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Abstract. Many natural and synthetic quinones and naphthoquinones possess a variety of beneficial
pharmacological properties. In plants, the cytotoxic properties of quinones serve in their defensive
roles against invading bacteria, fungi and parasites. In this regard many quinones as well as polyphe-
nols, exerting generally toxicity at high dosages, are able to induce favorable hormetic responses at
a low dosage. The novel chloronaphthoquinone derivative of quercetin (CHNQ) showed a profound
cytotoxicity followed by enhancement of intracellular generation of oxidants in human neonatal B-
HNF-3 fibroblasts. Its synthetic precursors, quercetin and 2-chloro-3-hydroxy-[1,4]naphthoquinone,
failed to induce these effects, and paradoxically, only CHNQ at a low concetration provided partial
protection of the cells against oxidative challenge. Thus, the novel quinonoid-polyphenol CHNQ
might have a merit in the search for new prospective agents in prevention and management of age-

ing and ageing-related pathologies.
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Introduction

Several of the most widely distributed quinones and naph-
thoquinones are reported to possess a variety of pharmaco-
logical properties, including anti-inflammatory, antifertility,
leishmanicidal, antibacterial, antifungal, hypolipidemic,
antiatherosclerotic, and antimalarial effects (Thomson 1971;
Qiu et al. 1998; Kayembe et al. 2010; Tandon and Kumar
2013; Xu et al. 2014).

Some quinones have important roles in the biochemis-
try of energy production and serve vital links in electron
transport. Defensive features have been attributed to other
quinones with regard to their effectiveness in inhibiting the
growth of bacteria, fungi or parasites. Possible mechanisms
mediating the biological activity of quinones and naph-
thoquinones encompass modifications of target proteins
by their keto-moieties linking to thiol- and amino-groups
of protein amino acid residues (Bolton et al. 1997; Li et al.
2005). Furthermore, quinones can produce oxidative stress
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by quinone redox cycling, involving enzymatic reduction to
semiquinone radicals followed by oxidation by molecular
oxygen and superoxide generation. In case of quinone elec-
tron carriers, this can result in inhibition of the cell respira-
tory chain by interference with the cell electron transport
system (O 'Brien 1991).

Recently a novel chloronaphthoquinone derivative of
quercetin 3,7-dihydroxy-2-[4-(2-chloro-1,4-naphtoqui-
none-3-yloxy)-3-hydroxyphenyl]-5-hydroxychromen-4-
one, shortly chloronaphthoquinone quercetin or CHNQ
(Fig. 1) was synthesized and studied (Stefek et al. 2012;
Veverka et al. 2013; Milackova et al. 2013). The com-
pound CHNQ showed profound antioxidant properties in
a chemical model of DPPH test with an efficacy similar to
the reference antioxidant trolox (Milackova et al. 2013).

Hormetic paradigm has been frequently linked to the
famous statement of the German philosopher Friedrich
Nietzsche (1844-1900): ,What doesn’t kill us makes us
stronger” (Was uns nicht umbringt macht uns stirker). In the
fields of biology and medicine, the term hormesis describes
a biphasic dose-response with a low dose stimulation or
beneficial effect and a high dose inhibitory or toxic effect. The
response of the cell or organism to the low sub-lethal dose of
the toxin is considered an adaptative compensatory process
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Figure 1. Chemical structures of quercetin (a), 2-chloro-3-hy-
droxy-(1,4)-naphthoquinone (quinone) (b) and 3,7-dihydroxy-2-
[4-(2-chloro-1,4-naphtoquinone-3-yloxy)-3-hydroxyphenyl]-5-
hydroxychromen-4-one (CHNQ) (c).

following an initial disruption in homeostasis (Calabrese and
Baldwin 1997). Apart from chemically trigerred hormesis
(i.e. xenohormesis), hormetic stressors might include also
caloric restriction, cold temperature, heat shock or physi-
cal exercise. Furthermore, caloric restriction and moderate
physical activity were proposed to control the ageing process
through enhanced mitochondrial activity and subsequently
increased reactive oxygen species (ROS) formation that fi-
nally induce an adaptive response culminating in metabolic
health and extended longevity (Ristow and Schmeisser 2011).
This adaptive response is more specifically named mitochon-
drial hormesis or mitohormesis, which is in conflict with
the extended Harman'’s free radical theory of aging (FRTA)
explaining ageing as a consequence of mitochondrial accu-
mulation of ROS over time (Harman 1972).

