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Abstract

Flavonoids may be a principal contributor to the cancer preventative activity of fruit- and vegetable-rich diets and there is interest in their
use as dietary supplements. However, there is potential conflict between the cytoprotective and cytotoxic activities of flavonoids, and their
efficacy as anti-cancer agents is unresolved. Here, the integrity and survival of HL-60 promyelocytic leukaemia cells following short-term
(90 min) exposure to the dietary abundant flavonoid kaempferol (1-100 uM) is reported. Supplementation initially decreased reactive oxygen
levels but, paradoxically, a dose-dependent increase in single-strand DNA breakage occurred. However, there was no increase in oxidised
DNA purines or membrane damage. Following a 24-h recovery period in non-kaempferol supplemented media, DNA single-strand breakage
had declined and kaempferol exposed and control cultures possessed similar reactive oxygen levels. A reduction in *H-thymidine
incorporation occurred with >10 pM kaempferol. One hundred micromolar kaempefrol increased the proportion of cells in G,-M phase, the
proportion of cells with a sub-G; DNA content and enhanced ‘active’ caspase-3 expression but only induced a loss of mitochondrial
membrane potential within a minority of cells. The relevance of induced DNA damage within a non-overtly oxidatively stressed environment

to the disease preventative and therapeutic use of kaempferol is discussed.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Fruit- and vegetable-rich diets are correlated with a lower
incidence of degenerative diseases including various cancers
and coronary heart disease [1-4]. However, whether
individual phytochemicals or groups of compounds specif-
ically confer protection remains unresolved (e.g., Refs.
[5.6D).

The flavonoids represent a group of polyphenols
abundant in fruits, vegetables and also in beverages such
as wines, coffee and tea and are categorised into various
subclasses including flavones, flavonols, flavanones, flava-
nols, isoflavones and anthocyanidins [7-9]. Dietary flavo-
noid intake varies widely depending on regional dietary

* Corresponding author. Tel.: +44 1224 712751; fax: +44 1224 716629.
E-mail address: C.Bestwick@rowett.ac.uk (C.S. Bestwick).

0925-4439/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2004.10.005

habits, e.g., flavonol and flavone combined intake of 3—6
mg/day in Finland and 49 mg/day in Croatia [8].

An array of activities including anti-allergenic, anti-
inflammatory and anti-viral as well as anti-carcinogenic and
anti-atherogenic effects are variously attributed to flavo-
noids [8—10]. This diversity of patho-prevention is reflected
in a wide range of effects on cellular function and integrity,
which includes, but are not confined to, the mitigation of
oxidative damage, antiproliferative effects, promotion of
differentiation, induction of apoptosis and inhibition of
malignant transformation [8—10].

In particular, the involvement of reactive oxygen species
(ROS; a collective term for radicals and nonradical but
reactive species derived from oxygen) in the actiology of
many degenerative conditions [11,12] has implicated
phytochemicals with antioxidant activity as the potential
source of, or contributors to, patho-prevention [8]. Flavo-
noids exhibit a broad spectrum of antioxidant activity,
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reacting with superoxide anion (O, ), hydroxyl (HO®),
peroxyl and alkoxyl radicals [8,13—16]. Flavonoids also act,
to varying degrees, as iron/copper chelators and thus alter
the propensity for Fenton Reaction generated HO™ [13].
Correspondingly, flavonoids mitigate oxidative-stress-
induced DNA damage and prevent or terminate lipid
peroxidation within a number of cell types [8,13].

However, flavonoids may also exhibit pro-oxidant
activity [17,18]. While such activity may contribute to
cytotoxicity against tumour cells, it may be damaging to
normal cell integrity and act as a mechanism of the
mutagenicity correlated with the addition of certain flavo-
noids in cultured cells [19-21]. Additionally, while being
able to induce apoptosis (e.g., Refs. [19,22]), flavonoids
may also inhibit apoptosis, including that directly induced
by chemotherapeutics, through a combination of antioxidant
and signal transduction kinase inhibitory effects [23-25].
The potential antagonism between antioxidant activity and
cytotoxicity poses an intriguing dilemma in deciphering the
relevance of such compounds to disease prevention.

