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Abbreviations: Act D, actinomycin D; ANT, adenine nucleotide translocator; ApSA, P;,Ps-
Di(adenosine-5")penta-phosphate; ASC, ascorbate; ATP D.S., ATP detecting system; ATR,
atractyloside; BME, basal medium Eagle; CE, catechin; CGC, cerebellar granule cell; CN,
potassium cyanide; CsA, cyclosporine A; Cyt ¢, cytochrome c¢; DIV, days in vitro; DMSO,
dimethyl sulfoxide; DZN, daidzein; DZN-S-K5 cells, S-K5 cells treated with daidzein; EC,
epicatechin; Fe**-cyt ¢, ferricytochrome ¢; Fe**-cyt ¢, ferrocytochrome ¢; GEN, genistein; GEN-S-
K5 cells, S-K5 cells treated with genistein; G6PD; glucose-6-phosphate dehydrogenase; MIM,
mitochondrial inner membrane; MOM, mitochondrial outer membrane; mPT, mitochondrial
permeability transition, mPTP, mitochondrial permeability transition pore; PTE, pterine; RCR,
respiratory control ratio; S.D., standard deviation; S-K25 cells, control cells; S-K5 cells, apoptotic
cells; xh S-KS5 cells, apoptotic cells xh after the induction of apoptosis; SOD, superoxide dismutase;

SUCC, succinate; XO, xanthine oxidase.
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Abstract

We have investigated the ability of certain dietary flavonoids, known to exert beneficial effects on
the central nervous system, to affect neuronal apoptosis. We used cerebellar granule cells
undergoing apoptosis due to potassium deprivation in a serum-free medium in either the absence or
presence of the flavonoids genistein and daidzein, which are present in soy, and of catechin and
epicatechin, which are present in cocoa. These compounds were used in a blood dietary
concentration range. We found that genistein and daidzein, but not catechin and epicatechin,
prevented apoptosis, with cell survival measured 24 h after the induction of apoptosis being higher
than that of the same cells incubated in flavonoid free medium (80 and 40%, respectively); there was
no effect in control cells. A detailed investigation of the effect of these compounds on certain
mitochondrial events that occur in cells en route to apoptosis showed that genistein and daidzein
prevented the impairment of glucose oxidation and mitochondrial coupling, reduced cytochrome ¢
release, and prevented both impairment of the adenine nucleotide translocator and opening of the
mitochondrial permeability transition pore. Interestingly, genistein and daidzein were found to
reduce the levels of reactive oxygen species, which are elevated in cerebellar granule cell apoptosis.
These findings strongly suggest that the prevention of apoptosis depends mainly on the antioxidant
properties of genistein and daidzein. This could lead to the development of a flavonoid-based

therapy in neuropathies.

Key Words: genistein, daidzein, apoptosis, cerebellar granule cells, antioxidant, mitochondria.
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1. Introduction

Deregulated apoptotic mechanisms have been implicated in many pathologic conditions, including
AIDS, infectious diseases, inflammation, cancer, heart failure, osteoporosis, stroke and trauma. In
particular, the process is involved in many human neurological disorders, including Alzheimer's,
Parkinson's and Huntington's diseases and amyotrophic lateral sclerosis [1]. It is intriguing that key
events/components in the cellular regulation of apoptosis have been identified and thus may be
targeted by therapeutic strategies [2]. In this regard, targeting apoptosis with dietary bioactive agents
could be a therapeutic approach to either prevent apoptosis in those diseases that have an apoptotic
origin [3] or induce apoptosis, for instance in cancer cells. To better investigate whether and how
some dietary compounds can affect apoptosis, the availability of an experimental system is needed
in which a dissection of the steps that lead to cell death has already been done.

We have already shown how apoptosis of cerebellar granule cells (CGCs) occurs when they are
deprived of extracellular K™ (SK5 cells) [for ref, see 4-9]. In particular, we investigated the role of
mitochondria in this process. Briefly, in early apoptosis (0-3h after induction) the rate of glucose
oxidation by CGCs decreases [5], mitochondria are subjected to time-dependent uncoupling [5] and
elevated production of reactive oxygen species (ROS) occurs [6]. Cytochrome ¢ (cyt ¢) is released
from the mitochondria while still coupled [6, 7] and an increase in the ATP level occurs [8]. In late
apoptosis (3-8 h after induction), an alteration of the adenine nucleotide translocator (ANT) occurs,
with ANT becoming a component of the mitochondrial permeability transition pore (mPTP); the
latter is dispensable for occurrence of apoptosis [9]. On the assumption that neuropathies are a result
of neuronal apoptosis, the identification of compounds able to protect neurons against apoptosis is

highly desirable.
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Given that the soy flavonoids have been claimed to improve human memory and neuro-cognitive
performance, there is reason to suspect that this might be due to their ability to protect neurons
against stress-induced injury, perhaps preventing apoptosis [10, 11]. However, although the
biological processes modulated by flavonoids, and especially by the isoflavone genistein (GEN),
have been extensively studied, there is no clear understanding of the cellular and molecular
mechanisms of action involved [12]. Flavonoids may target mitochondria in apoptosis, given that
they have been reported to impair mitochondrial ATPase [13], to modulate the mPTP [14, 15] and
interact with other mitochondria-associated pro-apoptotic factors such as DIABLO/smac [16, 17].
On the other hand, in recent reviews GEN was shown to have a variety of effects, including binding
to estrogen receptors, antioxidative activity, the capacity to increase cellular reduced glutathione and
effects on other physiological functions [for refs, see 18]. In particular, GEN was reported to be a
potent inhibitor of tyrosine kinase (TK, E.C.2.7.10) in tumor tissues [19, 20] and of xanthine oxidase
(X0, E.C.1.2.3.2) [21]. Recently, protection by GEN of the rat brain synaptosome and cultured
hippocampal neurons from insult induced by B-Amyloid peptide AP25-35 (for refs see 18) was
found. Indeed, GEN was shown to be either pro-apoptotic or anti-apoptotic depending both on its
concentration and the cell system [14, 22-24]. Similarly, the GEN analogue daidzein (DZN), which
does not inhibit TK [25], can inhibit D-gal-induced apoptosis via the Bcl-2/Bax apoptotic pathway
[26] and may be a potential medical candidate for neurodegeneration therapy. DZN exhibits an
antioxidant activity [27] and shows other biological properties, including estrogen-like and
estrogenin-dependent effects [for refs see 28].

