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Abstract

The prenylated flavanone 2′-4′-dihidroxy-5′-(1′′ ′-dimethylallyl)-6-prenylpinocembrin) (6PP), isolated from the roots of Dalea
elegans, shows antimicrobial activity. The aim of this study was to evaluate mitochondrial toxicity and antioxidant properties of
6PP. Addition of micromolar concentrations of 6PP to rat liver mitochondria, stimulated O2 uptake in state 4 and inhibited it in state
3 when malate–glutamate was the respiratory substrate, and inhibited O2 uptake in state 3 when succinate was the substrate. Highest
concentration of 6PP also inhibited O2 uptake in state 4 in the latter case; in both conditions, respiratory control index values were
decreased. This flavanone collapsed the mitochondrial membrane potential in a concentration-dependent manner. 6PP also inhibited
F0F1-ATPase activity in coupled mitochondria and in submitochondrial particles. In the latter, this compound also inhibited NADH
oxidase and succinate dehydrogenase activities. HEp-2 cells were incubated for 24 h with 6PP in presence or absence of 0.5%
albumin. As measured by reduction of the mitochondrial-related probe MTT, in the albumin-free condition, 6PP was cytotoxic in
a concentration-dependent manner; on the other hand, albumin decreased 6PP effect. In addition, in rat liver microsomes 6PP: (1)
inhibited the enzymatic lipid peroxidation, (2) exhibited significant scavenging activity, measured by DPPH reduction assay and
(3) demonstrated significant antioxidant activity by decreasing the reduction of Mo(VI) to Mo(V). We suggest that 6PP impairs the

hepatic energy metabolism by acting as mitochondrial uncoupler and by inhibiting enzymatic activities linked to the respiratory
chain. 6PP also exerts both antioxidant and antiradical activities. Due to its cytotoxicity, this molecule, and its future structure
developments, can be considered as a potentially promising therapeutic agent, for instance in cancer chemotherapy.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
It is well known that diets rich in fruit and vegeta-
bles protect against several diseases [1]. These effects
have been attributed, in large part, to several antioxidants
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Fig. 1. Structure of 6PP.

resent in this kind of aliments. Among them flavonoids
ay play an important role. Flavonoids are a large class

f compounds with phenolic hydroxyl groups attached to
ing structures, which confer antioxidant activity [2–4].
hese antioxidant properties are related to their abil-

ty to chelate metal ions and scavenge singlet oxygen,
uperoxide, peroxyl, hydroxyl and peroxynitrite radicals
3,5,6]. In vivo, further antioxidant activities have been
ound, such as the increase in the total radical antioxidant
arameters [7]. In addition to their free radical scaveng-
ng activity, flavonoids have been reported to possess

any important biological activities: anticarcinogenic,
nti-inflammatory, antimutagenic, antimicrobial and
asodilatory, as well as several toxic effects [8,9]. Many
f them, most of natural origin, are currently under
rospective scrutiny for therapeutic application. Anti-
roliferative properties of prenylated flavonoids have
een demonstrated in several cancer cell lines [10].

Prenylated flavonoids have a relatively narrow dis-
ribution in the plant kingdom and are constitutively
xpressed in only some plants, unlike prenylated
soflavonoids [11]. In previous studies, the preny-
ated flavanone 2′-4′-dihidroxy-5′-(1′′′-dimethylallyl)-
-prenylpinocembrin (6PP, shown in Fig. 1), extracted
rom the roots of the Argentine plant Dalea ele-
ans, has demonstrated an antibacterial effect against
taphylococcus aureus as well as antifungal action on
ulti-resistant nosocomial strains of Candida glabrata,
. krusei and C. albicans, among others [12]. Some
f these pathogens were isolated from immunocompro-
ised patients, mainly AIDS cases. Whereas several

ntibacterial mechanisms have been described for differ-
nt flavonoids – including inhibition of DNA and RNA
ynthesis, anti-folate activity and unselective disruption

f cell membranes – [13–15], the target of 6PP is still
nknown. The same is true for most flavonoids [16].

Since prenylation of the flavonoids increases
ipophilicity, and confers a strong affinity to biolog-
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ical membranes [17], this compound was considered
an interesting candidate for further development, into
an eventual clinical option compromised patients like
these. This development requires the initial study of
its pharmacological and toxic properties. Based on
the known effects of flavonoids upon oxidative activi-
ties, we performed an evaluation of several antioxidant
mechanisms and targets, in order to test whether 6PP
is active on mitochondria and whether it possesses
antiradical/antioxidant properties. We now report a par-
tial characterization of the in vitro 6PP effects on
rat liver mitochondrial respiration, NADH oxidase,
succinate dehydrogenase, ATPase activities and mito-
chondrial membrane potential, as well as cytotoxicity
against human tumor cells, and its scavenger/antioxidant
activity.