A structure-activity relationship has been derived for
the chemical compounds triggering hormetic response
(reviewed by Birringer 2011). Generally, the xenohormetic
response might be subject to covalent binding of an electron
accepting the moiety of a drug to nucleophilic residues in
redox-sensitive complexes of transcription factors (such as
Nrf2/Keap1 or HSF1-HSP90), resulting in boosting the anti-
oxidant defence or protein quality control system (Itoh et al.
1997; Itoh et al. 1999; Dinkova-Kostova et al. 2001). In this
regard, quinone compounds can represent ideal candidates
for xenohormetics.

The aim of this study was to investigate antioxidant or
prooxidant properties of CHNQ and its synthetic precursors

quercetin and 2-chloro-3-hydroxy-[1,4]naphthoquinone,
shortly ,,quinone®, in human neonatal B-HNF-3 fibroblasts
with aid of a molecular modeling method. In addition, we
studied the cytotoxic effects of CHNQ as well as its potential
paradoxic protection at low dose in oxidative stress chal-
lenged B-HNF-3 cells.

Materials and Methods

Chemicals

The compound CHNQ (purity > 99.5%) was synthesized,
purified and verified by BEL/NOVAMANN (Bratislava,
Slovakia) as was described before (Veverka et al. 2013).
CHNQ was prepared by sequential procedure involving
selective protection of quercetin -OH groups followed
by acylation with 2,3-dichloro-1,4-naphthoquinone. 2-
chloro-3-hydroxy-[1,4]naphthoquinone (quinone) was
obtained from Bare Chemicals GmbH (Germany), quer-
cetin from BEL/NOVAMANN (Slovakia), dimethylsul-
phoxide (DMSO) molecular biology grade was obtained
from AppliChem, Minimum Essential Medium Eagle
(MEM) from Sigma-Aldrich (Germany), fetal bovine
serum (FBS) was obtained from PAA Laboratories (Aus-
tria). Penicillin, streptomycin and Dulbecco 's phosphate
buffer saline (PBS) were from Lonza (Belgium). Acridine
orange (AO), ethidium bromide (EB), 2,7 -dichlorodihy-
drofluorescein diacetate (H,DCF-DA), dihydroethidium
(DHE), 4,6-diamidino-2-phenylindole (DAPI), hydro-
gen peroxide, neutral red, 2,4-dinitrophenylhydrazine
(DNPH), polyclonal antibody antidinitrophenyl from
rabbit as well as other chemicals were purchased from
Sigma-Aldrich (Germany). Tetramethyl rhodamine
isothiocyanate (TRITC)-labeled- polyclonal anti-rabbit
antibody from goat was purchased from Dianova (Ger-
many). Cell Proliferation Kit I ((3-[4,5-dimethyldiazol-2-
yl]-2,5-diphenyl-tetrazolium bromide)-MTT) was from
Roche Diagnostics (Germany). JC-1 was from Santa Cruz
(Heidelberg, Germany) and Caspase-Glo 8 Assay kit was
from Promega (Mannheim, Germany).

Cell culture

B-HNF-3 (human neonatal fibroblasts) were obtained from
Dr. Lubo$ Dani$ovi¢ (Institute of Medical Biology, Genet-
ics and Clinical Genetics, Faculty of Medicine, Comenius
University in Bratislava, Slovakia) (Repiska et al. 2010).
Cells were grown at 37°C in humidified air with 5% CO,
in MEM supplemented with 10% FBS, 100 IU/ml penicil-
lin and 100 pug/ml streptomycin. Cells were subcultured
once a week. The cells at up to 25 passages were used for
experiments.
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Molecular modeling

The structures of the compounds tested (chlorohydroxy-
naphthoquinone, CHNQ and quercetin) were subjected to
comparative molecular modeling. Low energy conforma-
tions (starting geometries) of the compounds studied were
obtained by Monte Carlo equilibrium conformer search
(MMFF94) and subsequent optimization in DFT B3LYP 6-
31G* method, all performed in the program SPARTAN’08
(Wavefunction Inc., USA) (Shao et al. 2006). The values of
orbital energies Erjopo (the highest occupied molecular or-
bital) and E;ypmo (the lowest unoccupied molecular orbital)
were obtained for final geometries optimized. To search for
the most probable anionic form of quercetin and CHNQ,
we performed calculations for all possible dissociated forms
of both molecules and then anions with minimum energy
(7-O7 for both quercetin and CHNQ, in vacuum and water)
were chosen for further studies.

