIH) is an iron chelator of the
aroylhydrazone class that displays antioxidant or prooxidant effects in different mammalian cell
lines. Because the liver is the major site of iron storage, elucidating the effect of SIH on hepatic
oxidative metabolism is critical for designing effective hepatic antioxidant therapies.

Methods—Hepatocyte-like HepG2 cells were exposed to SIH or to analogs showing greater
stability, such as N’-[1-(2-Hydroxyphenyl)ethyliden]isonicotinoyl hydrazide (HAPI), or devoid of
iron chelating properties, such as benzaldehyde isonicotinoyl hydrazone (BIH), and toxicity,
oxidative stress and antioxidant (glutathione) metabolism were evaluated.

Results—Autoxidation of Fe2* in vitro increased in the presence of SIH or HAPI (but not BIH),
an effect partially blocked by Fe2* chelation. Incubation of HepG2 cells with SIH or HAPI (but
not BIH) was non-toxic and increased reactive oxygen species (ROS) levels, activated the
transcription factor Nrf2, induced the catalytic subunit of y-glutamate cysteine ligase (Gclc), and
increased glutathione concentration. Fe2* chelation decreased ROS and inhibited Nrf2 activation,
and Nrf2 knock-down inhibited the induction of Gclc in the presence of HAPI. Inhibition of y-
glutamate cysteine ligase enzymatic activity inhibited the increase in glutathione caused by HAPI,
and increased oxidative stress.

Conclusions—SIH iron chelators display both prooxidant (increasing the autoxidation rate of
Fe2*) and antioxidant (activating Nrf2 signaling) effects.

General significance—Activation by SIH iron chelators of a hormetic antioxidant response

contributes to its antioxidant properties and modulates the anti- and pro-oxidant balance.
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1. Introduction

Salicylaldehyde isonicotinoyl hydrazone (SIH) is an iron chelator of the aroylhydrazone
class that protects against toxicity in mammalian cells exposed to prooxidants in vitro. SIH
prevented toxicity in: i) H9c2 rat cardiomyoblasts exposed to catecholamines [1], hydrogen
peroxide [2] or tert-butylhydroperoxide [3]; A549 human lung adenocarcinoma cells
exposed to hydrogen peroxide/ferrous iron [4]; iii) ARPE-19 human retinal pigment
epithelial cells exposed to hydrogen peroxide [5]; and iv) primary rat cardiomyocytes
exposed to ferrous sulfate or hydrogen peroxide [6]. SIH readily diffuses into cells by virtue
of its hydrophobicity and low molecular weight, binds ferric iron in the labile iron pool (LIP,
the transitory pool of cellular chelatable redox-active iron) with high affinity and prevents its
reduction to ferrous iron [5,6]. Ferrous iron in the LIP can reduce hydrogen peroxide,
molecular oxygen, and lipid hydroperoxides to toxic oxidizing free radicals (including
hydroxyl radical, superoxide anion, and lipid alkoxyl radicals, respectively [8], collectively
defined as reactive oxygen species (ROS). For this reason, the mechanism of SIH-induced
cytoprotection is suggested to be the prevention of the formation of ferrous iron and ROS
[5]. Experimental evidence to support this hypothesis includes the observation that SIH
decreased the intracellular formation of ROS in H9c2 cells exposed to catecholamines
(which reduce ferric to ferrous iron) [1], tert-butyl hydroperoxide [9] or ferric iron [3]. In
addition, SIH decreased lipid oxidation in A549 cells exposed to hydrogen peroxide/ferrous
iron [4], and in HepG2 human hepatoma cells exposed to cumene hydroperoxide [10].

In contrast, SIH increased oxidative stress in other cultured mammalian cells. Lipid
peroxidation was induced in eicosapentaenoic acid-loaded K562 human leukemic cells
treated with Fe(SIH), [11] and in A549 cells treated with SIH [4]. SIH showed a trend to
increase the intracellular production of ROS in H9c2 cells [3,9]. Relatively high
concentrations of SIH (= 200uM) increased the oxidation of the redox probe
dichlorofluorescein in HepG2 cells treated with a peroxyl radical generator (2,2’-azobis(2-
amidinopropane)) [10]. Oxidative stress induced by SIH was ascribed to redox cycling of
SIH/iron complexes under cellular conditions, and/or mobilization of iron from intracellular
stores by SIH, followed by donation of iron to cellular ligands which then redox-cycle [11].
These observations suggest that SIH can alter oxidative stress metabolism and the
prooxidant-antioxidant balance depending on multiple factors including the cell type under
study, available cellular reductants, chelator/iron relative concentrations and administration
protocols (concentration and duration of exposure).

The liver is the major site of iron storage and pathologic iron accumulation, because hepatic
LIP levels (that can promote production of ROS) increase when the capacity to maintain
iron in storage forms is exceeded [12,13]. Therefore, elucidating the effect of iron chelators
such as SIH on hepatic oxidative metabolism is critical for designing effective hepatic
antioxidant therapies. The effect of SIH on oxidative stress metabolism in hepatocytes has
not been evaluated before. The objective of this work was to investigate the effect of SIH on
oxidative stress in HepG2 cells, a model hepatocyte cell line. HepG2 cells were exposed to
SIH or analogs showing greater stability or devoid of iron chelating properties, and toxicity,
oxidative stress and antioxidant (glutathione) metabolism were evaluated.
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2. Materials and Methods

2.1. Chemicals

Fetal bovine serum was from Thermo Scientific Hyclone (Logan, UT). Western blot
stripping buffer, Polybrene® and most antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA). PCR primers were from Invitrogen (Carlsbad, CA) and Qiagen (Valencia,
CA). SIH and analogs were synthesized as described below. Most of the other chemicals
used were from Sigma-Aldrich (St Louis, MO).