2. Materials and methods

2.1. Chemicals

6PP was isolated as previously described [18].
Compound was provided as a lyophilized powder
and diluted in dimethylformamide (DMFA) for all
assays. The same volume of solvent, as test com-
pound, was used as control and never exceeded 0.5%
(v/v). The different incubation times used are presented
in the text. HCl, NaOH, KCl, H2SO4, trichloroacetic
acid (TCA) and ammonium molybdate were provided
by Merck Quı́mica Argentina S.A., Buenos Aires,
Argentina. EDTA and EGTA were obtained from
BHD Chemicals Ltd., England; tris (hidroxymethyl)
aminomethane (Trizma base), thiobarbituric acid (TBA),
Na2HPO4, KH2PO4, sucrose, MgCl2, FeCl3, glucose-6
phosphate (G6P), glucose 6 phosphate dehydroge-
nase (G6PD), NADP+, ADP, NADH, malic acid,
glutamic acid, malonic acid, succinic acid, rotenone, 2,2-
diphenyl-1-picryl-hydrazyl (DPPH), 3-[4,5-dimethyl
thiazol-2-y1]-2,5diphenyl tetrazolium bromide (MTT),
rhodamine 123, N,N-dimethyl-formamide (DMFA), glu-
tamine and serum bovine albumin (BSA) were acquired
from Sigma Chemical Co., St. Louis, MO, United States.
Methanol and ethanol were provided by Riedel de Haen
AG, Germany. Sterile saline solution was acquired from
Roux-Ocefa S.A. (Buenos Aires, Argentina). All the
other chemicals used in this study were of analytical
grade.
2.2. Cell culture

HEp-2 cells kindly provided by Dr. A.S. Mistchenko
(Hospital de Niños R. Gutiérrez, Buenos Aires,
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Argentina) were cultured in Earle-MEM (Gibco BRL,
USA), with 10% inactivated fetal calf serum (FCS) from
Bioser, Buenos Aires, Argentina. The cell line derives
from a laryngeal epidermoid carcinoma and was cho-
sen mainly because it is widely available and has been
frequently used for the screening of cytotoxic drugs,
including natural products such as ginger extract [19].
Though the selection was not based on this informa-
tion, free radical metabolism has been suggested to
be involved in the pathogenesis of laryngeal cancer
[20].

2.3. Liver mitochondria, submitochondrial particles
and microsomal preparations

Liver mitochondria were isolated from adult male
Wistar rats by conventional differential centrifugation
[21,22]. The liver of overnight fasted adult animals was
removed and placed quickly in an ice-bath. The tis-
sue was homogenized in 250 mM sucrose, 1 mM EDTA
and 5 mM HCl–Tris buffer (pH 7.4). The 600 g pel-
let was discarded and mitochondria were pelleted at
6800 × g, washed twice with the same solution, and
the final pellet suspended in 240 mM sucrose, 34 mM
KCl, 5 mM MgCl2, 9 mM HCl–Tris, 1 mM EDTA, 6 mM
Na2HPO4–KH2PO4 (pH 7.4) (1 ml buffer/g liver). All
experiments were performed within 3 h following mito-
chondrial isolation. Submitochondrial particles were
prepared with the same procedure except that the final
pellet was kept dry overnight at −20 ◦C. The pellet
was suspended in 100 mM tetrasodium pyrophosphate
(pH 7.4). The suspension was sonicated three times at
50 W and centrifuged at 26,000 × g for 15 min, sed-
iments discarded and the supernatant centrifuged at
105,000 × g for 45 min. Pelleted submitochondrial par-
ticles were washed twice and resuspended in 250 mM
sucrose, 1 mM EDTA and 5 mM HCl–Tris buffer (pH
7.4) at roughly 20 mg protein/ml, and kept at −70 ◦C (up
to 6 months). NADH oxidative activity of these prepa-
rations was 100–190 nmol NADH/(min mg protein), at
30 ◦C and remained unchanged for at least 6 months.
Microsomes were obtained by differential centrifuga-
tion [23,24]. Briefly, the liver tissue was homogenized in
50 mM HCl–Tris, 150 mM KCl (pH 7.4) (4 ml buffer/g
liver). Centrifugation at 600 × g for 10 min and then
at 10,800 × g for 15 min was performed to eliminate
nuclear and mitochondrial fractions, respectively. The
microsomal fraction was obtained by centrifugation of

the supernatant at 105,000 × g for 60 min. The micro-
somal pellet was washed with 150 mM KCl and either
used immediately or stored in liquid nitrogen, for
3 months.
nteractions 171 (2008) 294–305