Apoptosis/necrosis detection

The apoptotic/necrotic changes were assessed by ethidium
bromide and acridine orange (EB/AO) staining assay (Ribble
et al. 2005; Rackova et al. 2009). After trypsinization, five
thousand cells were grown in a 96-well plate in complete
MEM for 24 hours. Subsequently, the cells were incubated
with various concentrations of the compounds tested pre-
pared from the stock solutions in DMSO (final concentra-
tion up to 0.33%). After 24-h incubation the medium was
changed and the cells were stained with EB/AO (final con-
centrations 0.003 pM/0.005 uM, respectively) for 5 min in
complete MEM and finally washed three times with PBS. The
stained cells were examined using a fluorescence microscope
Leica DM IL LED running standard software. Additionally,
the effect of CHNQ on mitochondrial membrane potential
(MMP) and caspase 8 activation were assessed. Following
the treatment of B-HNEF-3 cells (30 000 cells in 200 pl/well)
with the compounds tested in 96-well plates, the cultures
were incubated with the freshly prepared JC-1 solution
(5 pg/ml) in 5% CO, atmosphere at 37°C for 30 min. After
JC-1 was removed, the cells were washed trice with PBS and
viewed under a fluorescence microscope Leica DM IL LED.
Alternatively, the influence of MMP was evaluated by flow
cytometric analysis. The cells grown in 6 cm Petri dishes
were trypsinized, washed and stained by JC-1 solution as
described above. The labelled cells (1 x 10°) were washed
twice in PBS and analyzed by flow cytometry. For assess-
ment of individual samples, a total of 7500-gated events were
analyzed per sample by flow cytometer (Cytomics FC 500;
Beckman Coulter). Frequency plots were obtained for FL-1
(green) and FL-2 (orange) to determine the percentage of
the population stained green and orange. For detection of
caspase 8 activation induced by CHNQ, luminiscence assay

using Caspase-Glo 8 Assay kit was performed according to
the manufacturer’s protocol. Twenty thousand cells were
used for each measurement.

Detection of intracellular oxidative stress

Generation of intracellular oxidants was assessed using
H,DCE-DA and DHE probes with differing specificity to
ROS. In brief, following the treatment with the compounds
tested, the cells were incubated with H,DCF-DA (10 uM) or
DHE (10 pM) for 45 and 35 min, respectively, in complete
MEM followed by stainning with DAPI (4.5 uM in PBS).
Finally, the cells were washed three times and examined
using fluorescence microscopy.

Immunocytochemical assay of protein carbonyls

One hundred thousand cells were grown over 24 hours in
poly-L-lysine-coated Petri dishes (3 cm). Following the 24-h
incubation with the compounds tested, the cells were fixed
in 99.8 % ethanol/ether (1:1, v/v), at =20°C for 10 min. Next,
the cells were incubated with DNPH (0.3% w/v in ethanol
acidified with H,SOy4 (1.5%)) overnight at 4°C. On the next
day, the DNPH solution was carefully washed out and the
cells were incubated with blocking buffer (1% FBS in PBS at
4°C) for 30 min and subsequently permeabilized with Triton
X-100 (0.1% in PBS) for 5 min at 4°C and finally washed
trice with blocking buffer. Next, the DNPH-derivatized
cells were incubated with primary antibody (polyclonal
anti-DNP antibody from rabbit, 1:200, 1 hour at 4°C) fol-
lowed by incubation with secondary antibody (anti-rabbit,
TRITC-labeled, 1:1000, 1 hour at 4°C). The nuclei were
stained with DAPI and the fluorescence was examined using
fluorescence microscope Leica DM IL LED. The fluorescence
intensities were calculated using Image J (version 1.46r, NTH,
http://rsbweb.nih.gov/ij/). The average parameter value for
each treatment was calculated from at least 3 randomly se-
lected images (minimum 20 cells in total). The cells treated
with H,O; (I mM, 20 min in complete MEM) were used
as positive control.

MTT assay

The effect of the compounds tested and H,O, on the activ-
ity of mitochondrial dehydrogenases of B-HNF-3 cells was
assessed as reduction of 3-[4,5-dimethyldiazol-2-yl]-2,5-
diphenyl-tetrazolium bromide (MTT) by the cells in ac-
cordance with the manufacturer’s protocol. In brief, from
5000 to 15 000 cells were grown in the 96-well plate for
24 hours. Then, following the next 24-hour incubation with
the concentration range of the compounds tested or after ad-
ditional 1-hour exposure to H,O,, the cells were incubated
with MTT (0.5 mg/ml) for 4 hours in fresh MEM. The cells
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were exposed to H,O, (0.5-5 mM in complete medium)
following the 24-hour incubation with a low concentration
(10 uM) of the compounds tested.

Neutral red assay

Lysosomal stability following the oxidative insult was as-
sessed as uptake of neutral red (NR) dye by acidic vacuoles
of B-HNF-3 cells. One hundred microliters of NR solution
(0.003%) in complete MEM was added to the cells and the
dye accumulation was left to proceed for 4 hours. Next, the
incubation medium was removed, the cells were washed
twice with PBS and the accumulated dye was solubilized with
2% acetic acid/ethanol mixture (1:1, v/v). The absorbance
of the samples was read spectrophotometrically at 540 nm
using a reference wavelength at 690 nm.