2.2. Synthesis of SIH and analogs

1H NMR spectra were recorded on a 400 MHz JEOL spectrometer. Chemical shifts (¢) are
reported in ppm, and J values are quoted in Hz. HPLC analyses of all synthesized
compounds were performed on a Varian Microsorb MV 100 C18 column (Varian, Lake
Forest, CA) with a mixture of 10 mM sodium phosphate buffer, 2 mM EDTA pH 6:
methanol at a ratio of 55:45 as the mobile phase [3]. Purity of the compounds was assessed
as the percentage surface area of the peaks at their UV maximum [14].

SIH—Equimolar quantities (1 mmol) of isoniazide and salicylaldehyde were dissolved in 2
mL of 0.1 M sodium acetate buffer (pH 4.5). The reaction was stirred for 5 min at 100 °C
and cooled over ice. The white precipitate was collected via vacuum filtration, washed with
water and dried in vacuo [15]. 1H NMR (DMSO-dg): § 6.932 (1H, dd, J = 7.7, 1= 7.7),
6.951 (1H,d,J=7.8),7.317 (1H,ddd,J=1.4,)=7.7,)J=7.8), 7.607 (1H,dd, J =1.4,J =
7.7),7.849 (2H, dd, J =1.4,)=4.4), 8.686 (1H, s), 8.801 (2H, dd, J=1.4, ) = 4.4), 11.083
(1H, s), 12.305 (1H, s). HPLC purity: 92% at 288 nm.

N’-[1-(2-Hydroxyphenyl)ethyliden]isonicotinoyl hydrazide (HAPI)—Equimolar
quantities (3.9 mmol) of isoniazide and 2-hydroxyacetophenone were dissolved in 10 mL of
48% ethanol and 1 mL of acetic acid. The reaction was stirred under reflux for 9h. After
cooling the reaction mixture to room temperature, 10 mL of water was added and the
mixture was allowed to crystallize at 4°C. The product was collected by filtration, washed
with water, and dried in vacuo [3]. 1H NMR (DMSO-dg): & 2.458 (3H, s), 6.874 (1H, dd, J =
7.8,)1=17.8),6.888 (1H, d, J =8.0), 7.284 (1H, ddd, J=1.4,)= 7.8, J = 8.0), 7.615 (1H, dd,
J=14,1=78),7.814 (2H,dd,J=1.4,)=4.5),8.759 (2H, dd, J = 1.4, J = 4.5), 11.559 (1H,
s), 13.167 (1H, s). HPLC purity: 96% at 288 nm.

Benzaldehyde isonicotinoyl hydrazone (BIH)—Equimolar quantities (1 mmol) of
isoniazide and benzaldehyde were dissolved in 2 mL of 0.1 M sodium acetate buffer (pH
4.5). The reaction was stirred for 5 min at 100 °C and cooled over ice. The white precipitate
was collected via vacuum filtration, washed with water and dried in vacuo [16]. 1H NMR
(CDCly): 6 7.447 (3H, m), 7.840 (2H, m), 7.895 (2H, dd, J = 1.6, J = 4.6), 8.365 (1H, ),
8.748 (2H, dd, J = 1.6, J = 4.6). HPLC purity: 100% at 301 nm.

2.3. Cell lines and cell culture

Human hepatoma HepG2 cells were used in this study. Cells were grown in Eagle’s minimal
essential medium (MEM) containing 10% fetal bovine serum supplemented with 100
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units/mL penicillin and 100 pug/mL streptomycin in a humidified atmosphere in 5% CO, at
37°C. Cells were subcultured at a 1:10 ratio once a week. Nrf2 knockdown HepG2 cells
were created by lentivirus-mediated gene knockdown. Briefly, HepG2 cells were infected
with Nrf2 shRNA (sc-37030-V) or control ShRNA (sc-1080080) lentiviral particles (Santa
Cruz Biotechnology, Santa Cruz, CA) in the presence of 5 pg/mL Polybrene®, and selected
for puromycin resistance as indicated in the instructions provided by the manufacturer.

In selected experiments, rat hepatoma FaO cells were utilized. In this case, cell culture
conditions were similar to that in HepG2 cells, except that F12 Ham’s medium was used
instead of MEM.

Cells were plated at a density of 50,000 cells/mL in MEM containing 5% fetal bovine serum
supplemented with 100 units/mL penicillin and 100 pg/mL streptomycin in a humidified
atmosphere in 5% CO, at 37°C. After 12h of plating, the medium was replaced with MEM
supplemented with 100 units/mL penicillin and 100 pg/mL streptomycin without fetal
bovine serum. Cells were preincubated with antioxidants or prooxidants for 1h, followed by
the addition of SIH, HAPI, or BIH (added as a 500-fold concentrated stock solution in
DMSO) at concentrations and time periods indicated in the text. Solvent control assays were
performed with cells incubated in the presence of DMSO at 0.2% v/v. After this incubation,
cells were used for biochemical analysis.