Herein we report investigations on the effect of GEN and DZN on the steps outlined above in the
process by which CGCs undergo apoptosis as a result of potassium deprivation. We found that GEN

and DZN, the latter with a lower efficiency, when used in the “dietary concentration range” (up to
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10 uM) [for refs see 29-31], can prevent apoptosis from occurring in a manner consistent with their
antioxidant activity. This provides them with a role as potential drugs in neurodegenerative disease
therapy. In contrast with [32, 33], we found that GEN does not impair xanthine oxidase, at least in

CGCs.

2. Materials and Methods

2.1 Reagents. Tissue culture medium and fetal calf serum were purchased from GIBCO (Grand
Island, NY) and tissue culture dishes were from NUNC (Taastrup, Denmark). All enzymes and
biochemicals were from Sigma Chemicals Co. (St. Louis, MO, USA).

All procedures involving the use of animals were performed in compliance with relevant laws and
institutional guidelines. The animals were anesthetized and insensitive to pain throughout the
procedure.

2.2 Cell cultures. Primary cultures of CGCs were obtained from dissociated cerebella of 7-day-old
Wistar rats as in Levi et al. [34]. Cells were plated in basal medium Eagle (BME) supplemented
with 10% fetal calf serum, 25 mM KCIl, 2 mM glutamine and 100 pg/ml gentamicin on dishes
coated with poly-L-Lysine. Cells were plated at 2x10° per 35 mm dish, 6x10° per 60 mm dish, or
15x10° per 90 mm dish. Arabinofuranosylcytosine (10 uM) was added to the culture medium 18-22
hr after plating to prevent proliferation of non-neuronal cells.

2.3 Induction of apoptosis. Primary neuronal cultures at 6-7 days in vitro (DIV), which showed
typical neuronal morphologies with healthy cell bodies and intact processes, were used for the
experiments. Apoptosis was induced as in D’Mello et al. [35]: cells were washed twice and switched
to serum-free BME (S-) containing 5 mM KCI supplemented with 2 mM glutamine and 100 pg/ml

gentamicin. In some experiments, a variety of compounds (including the flavonoids) were also
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added at the induction time at the indicated concentrations selected to avoid any possible
interference with cell viability. The flavonoids were dissolved in dimethyl sulfoxide (DMSO) and
stored at -20°C in the dark, with the final DMSO concentration kept below 0.1%. The drug exposure
was terminated by removing the flavonoid-containing media, followed by washing twice and
replacing with fresh media. Sister cultures prepared under the same conditions were used in each
experiment. Control cells (without or with DMSO) were treated identically but maintained in serum-
free BME medium supplemented with 25 mM KCI for the indicated times; they are referred to as S-
K25 cells. Apoptotic cells are referred to as S-KS5 cells, and to indicate the different times x after
apoptosis induction, they are referred to as xtime-S-KS5.

The occurrence of apoptosis was checked, as in [6, 35], by measuring DNA laddering and
prevention of death due to the addition of Actinomycin D (Act D). The occurrence of necrosis was
assessed, as in [6], by checking the release of L-lactate dehydrogenase and the ability of MK&801 to
prevent CGC death.

2.4 Assessment of CGC survival. As advised in [36, 37], cell survival was quantified by counting the
number of intact nuclei using a hemacytometer after lysing the cells in detergent-containing solution
as in [38, 39]. Each measurement was performed in triplicate and reported as the mean = SEM. The

data are expressed as the percentage of intact nuclei in the control cultures at each time point.

2.5 DNA fragmentation analysis. Fragmentation of DNA was performed as in [6, 40]. Briefly,
CGCs (6 x 10°) were plated in poly L-lysine-coated 60 mm tissue culture dishes, collected with cold
phosphate-buffered saline (PBS, pH 7.2) and, after removal of the medium and washing once with
cold PBS, the cells were centrifuged at 3500 g for 5 min. The pellet was lysed in 10 mM Tris—HCI,
10 mM EDTA, and 0.2% Triton X-100 (pH 7.5). After 30 min on ice, the lysates were centrifuged at

17000 g for 10 min at 4°C. The supernatant was digested with proteinase K and then extracted twice
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with phenol—chloroform/isoamyl alcohol (24:1). The aqueous phase, containing soluble DNA, was
recovered and nucleic acids were precipitated with sodium acetate and ethanol overnight. The pellet
was washed with 70% ethanol, air-dried and dissolved in TE buffer (10 mM Tris—HCI, 1 mM
EDTA, pH 7.5). After digestion with RNase A (50 ng/mL at 37°C for 30 min), the sample was
subjected to electrophoresis in a 1.8% agarose gel and visualized by ethidium bromide staining.
Soluble DNA from equal numbers of cells was loaded in each lane.

2.6 Cell suspension and homogenate preparations. Before each experiment, the culture medium
was removed and the plated CGCs were washed with phosphate-buffered saline medium containing
138 mM NaCl, 2.7 mM KCI, 8§ mM Na,HPO,, and 15 mM KH,PO, at pH 7.4 and then collected by
gentle scraping into a volume of medium depending on the particular experiment.

2.6.1 Cell suspensions showed full viability, even though they lacked the morphological

organization observed in culture dishes such as cell-cell and cell-substrate contacts, and had no
neurites. Cell integrity, which remained essentially constant for 3-5 h, was quantitatively assessed
by confirming the inability of cells to oxidize externally added succinate (SUCC), which cannot
enter intact cells [41], and by confirming the ability of ouabain to block glucose transport into the

cells [42]. The final cell suspension routinely contained 85-95% intact cells.