Statistical analysis

Data are presented as means + standard deviation (SD) of
three separate experiments. Statistical analysis was per-
formed using Student’s ¢-test and statistical significance is
expressed as * p < 0.05; ** p < 0.01; *** p < 0.001 vs. respec-
tive control. The ICs( and IC,5 were extrapolated from the
dose-response graph. The drug concentrations that reduced
the viability of cells by 50% (ICsg) and 25% (IC,5) were de-
termined by plotting data points over a concentration range
and calculating values using regression analysis of GraphPad
Prism 6 software.

Results

Molecular modeling

The values of the orbital energies Eyyono and Epunmo are
summarized in Table 1. The value of Egopo of the com-
pounds studied (reflecting their one-electron ionization
potential) decreased in the order: quercetin > CHNQ >
quinone. In accordance with these data, quinone exerted
approximately a 30-times lower antioxidant effectiveness

Table 1. The values of the orbital energies Egyopmo and Erymo
obtained by DFT B3LYP 6-31G* method

Compounds Enomo (kJ/mol) Erumo (kJ/mol)
quercetin -528.83 -177.77
quinone -661.39 -326.80
CHNQ -548.25 -356.83

Enomos the highest occupied molecular orbital; Erynios
the lowest unoccupied molecular orbital; CHNQ, chloro-
hydroxynaphthoquinone.

in a chemical model of the DPPH test than did quercetin
and CHNQ, as documented by the values of initial rate of
absorbance decreases (AA/75 s) of the reaction mixtures
containing DPPH radical in the presence of CHNQ: 0.462
+0.015; quercetin: 0.386 + 0.025 and quinone: 0.012 + 0.006
(Milackova et al. 2013). The intrinsic prooxidant potential
(reflected by Erypmo energies) gave the order: CHNQ >
quinone > quercetin.

Detection of intracellular oxidative stress

After passing through the plasma membrane, H,DCF-DA
(27,7"-dihydrodichlorofluorescein diacetate) - a lipophilic
and non-fluorescent compound, is de-esterified to a hy-
drophilic phenol H,DCF (dihydrodichlorofluorescein) that
may be oxidized to fluorescent DCF (2°,7"-dichlorofluo-
rescein) by a process usually considered to involve ROS.
The cells treated with CHNQ at 35 uM showed a notable
increase of HyDCF oxidation (Fig. 2). In paradox, no DCF
fluorescence was observed at the highest concentration
tested. Increased cell membrane permeability preventing
successful retention of the oxidized probe might probably
have contributed to this outcome.

However, maximum production of superoxide was seen
in the cells treated with 100 pM CHNQ, as visualized by
intracellular fluorescence derived from DHE oxidation
(localized to nuclear compartment, Fig. 3I), specific for
superoxide. The increase of membrane permeability (shown
as enhanced DAPI staining) was also counteracting the
development of ethidium-derived fluorescence (shown as
reduced colocalization of both stains, Fig. 3K).Yet again,
quercetin and quinone did not cause probe oxidation at any
of the concentrations tested (Fig. 3A-F).

Immunocytochemical assay of protein carbonyls

A significant increase of protein carbonyl immunoreactiv-
ity was observed in the cells treated by 35 uM and 100 uM
CHNAQ (Fig. 4). Fluorescence was localized to the cytosolic
region of the cells. This was comparable with protein oxida-
tion in the cells treated by hydrogen peroxide. Correspond-
ingly to the detected level of intracellular oxidants, quercetin
and quinone did not boost protein oxidation in the con-
centration range applied and CHNQ did not show protein
carbonylation at the minimum concentration tested.

Cytotoxicity of quinone, quercetin and CHNQ

No influence of MTT reduction, or rather its slight en-
hancement, was observed in B-HNE-3 cells applied with
the compounds tested up to the concentration of 25 pmol/l.
Treatment with higher doses resulted in a decline of forma-
zan production with a significant cytotoxic effect of CHNQ
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(at concentrations 35 uM (p < 0.05 vs. control), 50 uM (p <
0.001 vs. control) and 100 uM (p < 0.001 vs. control), Fig. 5).
Thus, the highest cytotoxicity was determined for CHNQ
(ICs50=45.6 £ 2.2 uM, ICy5 = 31.5 £ 1.2 uM), while both its
precursors tested showed negligible cytotoxic effects (IC5y>>
100 pM, ICy5 = 89.3 + 24.0 uM and IC,5 = 96.5 + 26.9 uM,
for quercetin and quinone, respectively). Application of
DMSO did not cause any significant influence of formazan
generation by the cells.