2.4. FeZ* autoxidation in vitro

FeZ* autoxidation was evaluated by following the decrease in Fe2* and O, concentration in a
reaction mixture containing 2 mL Hepes 20 mM pH 7.0 and 50 pM FeSOy in the presence or
absence of SIH analogs at 100 pM. Ferrous iron concentration was determined by adding 20
uL of the reaction mixture to 180 pL of a 1 mM ferrozine solution at various time points (up
to 5 minutes). After mixing, the absorbance at 564 nm was determined and converted into
concentration of ferrous iron using an extinction coefficient of 27,900 M~1em~1[17]. O,
consumption in the reaction mixture was determined using a Clark-type O electrode
(Hansatech Oxygraph, Hansatech Instruments Ltd, Norfolk, England).

Generation of hydrogen peroxide during Fe2* autoxidation in vitro was determined using the
Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit from Life Technologies (Grand
Island, NY). All of the reactions were performed according to the manufacturer’s protocol
except that 20 mM Hepes buffer pH 7.0 was used instead of 50 mM phosphate pH 7.4 buffer
(to avoid the interference of phosphate on iron chemistry) [18].

2.5. Cytotoxicity assay

Dead cells were distinguished from live cells by the uptake of propidium iodide (PI) by dead
cells caused by loss of plasma membrane integrity. The incorporated probe forms
fluorescent adducts with DNA. After the treatments, cells were trypsinized and resuspended
in MEM supplemented with 100 units/mL penicillin, 100 pg/mL streptomycin and 5 pg/mL
of PI. Cellular fluorescence was measured in the FL3 channel of fluorescence for PI-DNA
(red emission at 670+30 nm, with excitation at 488 nm). A minimum of 5,000 events per
sample were acquired using an Accuri C6 flow cytometer. For quantification purposes, the
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percentage of cells displaying high fluorescence (M1%) represents the percentage of
nonviable cells [19].

2.6. Intracellular reactive oxygen species determination

Intracellular reactive oxygen species were determined using the hydrophilic probe 2/,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA). DCFH-DA permeates across the cell
membrane, is de-esterified by cytosolic esterases to 2/,7/-dichlorodihydrofluorescein
(DCFH) which is oxidized to 2/,7’-dichlorofluorescein (DCF) by ROS. Oxidation is
associated with an increase in green fluorescence [20]. After the treatment, cells were rinsed
with MEM, and incubated in MEM supplemented with 100 units/mL penicillin, 100 ug/mL
streptomycin with DCFH-DA at a concentration of 5 uM for 30 min. The cells were then
washed with MEM, trypsinized, resuspended in MEM, and evaluated by flow cytometry in
the FI1 channel (green emission at 533+30 nm, with excitation at 488 nm). A minimum of
5,000 events per sample were acquired using an Accuri C6 flow cytometer. For
quantification purposes, the average fluorescence in the FL1 channel represents the average
level of cellular water-soluble ROS.

2.7. Total glutathione determination

Total glutathione was determined by the enzymatic method of Tietze [21]. At the end of the
treatments the cells were washed twice with PBS, and detached by trypsinization in PBS,
followed by low-speed centrifugation. The cell pellets were resuspended in potassium
phosphate buffer 100 mM, pH 7.4. The protein concentration of the cell suspension was
determined using the Bradford reagent (Sigma-Aldrich, St Louis, MO). The cell suspension
was mixed 1:1 with 10% trichloroacetic acid to extract cellular glutathione. After
centrifugation, total glutathione content was assayed by following the increase in absorbance
at 412 nm for 1 min in a cuvette containing 0.1 M sodium phosphate buffer (pH 7.5), 5 uM
EDTA, 0.6 mM 5,5-dithiobis(2-nitrobenzoic acid), 0.2-mM NADPH, 1 unit/mL glutathione
reductase, and 10 pL of sample in a final volume of 0.2 mL. The increment in absorbance at
412 nm was converted to glutathione concentration using a standard curve [22].

2.8. y-Glutamate cysteine ligase (Gclc) mRNA quantification

Total RNA was extracted from cells using the RNeasy kit (Qiagen, Valencia, CA). RNA
concentration was determined by UV absorbance at 260 nm using an extinction coefficient
in TE buffer (10 mM Tris-HCI pH 7.5, EDTA 1 mM) of 0.025 (ug/ml)~1 cm=L. Purity was
evaluated by the ratio of absorbance at 260 and 280 nm (always 1.8). Relative quantification
of Geclc mRNA was done by real time- reverse transcriptase (RT) PCR. Real-time RT-PCR
was performed by a one-step method with 10 ng of total RNA using QuantiFast SYBR
Green RT-PCR Kit (Qiagen, Valencia, CA). The expression levels of the Gelc gene are
presented as values normalized against 3-actin as housekeeping gene. Specific human
primers for Gelc and p-actin were from Invitrogen (Carlsbad, CA) [23]. Specific rat primers
for Gele (Rn_Gcelc_1 SG) and B-actin (Rn_Actb_1 SG) were from Qiagen (Valencia, CA).
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2.9. Western blots