Here, we examine the temporal relationship between
reactive oxygen levels, membrane and DNA integrity and
survival of promyelocytic leukaemia HL-60 cells following
short-term exposure to the flavonol kaempferol. Kaempferol
is found in berries, tea, Brassica and Allium species and
represents a significant proportion of dietary flavonol intake,
e.g., 17% of dietary flavonol/flavone in The Netherlands [8].

2. Materials and methods
2.1. Cell culture

HL-60 cells (European Cell Culture Collection,
98070106) were cultured, in a humidified atmosphere of
5% CO, in air at 37 °C, in RPMI medium (Gibco-BRL,
Paisley, UK) supplemented with 5 mL L~' 100X non-
essential amino acids, 2 mM glutamine, 50 pg mL ™'
streptomycin and 50 units mL ™" penicillin (Sigma Chem-
ical, Poole, Dorset, UK) and 10% (v/v) foetal calf serum
(Cyclone, Gibco-BRL). Cells were seeded at a density of
5x10° cells mL™" in 75-cm? flasks (Greiner, Gloucester-
hire, UK).

2.2. Cell incubations

Kaempferol (Sigma) was prepared in dimethylsulfoxide
(DMSO; Sigma). Cells (5x10° mL™") were incubated for
90 min either with water, solvent vehicle (0.1% v/v DMSO)
or kaempferol (1-100 pM) within the culture medium.
Following 90-min incubation, cells were washed by
centrifugation (300Xg, 5 min, RT) and resuspended in
fresh serum supplemented media and cultured for a further
24 h in the absence of kaempferol. In certain experiments, to
provide a positive control for apoptosis or general cyotox-
icity, cells were also incubated under an identical regime,

with either 1 uM etoposide, 4 uM camptothecin or 10 uM
menadione (Sigma) prepared in DMSO. All incubations
were conducted in a humidified atmosphere of 5% CO, in
air at 37 °C.

2.3. Reactive oxygen detection

To detect a broad spectrum of ROS, cells were loaded
with dihydrorhodamine 1,2,3 (DHR; Molecular Probes,
Leiden, Netherlands). DHR reacts indirectly with H,O, in a
peroxidase-like reaction, and is also sensitive to peroxyni-
trite, to yield rhodamine 123, which localises to the
mitochondria [26].

Cells were washed by centrifugation at 300xg for 3 min
and resuspended, at 5% 10° cells mL ™", in PBS comprising 5
uM DHR prepared in DMSO (final concentration 0.1% [v/
v]). Cells were incubated with DHR for 30 min at 37 °C. To
prevent light accelerated oxidation, samples were main-
tained in the dark prior to and during analysis by flow
cytometry (FACS Calibur; Becton Dickinson, Oxford, UK).
The excitation wavelength was 488 nm and emission at 530
nm (FL-1 detector voltage 450). Signals were processed
using a logarithmic amplifier and fluorescence distributions
plotted on a 4 decade logarithmic scale (1024 channels).
15,000 events were counted and the median linear fluo-
rescence values were calculated using Cell Quest Software
(Becton Dickinson). Non-dye-treated cells incubated with
kaempferol were used to determine changes in and correct
for background fluorescence. Addition of hydrogen per-
oxide (100 pM) or menadione (10 pM) confirmed dye
responsiveness to changes in ROS levels [27]. Fluorimetric
determination (Perkin-Elmer, Wellesley, MA, USA) of
oxidised dye fluorescence in the presence of kaempferol
did not reveal any quenching of the fluorescence emission
[27].