EB/AO labeling showed an increased number of the cells
displaying bright green nuclei (corresponding to nuclear
condensation) and red intact nuclei following treatment
with CHNQ, indicative of death induction by apoptosis and
necrosis, respectively (Renvoize et al. 1998; Ribble et al. 2005),

QUERCETIN 10 uM

QUINONE 10 pM

CHNQ 10 pM

CONTROL

QUERCETIN 35 uM

QUINONE 35 uMm

with a prevalence of the former (Fig. 6G-I). The cells treated
by 100 pM CHNQ showed also mostly a green nuclear AO
staining, however, with a lower intensity, probably due to
the aforementioned diminished retention of the dye by the
permeabilized dead cells. These changes were not seen fol-
lowing treatment with quercetin and quinone at either of the
concentrations tested (Fig. 6A-F). In addition, CHNQ at 35
and 100 uM caused significant changes in morphology seen
as cell shrinkage, roundicity increase with loss of the typical
elongated shape, significant decrease of mitotic cells and re-
markable decrease of cell adherence. Induction of apoptosis
in the cells treated with CHNQ (35 pM) was confirmed by
a significant depolarization of mitochondrial membrane
as confirmed by JC-1 stainning combined with fluorescent

QUERCETIN 100 pM

QUINONE 100 pM

CHNQ 35 pM CHNQ 100 pM

Figure 2. Intracellular oxidant production assessed by oxidation of 27,7~
dichlorodihydrofluorescein (DCF). The cells were incubated for 24 hours
with quercetin (A-C), quinone (D-F) and CHNQ (G-I) at the indicated
concentrations in comparison to the control (J). Magnification x100.
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microscopy (depolarized mitochondria showed green fluo-
rescence corresponding to JC-1 monomers, while polarized
mitochondria displayed red fluoresence corresponding to
aggregated dye) and flow cytometry (only 30.55 + 0.75% of
the cell population treated with CHNQ displayed red fluores-
cence) (Fig. 7). Furthermore, a significant increase in caspase
8 activity was observed in the cells exposed to CHNQ (35 uM,
174,863 + 34,515 compared t0 96,973 + 13,144 R.L.U. (relative
luminiscence units) of vehicle control, p < 0.05).

In order to shed light on possible CHNQ decomposition
and its role in the cytotoxicity profile, we compared the

QUERCETIN 10 uM

QUINONE 10 pM QUINONE 35 pM

QUERCETIN 35 uM

CHNQ 35 |.|M CHNQ 100 uM
e i

effect of CHNQ on MTT reduction with the effect of its
equimolar precursor mixture. A remarkably lower activity
of mitochondrial dehydrogenases was observed in the cells
treated with the combination of individual precursors than
in the cells applied with CHNQ (Fig. 8).

Protection by quinone, quercetin and CHNQ against H,0,-
induced injury

Treatment of the cells with H,O, resulted in a concentration-
dependent injury of metabolic activity (confirmed by MTT

QUERCETIN 100 uM

QUINONE 100 uM

CHNG 100 M CONTROL

Figure 3. Intracellular oxidant production assessed by oxidation of dihydroethidium (DHE). The cells were incubated for 24 hours with
quercetin (A-C), quinone (D-F) and CHNQ (G-I) at the indicated concentrations in comparison to the control (L). J. The nuclear staining
of cells treated by 100 uM CHNQ. K. Colocalisation of nuclear stainning (J) and oxidation-derived fluorescence (I). Magnification x100.
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conversion decline) as well as in lysosomal injury (proved by
diminishment of neutral red uptake). A correlation was evi-
dent for the data collected from both assays, however, a higher
vulnerability to H,O, was seen in the lysosomal uptake-based
assay (Fig. 9) (MTT test LC50=2.99 +£0.71; NRU assay LCs( =
1.79 £0.55). Concentrations of HyO, causing MTT reduction
decline approximately by 50% were used for further assays.
In line with the proposition that electron-wihdrawing
properties of a compound might trigger protection at low
dose, twenty-four-hour pre-treatment with CHNQ (10
umol/l) led to a mild prevention of decline of activity of
mitochondrial dehydrogenases (p < 0.01 vs. H,O, control)

i) Immunofluorescence

A

CONTROL

QUINONE 100 pM

30 -

units)

CHNQ100 pM

Intensity (arbitrary

Figure 4. Protein oxidation in the
cells following the exposure to the
compounds CHNQ, quercetin and
quinone in comparison to the con-
trol (i, A) assessed by immunocyto-

CHNQ10 pM

and lysosomal injury (p < 0.01 vs. HyO, control) caused by
oxidative stress induced by 1 mM H,0, (Fig. 9). However,
neither of the non-toxic precursor substances did show
a similar effect. Moreover, quercetin enhanced the lysosomal
damage and quinone potentiated the mitochondrial dehy-
drogenases injury caused by hydrogen peroxide.