2.4. Mitochondrial respiration rates

Respiration rates were measured, with a model 5/6
Oxygraph (Gilson Medical Electronics, Middleton, WI,
USA) fitted with a Clark oxygen electrode, at 30 ◦C.
Reactions were conducted in a 1.8 ml closed thermo-
static and magnetically stirred glass chamber containing
mitochondria (2–3 mg protein/ml) suspended in a respi-
ration buffer containing 240 mM sucrose, 34 mM KCl,
5 mM MgCl2, 1 mM EDTA, 9 mM HCl–Tris, and 6 mM
Na2HPO4–KH2PO4 (pH 7.4). For respiration exper-
iments with l-malate and l-glutamate as substrates,
5 mM l-malate, 5 mM l-glutamate (MG) and 2.5 mM
malonate were added. For respiration with succinate as
substrate, 10 mM succinate and 3 �M rotenone were
added. The latter was used to prevent electron trans-
port from and to Complex I. The rate of mitochondria
respiration was measured in metabolic state 3, after
adding 0.5 mM ADP, or in metabolic state 4, with-
out ADP. The respiratory control index (RCI) was
calculated as the ratio of state 3/state 4 respiration
[25].

2.5. Enzyme assays

F0F1-ATPase activity was measured at 30 ◦C in
an incubation mixture (final volume 1 ml) contain-
ing 150 mM HCl–Tris (pH 7.6), 3 mM ATP, 4 mM
MgCl2 and 0.25 mM EGTA. The reaction was started
by adding the mitochondria or submitochondrial par-
ticles to a final concentration of 0.125 mg protein/ml.
After 20 min of incubation, 0.1 ml of 50% (w/v)
TCA was added. Inorganic phosphate (Pi) released
from ATP was determined by the Fiske–Subbarow
method [26]. Values were expressed as percentage
of ATPase activity versus DMFA. Succinate dehydro-
genase (SDH) activity [27] was measured at 30 ◦C
in an incubation mixture (final volume 1 ml) con-
taining 100 mM Na2HPO4–KH2PO4, 1 mM EDTA,
0.1% BSA (pH 7.6), 1 mM KCN and 1 mM potas-
sium ferricyanide. The reaction was started by adding
18 mM succinate to a preparation containing sub-
mitochondrial particles (0.6 mg/ml). Enzyme activity
was followed by the rate of reduction of potassium
ferricyanide at 455 nm (ε = 150 M−1 cm−1). NADH
oxidase activity was measured at 30 ◦C in an incuba-
tion mixture (final volume 1.5 ml) containing 50 mM
Na HPO –KH PO (pH 7.4). The reaction was started
2 4 2 4
by adding 0.125 mM NADH to a preparation containing
submitochondrial particles (0.2 mg/ml). Enzyme activ-
ity was followed by the oxidation of NADH at 340 nm
(ε = 6.22 mM−1 cm−1).
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.6. Measurement of mitochondrial membrane
otential

Mitochondrial membrane potential was measured by
hodamine 123 fluorescence [28]. The reaction mixture
ontained: mitochondria (1–2 mg protein/ml), 0.5 mM
DP, 5 mM l-malate, 5 mM l-glutamate and 2.5 mM
alonate or 10 mM succinate and 3 �M rotenone in

espiration buffer, as was described in Section 2.4.
itochondria were preincubated or not as indicated in

ach case, with 6PP for 15 min aerobically in a shaker
90 cycles/min) at 37 ◦C. Rhodamine 123 (1 �M) was
dded and, after 10 min incubation, the reaction mixture
as centrifuged at 6800 × g. Rhodamine 123 accumula-

ion in mitochondria was determined by the difference
etween the fluorescence in the supernatant and in a
olution of rhodamine 123 (1 �M). Fluorescence was
easured in an Aminco SLM 8000C spectrofluorometer,

t 498 nm excitation and 525 nm emission.

.7. Cell viability

Two methods were used:

(a) Trypan blue dye exclusion method [29]. To deter-
mine initial conditions of cytotoxic assay, HEp-2
cell cultures (105 cells/well) were grown on 24-well
tissue culture plates (Corning Cell Wells, Corn-
ing, New York, NY, USA) at 37 ◦C in a 5% CO2
humidified atmosphere. At confluence, medium was
discarded and replaced by fresh medium without
FCS, containing or not 6PP at different concentra-
tions, as described in the text. After 24 h incubation,
cells were trypsinized and the cell suspension was
diluted 1:10 with 1.6% (w/v) trypan blue solu-
tion and examined in a phase contrast microscope
(C. Zeiss, Germany) to count cells able to exclude
the dye. Controls included untreated cells (culture
medium alone) or cells incubated with DMFA. Cyto-
toxicity values were graphically estimated from
plots of the percentage of viable cells yielded by
the different concentrations of 6PP, compared to
untreated controls.