2.4. DNA damage

DNA single-strand breaks were determined by both
hydroxyapatite chromatography and by single cell gel
electrophoresis (SCGE). For the chromatographic determi-
nation of single-strand breaks, 1.8x107 cells mL™~' were
incubated with 0.1 pCi *H-thymidine mL~" for 16 h at 37
°C, 5% CO, within a humidified atmosphere. Cells were
then washed by centrifugation (300xg, 5 min, RT) and
resuspended (5x10° cells mL ") in fresh culture media for
treatment with kaempferol. Following cell lysis, the
proportion of DNA that was single stranded, as a measure
of strand breaks, was estimated following alkali treatment
and hydroxyapatite chromatography as described in Burkitt
et al. [28]. For SCGE, control and kaempferol-treated cells
were prepared and analysed as described in Duthie et al.
[29]. Oxidised purines were detected specifically using a
modified SCGE assay incorporating the bacterial DNA
repair enzyme formamidopyrimidine DNA glycosylase
(FpG) as reported previously [30]. Following SCGE,
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nucleoids were stained with DAPI (5 pg mL™" stock) and
were scored visually. One hundred images per gel (with
duplicate gels per slide) were classified according to the
intensity of fluorescence in the nucleoid tail (comet) and
assigned a value of 0, 1, 2, 3 or 4 with 0 representing no
damage and 4 maximum damage. Thus, the total damage
score ranges from 0 to 400. Oxidized purines were
measured by subtracting the damage score in the absence
of FpG (buffer treated) from that obtained after treatment
with FpG. This method of classification has been exten-
sively validated using computerised image analysis [30].

2.5. Caspase-3 detection

The presence of the active fragment of caspase 3 was
analysed by flow cytometry following fixation and perme-
abilization and labelling of cells with phycoerythrin(PE)-
conjugated polyclonal rabbit anti-active caspase-3 antibody
according to manufacturer’s recommendations (Becton
Dickinson). Cultures treated with kaempferol alone were
used to assess any interference in the fluorescence emission.
Fluorescence within labelled and non-labelled cells was
determined with excitation at 488 nm and emission at 585
nm (FL-2 detector voltage 400). Camptothecin treatment (5
uM) was used to provide a positive control for caspase
activation and the percentage of cells labelled relative to
control, non-apoptotic, cells was used to define regions of
positive active casapse-3 expression. The proportion of cells
with active caspase-3 was expressed as a percentage of total
(10,000) recorded events.

2.6. Mitochondrial membrane potential

Changes to mitochondrial membrane potential (AY )
was analysed by flow cytometry using a commercial assay
(ApoAlert Mitochondrial Membrane Sensor; Clonetech, BD
Biosciences, Oxford, UK) according to the manufacturer’s
instructions.

2.7. Cell cycle analysis

For analysis of cell cycle distribution, cells were
centrifuged at 600Xg for 5 min, the supernatant discarded
and the pellet resuspended in 100 pL of PBS. Nine hundred
microliters of 70% (v/v) ice-cold ethanol was added and
cells incubated at 4 °C for 30 min. The cells were then
centrifuged at 10,000 X g for 5 min, the supernatant decanted
and the pellet resuspended in 1 mL PBS followed by re-
centrifugation at 10,000Xg for 5 min. The pellet was
resuspended in 0.5 mL of DNA extraction buffer (4 mM
citric acid, 0.2 M Na,HPO,, pH 7.8) and 0.5 mL of PBS and
incubated at RT for 5 min. The extract was then centrifuged
at 10,000xg for 5 min, the supernatant removed, the pellet
resuspended in 0.5 mL of DNA staining solution (20 pug
mL ™' PI and 0.2 mg mL~' DNAse-free RNAse in PBS) and
incubated at RT for 30 min in the dark. Flow cytometry of

propidium iodide stained nuclei was performed with a flow
rate of 12 uL min~" and cell cycle distribution selected from
linear FL-2 area vs. width plots with doublet discrimination
in FL-2. Singlet events, excluding debris, were gated and
20,000 events were acquired within the gated region. The
percentage of cells with DNA content <2 N (sub-G1) and
cell cycle phases was calculated from histograms of linear
FL-2 area plots of the singlet gated region using Cell Quest
Software (Becton Dickinson) and Mod Fit LT software
(Verity Software House, ME, USA). For verification of
instrument linearity, doublet discrimination and cytometer
alignment, a DNA QC Particle Kit (Becton Dickinson) was
utilised according to manufacturer’s instructions.