Discussion

Certain structural prerequisites have been proposed for the
substances providing beneficial biological effects based on

QUERCETIN 100 pM

CHNQ 35 pM

ii) Protein carbonyls intensity

chemical labelling of protein carbonyls. The significant increase of protein carbonyls was comparable with protein
oxidation in the cells treated by 1 mM H,0, in complete medium for 20 min used as a positive control (i, B). The
fluorescence intensities were quantified using Image J software (ii). The average parameter value for each treatment
was calculated from at least 3 randomly selected images (minimum 20 cells in total). Magnification 100x; *** p <

0.001 vs. control.
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Figure 5. Comparison of viability (assessed by mitochondrial re-
duction of MTT) of B-HNEF-3 cells after 24-hours treatment with
CHNQ (C), its precursors quercetin (A) and quinone (B), and
vehicle DMSO expressed as the percentage of control. * p < 0.05,
*** p <0.001 vs. control.

oxidant-generation promoting mechanism. These involve
electron-deficient moiety favoring electron transfer from
the electron-rich biomolecules, such as protein cysteine
residues or low-molecular weight thiols (Bergman et al.
1959). Depending on the redox properties and the applied
dose range of a substance, this might result either in oxida-
tive stress causing cell damage (a generally desired effect
in case of treatment of malignancies or bacterial infection)
or upregulation of the defense system, a phenomenon
accompanying hormesis (Calabrese and Baldwin 1997).
Hormesis, and particularly hormetic phytochemicals,
represent a promising approach in management of ageing
and ageing-related pathologies (Son et al. 2008). In all
organisms, the cellular response to environmental stress
includes transcriptional activation of enzymes that protect
and repair cellular macromolecules (Gasch and Werner-
Washburne 2002; Kultz 2005). FOXO, cap-n-collar and
other transcription factors have highly conserved roles
in activating the expression of cytoprotective genes in
response to oxidative, xenobiotic and thermal stress (Lee
and Johnson 2004; Mathers et al. 2004; Kobayashi et al.
2006; Sedding 2008). These genes encode enzymes that
scavenge free radicals, synthesize glutathione and catalyze
conjugation reactions that increase xenobiotic solubility
and excretion. A range of xenohormetic structures bear
an electron accepting moiety, as e.g. a,B-unsaturated
carbonyl or isothiocyanate group, favoring covalent bind-
ing to nucleophilic residues of the regulators of critical
transcription factors, such as reactive cysteine residues in
redox-sensitive Nrf2/Keap 1 or HSF1-HSP90 heterocom-
plexes (Akhtar et al. 2012). This results in transcriptional
activation and boosting of antioxidant defence, augmenta-
tion of detoxification processes or of the protein quality
control system (Itoh et al. 1997; Itoh et al. 1999; Dinkova-
Kostova et al. 2001). Naturally occurring quinones (such
as juglone, vitamin K, plumbagin) bearing a,3-unsatu-
rated carbonyl moieties represent typical xenohormetics
(Shibayama-Imazu et al. 2006; Przybysz et al. 2009; Son et
al. 2010). Furthermore, flavonoids might represent precur-
sors of xenohormetic molecules and undergo conversion
by oxidative metabolism which involves a two-electron
auto-oxidation to an electrophilic quinone-type mol-
ecule (Metodiewa et al. 1999; Awad et al. 2000; Bast and
Haenen 2002). In this regard, quercetin, as a precursor
of ortho-quinone molecule, showed a range of beneficial
effects on organisms including life extension of yeasts
and nematodes, chemopreventive effects, enhancement
of cognitive functions and protection of immune system
in aged animals (Chondrogianni et al. 2010; Vargas and
Burd 2010; Pietsch et al. 2011; Si and Liu 2014). However,
since the lower bioavailabilty can counteract its beneficial
effects, attempts to improve this characteristic through
the structure modification have been reported (Murota
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and Terao 2003). Previous studies conducted by Chon-
drogianni et al. (2010) using quercetin caprylate showed
that both quercetin and its novel derivative can induce
rejuvenation of already senescent human fibroblasts. How-
ever, the senescence-reversing effects were not enhanced
in the cells treated with novel compound compared to
unsubstituted quercetin. Chemical synthesis (assisted by
molecular modeling methods) may represent an efficient
tool to optimize electron-acceptor properties of quinones,

QUERCETIN 10 pM

QUINONE 10 pM

CHNQ 10 uM

CONTROL

QUERCETIN 35 pM

"+, CHNQ 35 M

flavonoids and other prospective phytochemicals and thus
improve their beneficial health potential.