After washing the cells with PBS, cells were incubated on ice for 15 min in RIPA buffer
(150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris, pH 8.0) containing protease inhibitor cocktail at a 1:100 dilution (Sigma-Aldrich, St
Louis, MO). Lysates were centrifuged at 8,000 x g at 4°C to remove insoluble material, and
the protein concentration in whole-cell lysates was measured using the Bradford assay.
Nuclear lysates and cytsolic fractions were prepared using a Nuclear Extraction Kit
(Cayman Chemical Company, Ann Arbor, MI) according to the manufacturer’s protocol.
Protein concentration in nuclear lysates and cytosolic fractions was measured using the
Bradford assay. Protein samples (30 jg) were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and incubated
with primary antibodies against Nrf2 (ab62352, Abcam) or GCLC (sc8030, Santa Cruz
Biotechnology, Santa Cruz, CA) and a secondary antibody coupled to horseradish
peroxidase. Blots were developed with a chemiluminescent reagent. After stripping the
membranes, the blots were reprobed with primary antibodies against beta actin (sc81178,
Santa Cruz Biotechnology, Santa Cruz, CA), histone H1 (sc8030, Santa Cruz
Biotechnology, Santa Cruz, CA) or lactate dehydrogenase (sc33781, Santa Cruz
Biotechnology, Santa Cruz, CA) as controls for equal loading in whole cell lysates, nuclear
lysates or cytosolic fractions, respectively. Band intensities were calculated using ImageJ
software.

2.10. Nrf2-DNA binding assay

The DNA binding of Nrf2 was measured with a colorimetric Nrf2 Transcription Factor
Assay kit (Cayman Chemical Company, Ann Arbor, MI) according to the manufacturer’s
instructions. Briefly, nuclear extracts (1-30 pg protein) were incubated in wells of a 96-well
plate coated with dsSDNA containing the Nrf2 response element. Then, wells were washed
and incubated with an antibody against Nrf2. Addition of a secondary antibody conjugated
to horseradish peroxidase followed by a developing reagent provided a colorimetric readout
at 450 nm.

2.11. Determination of the binding of SIH iron chelators to the LIP

HepG2 cells were loaded with phen green SK diacetate (PG SK-DA) at a concentration of
20 uM for 10 min at 37 °C, in MEM supplemented with 100 units/mL penicillin and 100
pg/mL streptomycin without fetal bovine serum. The cells were then washed with MEM,
trypsinized, resuspended in MEM, and evaluated by flow cytometry in the FI1 channel
(green emission at 533+30 nm, with excitation at 488 nm). A minimum of 5,000 events per
sample were acquired using an Accuri C6 flow cytometer. PG SK-DA permeates across the
cell membrane and is de-esterified by cytosolic esterases to fluorescent PG SK, which
chelates intracellular labile iron. The chelation of intracellular labile iron by PG SK
quenches its fluorescence. The presence of effective iron-chelating agents leads to the
removal of iron from the PG SK-iron complex, and the de-quenching of PG SK fluorescence
[24,25].
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2.12. Statistics

Data are expressed as mean + standard error of the mean from two to nine independent
experiments run in duplicate. One way analysis of variance with subsequent post hoc
comparison by Scheffe was performed using the SigmasStat 2.0 software. A p<0.05 was
considered as statistically significant.

3. Results

3.1. Effect of SIH and analogs on viability and intracellular ROS levels in hepatoma cells

Viability and intracellular ROS levels were determined simultaneously in individual cells by
flow cytometry using Pl and DCFH-DA, respectively. Incubation of HepG2 cells with SIH
or HAPI (an analog with greater stability against hydrolysis) [3] at 10 uM for 24h increased
ROS levels with respect to control cells, without any decrease in cell viability (Figs. 1A and
1B). HAPI produced a greater increase in DCFH oxidation than SIH. Incubation of HepG2
cells with BIH (an analog devoid of iron chelating properties) [16] under the same time and
concentration conditions did not produce any change in ROS levels or viability with respect
to control cells (Figs. 1A and B). ROS levels in HepG2 cells incubated with 10 uM HAPI or
SIH for shorter periods of time (i.e. 3h or 6h) were not different than that in control cells
(data not shown).

The increase in ROS levels caused by HAPI was concentration-dependent, with a maximum
effect at 10 uM; higher concentrations up to 50 uM did not produce a further increase in
ROS levels or loss of cellular viability (Fig. 1C). FaO rat hepatoma cells incubated with 10
UM HAPI under the same conditions as HepG2 cells showed a 1.6+0.1- fold significant
increase in DCFH oxidation with respect to control FaO cells, without any change in cell
viability (three independent experiments, data not shown). Biological free radical oxidations
are mainly initiated by redox reactions between Fe2* and O, [26]. 2,2/-dipyridyl (DIP) is an
FeZ* chelator that inhibits its redox activity, therefore acting as a preventive antioxidant
[27]. We hypothesized that if Fe2* redox activity is required for ROS generation by HAPI in
HepG2 cells, then co-incubation with HAPI and DIP should decrease ROS generation as
assessed by DCFH-DA oxidation. Coincubation of HepG2 cells with HAPI and DIP blocked
the increase in DCFH-DA oxidation caused by HAPI alone (Fig. 1D). In turn, pro-oxidant
conditions in HepG2 cells were induced by depletion of glutathione with L-buthionine
sulfoximine (BSO). BSO induced a significant increase in DCFH-DA oxidation in HepG2
cells; the combination of BSO and HAPI produced a synergistic increase in DCFH-DA
oxidation with respect to these agents acting alone (Fig. 1D).