2.8. Membrane integrity and proliferation

Membrane integrity was routinely assessed by flow
cytometric analysis of the retention of fluorescein fluores-
cence, following staining with fluorescein diacetate (FDA;
Molecular Probes) [31] and by microscopical determination
of trypan blue (Sigma) uptake. For determination of trypan
blue uptake, cells were collected by centrifugation (300xg
for 5 min), culture media removed and the pellet resus-
pended in PBS. An aliquot of cell suspension was diluted
and incubated in PBS containing trypan blue (0.2% w/v
final concentration) and cells were counted using a
haemocytometer (Neubauer). In addition, as a measure of
membrane integrity immediately post kaempferol treatment,
the percentage of LDH release into the culture medium was
determined, with correction for volume and serum-LDH as
previously described [32]. The consequences of short-term
kaempferol exposure on cell survival was also analysed by
the delayed thymidine incorporation assay as described in
Ref. [33]. Briefly, following the 90-min kaempferol treat-
ment and subsequent recovery in fresh media, cells were
exposed to 1 pCi *H thymidine mL ™' (Amersham Bio-
sciences, UK) for 30 min at 37 °C, then centrifuged (350x g,
5 min), washed twice with PBS, fixed with 1 mL 5% (w/v)
trichloroacetic acid (30 min at RT) and again washed twice
(PBS and centrifugation; 350xg, 5 min). Samples were
warm air-dried and 1 M NaOH (250 pL) added to digest
acid insoluble material for 14 h. The digest (100 pL) was
added to 5 mL of scintillation fluid (Packard Ultima Gold;
Packard1900TR Liquid Scintillation Counter, Packard Bio-
science, Gronigen, The Netherlands). The mean radio-
activity count from treated cells was expressed as a
percentage of radioactivity from control (water) treated
[32].

2.9. Statistical analysis

All experiments consisted of a minimum of three
independent replicates and all experiments were conducted
a minimum of three times. Comparison between means of
control vs. treatment was analysed via Student’s ¢-test using
SigmaStat (SPSS) software.
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3. Results

3.1. Effect of kaempferol exposure on intracellular reactive
oxygen

Cells incubated for 90 min with 1-100 uM kaempferol
exhibited a decreased intracellular rhodamine fluorescence
intensity distribution, indicating a general decline in basal
ROS levels within the HL-60 cell population (Fig. 1A). The
apoptosis inducer etoposide did not induce any such major
change to rhodamine fluorescence after 90-min incubation.
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Fig. 1. Influence of kaempferol on reactive oxygen levels in HL-60 cells.
HL-60 cells were incubated with water, DMSO or kaempferol for 90 min
(A) and then cultured in the absence of kaempferol supplementation for 24
h (B). Following these treatments, cells were washed and loaded with DHR
123 to detect ROS. Oxidised dye fluorescence was assessed by flow
cytometry (15,000 events recorded) and expressed as the median
fluorescence intensity (MFI). Data are means=SD (n=6). Small errors
are contained within the histograms. **P<0.001, *P=0.006 vs. DMSO
control.
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Fig. 2. Loss of mitochondrial membrane potential. Cells with decreased
AV, were detected by flow cytometric measurement of the increase in
green (FL-1) fluorescence and decrease in red (FL-3) fluorescence resulting
from the inability of the mitosensor dye to aggregate within the
mitochondria. Ten thousand events were recorded. Data are means+SD
(n=3). *P=0.011, **P<0.001 for cultures exhibiting a decreased A¥ , vs.
respective DMSO control.