In line with calculated molecular parameters of the com-
pounds tested showing strongest electron-withdrawal potency,
CHNQ induced a remarkable oxidant production by the
cells as confirmed by specific oxidant-sensitive fluorogenic
probes. Intracellular DHE oxidation confirmed generation
of superoxide (as a primary reactive oxygen metabolite) in
the cells treated with CHNQ, which might occur via quinone

/

L

QUERCETIN 100 pM

QUINONE 100 pM

CHNQ 100 pM

Figure 6. Viability evaluation assessed by EB/AO staining. The cells were incubated for
24 hours with quercetin (A-C), quinone (D-F) and CHNQ (G-I) in comparison to the
control (J). A.-G. The cells treated with quercetin and quinone and with the lowest con-
centration of CHNQ show intact green nuclei and orange acidic vacuoles corresponding
to living cells. Arrows next to ,,L point to live cells; arrows next to ,N“ indicate necrotic
cells and arrows next to ,,A“ indicate apoptotic cells. Magnification x100.
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redox cycling reaction (O ‘Brien, 1991). As shown by H,DCF
oxidation, a profound increase of superoxide secondary
metabolites were also seen in CHNQ-treated cells. The lack
of DCF fluorescence at the maximum concentration tested
might be explained by a loss of barrier ability of the membrane
(probably due to massive cell death as well as advanced mem-
brane lipid oxidation) and probe leakage into the medium.
Furthermore, unlike the weaker electron-acceptors quinone
and quercetin, CHNQ induced cell death predominantly via
apoptosis, a phenomenon typical for biologically relevant
quinones (Qiu et al. 1998; Gomez-Monterrey et al. 2010;
Massaoka et al. 2012). Similarly to pro-apoptotic effects of
other quinones (such as jacaranone and thymoquinone (El
Mahdy et al. 2005; Massaoka et al. 2012)), the apoptosis
induced by CHNQ involved caspase-8 activation and loss of
mitochondrial membrane potential (MMP). Mitochondrial
dysfunction, characterized by aloss of MMP and opening
of mitochondrial permeability transition pores, is an effect

A B

caused by many apoptotic stimuli including ROS (Kuwana et
al. 2005; Le Bras et al. 2005). In consequence, mitochondria
release various intermembrane space proteins to the cytosol
including cytochrome c leading to activation of the caspase
cascade, including activation of the key caspase-3. It has been
clearly shown that ROS trigger activation of caspases, includ-
ing caspase-2, -8, -9 and -3, during apoptosis (Prasad et al.
2006; Massaoka et al. 2012). Activation of caspase-8 during
CHNQ-induced apoptosis draws attention to the role of death-
receptor-mediated pathway. However, caspase-8 can also am-
plify the apoptotic signal through the mitochondrial pathway.
Activated caspase-8 cleaves BH3 domain-only members of the
Bcl-2 family, such as proapoptotic Bid, followed by their entry
into mitochondria and induction of cytochrome c release
(Yin 2000). In addition, it was confirmed that activation of
caspase-8 can occur in death receptor-independent apoptosis
(Lin et al. 2004). Caspase-8 was found to work upstream of
caspase-3 activation and initiate the release of cytochrome
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Figure 7. Evaluation of apoptotis in the B-HNF-3 cells exposed to CHNQ. Representative images, dot plots for JC-1 staining and caspase 8
activity evaluation. A. Polarized mitochondria are marked by punctuate orange-red fluorescence staining. On depolarization, the or-
ange-red punctuate staining is replaced by diffuse green fluorescence corresponding to JC-1 monomers. Apoptotic cells, showing mostly
green fluorescence, are easily differentiated from healthy cells, which show red fluorescence. B. Representative dot plots of JC-1 stained
B-HNF-3 cells. Lower right quadrant shows the cells exhibiting green fluorescing monomers. C. Caspase 8 activation in the B-HNF-3
cells exposed to CHNQ (35 uM). R.L.U,, relative luminiscence units; * p < 0.05 vs. vehicle DMSO 0.105 %.
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c to the cytosol during thymoquinone-induced apoptosis in
HL-60 cells (El- Mahdy et al. 2005).