In order to confirm the binding of SIH iron chelators to the LIP in HepG2 cells, the de-
quenching by SIH iron chelators of preloaded PG SK was evaluated. PG SK fluorescence
was significantly quenched in HepG2 cells exposed to a cell-permeant form of iron (iron-
hydroxyquinoline), demonstrating the quenching effect of iron on PG SK fluorescence
(Table 1). SIH, HAPI, and DIP (a well-characterized iron chelator that binds ferrous iron in
the LIP [28]) significantly increased PG SK fluorescence in HepG2 cells, while BIH was
inactive (Table 1). These results confirm the effective binding of SIH iron chelators to the
LIP in HepG2 cells.
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3.2. Effect of SIH and analogs on ferrous iron autoxidation

The observation that ROS generation in HepG2 cells incubated with HAPI was prevented by
an Fe2* chelator that blocks its redox activity suggested that HAPI promotes FeZ*
autoxidation and generation of ROS as by-products. To test this hypothesis, we evaluated
the effect of SIH and analogs on Fe2* autoxidation in vitro. The autoxidation of Fe2* in the
presence or absence of HAPI is shown in Fig. 2. A rapid decrease in Fe2* concentration was
observed upon addition of 100 uM HAPI to a reaction system containing 20 mM Hepes
buffer pH 7.0 and 50 UM FeSQy; this decrease was not observed under the same conditions
but in the absence of HAPI (Fig. 2A). A similar decrease in Fe2* concentration was
observed with 100 pM SIH, but not with 100 uM BIH (Fig. 2A). Oxygen consumption in a
reaction system containing 20 mM Hepes buffer pH 7.0, 100 uM HAPI (or 100 uM SIH)
and 50 uM FeSOy correlated with Fe2* disappearance (Fig. 2B), with a stoichiometry at
reaction completion of 2:1 Fe2*:0, in the presence of HAPI (or 2.8:1 in the presence of
SIH). In addition, Fe?*-dependent O, consumption induced by HAPI was significantly
blocked by DIP (Fig. 2B). Any stoichiometry lower than 4:1 Fe2*:0, has been suggested to
indicate the generation of partially reduced oxygen species [29]; in particular, a
stoichiometry of 2:1 Fe?*:0, suggests the generation of hydrogen peroxide. The possible
generation of hydrogen peroxide in the autoxidation medium was evaluated using two
different approaches. First, if hydrogen peroxide is generated as a product of ferrous iron
autoxidation, then autoxidation in the presence of catalase should change the stoichiometry
from 2:1 Fe?*:0, to 4:1 Fe2*:0,. Fe?* autoxidation in the presence of HAPI and catalase
decreased O, consumption by half (with respect to that in the absence of catalase) (Fig. 2B),
producing a stoichiometry at reaction completion of 4:1 Fe2*:0,. Second, the generation of
H,0, in the presence of FeZ* and SIH analogs was evaluated using amplex red/peroxidase.
Autoxidation of Fe2* by itself did not produce significant amounts of hydrogen peroxide
(Fig. 2C). Autoxidation of Fe2* in the presence of HAPI or SIH (but not BIH) increased the
generation of hydrogen peroxide, an effect inhibited by catalase (Fig. 2C).

3.3. Effect of SIH and analogs on glutathione metabolism in hepatoma cells

Previous experiments showed that SIH iron chelators induced oxidative stress, which is
defined as a state of increased steady-state levels of reactive oxygen species. Oxidative
stress can be caused by an increase in the generation rate of prooxidants and/or a decrease in
antioxidant levels. In order to evaluate the effect of SIH analogs on cellular antioxidant
levels, the concentration of glutathione, the most abundant water-soluble antioxidant in
mammalian cells, was evaluated. HAPI and SIH produced a significant increase in total
glutathione levels in HepG2 cells, while BIH was ineffective (Fig. 3A). BSO depleted total
glutathione in HepG2 cells, an effect that was not reversed by HAPI (Fig. 3A). Sustained
increases in glutathione content are controlled primarily through induction of two genes,
Gclc (coding for the catalytic subunit of glutamate cysteine ligase or GCLC) and Gclm
(coding for the modifier subunit of glutamate cysteine ligase or GCLM), leading to the
synthesis of the rate limiting enzyme for GSH synthesis, glutamate cysteine ligase (GCL)
[30]. The effect of SIH analogs on the mMRNA and protein expression of the catalytic subunit
of GCL was evaluated. The expression at the mRNA and protein levels of the catalytic
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subunit of GCL increased by incubation of HepG2 cells with SIH or HAPI, but not with BIH
(Figs. 3B and C).

FaO cells incubated with 50 uM HAPI under the same conditions as HepG2 cells did not
show any significant change in total glutathione content or Gclc MRNA levels with respect
to FaO control cells (three independent experiments, data not shown).