We have observed cyclical fluctuations in ROS levels
with prolonged culture (Bestwick and Milne, unpublished
observations). Following the 24-h recovery in non-
kaempferol supplemented media, negative control cultures
(water and DMSO) exhibited lower fluorescence levels
relative to negative control cultures examined immedi-
ately after the 90-min incubations (Fig. 1A,B). Never-
theless, after the recovery period, no significant difference
in intracellular rhodamine fluorescence was observed in
response to kaempferol relative to the ‘post recovery’
control treatments (Fig. 1B). However, fluorescence
within etoposide-treated cultures was higher relative to
negative control treatments after the 24-h recovery period
(Fig. 1B).

3.2. Effect of kaempferol on mitochondrial membrane
potential

Under conditions of maintained AY¥,,, the mitosensor
dye aggregates within mitochondria and exhibits red
fluorescence. However, no such aggregation occurs follow-
ing dissipation of AY¥, and the dye remains in a
monomeric form within the cytoplasm, exhibiting green
fluorescence. On this basis, flow cytometric analysis
revealed no major change to A¥,,, after 90-min incubation
with 1-100 uM kaempferol or etoposide. Following the
recovery period, significantly more cells exhibited
decreased A¥, was observed in cultures treated with
etoposide but no such decrease was apparent in response
to kaempferol (Fig. 2).
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3.3. Effect of kaempferol exposure on DNA integrity

Cells incubated with 1, 10, 20 or 100 uM kaempferol
possessed increasingly elevated levels of DNA strand
breaks, as revealed by alkaline hydroxyapatite chromatog-
raphy and SCGE (Fig. 3A,B). Following recovery in fresh
media, the level of strand breakage in kaempferol-treated
cultures had declined to levels observed in response to the
negative control treatments (Fig. 3C). Menadione and
etoposide, used as a positive control for DNA strand
breakage, induced strand breakage in the range of 30—70%
as determined by alkaline hydroxyapatite chromatography
and in excess of that quantifiable by the highly sensitive
SCGE assay.

The SCGE assay, modified by inclusion of FpG, was
used to assess the level of oxidised DNA purines [30]. For
the 90-min incubation, analysis was confined to kaempferol
concentrations of 1-20 pM as 100 uM treatment, as
described (Fig. 3B), induced maximal strand breaks as
measured by SCGE. Thus, further DNA strand breaks
introduced by excision of FpG-sensitive sites would not
have been detectable at this concentration. However, it was
possible to measure oxidised purines in response to 100 uM
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kaempferol following the recovery period when DNA strand
breakage was decreased (Fig. 3C). No increase in oxidised
purines was observed after 90-min exposure to 1-20 puM
kaempferol (Fig. 3D) or after the recovery period in
response to the 1-100 uM kaempferol treatments (Fig. 3D).

3.4. Membrane integrity

DNA damage was not paralleled by changes to
membrane integrity. Following 90-min incubation in
kaempferol, no change to the extent of LDH leakage was
observed (Fig. 4A) and there was no decline in the level of
fluorescence within FDA-loaded cells relative to negative
control treatments (Fig. 4B). Following the recovery
period, membrane integrity, measured by FDA staining or
trypan blue uptake, remained unaffected by the kaempferol
treatments (Fig. 4C,D).

3.5. Cell proliferation following the post treatment recovery
period

A decline in *H-thymidine incorporation was observed
for cells treated with 10, 50, 100 uM kaempferol (Fig. 5A),
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Fig. 3. DNA damage following exposure to kaempferol. The proportion of single-stranded DNA following incubation in alkali and hydroxyapatite-
chromatography (A) or measurement of nucleoid tail fluorescence intensity after SCGE (B,C) was used as an indicator of single strand breaks immediately
following the 90 min (A, B) treatment or after the recovery period (C). In addition, the level of oxidised purines (D) was estimated via detection of FpG-
sensitive sites using SCGE. Data are means=SD (A, n=6, B-D n=4) *P=0.020, **P=0.015, **P<0.001 vs. DMSO control.