2.6.2 Cell homogenate from plated CGCs was obtained by washing them with PBS and collecting

by gentle scraping to obtain a cell suspension that was then homogenized in a Dounce-Potter
homogenizer using 10 strokes at 25°C. The rupture of cell membranes was checked by confirming
the failure of ouabain to inhibit glucose-dependent oxygen consumption [for refs, see 5].

The intactness of mitochondria in the cell homogenate was checked by measuring the activities of
adenylate kinase (ADK, E.C.2.7.4.3) and glutamate dehydrogenase in the post-mitochondrial

supernatant (GDH, E.C.1.4.1.3) [for refs see 5], which are marker enzymes of the mitochondrial
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intermembrane space and matrix, respectively. Mitochondrial coupling was monitored by measuring
the respiratory control ratio (RCR), i.e., (oxygen uptake rate after ADP addition)/(oxygen uptake
rate before ADP addition), with succinate used as a respiratory substrate.

2.7 Polarographic measurements.

2.7.1 Cellular and mitochondrial respiration. O, consumption was measured polarographically

using a Gilson 5/6 oxygraph with a Clark electrode, as in [5, 7]. Either intact cells or cell
homogenates in PBS (about 1 mg protein) were incubated in a thermostatted (25°C) water-jacketed
glass vessel (final volume 1.5 ml). The sensitivity of the instrument was set so as to allow rates of
O, uptake as low as 0.5 natom min'mg" protein to be measured. Since the incubation chamber
required continuous stirring to allow O, to diffuse freely, the design included a magnetic stirring
system. Oxygen uptake was initiated by adding either glucose or succinate to the cell suspension or
homogenate, respectively.

Protein content was determined according to [43] with bovine serum albumin used as a standard.

2.7.2 Cytochrome c release. To detect the presence of active cyt ¢ in the extramitochondrial phase,

the ability of cell homogenate to oxidize ascorbate (ASC) was checked [7]. Briefly, because ASC
cannot permeate per se the outer mitochondrial membrane [for ref see 7], its oxidation must occur as
a result of release from mitochondria of a component that can oxidize ASC and then reduce oxygen
via cytochrome ¢ oxidase, i.e., cyt c. The rate of oxygen uptake was measured as the tangent to the

initial part of the progress curve and expressed as natom O min"'mg™ protein.

2.8 Superoxide anion detection in CGCs. Superoxide anion (O,") was detected using the
ferricytochrome ¢ (Fe3 +-cyt ¢) method [44] as an increase in absorbance at 550 (&s50nm = 37 mM em™

"at 25°C) and was measured using a Perkin-Elmer LAMBDA-5 spectrophotometer equipped with a
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thermostatted holder. A calibration curve was made by using xanthine plus XO as an O, " -

producing system, which produces ferrocytochrome ¢ (Fe*"-cyt ¢) in a 1:1 stoichiometry.

2.9 Xanthine oxidase assay. XO activity was assayed both by fluorimetric measurements (Perkin
Elmer LS50; excitation and emission wavelengths of 345 and 390 nm, respectively) of

isoxantopterine formation from pterine as in [45], and by photometric measurements at 550 nm of

XO-dependent O, " formation, as in [46].

2.10 Measurement of ATP levels. ATP levels in CGC extracts were determined by HPLC as in [8].
2.11 ANT measurement. Cell homogenate (0.1 mg protein) containing mitochondria was incubated
at 25°C in 2 ml of standard medium consisting of 200 mM sucrose, 10 mM KCI, 1 mM MgCl,, and
20 mM HEPES-Tris at pH 7.2. The appearance of ATP in the extramitochondrial phase, due to
externally added ADP, was revealed as in [9] by using an ATP detecting system (ATP D.S.). This
consisted of glucose (2.5 mM), hexokinase (HK, E.C.2.7.1.1, 0.5 e.u.), glucose-6-phosphate
dehydrogenase (G6PD, E.C.1.1.1.49, 0.5 e.u.) and NADP' (0.2 mM) in the presence of P;,Ps-
Di(adenosine-5")penta-phosphate (ApSA), a specific inhibitor of adenylate kinase [for ref see 9]. The
rate of NADP" reduction in the extramitochondrial phase was followed as an absorbance increase at
334 nm, which was measured as the tangent to the initial part of the progress curve and expressed as
nmol NADP" reduced/min x mg cell protein. Because the rate of ATP appearance measured in cell
homogenates could depend on a number of events, including electron flow across the mitochondrial
membrane, electrochemical proton gradient generation, ATP synthase and the adenine nucleotide
content of the mitochondria, under each experimental condition, we investigated the rate-limiting
step of the process leading to ATP efflux from the mitochondria as in [9].

2.12 Measurement of the mitochondrial permeability transition pore opening.
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To monitor the onset of mPTP opening, cell homogenate was suspended in a medium containing
250 mM sucrose, 2 mM HEPES pH 7.4, 0.5 mM K,;HPO,, 1 uM oligomycin, 2 uM rotenone and 5
mM succinate, and mitochondrial swelling was monitored at 25°C as the absorbance decrease at 546
nm, as in [9].

2.13 Statistical analysis and computing. All statistical analyses in this study were performed using
SPSS software. The data were representative of at least three independent experiments carried out
with different neuronal preparations, and are reported as the mean with the standard deviation
(S.D.). Statistical significance of the data was evaluated using the one-way analysis of variance
(ANOVA) followed by the post-hoc Bonferroni test. p<0.05 was considered as significant for all
analyses.

Experimental plots were obtained using Grafit (Erithacus software).