b) Cell viability test by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) method
[30]. HEp-2 cell cultures (1.5 × 104 cells/well) were
prepared on 96-well tissue culture plates (Nunc,
Denmark). At confluence, medium was discarded

and replaced by fresh medium without FCS, con-
taining the different concentrations of 6PP, with or
without 0.5% BSA, in a final volume of 100 �l
per well. After 24 h incubation, medium was dis-
nteractions 171 (2008) 294–305 297

carded and an aliquot of 10 �l of MTT, 5 mg/ml
in aqueous solution, was added to each well; then
the plates were incubated for 90 min at 37 ◦C in
5% CO2 atmosphere. The reaction was stopped by
adding isopropanol (100 �l to each well) to dissolve
formazan crystals. To allow complete dissolution of
formazan, plates were further incubated at 37 ◦C for
15 min, followed by reading on a multiwell spec-
trophotometer (Bio-Tek, Elx 800, USA) at 540 nm.
In some experiments, the effect of albumin on 6PP
cytotoxicity was assessed by adding BSA in a final
concentration of 0.5% (w/v). The percentage of
cytotoxicity was calculated as [(A − B)/A × 100],
where A and B are the absorbance of control and
treated cells, respectively. The IC50 (inhibitory con-
centration 50%) was defined as the concentration
that reduced the absorbance of treated cells to 50%
when compared to control cells.

2.8. Assay of microsomal lipid peroxidation

To assay of NADPH-dependent lipid peroxi-
dation, the incubation mixture consisted of liver
microsomes (1 mg protein/ml), the NADPH-generating
system (0.55 mM NADP+, 5.5 mM G6P, 1.4 units/ml
G6PD, 5.5 mM MgCl2), as the reducing system for
the microsomal electron transfer, 1.7 mM ADP, 0.1 mM
FeCl3 as the iron catalyst, 130 mM KCl and 23 mM
Na2HPO4–KH2PO4 buffer, pH 7.4. After thermal equi-
libration at 37 ◦C, the reaction was started by adding
G6PD and incubated for 60 min aerobically in a water
bath with shaker (90 cycles/min) at 37 ◦C. Aliquots
(1.0 ml) were withdrawn at the times indicated and
chilled to 0 ◦C. The malondialdehyde (MDA) content
of these samples was measured by the TBA method
[31]. Absorbance was measured spectrophotometrically
at 535 nm and the amount of MDA was calculated from
ε = 1.56 × 105 M−1 cm−1.

2.9. Antiradical activity determination

Two methods were used to test the antioxidant activ-
ity of 6PP. One is based on the evaluation of free radical
scavenging [32] and the other is based on the reduction
of a phosphomolybdenum complex [33]. Scavenging of
free radicals was tested in a methanolic solution of DPPH
[32]. The degree of decoloration of the solution indicates
the scavenging efficiency of the substance added. DPPH

is a stable free radical and accepts an electron or hydro-
gen to become a stable diamagnetic molecule [34]. For
each compound, aliquots of 1 ml of the drugs in methanol
were added to 2 ml of DPPH solution (10 mg/l). Fifteen
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minutes later, the reduction capability of DPPH radi-
cals was determined by the decrease in its absorbance
at 517 nm. A reference sample was prepared with 1 ml
of methanol. Antiradical activity was calculated as a
percentage of DPPH decoloration using the following
equation:

antiradical activity

= 100 ×
(

1 − absorbance of sample

absorbance of reference

)

The antioxidant power of the 6PP was also evaluated
with the molybdate reduction assay [33]. The reagent
solution contained 4 mM ammonium molybdate, 28 mM
sodium phosphate and 600 mM sulfuric acid, to which
6PP (dissolved in methanol) was added, at the final
concentrations indicated in the text. The samples were
incubated for 60 min at 95 ◦C and the absorbance of
the green phosphomolybdenum complex was measured
at 695 nm. A typical blank solution contained 1 ml of
reagent solution and the appropriate volume of the same
solvent used for the sample, and it was incubated in the
same conditions as the other samples.

2.10. Statistical analysis

The effect of 6PP was calculated taking the result
in the sample containing DMFA as the control value.
GraphPad InStat and GraphPad Prism version 4.00 soft-
ware (GraphPad Software, San Diego, CA, USA) was
used to calculate the standard errors of independent
experiments involving duplicate analyses for each sam-

ple condition. Statistical analysis was done with either
one-way analysis of variance (ANOVA) test for repeated
measurements and Dunnett post-test. Significance was
accepted at p < 0.05.