C.S. Bestwick et al. / Biochimica et Biophysica Acta 1740 (2005) 340-349 345

20 A

% LDH leakage

0
g
2. 2000 —
—
£
£ 1500 -
23
= 1000 1
=
‘S
Q
S 500
—
o
=
=
0 1 I
10 100
Kaempferol (uM)

__ 25001 B
3
= '|'
=}
> 2000 g -
g
":% 1500 —
=
S 1000
=
K]
5]
2 500
e
S}
=

0

100
2
©
o
o 75
B
=
&
Q
S 50
2
£
=
3
g 25
&

0

0 10 100
Kaempferol (uM)

Fig. 4. Membrane damage following kaempferol exposure. Membrane damage was determined via LDH leakage (A), by retention of fluorescein fluorescence
within FDA-loaded cells (B,C) and also via resistance to trypan blue staining (D) either immediately following the 90-min exposure to kaempferol (A,B) or
after the recovery period in non kaempferol supplemented media (C,D). Data are means+SD (n=3). No significant differences were detected between
kaempferol treatments vs. negative controls. Note that post recovery period the media fluorescence intensity (MFI, arbitrary units) of fluorescein within cultures
treated with 1 uM etoposide decreased to 1658 +68 compared to a DMSO control value of 1841+75% and 81.78+1.18 % of the cell population were resistant

to trypan blue staining.

but there was only a trend towards decreased cell number
following exposure to 100 uM kaempferol (Fig. 5B).

3.6. Cell cycle distribution following the post treatment
recovery period

Cell cycle analysis (Fig. 6) revealed a significant decline
in the proportion of cells in G and to a lesser extent S-phase
and an increase in cells in G,-M phase following exposure
to 100 uM kaempferol. There was also a significant increase
in the proportion of cells with sub-G; DNA content. No
changes to cell cycle distribution or sub-G; DNA content
were apparent for cell populations exposed to 1 or 10 uM
kaempferol.

3.7. Caspase-3 detection following the post treatment
recovery period

An increase in the proportion of cells expressing active-
caspase-3 was detected in cultures exposed to 100 pM
kaempferol (Fig. 7). In comparsion to the 12.02+1.02%
cells expressing active casapse-3 in response to 100 pM
kaempferol, 52.47+£4.5% of cells treated with camptothecin
expressed active-caspase-3.

4. Discussion

Of the myriad of effects attributed to flavonoids, both
their potential to exert antiproliferative and cytotoxic
activity towards aberrant cells and also their ability to act
as antioxidants has attracted attention as possible mecha-
nisms contributing to the pathopreventative effects of fruit-
and vegetable-rich diets [8—10].

There is, however, conflicting evidence for the efficacy of
kaempferol and other flavonoids as antioxidants. In assessing
flavonoid cytotoxicity and lipid peroxidation inhibiting
activity, Cos et al. [34] identified kaempferol as possessing
the highest antioxidant selectivity index, resulting from the
maximal nontoxic dose divided by the 1Cs, value for lipid
peroxidation. Conversely, quercetin, a highly abundant
flavonol, which is frequently reported to exert protection
against oxidative stress (e.g., Refs. [35-38]), exhibited a low
antioxidant selectivity index. Kaempferol decreases oxida-
tive DNA damage in isolated human lymphocytes [37] and
decreases reactive oxygen levels and increases cell survival in
oxidatively stressed HT-22 neuronal cells [38]. However,
kaempferol does not protect differentiated Caco-2 colon
adenocarcinoma cells, a frequently employed model for
normal intestinal enterocytes, from oxidative stress-induced
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Fig. 5. Cell proliferation. Delayed *H-thymidine incorporation (A) was used
to assess effects of kaempferol on replicative activity. Cells were treated
with DMSO or kaempferol and the extent of *H thymidine incorporation
compared to water-treated controls. Cell counts were also obtained (B).
Data are means=SD (n=3) *P=0.039 **P=0.009 vs. DMSO control.