The carbonyl assay is a frequently used biomarker of
protein damage. Carbonyls can arise from protein glycation
by sugars, by binding of aldehydes (including many of those
formed during lipid peroxidation) to proteins and by the
direct oxidation of amino-acid side chains by reactive spe-
cies to generate such products as glutamate and aminoadipic
semialdehydes (Reznick et al. 1992; Calingasan et al. 1999;
Chevion et al. 2000; Adams et al. 2001; Requena et al. 2001;
Levine 2002; Dalle-Donne et al. 2003). In line with the results
of intracellular oxidant production and calculated molecular
descriptors, the compound CHNQ caused more profound
carbonylation of cytosolic proteins in B-HNF-3 cells than
did quinone and quercetin. Both direct oxidation of amino
acid side chains and secondary lipid peroxidation products
may have contributed to this result.

Results of the MTT reduction assay were in consistency
with outcomes of the EB/AO staining assay. The highest
cytotoxicity was determined for CHNQ (ICsy = 45.6 + 2.2
uM, ICy5 = 31.5 £ 1.2 uM), while both its precursors tested
showed low cytotoxicity (IC50>> 100 uM, IC;5=89.3 +24.0
uM and ICy5 = 96.5 + 26.9 uM for quercetin and quinone,
respectively) in B-HNF-3 fibroblasts.

Furthermore, we tested the hypothesis that CHNQ may
intracellulary undergo hydrolysis to quercetin and quinone.
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Figure 8. Comparison of the effects of CHNQ and the correspond-
ing equimolar mixture of its precursors quercetin (Qc) and quinone
on viability assessed by MTT assay. The B-HNF-3 cells grown on the
96-well plate were incubated with the three individual compounds at
35 pM concentration or with the sum of precursors of CHNQ (35 uM)
ora vehicle at corresponding concentrations for 24 hours. * p <0.05 vs.
vehicle DMSO 0.21%, *** p < 0.001 vs. vehicle DMSO 0.11%).

Yet CHNQ showed a profoundly higher cytotoxicity than the
simple mixture of its precursors, which may be indicative
of its intracellular stability in fibroblast cells, at least dur-
ing 24 hours. In addition, this result suggests that the fused
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Figure 9. The concentration-dependent injury of activity of mito-
chondrial dehydrogenases (confirmed by MT'T conversion decline)
and lysosomal injury (proved by diminishment of neutral red up-
take) and protective effect of pre-treatment with CHNQ (10 uM).
A. The cells grown on the 96-well plate were incubated with differ-
ent concentrations of HyO, for 1 hour. The viabilities in MTT (the
black graphic columns) and NRU assay (the white graphic columns)
were determined as percentages of untreated control. *** p <0.001.
B., C. The B-HNE-3 cells grown on the 96-well plate were pre-
incubated with the compounds tested at 10 uM concentration for
24 hours and then exposed to different concentrations (mM) of
H,0; for 1 hour. The effects of the compounds tested on viability
injury were assessed by MTT (B) and NRU assays (C). * p < 0.05,
** p <0.01 vs. HyO, control. The white graphic columns indicate
the control, the black indicate the compound CHNQ, the dark gray
quercetin and the light gray quinone.
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structure of CHNQ can be essential for its unique biological
properties.

Hydrogen peroxide caused a significant dose-depend-
ent injury of activity of mitochondrial dehydrogenases as
well as lysosomal destabilization. A slightly more profound
damage to lysosomes compared to the injury of the activity
of dehydrogenases might be explained by a higher vulner-
ability of lysosomes (as a main iron storage compartment)
to H,O, toxicity.

In support of our proposition of its hormetic properties,
CHNQ (a compound showing enhanced cytotoxicity and
intrinsic prooxidant features at higher concentrations)
at a low dose paradoxically triggered the protection to
B-HNF-3 fibroblasts against oxidative stress-induced in-
jury. Upregulation of defence mechanisms via binding to
redox-sensitive transcription factor complexes followed by
their activation may provide a plausible explanation of this
outcome (Itoh et al. 1997; Itoh et al. 1999; Dinkova-Kostova
et al. 2001). Furthermore, the moderate increase of ROS
generation in mitochondria can also result in an adaptive
response that culminates in increased stress resistance and
antioxidant defense (Ristow and Schmeisser 2011). On the
other hand, quercetin and quinone rather enhanced the
damage to cells. Polyphenol-mediated transition metal
redox cycling (enhanced under H,O,-challenge) or the
previously reported interaction with cultured media com-
ponents might explain this outcome (Lapidot et al. 2002;
Satoh et al. 2013).

In conclusion, this study showed that the novel chlo-
ronaphthoquinone derivative of the flavonoid quercetin
(CHNQ) exerted a more profound cytotoxic and prooxi-
dant effect compared to its synthetic precursors, querce-
tin and quinone. In paradox, these adverse effects might
provide cytoprotection at a low dose range, likely through
augmentation of the cellular defence system. Thus, CHNQ
might have a merit in search for new prospective agents
in prevention and management of ageing and its related
pathologies.
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