3. Results.

3.1 Flavonoids and low-K+ induced CGC apoptosis.

7 DIV neuron cultures were kept either in high potassium medium (S-K25 cells) or subjected to low
potassium shift (S-K5 cells), which is responsible for triggering apoptosis (for ref see 6, 35), in the
absence or presence of a variety of flavonoids. That neurons died via apoptosis was confirmed by
monitoring DNA laddering, which is a specific hallmark of apoptosis (Fig. 1A), and the sensitivity
of death to the transcriptional inhibitor Act D (Fig. 1B). DNA laddering was found only in S-K5
cells (Fig. 1A, lane b), but was completely prevented in the presence of the transcriptional inhibitor
Act D (1 pg/ml) (Fig. 1A, lane d). That necrosis had not occurred was shown by the absence of
significant LDH activity, both in S-K5 and S-K25 culture medium up to 15 hrs (not shown), and by
the insensitivity of death to MKS801, a selective NMDA receptor antagonist, which prevents

glutamate-dependent necrosis [for ref, see 44, 47].
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In Fig. 1B, we further confirmed that CGC death occurred via apoptosis, as shown by its complete
prevention by Act D (1ug/ml) (see [35]), but not by MK801 (1 uM). In fairly good agreement with
[9, 35], the survival of S-K5 CGC 24 h after apoptosis induction was 40% with respect to the control
(»<0.001, 6 expts). Next, we investigated whether the isoflavones GEN and DZN could prevent
CGC apoptosis, as observed 24 h after induction. The effect of epicatechin (EC) and catechin (CE)
was also investigated (Fig. 1B). In all cases, the compounds were added at concentrations of up to
20 uM; they had no effect on S-K25 CGC survival (not shown).

GEN and DZN (0.1 — 20 uM each) proved to prevent death in a dose-dependent manner, with a
survival of about 70% (p<0.001, 6 experiments) in the presence of 20 uM GEN, and about 60%
(»p<0.01, 6 experiments) in the presence of 20 uM DZN. Treatment with Act D in the presence of
flavonoid resulted in the complete prevention of death; this confirms that death occurred by
apoptosis. In contrast, both EC and CE, used at concentrations of up 20 uM, were totally ineffective
(Fig. 1B). Death prevention was confirmed in a parallel experiment in which phase-contrast
micrographs of the cells were used, as in [48]. Fig. 1C shows that both GEN (panel ¢) and DZN
(panel d) (20 uM each) treatment resulted in a reduction of cell degeneration and death with respect
to untreated S-KS5 cells (panel b).

Having established that GEN and DZN can prevent apoptosis of CGCs, their effects on some

mitochondria-linked steps in the process leading to apoptosis of CGCs were investigated separately.

3.2 Glucose oxidation by either GEN- or DZN- S-K35 cells.
The ability of GEN and DZN to prevent the impairment of glucose oxidation, which occurs in early
apoptosis [5], was investigated. Oxidation of externally added glucose (10 mM) by intact cells was

monitored by measuring the oxygen consumption that results from glucose uptake by CGCs,

11
Page 11 of 39



followed by aerobic glycolysis, citric acid cycle action and electron flow along the mitochondrial
respiratory chain. In a typical experiment (Fig. 2) the oxygen uptake rates were about 55 and 36
natom O/min per mg cell protein for S-K25 and 3 h S-K5 CGCs, respectively. In both cases, cyanide
(CN"), which prevents electron flow by blocking cytochrome oxidase activity, and ouabain, which
can prevent glucose uptake by preventing cellular sodium/potassium ATPase [for ref see 5] (not
shown), completely inhibited oxygen consumption. In 3 h-S-K5 cells, the decrease in the oxygen
consumption rate was largely prevented by either GEN or DZN (20 uM each); the rates were 49 and
44 natom O/min per mg cell protein, respectively (Fig. 2). Notice that the glucose oxidation rate
remained constant in S-K25 CGCs up to 3 h. As a result of treatment of the cells with superoxide
dismutase (SOD, E.C.1.15.1.1, 50 U/ml), which was added to S-K5 cell cultures, the impairment of
glucose oxidation was prevented, with an oxygen uptake rate by CGCs equal to 51 natom O/min per
mg cell protein) (inset to Fig. 2).

In a set of similar experiments with GEN and DZN concentrations ranging from 0.1 to 20 uM, we
found that isoflavone prevention of the impairment of glucose oxidation was dose-dependent (see
panel B of Fig. 2). GEN proved to be more effective than DZN, as judged by a statistical analysis

carried out according the Bonferroni test.

3.3 Mitochondrial coupling in either GEN- or DZN- S-K35 cells.

In another set of experiments (Fig. 3), mitochondrial coupling in the homogenates of either S-K25
or 3 h-S-K5 CGCs incubated in the absence or presence of either GEN or DZN was investigated. To
achieve this, oxygen uptake was measured arising from the addition of succinate to cell homogenate
in either the absence (state 4) or presence (state 3) of ADP (1 mM) used to stimulate oxidation. The

RCR values (oxygen uptake in state 3)/(oxygen uptake rate in state 4), which reflect the ability of
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mitochondria to produce ATP, were about 5.0, 2.6, 4.2 and 3.5 in S-K25, 3 h-S-K5, GEN- and
DZN-3h-S-K5 (20 uM each) cells, respectively. When SOD (50 U/ml) was added to S-K5 cell
culture, the RCR value was 4.5 (inset to Fig. 3).

Notice that the rate of oxygen uptake in state 4 was not changed by treatment with either GEN or
DZN, ruling out the possibility that these compounds can uncouple mitochondria. In a control
experiment, we found that GEN and DNZ were without effect when oxygen uptake by S-K25 cell
homogenates was investigated.

In panel B of Fig. 3, the RCR values (calculated from 5 expts) obtained using GEN or DZN
concentrations ranging from 0.1 to 20 uM are reported. Fig. 3B shows that the prevention of
mitochondrial impairment was dose-dependent, with GEN more effective that DZN.

Other mitochondrial steps of CGC apoptosis were investigated separately at 3 h and/or 5 h after
apoptosis induction, times which reflect the early and the late phases of apoptosis, respectively (see

above).