3.4. Effect of SIH and analogs on Nrf2 metabolism in HepG2 cells

Many studies have demonstrated that factors leading to changes in the glutathione content of
cells are mediated predominantly by antioxidant response element (ARE)-dependent
expression of the Gcel genes. The ARE is the cis-acting sequence responsible for Nrf2-
dependent regulation of gene expression [31]. Nrf2 activation was assessed by nuclear
translocation and binding to an ARE oligonucleotide. Translocation of Nrf2 to the nucleus,
evaluated by western blotting analysis of Nrf2 in the nuclear and cytosolic fractions,
increased by incubation of HepG2 cells with SIH or HAPI, but not BIH (Fig. 4A). The
antibody used only detected the biologically relevant species of Nrf2 that migrates between
95 and 110 kDa in SDS-PAGE [32]. The binding activity of Nrf2 to an ARE consensus
oligonucleotide, evaluated by ELISA in nuclear extracts, increased by incubation of HepG2
cells with SIH or HAPI, but not BIH (Fig. 4B). An antioxidant such as DIP blocked the
effect of HAPI on the activation of Nrf2, while a prooxidant such as BSO did not have an
effect on the increased HAPI-dependent Nrf2 activation (Fig. 4B). We hypothesized that if
Nrf2 is important for Gclc induction in the presence of SIH analogs, then knocking-down
Nrf2 with specific ShRNAs should prevent this effect. Nrf2 knockdown cells were generated
by transfection of HepG2 cells with lentiviral particles expressing sShRNA directed against
the Nrf2 gene, followed by puromycin selection. Delivery of shRNA lentiviral constructs
into the cells was monitored by transfection of cells with copGFP control lentiviral particles
followed by puromycin selection; 99.4% of the transfected cells showed high fluorescence
by flow cytometry in the green (FI1) channel of fluorescence, with respect to cells
transfected with control ShRNA lentiviral particles (Fig. 5A). In addition, Nrf2 knock-down
in cells transfected with Nrf2 shRNA lentiviral particles was confirmed by western blot for
Nrf2 in total lysates (Fig. 5A insert). HAPI induced the expression of Gclc at the mRNA and
protein levels in control cells; this effect was significantly inhibited in Nrf2 knock-down
cells (Figs. 5B and C). Expression of Gclc at the mRNA and protein levels significantly
decreased in Nrf2 knock-down cells with respect to control cells, suggesting that basal Gclc
expression is Nrf2-dependent in HepG2 cells (Figs. 5B and C).

4. Discussion

The redox cycling of iron in the presence of oxygen generates ROS and induces oxidative
stress [20]. SIH is usually classified as a preventive antioxidant, because SIH typically binds
Fe3* with high affinity, a reaction that prevents the reduction of iron by cellular reductants,
inhibiting the generation of ROS [5,15,16]. However, SIH and its stable analog HAPI
actually increased ROS levels and produced a more oxidized redox state in HepG2 and FaO
cells, as determined by increased oxidation of DCFH, a redox indicator probe that responds
to oxidants generated by redox-active iron [33]. We propose that SIH (and its stable analog
HAPI) promote the generation of ROS by chelating Fe3* and increasing the autoxidation
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rate of Fe2*. The experimental evidence to support this conclusion is the following: 1) SIH
and HAPI promote the autoxidation of ferrous iron, as evidenced by the rapid disappearance
of Fe2* and O, in solutions containing these iron chelators; 2) The Fe2*:0, stoichiometric
ratios at completion of the autoxidation reaction was 2:1 in the presence of HAPI and 2.8:1
in the presence of SIH; any ratio lower than 4:1 suggests the generation of partially reduced
oxygen species [29]; 3) The Fe2*:0, stoichiometric ratios at completion of the autoxidation
reaction was 4:1 in the presence of HAPI and catalase. This conversion suggests the
generation of H,O5 as a product of iron autoxidation [29]; 4) SIH and HAPI promoted the
generation of H,O», as assessed by the oxidation of the redox probe amplex red (in the
presence of peroxidase). This oxidation was inhibited by catalase, further demonstrating the
generation of H,0,; 5) in vitro, DIP blocked the autoxidation of Fe2* in the presence of
HAPI, and in HepG2 cells, DIP blocked ROS generation in the presence of HAPI,
suggesting that O, consumption and ROS generation by HAPI is an Fe2*-dependent redox
reaction; 6) an SIH analog devoid of iron chelating properties did not increase Fe2*
autoxidation or H,O, generation in vitro, and did not increase cellular ROS in HepG2 cells,
suggesting that Fe3* chelation is essential for SIH and HAPI prooxidant activity.

SIH and HAPI in HepG2 cells increased the concentration of the main cellular water-soluble
antioxidant, glutathione. Our results suggest that SIH iron chelators increase the
concentration of cellular glutathione by transcriptional activation of the Gclc gene via ROS-
dependent activation of the transcription factor Nrf2. Experimental results that support this
conclusion are the following: 1) Increased glutathione occurred together with oxidative
stress, Nrf2 activation, and induction of the expression of Gclc, suggesting a correlation
between these events; 2) An antioxidant such as DIP inhibited DCFH oxidation and Nrf2
activation in the presence of HAPI, suggesting that ROS induces Nrf2 activation in HAPI-
treated cells; 3) Nrf2 knock-down with ShRNAs inhibited the induction of Gclc in the
presence of HAPI, suggesting that Nrf2 induces Gclc in HAPI-treated cells; 4) inhibition of
GCL enzymatic activity with BSO inhibited the increase in glutathione caused by HAPI,
suggesting that HAPI increases GSH content by increasing GCL activity. On the contrary,
HAPI did not affect glutathione metabolism in FaO cells, suggesting that activation of
glutathione synthesis is not a general response of hepatoma cells to SIH iron chelators. The
differential effect of HAPI on glutathione metabolism in HepG2 and FaO cells might depend
on different cellular redox status, LIP levels, or degree of activation of signaling pathways.