Table 1
Effect of 6PP on mitochondrial oxygen uptake

6PP (�M) Malate–glutamate (nmol O2/(min mg protein))

State 3 State 4 RCI

0 16.35 ± 3.49 2.18 ± 0.49 7.18 ± 0.45
0.1 14.88 ± 2.93 2.33 ± 0.49 6.48 ± 0.87
1.0 15.18 ± 2.77 2.54 ± 0.42 5.77 ± 0.51

12.5 14.26 ± 2.74 2.65 ± 0.40 5.09 ± 0.47*
25.0 14.81 ± 3.24 3.14 ± 0.49 4.31 ± 0.61*
50.0 11.96 ± 3.06** 4.60 ± 0.57* 2.29 ± 0.45*

100.0 7.11 ± 2.54** 5.15 ± 1.47** 1.06 ± 0.07*

Values are mean ± S.E.M. for four rats (malate–glutamate plus malonate) o
measurements. Experimental conditions are described in Section 2. *p < 0.05
nteractions 171 (2008) 294–305

3. Results

3.1. Effect of 6PP, on electron transfer and
oxidative phosphorylation in coupled mitochondria

Table 1 shows the effect of 6PP on the respiration
rate of coupled mitochondria, with MG site I substrate,
or succinate site II substrate. It can be seen that with
MG as substrate and mitochondria in metabolic state 3
(active respiration, the maximal physiological rate of O2
uptake and ATP synthesis), 6PP produced a significant
inhibition: 27 and 56.5%, at 50 and 100 �M, respec-
tively; with the same substrate mixture and mitochondria
in metabolic state 4 (resting or controlled respiration),
6PP activated respiration to a significant degree 2.1- and
2.4-fold at 50 and 100 �M, respectively; as a result RCI
significantly decreased. With succinate as substrate and
mitochondria in state 3, 6PP produced significant inhi-
bition 50, 68, 79 and 92% at 12.5, 25, 50 and 100 �M,
respectively; the state 4 respiration was significantly
decreased only at the highest concentration of 6PP, as a
result of the last variations RCI significantly decreased.

3.2. Effect of 6PP on the activities of
membrane-bound enzymes

Considering the results shown in Table 1, it seemed
of interest to study the effect of 6PP on ATPase, SDH
and NADH oxidase activities.

ATP synthetase (F0F1-ATPase) is an essential com-
ponent of the mitochondrial energy-transducing system,
which can show ATP synthetase or ATPase activity.
Fig. 2 shows that 100 �M 6PP inhibited about 50% of

ATPase activity both in coupled mitochondria and in
submitochondrial particles; in the absence of inhibitor
the ATPase activity was 108 ± 26 and 276 ± 38 mU/mg
protein, respectively.

Succinate (nmol O2/(min mg protein))

State 3 State 4 RCI

27.43 ± 3.12 5.26 ± 0.50 4.94 ± 0.36
25.36 ± 2.50 5.02 ± 0.47 5.08 ± 0.40
24.67 ± 2.35 5.03 ± 0.48 4.95 ± 0.37

* 13.77 ± 1.50** 5.05 ± 0.52 2.74 ± 0.19**
* 8.68 ± 1.16** 5.97 ± 0.91 1.66 ± 0.12**
* 5.73 ± 0.80** 5.50 ± 0.64 1.27 ± 0.08**
* 2.09 ± 0.30** 2.09 ± 0.30** 1.00 ± 0.00**

r for seven rats (succinate plus rotenone), in independent, duplicate
, **p < 0.01 vs. control in absence of 6PP.
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Fig. 2. Effect of 6PP on mitochondrial ATPase activity. F0F1-ATPase
activity was assayed by rate of ATP hydrolysis as indicated in Section
2
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rather lipophilic molecule, this experiment was also run
in the presence of albumin (Fig. 6). In this condition, 6PP

F
d

. Values are mean ± S.E.M. of four duplicate, independent measure-
ents *p < 0.05, **p < 0.01 vs. control in absence of 6PP.

Fig. 3 shows that addition of 6PP promoted signif-
cant inhibition of SDH (Fig. 3A) and NADH oxidase
Fig. 3B) activity in a concentration-dependent manner
IC50 of 25 and 19 �M, respectively). DMFA, even in
mounts present in the highest concentration of 6PP

sed, had no significant effect on any of the activities
ssayed.

ig. 3. Effect of 6PP on mitochondrial enzymatic activities. (A) SDH activity
uplicate, independent measurements. **p < 0.01 vs. control in absence of 6P
nteractions 171 (2008) 294–305 299

3.3. Effect of 6PP on mitochondrial membrane
potential

The effect of 6PP on mitochondrial membrane poten-
tial was investigated in coupled mitochondria. Using
MG (Fig. 4A) as substrate, 6PP (100 �M) significantly
decreased by 47.5 and 60% mitochondrial membrane
potential, after 10 or 25 min incubation, respectively.
With succinate (Fig. 4B) as substrate, 6PP (100 �M)
decreased mitochondrial membrane potential by 51.5%
after 10 min incubation. On the other hand, 6PP (25,
50 and 100 �M) decreased mitochondrial membrane
potential after 25 min incubation (34.4, 55 and 56%,
respectively). These effects were not observed in the
absence of ADP (data not shown).