3.4 The release of cytochrome c from either GEN- or DZN- S-K35 cell mitochondria.

Since in CGC apoptosis the release of cyt ¢ from mitochondria occurs as a result of extra ROS
production [for refs, see 7, 49, 50], the ability of either GEN or DZN to affect cyt ¢ release was
investigated (Fig. 4). To do this, as in [46, 50], we resorted to polarographic measurement of the
activation of cyt c-dependent ASC oxidation, which itself confirmed that cyt ¢ was released in an
active form [50] (for details see the methods). In a typical experiment, S-K25, S-K5, GEN-S-KS5 or
DZN-S-KS5 cells, at 3 h after apoptosis induction, were compared to one another with respect to their
ability to oxidize externally added ASC (5 mM) (Fig. 4A). No oxygen uptake was found in the S-

K25 cell sample in the presence of ASC alone (trace a), showing that mitochondria were intact and
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that no release of cyt ¢ had occurred. ASC addition to homogenates from S-K5, GEN- or DZN-S-K5
CGCs resulted in oxygen uptake at a rate of about 16, 8§ and 11 natom O/min x mg cell protein,
respectively (traces b-d). The results in Fig. 4A show that prevention of cyt ¢ release occurred as a
result of the presence of the flavonoids. The prevention was dose-dependent (Fig. 4B), with GEN
being more effective than DZN; prevention values were about 50% and 25% in the GEN- and DZN-
S-K5 cells (20 uM each), respectively. As a control, the occurrence of 60% prevention of cyt ¢

release in S-K5 cells in the presence of externally added SOD was confirmed [6].

3.5 ATP level, ANT activity and mPTP opening in either GEN- or DZN-S-K5 cells.

ATP is required for apoptosis to occur. In early apoptosis, ATP is mostly produced in the mitochondria
by oxidative phosphorylation [8] and is exported via the ANT into the cytoplasm [for refs, see 9]. As in
[8], we found that the ATP level in 3 h-S-K5 CGCs was higher compared with the control (1.2 vs.
0.7 nmol/mg cell protein); incubation of S-K5 cells with GEN or DZN (20 uM each) or SOD (50
U/ml) did not result in a change of the ATP level (Fig. 5A).

The effect of GEN and DZN on the process in which alteration of the ANT takes place, triggering
opening of mPTP [see above and 9], was investigated by measuring in parallel both ANT-mediated
transport and mPTP opening in S-K25, S-K5, GEN-S-K5 and DZN-S-K5 cell homogenates. This
was done both at 3 h, when ANT function is impaired due to ROS, but no mPTP opening occurs,
and at 5 h, when further caspase-dependent ANT impairment occurs and mPTP opening initiates
[9]. In the inset, GEN and DZN were present at concentrations equal to 20 uM, when ANT function
is impaired due to ROS, but no mPTP opening occurs, and at 5 h, when further caspase-dependent
ANT impairment occurs and mPTP opening initiates [9]. In the former case, we resorted to a

procedure (see [9]) that allows for the continuous monitoring of ATP efflux from mitochondria
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incubated with ADP; in the latter, mPTP opening was investigated as mitochondrial swelling as in
[9] (for details see the methods). In a typical experiment, cell homogenates were treated with APSA
to inhibit adenylate kinase. In all cases, the ATP concentration outside the mitochondria was
negligible, as no increase in the absorbance measured at 334 nm was found in the presence of the
ATP D.S. As a result of the addition of ADP (0.04 mM), an increase in the NADPH absorbance was
found, indicating the appearance of ATP in the extramitochondrial phase. The explanation for this is
as follows (see Fig. SB): ADP enters mitochondria in exchange for endogenous ATP; inside the
matrix ATP is synthesized by oxidative phosphorylation, and the newly synthesized ATP exits the
mitochondria in exchange for further ADP via the ANT. That the rate of NADPH formation
mirrored, in all cases, the rate of ADP/ATP exchange was confirmed by applying control flux
analysis as in [9] (not shown). The rates of ATP efflux were 10, 2.5 and 1.6 nmol NADP"
reduced/min x mg cell protein for S-K25, 3h-S-K5 and Sh-S-K5 CGCs, respectively (Fig. 5C, D).
When SOD (50 U/ml) was added to the cell cultures, almost complete prevention of ANT
impairment was found at 3 h after apoptosis induction (10 nmol NADP" reduced/min x mg cell)
(Fig. 5C); this confirmed that the decrease in ANT efficiency depended on extra ROS production
[9]. In 5h-S-K5 cells, where a progressive impairment in ANT occurs mainly due to caspase
activation, the SOD prevention decreased to 5.3 nmol NADP" reduced/min x mg cell (Fig. 5D).

In GEN-3h-S-K5, GEN 5h-S-K5, DZN 3h-S-K5 and DZN 5h-S-K5 CGCs (20 uM each), the rates of
ATP efflux were 9.3, 4.0, 5.9 and 3.6 nmol NADP" reduced/min x mg cell protein, respectively (Fig.
5C,D). This shows that both GEN and DZN can prevent ANT impairment.

In a parallel experiment (Fig. 6), mPTP opening was measured by monitoring mitochondrial swelling
as a change in absorbance at 546 nm of the CGC homogenate (see Method Section). It should be

noted that the decrease in light absorbance is a spontaneous process due to apoptosis and is not
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calcium-dependent [see 51]. As in [9], no mPTP opening was found at 3 h after induction of
apoptosis, either in the absence or presence of GEN or DZN (not shown), confirming that ROS
themselves cannot cause mPTP opening. In 5h-SK5 CGCs, mPTP opening occurred. In either GEN-
or DZN-S-K5 cells, mPTP opening was prevented in a manner dependent on the compound
concentration, with 70 and 50% prevention found for GEN and DZN, respectively, at a concentration

of 20 uM. In SOD (50 U/ml) treated cells, 80% prevention was found. As expected, no

mitochondrial swelling occurred in the presence of 1 uM cyclosporine A (CsA), an inhibitor of

mPTP [9, 52].

3.6 Superoxide anion production in either GEN- or DZN- S-K)5 cells

In CGC apoptosis, extra ROS production takes place [6, 53 and refs therein] with all of the above
steps shown to be mostly dependent on ROS production. Since both GEN and DZN are antioxidants,
we investigated whether they, used up to 20 uM, could decrease O, levels at 3 h into apoptosis,
when maximum O, production takes place [6] (Fig. 7). In agreement with [6], the superoxide level
(4.0 £ 0.1 nmol O,7/10° cells) was substantially decreased by externally added SOD (p<0.001). A
dose-dependent decrease in O, levels was found in both GEN- or DZN-S-K5 cells; in GEN (10
uM) and DZN (20 uM)—-S-K5 cells, the level of O, was reduced by about 50%.