What is the biological effect of the increased GSH caused by HAPI? Our results suggest that
increased GSH counteracted the increased generation of ROS by HAPI, providing a partial
antioxidant protection. The main experimental evidence to support this conclusion is the fact
that conditions that depleted GSH (i.e. BSO) increased ROS in the presence of HAPI. In
spite of increased ROS in the presence of HAPI and BSO, nuclear Nrf2 binding activity in
cells incubated with HAPI in the presence or absence of BSO was comparable, probably
because HAPI by itself induced maximal nuclear Nrf2 binding.

Oxidative hormesis is defined as a process in which exposure to a low dose of an oxidant
induces an adaptive antioxidant protective response [34]. While SIH is usually classified as
a preventive antioxidant, our results suggest that SIH iron chelators can also display
antioxidant effects via an oxidative hormesis effect mediated by Nrf2 activation. Reports in
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the literature show that other molecules besides SIH iron chelators can induce oxidative
hormesis via Nrf2 in mammalian cells, suggesting a general antioxidant mechanism. For
example, oxidative hormesis effects induced by Nrf2 were observed in murine fibrosarcoma
L929 cells exposed to H,O, [35], in human endothelial EA.hy926 cells exposed to
docosahexaenoic acid [36], and in human lung fibroblast HELF cells exposed to
polychlorinated biphenyls [37].

Antioxidants are broadly defined as agents that decrease steady-state ROS levels [38].
Steady state ROS levels are determined by the balance between the rates of ROS generation
and ROS elimination. Our results show that SIH iron chelators can affect both sides of this
balance in HepG2 cells, both increasing ROS production and inducing antioxidant
protection. Previous reports informed net anti- or pro-oxidant effects of SIH iron chelators in
different cellular models [3,4,9,10]. Our results suggest that whether SIH iron chelators
display net anti- or pro-oxidant effects depends on the effect of SIH iron chelators on the
prooxidant/antioxidant balance, which in turn depends on variable cellular factors including
the degree of activation of antioxidant pathways, cellular redox state and LIP levels.

The cells used in our study are hepatoma cells derived from human (HepG2) or rat (FaO)
liver carcinoma. The cancer phenotype is associated with high iron requirements resulting in
high oxidative stress. Because of this, it has been proposed that the cancer phenotype can be
selectively targeted by decreasing the LIP through iron depletion and/or by increasing ROS
levels [39]. Other iron chelators such as 3-aminopyridine-2- carboxaldehyde (Triapine®)
and deferoxamine have anti-cancer effects associated with LIP binding and ROS induction
[40, 41]. Our results indicate that SIH iron chelators might constitute an effective therapy
against liver cancer, because SIH iron chelators both bind iron in the LIP and induce
oxidative stress in hepatoma cells. Nrf2 activation and Gclc induction in HepG2 human
hepatoma cells (but not FAQ rat hepatoma cells) exposed to SIH iron chelators might
represent a resistance mechanism developed specifically in HepG2 cells to overcome the
increased oxidative stress and promote survival. In this case, the combination of SIH iron
chelators and inhibition of Nrf2 pathways might prove an effective therapy against human
liver cancer.

5. Conclusion

In conclusion, we propose that SIH iron chelators display both prooxidant and antioxidant
properties at low concentrations in HepG2 cells. Prooxidant properties are determined by
their ability to increase ferrous iron autoxidation rate, and antioxidant properties are
determined by their ability to prevent ferric iron reduction and increase the concentration of
cellular glutathione via the ROS-dependent activation of Nrf2. Activation by SIH iron
chelators of a hormetic antioxidant response therefore contributes to its antioxidant
properties. Net anti- or pro- oxidant effects of SIH iron chelators depend on its overall
effects on the anti- and pro- oxidant balance.
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Abbreviations

BIH benzaldehyde isonicotinoyl hydrazone
Gcle catalaytic subunit of y-glutamate cysteine ligase
DCFH-DA dichlorodihydrofluorescein diacetate
DIP 2,2’-dipyridyl
Gel v-glutamate cysteine ligase
HAPI N’-[1-(2-Hydroxyphenyl)ethyliden]isonicotinoyl hydrazide
LIP labile iron pool
MEM minimal essential medium
PG SK-DA Phen Green SK diacetate
ROS reactive oxygen species
SIH salicylaldehyde isonicotinoyl hydrazone
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Figure 1. Effect of SIH and analogs on viability and intracellular ROS levels in HepG2 cells
HepG2 cells were incubated for 24h in the presence or absence of SIH analogs, and viability

or ROS levels were determined with propidium iodide or DCFH-DA, respectively. In every
panel, solvent control refers to cells incubated in 0.2% DMSO. A) ROS levels (as relative
DCF fluorescence) in HepG2 cells incubated for 24h with 10 uM SIH, HAPI or BIH. Data
are expressed as mean + standard error of the mean of nine independent experiments. B)
Cytotoxicity (as Pl positive cells cells) in HepG2 cells incubated for 24h with 10 pM SIH,
HAPI or BIH. Data are expressed as mean + standard error of the mean of three independent
experiments. C) ROS levels and cytotoxicity in cells incubated for 24h under increasing
concentrations of HAPI (from 1.5 to 50 uM). Data are expressed as mean + standard error of
the mean of four independent experiments. D) ROS levels in HepG2 cells incubated for 24h
in the presence or absence of SIH analogs at 10 uM, with or without preincubation for 1 h
with anti- or pro-oxidants (DIP or BSO, respectively) at 1 mM. Data are expressed as mean
+ standard error of the mean of four independent experiments.* p<0.05, ANOVA, with
respect to solvent-control cells.
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Figure 2. Effect of SIH and analogs on ferrous iron autoxidation
Solutions of Fe2* (50 uM) were prepared in 20 mM Hepes buffer pH 7.0. (A) The time

course of Fe2* consumption was evaluated in the presence of 100 uM HAPI (black circles),