3.4. Dose-dependent cytotoxicity of 6PP on HEp-2
cells

Panel A of Fig. 5 illustrates the cytotoxic effect of 6PP
on HEp-2 cells monolayers after overnight incubation,
compared to control (untreated) cultures (Panel B). On
the contrary, DMFA did not affect HEp-2 cells (data not
shown). The effect of 6PP was dose-dependent, in the
micromolar range (between 10 and 400 �M, data not
shown), by microscopic evaluation of the morphology
and trypan blue exclusion.

The MTT reduction method was used to further char-
acterize the cytotoxic effect of 6PP. Fig. 6 shows a
dose-dependent decrease in the percentage of viable cells
was obtained, with an IC50 of 20 �M. Since 6PP is a
cytotoxicity was markedly decreased, reaching statistical
significance only at 400 �M.

and (B) NADH oxidase activity. Values are mean ± S.E.M. of three
P. Percentage of enzymatic inhibition is shown in parentheses.



300 I. Elingold et al. / Chemico-Biological Interactions 171 (2008) 294–305

Fig. 4. Effect of 6PP on mitochondrial membrane potential. 6PP was incub
(A) With malate–glutamate or (B) succinate, as respiratory substrates. Valu
*p < 0.05; **p < 0.01 vs. control in absence of 6PP. Percentage of inhibition i

Fig. 5. Effect of 24 h incubation with 6PP on fresh HEp-2 cells, ana-
lyzed by phase contrast microscopy (original, 400×). Panel A shows
the toxic effect on the monolayer, whereas the control cells, in the
absence of 6PP, display a normal appearance (Panel B).
ated with submitochondrial particles for 10 min (�) or 25 min (�).
es are mean ± S.E.M. of four independent, duplicate measurements.
s shown between parentheses.

3.5. Effect of 6PP on lipid peroxidation

In microsomes, NADPH-cytochrome P-450 reduc-
tase is involved in NADPH-dependent enzymatic lipid
peroxidation [35,36]. Lipid peroxidation, which can be
measured by the TBA method, occurs when rat liver
microsomes are incubated with Fe+3-ADP/NADPH.
Fig. 7 shows that 6PP inhibited lipid peroxidation in a
concentration-dependent manner, by 82–88% at 50 and
100 �M, respectively.

3.6. Antioxidant activity evaluation

Antioxidant activity of the 6PP was evaluated by
the DPPH method. Fig. 8 shows that 6PP, in the range
of 12.5–100 �M, produced a very significant dose-

dependent decrease in the concentration of DPPH, thus
demonstrating its scavenging activity. In the same con-
ditions, quercetin was more effective as scavenger than
6PP, whereas the effect of naringenin was negligible.

Fig. 6. Effect of 6PP on cellular viability. Experimental conditions are
described in Section 2; (�) medium, (�) medium + albumin. Values
are mean ± S.E.M. of at least three triplicate, independent measure-
ments, and were compared to the DMFA-containing sample at the
same incubation time. **p < 0.01, *p < 0.05.
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Fig. 7. Effect of 6PP on MDA production by liver microsomes. Experi-
mental conditions are described in Section 2. Values are mean ± S.E.M.
of at least three duplicate, independent measurements, and were com-
pared to the DMFA-containing sample at the same time of incubation
**p < 0.01.

Fig. 8. Antiradical activities of 6PP, quercetin and naringenin in a
methanol solution of DPPH. The antiradical activity of 6PP (�),
q
a
m
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Fig. 9. Antioxidant activity of 6PP and quercetin. The formation of the
phosphomolybdenum complex was measured for 60 min by measur-
uercetin (©) and naringenin (�) was calculated as a percent-
ge of DPPH decoloration compared to DMFA (�). Values are
ean ± S.E.M. of at least three duplicate, independent measurements.

lso, antioxidant activity, measured by the reduction of
phosphomolybdenum complex (Fig. 9), significantly

ncreased in a concentration-dependent manner after
dding 6PP (25–100 �M); quercetin exhibited stronger
ctivity than 6PP and the effect of naringenin was neg-
igible (data not shown).

. Discussion

The hydrophobic compound 6PP, a prenylated
avonoid, is currently under pharmaceutical develop-

ent aimed to explore some of its potential activities.
esults herein demonstrate that 6PP has an intrinsic
ntioxidant activity, but also inhibits several mitochon-
rial enzymes and induces cytotoxicity.
ing absorbance at 695 nm. Experimental conditions are described in
Section 2. 6PP (�) and quercetin (©). Values are mean ± S.E.M. of at
least three duplicate, independent measurements *p < 0.05, **p < 0.01
vs. control in absence of 6PP.