Since in S-K5 cells XO can contribute to ROS production [49], and since GEN was reported
to be a XO inhibitor [32, 33], we investigated whether GEN could inhibit XO in S-KS5 cells. To do
this we resorted to a procedure in which XO was assayed fluorimetrically by monitoring the increase
in fluorescence arising from the formation of isoxanthopterin from pterine (PTE) [45]. The rates of
isoxanthopterin generation were about 14 and 6 nmol/min x mg cell protein for 3h S-K5 and S-K25

cells, respectively (Fig. 8Aa,b). In GEN-3h-S-K5 cells, no inhibition of the fluorescence increase
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(Fig. 8Aa) due to pterine addition to the cell homogenate occurred, showing that GEN itself had no
effect on XO activity. This was also confirmed when GEN was added to the assay mixture before
starting the reaction (Fig. 8 Ab). As a control, we confirmed that the reaction was strongly inhibited
by allopurinol, a specific XO inhibitor [see 44, 45], either incubated with cultured cells (a) or added
during the reaction (b). As expected, no change in the XO reaction was found in SOD-treated CGCs
(not shown).

In parallel, we assayed XO by adding xanthine (10 uM) plus Fe*"-cyt ¢ to the homogenates. In this
system, O, formation due to endogenous XO was measured as an absorbance increase at 550 nm
resulting from reduction of Fe*-cyt ¢ (Fig. 8B). The rates of O, ~ formation, equal to 10 and 2.5
nmol/min x mg cell protein in 3h-S-K5 and S-K25, respectively, were decreased by 60% by GEN
(20 uM) incubated with 3h S-K5-cells (a) or added before the reaction was started (). The rates
were decreased to zero (a, ¢) or partially decreased (b) by allopurinol (10 uM) and SOD (50 U/ml),
respectively.

These data suggest that GEN cannot inhibit XO itself, even if it can scavenge ROS. Surprisingly
enough with respect to the above experiment, but in agreement with [32, 33], we found that GEN
can inhibit commercial XO activity as assayed either fluorimetrically or photometrically (not

shown).

4. Discussion

We show here that both GEN and its analogue DZN, used at dietary concentrations, can prevent low
potassium-dependent apoptosis in CGCs, and may perhaps be of use in neuroprotection. Indeed, the
flavonoid effect proved to be rather specific; in spite of their shared antioxidant capability, GEN and
DZN, but not CE and EC, prevented CGC death. (Fig. 1). On the other hand, a comparison made

between GEN and CE showed that GEN could prevent cell death both in CGCs and in rat
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mesencephalic cultures, whereas CE was effective only in the latter case [54]. Hence, the flavonoid
effect depends on the experimental system investigated.

Since prevention of apoptosis occurred with a parallel prevention of the impairment of certain steps
of the mitochondrial pathway to apoptosis, we conclude that the effects of both GEN and DZN
involve CGC mitochondria. In fact, we found prevention of the impairment of both aerobic glucose
metabolism and, more importantly, of the mitochondrial uncoupling that occurs in apoptosis (Fig. 2-
3) in the presence of these compounds. We also found the prevention of cyt ¢ release (Fig. 4), ANT
alteration (Fig. 5) and mPTP opening (Fig. 6). Finally, because the above steps of the mitochondrial
pathway to apoptosis are somehow related to ROS production, which takes place during apoptosis,
and since both GEN and DZN proved to decrease ROS levels (Fig. 7), we strongly suggest that the
prevention of apoptosis is essentially due to the antioxidant properties of the flavonoids. This is
supported by the evidence that the effects of GEN and DZN parallel those produced by the
antioxidant SOD [see 6]. Thus, although other effects of GEN as a dietary compound inducing
hormonal, metabolic and expression changes [55, 56] cannot be ruled out, we maintain that its role
as an antioxidant is crucial in accounting for these experimental findings. Accordingly, we first
showed that these compounds can remove the extra ROS produced in cells undergoing apoptosis
(Fig. 7). Whether the mechanism by which GEN decreases ROS levels in CGC apoptosis includes
other effects remains a matter of speculation. For instance, proteosomal inhibition by GEN could
cause an increase in the scavenging efficiency of the cell antioxidant system targeted by proteosoma
en route to apoptosis [see 6]. In addition, the antioxidant properties of GEN and DZN could result
from enhancement of the activities of other antioxidant molecules and enzymes (superoxide
dismutase, glutathione peroxidase and reductase) both in vitro and in vivo [30, 57]. In particular,
DZN was shown to decrease the GSH/GSSG ratio, suggesting that it could have pro-oxidant effects

in the brain [58].
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Since GEN is relatively more effective at inhibiting hydroxyl radical-induced oxidation compared
with DZN, which is the stronger agent against superoxide radical-induced oxidation [59], we might
speculate that the greater protection against apoptosis provided by GEN suggests a special role for
hydroxyl radicals in apoptosis. GEN and DZN differ from one another with respect to other
biological activities. For example, in distinction from DZN, GEN is a strong inhibitor of TK [19].
Since DZN is also neuroprotective, we assume that the inhibition of TK has no/minimal role in
preventing apoptosis. In this regard, it should be noted that in normal cells TK activity is rather
poor, whereas in tumor cells, TK activity can increase 10-20 times [60]. Hence, the activity of GEN
in cancer chemoprevention could arise from the inhibition of TK [61].

In CGCs, the ATP level proved to be insensitive to GEN and DZN (Fig. SA). On the other hand,
GEN was shown to enhance mitochondrial energy metabolism by increasing ATP synthesis in the
neurodegeneration of ovariectomized rats, as reported by Shi ez al. [62]. Indeed, several flavonoids
proved to increase cellular ATP levels, possibly by increasing ATP production via oxidative
phosphorylation [63]. In our case, because mitochondrial impairment in apoptosis is somehow
prevented by these isoflavones, we suggest that oxidative phosphorylation contributes more
significantly to ATP production, which is normally counterbalanced by anaerobic glycolysis,
leading to extra production of L-lactate in apoptosis [4, §].