100 pM SIH (black squares),

100 pM BIH (black diamonds) or 0.2% DMSO (solvent

control, white circles). Data are expressed as mean + standard error of the mean of four
independent experiments. (B) The time course of O, consumption was evaluated after
adding 0.2% DMSO (solvent control), 100 uM SIH, 100 uM BIH or 100 uM HAPI in the
absence or presence of DIP or catalase. A representative curve out of five is shown for each
condition. (C) H,O, generation was evaluated as amplex red fluorescence after 5 min of
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incubation in the presence of 0.2% DMSO (solvent control), 100 uM BIH, 100 uM SIH or
100 uM HAPI in the presence or absence of catalase. Data are expressed as mean + standard
error of the mean of three independent experiments.

* p<0.05, ANOVA, with respect to solvent-control cells.
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Figure 3. Effect of SIH and analogs on glutathione metabolism in HepG2 cells
HepG2 cells were incubated for 24h in the presence or absence of SIH analogs at 50 uM. In

every panel, solvent control refers to cells incubated in 0.2% DMSO. (A) Total glutathione
was determined in HepG2 cells by a recycling enzymatic assay. Data are expressed as mean
+ standard error of the mean of six independent experiments. (B) Gclc mMRNA was
determined in RNA extracts by reverse transcriptase-RT PCR. Data are expressed as mean +
standard error of the mean of four independent experiments. (C) GCLC protein levels were
determined by western blot in whole cell lysates. Numbers below the representative blots are
the relative mean GCLC band intensity normalized by beta-actin (£ standard error of the
mean of four independent samples). A representative western blot is shown.

* p<0.05, ANOVA, with respect to solvent-control cells.
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Figure 4. Effect of SIH and analogs on Nrf2 metabolism in HepG2 cells
In every panel, solvent control refers to cells incubated in 0.2% DMSO. (A) HepG2 cells

were incubated for 24h in the presence or absence of SIH analogs at 50 uM. Nrf2 protein
levels were assessed by western blot in nuclear lysates and cytosolic fractions. Numbers

below the representative blots are the relative mean Nrf2 band intensity in each
compartment normalized by its loading control (+ standard error of the mean of three
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independent samples). (B) HepG2 cells were incubated for 24h in the presence or absence of
SIH analogs at 50 uM, with or without preincubation for 1 h with anti- or pro-oxidants (DIP
or BSO, respectively). Nuclear Nrf2 binding was assessed by binding of nuclear Nrf2 to an
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ARE oligonucleotide by ELISA. Data are expressed as mean + standard error of the mean of
three independent experiments.
* p<0.05, ANOVA, with respect to solvent-control cells.
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Figure 5. Effect of SIH and analogs on Gclc expression in Nrf2 knock-down HepG2 cells
(A) Flow cytometry histogram of HepG2 cells transfected with control lentiviral particles

(left) or copGFP lentiviral particles (right), followed by puromycin selection. M1 represents
the percentage of copGFP-transfected cells expressing high green (FI1) fluorescence. Insert:
Nrf2 protein levels in HepG2 cells transfected with control or Nrf2 shRNA lentiviral
particles, followed by puromycin selection, evaluated by western blot of whole cell lysates.
One representative plot out of two independent samples is shown. (B) Gclc mRNA was
determined in RNA extracts by reverse transcriptase-RT PCR in HepG2 cells transfected
with control or Nrf2 shRNA lentiviral particles, followed by puromycin selection, and
incubated for 24h in the presence or absence of HAPI at 50 pM. Data are expressed as mean
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+ standard error of the mean of three independent samples. Solvent control refers to cells
incubated in 0.2% DMSO. (C) GCLC protein levels were determined by western blot in
whole cell lysates from HepG2 cells transfected with control or Nrf2 shRNA lentiviral
particles, followed by puromycin selection, and incubated for 24h in the presence or absence
of HAPI at 50 uM. Numbers below the representative blots are the relative mean GCLC
band intensity normalized by its loading control (+ standard error of the mean of three
independent samples). Solvent control refers to cells incubated in 0.2% DMSO.

* p<0.05, ANOVA, with respect to solvent-control cells.
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Table 1

Binding of SIH iron chelators to the cellular labile iron pool. HepG2 cells were incubated for 1h in the
presence of 1:1 ferric iron-hydroxyquinoline (5 uM Fe-HQ), or for 24h in the presence of 1 mM DIP, 50 uM
HAPI, 50 uM SIH, 50 pM BIH or solvent (0.2% DMSO). Cells were then loaded with 20 uM PG SK-DA for
10 min. Fluorescence of PG SK was evaluated by flow cytometry. Data are expressed as mean + standard
error of the mean of four independent experiments.

Treatment PG SK Fluorescence (AU)

Solvent Control  1.0+0.1

Fe-HQ 03+0.1"
DIp 16+0.1"
HAPI 15+01"
SIH 14+01"
BIH 1.0+0.1

*

p<0.05, ANOVA, with respect to solvent-control cells.
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