Pharmaceutical development of flavonoids usu-
ally involve several potential activities. Perhaps the
most common is related to its antioxidant property.
Flavonoids, like other phenolic compounds with free
hydroxyls, are considered to possess some degree of
antioxidant activity. Phenoxy radicals are readily formed
by donation of phenolic hydrogens and subsequently
react with peroxy radicals involved in lipid peroxida-
tion. In fact, a range of flavonoid-enriched plant extracts
is widely marketed for their antioxidant properties and
putative health benefits [37,38]. However, their use as
dietary supplements should be considered with caution
as they could also exhibit mutagenic and/or pro-oxidant
effects [39].

Under physiologic conditions, most electron-transfer
processes leading to reactive oxygen species (ROS)
production are localized in the mitochondria [40,41].
However, an additional candidate is the electron-transfer
chain of the CYP450 system found in the endoplas-
mic reticulum [42]. The CYP450 family can be a very
important source of oxidative damage and, under spe-
cific circumstances, its activity plays a critical role for
ROS-dependent toxicity of drugs such as cisplatin [43].
Natural flavonoids have been shown to modulate the
CYP450 system [44], including the induction of spe-
cific CYP isoenzymes, and the activation or inhibition
of these enzymes.

In our experimental conditions we cannot exclude
a 6PP interaction with the CYP450 system. Indeed, as
shown in this paper, 6PP exhibited dose-dependent anti-

radical and antioxidant activities, including an effect
on microsomal lipid peroxidation. Evidence for the
ability of 6PP to scavenge free radicals was provided
by the DPPH assay and probably by the inhibition



gical I
302 I. Elingold et al. / Chemico-Biolo

of microsomal lipid peroxidation. The phosphomolyb-
denum reduction assay demonstrated the antioxidant
power of 6PP. The introduction of a prenyl group into
a flavonoid structure, as is the case for 6PP, usually
increases its hydrophobicity, which would be expected to
enhance affinity for lipophilic membranes and the related
pharmacological and biochemical properties [11]. Since
incorporation of chemical compounds into the cell is
a function of their lipophilicity, the antioxidant and/or
toxic effects of 6PP could be dictated by the chemical
structure of this compound and subsequently its orienta-
tion in biomembranes. Flavonoids and their metabolites
have one-electron reduction potentials lower than those
of highly oxidising reactive oxygen species (ROS) [45],
thus they are capable to reduce these species. We
propose that this property contributes to the in vitro
free radical-scavenging effect of 6PP. In addition, like
other flavonoids [46], the prenylated flavonoid 6PP con-
tains phenolic hydroxyl groups that might likely act
as hydrogen donors in the scavenging of free radi-
cals. In addition to these potentially protective effects,
6PP, within the same concentration range, also inhibited
and/or uncoupled mitochondrial respiration. This effect
is consistent with previous reports for other flavonoids
[47]. Since flavonoids are weak, hydrophobic acids, it is
likely that they are potentially capable of causing mito-
chondrial uncoupling [47–49], although the structural
features associated with this property have not yet been
established. With MG as substrate, 6PP stimulated mito-
chondrial state 4 respiration (indicating that it uncouples
mitochondria) and inhibited state 3, suggesting that 6PP
would also affect the mitochondrial respiratory chain.
On the other hand, addition of 6PP inhibited state 3 res-
piration of succinate-energized mitochondria, indicating
an interference either in the respiratory chain or in the
ATP-synthase. In this condition, state 4 was inhibited
only by 100 �M 6PP. A similar finding has been reported
for quercetin [49]. Parallel to the inhibitory effects of
6PP on the mitochondrial electron transport chain and/or
uncoupling of oxidative phosphorylation, an inhibition
of mitochondrial membrane potential was observed.
Unproductive electron transport results in damage to
the mitochondria, thus impairing their capacity to meet
cellular energy requirements.

We explored some of the possible targets for the effect
of 6PP on electron transfer. These targets could be SDH,
and NADH oxidase, among other enzymes associated
with the electron transport chain. SDH also contains a

number of cystein-rich sulfur clusters and can be inhib-
ited by a number of agents that modify sulfhydryl groups.
6PP might have directly interacted with sulfhydryl
groups on SDH and/or NADH oxidase resulting in the
nteractions 171 (2008) 294–305

decline of their activity and thereby limiting the ability of
the mitochondria to meet the energy demands of the cell
and disrupting cellular energy homeostasis [50]. In fact,
6PP inhibited SDH and NADH oxidase activities, which
in turn would decrease respiration rate and consequently
transmembrane potential. Another candidate was F0F1-
ATPase/ATP synthase (Complex V), an enzyme present
on the inner membrane of the mitochondria that uses
the energy of the proton gradient across the membrane
to synthesize ATP. In certain conditions, it can also act
in the reverse direction, hydrolysing ATP and pumping
protons. The inhibition by 6PP of F0F1-ATPase in both
mitochondria and submitochondrial particles suggests
a direct inhibitory effect on ATPase enzyme subunits.
Similar results have been reported for other phytochem-
ical agents [51,52]. 6PP showed relatively low inhibitory
ATPase activity (IC50 close to 100 �M) when com-
pared to reported values for other flavonoids, such as
piceatannol (8 �M) and quercetin (50 �M) [52]. Never-
theless, the inhibitory effect of 6PP on F0F1-ATPase we
observed could in part contribute to the alterations we
found in the respiration of isolated mitochondria. Inhi-
bition of SDH, NADH-oxidase and ATPase activities in
mitochondria by 6PP would explain the decreased flux
of electrons.