As expected, because of their role as antioxidants, GEN and DZN were found to almost completely
prevent the alteration of ANT, which occurs in apoptosis (Fig. 5), as investigated in 3h-S-K5 CGCs
when ROS alone affects the molecule. The effect was only partial at 5 h when a further progressive
decrease in the ANT function occurs arising from caspase-dependent proteolysis. Conversely, at 5 h after
apoptosis induction, GEN and DZN partially prevented mPTP opening, as occurs with SOD (Fig.

6). Since neither GEN nor DZN proved to have any effect on ATP levels in S-K25 cells, we
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conclude that their effects are a result of the prevention of oxidative damage to mitochondria rather
than to broad activation.

We have also shown that GEN can reduce ROS levels in S-K5 cells. This does not depend on the
inhibition by GEN of XO, which in distinction with [21], does not occur in CGCs. The reason for
this anomaly is under investigation; it may be possible that the XO domain where GEN binds, thus
causing competitive inhibition [see 21], is protected by a high xanthine concentration, perhaps due
to microcompartmentation or by other unknown cell component/s.

Comparison of the results reported in this paper with those of others shows that any effect due to
either GEN or DZN depends on their concentrations. Cell treatment with GEN at high non-dietary
concentrations results in a variety of different effects, including ATP synthase inhibition [13], mPTP
opening [15] and apoptosis induction [14].

The clear lesson is that simple generalizations of the roles of these compounds cannot be made [22].
Their effects depend on a variety of factors that are related to the experimental system investigated

and the flavonoid concentrations used.

5. Figure legends.
Graphical Abstract legend
GEN and DZN reduce the levels of ROS, the release of cytochrome ¢, the impairment of ANT, the

opening of mPT and apoptotic death in CGCs.
FIGURE 1. The effect of some flavonoids on low-K" induced CGC apoptosis

Rat CGCs (1 x 10°%well) at 7 DIV were incubated either in high potassium (S-K25) or low

potassium (S-K5) serum-free culture medium.
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A) DNA fragmentation. Soluble DNA was extracted from neurons switched to serum-free culture
medium containing low K" (5 mM) in the absence (lane b) or presence of Act D (1 ug/mL; lane d)
after 15 h. Lane ¢ contains DNA from control cells maintained in high K™ (25 mM) for 15 h. DNA
from equal numbers of plated cells (6 x10°) was loaded in each lane. Size marker was Haelll-
digested ®x174 phage DNA (lane a).

B) Survival: S-KS cells were incubated in the absence (Nome) or presence of the following
compounds: genistein (GEN), daidzein (DZN), epicatechin (EC) and catechin (CE) at the indicated
concentrations. Where indicated, 1 uM MK801 and 1 pg Act D were present in the culture medium.
At 24 h, the viability of S-K25 and S-K5 cells was determined by counting the number of intact
nuclei. Cell viability was expressed as the percentage of that of the S-K25 cells. Control values were 100
+ 10. The compounds used had no effect on the survival of S-K25 cells. Results are means with the
(= S.D.) of triplicate measurements and are representative of six different experiments carried out
with different cell preparations from different groups of animals.

ANOVA and Bonferroni test: ) G Gess) statistically significantly different with p<(0.05, p<0.0l and
p<0.001, respectively, when S-K5 cells were compared against the samples indicated with asterisk/s. The
lack of asterisk indicates no statistically significant differences.

C. Phase-contrast micrographs showing neurons maintained for 24 h in serum-free medium
containing 25 mM KCI (a) and 5 mM KClI in the absence (b) or presence of either GEN (¢) or DZN
(d) (20 uM each). The phase contrast micrograph was taken using a NIKON DIAPHOT TS-100
epifluorescence microscope (equipped with a 40 x objective). Images were digitized by using a

Nikon Digital Video Camera E995 (Coolpix 995).

Figure 2. Glucose oxidation by either GEN- or DZN-S-K35 cells.
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A) Rat CGCs (2 x 10%well) at 7 DIV were switched from high potassium (25 mM) (S-K25) (a) to
low potassium (5 mM) serum-free culture medium in the absence (S-K5) or presence of 20 uM
genistein (GEN-S-KS5) or 20 uM daidzein (DZN-S-KS5) for 3 hours. Aliquots corresponding to 0.2
mg cell protein were incubated at 25°C in a water-jacketed glass vessel to monitor O, consumption
polarographically. Glucose (10 mM) and subsequent CN™ (1 mM) additions were made at the
indicated times. In the inset, S-K5 cells were treated with SOD (50 U/ml) (SOD-S-KS). Numbers
along the curves are rates of oxygen uptake expressed as natom O/minxmg cell protein.

B) The dependence of the rates of glucose-dependent oxygen consumption (Vo glucose) versus
GEN and DZN concentrations is reported. Data are the mean = S.D. of five measurements and are
representative of at least three different experiments carried out with different cell preparations.
ANOVA and Bonferroni test: ) ®% statistically significantly different with p<0.05 and p<0.01,
respectively, when S-K5 cells were compared against the samples indicated with asterisk/s. The lack of

asterisk indicates no statistically significant differences.

Figure 3. Mitochondrial coupling in either GEN- or DZN-S-K5 cells.

A) Rat CGCs (2 x 10°well) at 7 DIV, switched from high potassium (25 mM) (S-K25) (a) to low
potassium (5 mM) serum-free culture medium in the absence (S-KS5) or presence of 20 uM genistein
(GEN-S-K5) or 20 uM daidzein (DZN-S-KS5) for 3 hours, were homogenized and incubated (0.2
mg cell protein) at 25°C in a water-jacketed glass vessel and the consumption of O, was monitored
polarographically. Succinate (SUCC, 5 mM) and ADP (1 mM) were added at the indicated times. In
the inset, S-K5 cells were treated with SOD (50 U/ml) (SOD-S-KS). Numbers along the curves are

rates of oxygen uptake expressed as natom O/minxmg cell protein.
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B) The dependence of Respiratory Control Ratio (RCR) wvalues versus GEN and DZN
concentrations is reported. Data are the mean + S.D. of five measurements and are representative of
at least three different experiments carried out with different cell preparations.