DNA damage [36] or H,O,—Fe*" induced lipid peroxidation
[39]. Kaempferol also exhibits pro-oxidant activity within
acellular and cellular in vitro assay systems [40,41].
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Fig. 6. Cell cycle distribution post recovery period. HL-60 cells were
cultured for 90 min in the presence of DMSO or 1, 10 and 100 pM
kaempefrol, washed and allowed to culture for a further 24 h in the absence
of kaempefrol. Cell cycle distribution was analysed by flow cytometry.
Data are means+SD (n=3) from a representative of three repeat experi-
ments. Repeat experiments revealed an identical trend. *P<0.05,
**P=0.007, ***P<0.001 vs. DMSO control.
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Fig. 7. Detection of active-caspase-3 post recovery period. HL-60 cells
were cultured for 90 min in the presence of DMSO or 1, 10 and 100 pM
kaempefrol, washed and allowed to culture for a further 24 h in the absence
of kaempefrol and labelled with PE-conjugated polyclonal anti-active
casapse-3 antibody. 52.47+4.5% cells were labelled following treatment
with the apoptosis inducer camptothecin. Data are means=SD (n=3),
*P=0.027 vs. DMSO control.

Such apparently contradictory data is mirrored by studies
of flavonoid-rich diets. For example, decreased lymphocyte
DNA damage is reported for individuals fed kaempferol-
and quercetin-enriched diets, whereas elevated DNA dam-
age was associated with phenol-depleted diets [42]. Con-
versely, Young et al. [43] observed evidence of decreased
oxidative stress for individuals fed a diet depleted of
flavonoid-rich fruit and vegetables. As stated by Young et
al. [43], such results highlight the absence of a clearly
identified role for dietary polyphenols in disease prevention.

Here, HL-60 cells loaded with DHR allowed the analysis
of ROS levels in relation to changes in DNA and membrane
integrity and cellular survival following kaempferol expo-
sure. A previous study of kaempferol and HL-60 cells
reported an LCsq of 125 pM following a 24-h exposure,
which was correlated with pro-oxidant activity leading to
lipid peroxidation [18]. Here, no increased membrane
damage or heightened levels of ROS were apparent.
Measurement of mitochondrial membrane potential indi-
cated that rhodamine fluorescence, indicative of ROS, was
unlikely to have been affected by any effect of kaempferol
on mitochondrial function.

Thus, it would appear that prolonged incubation with high
concentrations of kaempferol is required for the development
of an overtly oxidatively stressed environment and for
significant loss of membrane integrity within HL-60 cells.
However, there was a concentration-dependent increase in
DNA strand breakage. Paradoxically, strand breakage was
detected even though the incubation in kaempferol (1-100
puM) initially resulted in a decrease to intracellular ROS
levels. There was, however, no increase in the level of
oxidised DNA purines implicating a highly localised and
specific mechanism for kaempferol-induced DNA damage
and not a generalised increase in oxidative stress. Similarly,
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the flavonoids quercetin, myricetin and silymarin induce
DNA strand breaks in a variety of cultured human cells
without elevating levels of oxidised pyrimidines [44].

It is possible that DNA damage results from highly
localised changes in ROS generation that do not translate
into a general increase in oxidative stress. HO™ generation
close to the DNA molecule may be responsible for strand
breakage. Kaempferol (10100 uM) promotes, in an Fe*'/
Cu?" stimulated reaction, DNA damage and lipid perox-
idation in isolated rat nuclei [40] but kaempferol antiox-
idant/pro-oxidant activity may be altered by localised
changes to its immediate subcellular microenvironment.
As an example, HO" formation in the presence of ferric-
chelates may be elevated, unaffected or inhibited by
kaempferol depending on the nature of the chelate and/or
the presence of ascorbate [45].

Kaempferol-induced DNA damage is not sustained within
the cell population but probably accounts for the decline in
3H-thymidine incorporation for cells exposed to >10 uM
kaempferol. Cell cycle analysis revealed an increase in the
proportion of cells within the G,-M phase of the cell cycle and
a decline in the proportion of G; and S-phase cells.
Kaempferol induces G,-M arrest in a number of cell types
[9]. This accumulation in G2-M may directly result from the
kaempferol-induced DNA damage. However, in OCM-1,
human melanoma cells kaempferol induced G,-M arrest
results from impaired dephosphorylation of p34°“*? kinase by
inactivation of the phosphatase cdc25c [46].