On whole cells, within the same range of concen-
tration, 6PP decreased HEp-2 cell viability in several
assays, including one (MTT) that depends on mito-
chondrial function (namely, SDH activity), suggesting
that at least the effects on mitochondria can nega-
tively affect cell survival. Flavonoids like sanggenol
and sanggenons have also shown cytotoxicity against
other human tumour cell lines [53]. The location of
the prenyl group can be relevant to biological activities
of prenylflavonoids. 6PP is prenylated at C6 and C5′,
showing cytotoxicity as well as antiradical/antioxidant
activity. By contrast, flavonoids prenylated at C8, such
as 8-prenylapigenin and 8-prenylliquiritigenin, though
they exert cytotoxicity on rat H4IIE hepatoma and C6
glioma cells, failed to exhibit radical scavenging activity
in the DPPH assay [10].

Alike other lipophilic compounds, 6PP is supposed
to enter cell by freely diffusing through the cell mem-
branes. As for other drugs the lipophilic character of
6PP also impacts on in vivo pharmacokinetics, deter-
mining usually a high fraction of the compound to be
bound to plasma proteins, such as albumin, with a par-
alell reduction in the concentration of the free compound

which is supposed to be the molecular species that dif-
fuses. Interestingly, the cytotoxic effect of 6PP was
markedly decreased when albumin was present in the
medium, probably reflecting the lowering of free 6PP
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oncentration as a result of albumin binding capacity.
hile preliminary, this observation may have profound

onsequences for the in vivo effect of 6PP. It is note-
orthy that, in previous studies, DL50 of oral 6PP was

ound to be 350 mg/kg of body weight in male mice
nd 250 mg/kg of body weight in females.1 Since this
ffect can also place a limit on the use of 6PP, related to
ystemic toxicity, further studies are required to deter-
ine whether the cytotoxic effect is also found against

ormal human cells or preferentially involves cancer
ells, such as the HEp-2 cell line. A study in this line
ould orient the selection of models to further develop
PP as a potential pharmaceutical. Interestingly, sev-
ral members of the prenylated flavonoid family are
mportant inhibitors of multidrug resistance proteins,
hich are largely responsible for the failure of anticancer

hemotherapy [54–56]. Plasma membrane ATP-binding
assette transporters mediate cancer cell resistance to
hemotherapy, and are inhibited by several prenylated
avonoids, which bind with high affinity to these trans-
orters and inhibit both drug export and nucleotide
ydrolysis. Structure–activity relationship studies have
hown that prenylation is a key chemical modification
hat underlies the inhibitory activity of these compounds
57].

The alterations observed in isolated mitochondria
nd submitochondrial particles provide evidence that
PP is able to uncouple oxidative phosphorylation and
o inhibit enzymatic activities linked to the respiratory
hain. These results indicate a potentially toxic action
f 6PP. Up to present, 6PP has been subjected to lim-
ted exploration, since available quantities are small.
hus, in vivo data are scarce and include the already
entioned DL50 study and a preliminary testing against

oxoplasma gondii in the NMRI strain of mice, with gav-
ge administration of 6PP (35 mg/(kg d)) without finding
vidence of drug toxicity (Pérez et al., manuscript in
reparation). Moreover, according to our knowledge, no
olk use of D. elegans or its extracts has been reported. If
PP development progresses, further testing for antioxi-
ant/prooxidant activity should be required, including
eactive oxygen species production and in vivo well-
haracterized methods such as total radical-trapping

ntioxidant parameter (TRAP).

In summary, we have partially characterized the
ctivity of the prenylated flavonoid 6PP, demonstrat-

1 Pérez et al., Evaluación de la letalidad y otros efectos tóxicos
gudos de un flavonoide prenilado obtenido de D. elegans, XXXVI
eunión Anual de la Sociedad Argentina de Investigación Odon-

ológica, San Luis (Argentina), 2003.

[

[

[
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ing its toxic effects on isolated rat liver mitochondria
and human tumour cells, as well as anti-oxidant and
antiradical activity. Whether these effects are mainly a
shortcoming for its potential use or the beginning of its
development as a chemotherapeutic agent will require
additional studies.
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