ANOVA and Bonferroni test; *) (%) Gesex) statistically significantly different with p<0.05, p<0.01 and
p<0.001, respectively, when S-K5 cells were compared against the samples indicated with asterisk/s. The

lack of asterisk indicates no statistically significant differences.

Figure 4. The release of cytochrome c from either GEN- or DZN- S-K5 cell mitochondria.

Rat CGCs (2 x 10°well) at 7 DIV were incubated in either high potassium (S-K25) or low
potassium serum-free culture medium in the absence (S-KS5) or presence of either genistein (GEN-
S-K35), daidzein (DZN-S-KS) or SOD (50/ml) (SOD-S-KS5). At 3 hours after apoptosis induction,
the cells were scraped, collected and homogenized. Cell homogenate (about 0.2 mg protein) was
incubated at 25°C in the presence of 3 uM rotenone, 0.8 uM antimycin and 6 uM myxothiazole in a
water-jacketed glass vessel.

A) Cyt ¢ release from S-K25 or S-K5 cells, in the absence or presence of GEN and DZN (20 uM
each), at 3 h after apoptosis induction, was detected by means of oxygen consumption caused by
externally added ASC (5 mM).

B) Cyt ¢ release from S-K25 or S-K5 cells, in the absence or presence of GEN and DZN at the
indicated concentrations, at 3 h after apoptosis induction, was detected as in A). Results, expressed
as natoms O/min x mg cell protein, are the means = S.D. of triplicate measurements and are
representative of at least six different experiments carried out with different cell preparations

obtained from different groups of animals.

23
Page 23 of 39



ANOVA and Bonferroni test; ) (%) Gesex) statistically significantly different with p<0.05, p<0.01 and
p<0.001, respectively, when S-K5 cells were compared against the samples indicated with asterisk/s. The

lack of asterisk indicates no statistically significant differences.

Figure 5. ATP level and ANT activity in homogenates from either GEN- or DZN-S-K5 cells.

A. The amounts of ATP were measured by HPLC in neutralized perchloric acid extracts of either S-
K25 or S-K5 CGCs in the absence or presence of GEN (20 uM), DZN (20 uM) or SOD (50 U/ml),
as described in the Methods section.

ANOVA and Bonferroni test: No statistically significant differences were found when S-K5 cells were
compared against each sample.

B. The scheme describes the method used to detect ATP appearance in the extramitochondrial phase
due to the addition of ADP to CGC homogenate.

C-D. Appearance of ATP due to the addition of ADP (0.04 mM) to CGC homogenate (0.1 mg
protein) from S-K25 or S-K5 cells in the absence or presence of GEN and DZN at the indicated
concentrations at 3 (A) and 5 hours (B) after apoptosis induction was monitored as described in the

Methods.

Figure 6. mPTP opening in homogenates from either GEN- or DZN-S-K5 cells.

Rat CGCs (15 x 10%well) at 7 DIV were incubated either in high potassium (S-K25) or low
potassium (S-KS) serum-free culture medium in the absence or presence of either GEN or DZN at
the indicated concentrations, or SOD (50 U/ml) or cyclosporine A (CsA, 1 uM) for 8 hours. mPTP

opening was monitored by mitochondrial swelling (see the Methods section).
Figure 7. Superoxide anion’ production in either GEN- or DZN-S-K35 cells.
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Rat CGCs (0.5 x 10%well) at 7 DIV were incubated in either high potassium (S-K25) or low
potassium (S-K5) serum-free culture medium containing Fe**-cyt ¢ (10 pM) in the absence or
presence of either GEN or DZN at the indicated concentrations or SOD (50 U/ml). At 3 hours after
apoptosis induction, the culture solution was taken and the increase in absorbance at 550 nm due to
Fe’"-cyt ¢ reduction was determined. The experimental data are reported as nmol ROS formed +
S.D./10° cells, calculated on the basis of the stoichiometry of the reaction using the extinction
coefficient determined under our experimental conditions (see Methods). The experiment was
repeated 4 times with different cell preparations.

ANOVA and Bonferroni test: * (%) Ge#) statistically significantly different with p<0.05, p<0.01 and
p<0.001, respectively, when S-K5 cells were compared against the samples indicated with asterisk/s. The

lack of asterisk indicates no statistically significant differences.

Figure 8. Xanthine oxidase activity in GEN- S-K5 cells.

Rat CGCs (3 x 10%well) at 7 DIV were switched from high potassium (25 mM) (S-K25) to low
potassium (5 mM) serum-free culture medium (S-KS5). After 3 hours of incubation, CGCs were
collected and homogenized in PBS. The protein concentration was adjusted to 25 pg/ml and aliquots
were then assayed for XO activity.

A) The fluorimetric increase due to isoxanthopterine formation (345/390 nm) was initiated by the
addition of pterine (10 uM) (see the Methods section). In a) either 20 uM GEN (GEN-S-KS) or 10
uM allopurinol (ALLO-S-K5) was added to the cell well at the same time as the switch in K
concentration. In ) 20 uM GEN or 10 uM ALLO was added to the S-K5 suspension before pterine
addition or during the reaction, respectively. Numbers along the traces are values of XO activity

expressed as nmol of isoxanthopterin formed/min x mg cell protein.
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B) Both S-K5 and S-K25-CGCs were incubated with Fe> 'Cyt ¢ (10 uM). The absorbance increase
due to Fe’'Cyt ¢ (550 nm) reduction was initiated by the addition of xanthine (XANT, 10 uM) (see
the Methods section). In @) and b) either 20 uM GEN (GEN-S-KS5), 10 uM allopurinol (ALLO-S-
K5) or SOD (50 U/ml) (SOD-S-K5) was added to the cell well at the same time as the switch in K"
concentration. In ¢) 20 uM GEN and 10 uM ALLO was added to the S-K5 suspension before
XANT addition. Numbers along the traces are values of XO activity expressed as nmol O, ™~

formed/min x mg cell protein.
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