A variety of outcomes may follow G,-M arrest. Cells may
either re-enter the cell cycle following effective DNA repair,
undergo apoptosis or changes to ploidy may develop due to
exit from the cell cycle block in the absence of efficient DNA
repair (e.g., Ref. [47]). Treatment of HL-60 cells for 12 h with
60 pM of the flavonoids apigenin, myricetin or quercetin
induces apoptosis but kaempferol is ineffective within this
period [22]. High concentrations of kaempferol are also
required to exert antiproliferative activity towards Caco-2
(ECsp 163 uM) and HT-29 (ECso 137 pM) colon carcinoma
and MCF-7 (ECsy 155 pM) breast cancer cells, in each
instance with little evidence of cytotoxicity [48].

Here, an increase in the proportion of cells with a sub-
G; DNA content was observed in response to 100 pM
kaempferol treatment. This is commonly, though not
exclusively, associated with DNA fragmentation occurring
during apoptosis [49]. In addition, an increase in the
proportion of cells expressing active caspase-3, a cysteine
protease [22], in the absence of detectable membrane
damage, as revealed by the trypan blue assay, suggests the
induction of an apoptosis-like event within a minor
proportion of the cell population. However, a critical event
in apoptosis is the sustained opening of the mitochondrial
membrane permeability transition (MPT) pore, which
results in the dissipation of the mitochondrial membrane
potential [50]. Here, only a minor increase in the
proportion of cells with decreased mitochondrial mem-
brane potential was observed in response to 100 uM

kaempferol after the 90-min exposure. Thus apoptosis is
limited or, alternatively, caspase activity and DNA
fragmentation may indicate a more general stress-damage
status within the cell population.

Thus, despite initially lower intracellular ROS produc-
tion, kaempferol induces adverse effects on DNA integrity,
which might account for a limited antiproliferative effect
observed with exposure to high kaempferol concentrations.
Natural products, including flavonoids, have been proposed
as direct therapeutics or as adjuncts to conventional
cytotoxic chemotherapeutics for the treatment of acute
myelogenous leukaemia [51]. Induced DNA damage, in
an essentially less ‘oxidative stressed environment’ may be
exploitable by rendering aberrant cells more susceptible to
co-treatment with therapeutic agents. However, whether
kaempferol also exerts such effects in normal non-trans-
formed cells requires examination. Polyphenols may well
demonstrate selective antiproliferative or cytotoxic effects
against aberrant as opposed to normal cells [52] but Kuo
[53] has suggested that intracellular targets of flavonoids,
including kaempferol, are common to transformed and
nontransformed intestinal epithelial cells.

Whether kaempferol exert such effects in a dietary
context is unclear. Physiological flavonoid concentrations
probably range from 0.1 to 10 uM L~', with individual
plasma concentrations being generally sub-1 uM L~' [39].
It is possible that individual cells or tissues may accumulate
higher concentrations in response to supplementation [6], or
that high dosages might more rapidly reflect cellular
changes that occur following a prolonged and consistent
period of dietary exposure. However, it is perhaps necessary
to consider that many non-nutritive phytochemicals in either
a dietary or supplemental context are unlikely to exert their
activity in isolation from other dietary components. Fruits,
vegetables and herbal medicines contain a myriad of other
active polyphenols [1,5,7,8], many of which exhibit cell
cycle modulatory and apoptosis-inducing activity [5,7,8].
Thus, kaempferol may be a component to such mixtures that
ultimately exert bioactivity because of the combination of
non-nutritive and micronutrient constituents rather than via
one individual compound alone.

Finally, while there is little evidence for deleterious
effects of naturally flavonoid rich diets in vivo [8,9,54],
given the diversity of flavonoid effects on cellular function
[54,55], it may be unwise to propose that enhanced
supplemental intakes of flavonoids such as kaempferol will
exert a general preventative or therapeutic role against
degenerative diseases.
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