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Effect of hydroxyl group position in flavonoids on inducing
single-stranded DNA damage mediated by cupric ions
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Abstract. Quercetin has been demonstrated to produce
DNA damage in the presence of metal ions. In the present
study, 7 natural and 5 semi-synthetic glycosylated flavonoids
were utilized to investigate the cupric ion (Cu?*)-dependent
DNA damage in vitro. The reaction mixture, containing
single-stranded DNA, different concentrations of flavo-
noids and cupric ion in the buffer, was incubated at three
different temperatures. DNA damage was then assessed by
gel electrophoresis followed by densitometric analysis. The
reaction mixture with quercetin at 4, 20 and 54°C induced
DNA damage in a concentration- and temperature-dependent
manner. Furthermore, only the reaction at 54°C resulted in
DNA damage in flavonoids with glucosyl substitution of the
hydroxyl group at the 3-position on the C ring in quercetin.
By contrast, loss of the hydroxyl group at the 3-position on the
C ring, or at the 3'- or 4'-position on the B ring of quercetin,
did not portray DNA damage formation at the investigated
experimental temperatures. In addition, the experimental
results suggested that the hydroxyl group at the 3-position on
the C ring produced the strongest capability to induce DNA
damage in the presence of cupric ions. Furthermore, hydroxyl
groups at the 3'- or 4'-position on the B ring were only able
to induce DNA damage at higher temperatures, and were less
efficient in comparison with the hydroxyl group at the 3-posi-
tion on the C ring. Cupric ion chelating capacity was also
assessed with spectroscopic analysis, and quercetin presented
the largest chelating capacity among the tested flavonoids.
Hydroxyl radical formation was assessed with a luminol reac-
tion, and quercetin presented faster consumption of luminol.
These results suggest that the 3-position hydroxyl group of the
C ring is required to induce DNA damage at low temperatures.
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Furthermore, the results of the present study also indicated
that the presence of cupric ions will decrease the activity of
the glycosylated quercetins, in terms of their ability to induce
DNA damage.

Introduction

Flavonoids are naturally occurring polyphenolic metabolites
in plants that serve significant roles in traditional medicine and
as food additives (1-3). Glycosylated forms of numerous flavo-
noids are produced in order to alter their chemical properties,
such as their bioavailability and water solubility (4). Flavonoids
without glycosylation are known as aglycones, which are often
more reactive forms of flavonoids and present greater antioxi-
dant capacity, as well as cellular toxicity, compared with the
glycosylated flavonoids (5,6). Both aglycone and glycosylated
forms of flavonoids are recognized to be beneficial in regard to
anti-tumorigenicity and anti-mutagenicity, due to their antioxi-
dant and radical scavenging effects.

Numerous flavonoids, including quercetin, have been
previously reported to induce mutation frequency in bacte-
rial systems and chromosome aberrations in mammalian
cells (7-10). This mutagenic potential may be associated
with the ability of flavonoids to produce hydroxyl radicals,
resulting in DNA breaks (11,12). In the presence of specific
metal ions, flavonoids can cause DNA scission, but rarely
DNA double-strand breaks, resulting from the interaction of
hydrogen peroxide with metal ions (12). This hydroxyl radical
production is coupled with the reduction of cupric ions to
cuprous ions (from Cu** to Cu'*). Quercetin forms chelating
complexes with cupric ions and portrays broad biological
activities (13-16). This cupric ion and the quercetin complex
interact at the 3' and 4' hydroxyl groups on the B ring, and
the 3-hydroxyl group and 4-oxygen residue on the A ring (17).
Furthermore, the ability to produce hydroxyl radicals and to
induce DNA breaking activity has also been reported for other
compounds that are structurally associated with quercetin,
including fisetin, baicalein, taxifolin and curcumin with cupric
ions (18,19), as well as epigallocatechin gallate and ferrous
ions (20). However, the exact mechanisms underlying the
formation of hydroxyl radicals from quercetin and its effects
on glycosylation of flavonoids remain unclear.
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The present study utilizes a total of 7 natural and 5 recently
semi-synthesized novel flavonoids to identify the specific
molecular mechanisms required to induce DNA scissions in
the presence of cupric ions. To analyze DNA scission forma-
tion in an in vitro gel electrophoresis system, three aglycones
and their glycosylated flavonoids were reacted in the presence
of cupric ions at different temperatures.

Materials and methods

Chemicals. All natural and synthetic flavonoids were obtained
from Tokyo Sugar Refining Co., Ltd. (Tokyo, Japan). The tested
compounds, including three aglycone flavonoids (quercetin,
naringenin and hesperetin) and their glycosylated flavonoids
are summarized in Fig. 1. Quercetin is an active aglycone
form of isoquercetin, rutin, maltooligosyl-isoquercetin,
monoglucosyl-rutin and maltooligosyl-rutin. The glycosyl-
ated form of quercetin loses the 3-position hydroxyl group
on the B ring by glycosylation. Compared with quercetin,
naringenin does not contain a hydroxyl group at the 3-position
on the B ring nor at the 3'-position on the C ring. In addi-
tion, compared with quercetin, hesperetin does not contain
a hydroxyl group at the 3-position on the C ring nor at the
4'-position on the C ring. Glycosylated naringenin and hesper-
etin lost the hydroxyl group at the 7-position on the A ring
by glycosylation and are chemically inactive. All flavonoids
were prepared by dissolving in dimethyl sulfoxide (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) at the concentra-
tion of 1 mM as a stock solution. M13mp18 single-stranded
DNA (250 pg/ml) was purchased from New England BioLabs,
Inc. (Ipswich, MA, USA). Double-stranded lambda phage
DNA (0.46 pg/ul) was purchased from Nippon Gene Co., Ltd.
(Tokyo, Japan). Copper chloride dehydrate was purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

DNA scission reaction. A total of 20 ul reaction solution was
used, containing 1.5 ng/ul single-stranded DNA or 1.25 ng/ul
of double-stranded DNA, 10 mM Tris-HCI, 0.2 mM CuCl, and
various concentrations of flavonoids (0.1, 1, 10 and 100 uM).
The reaction mixtures were incubated at different temperatures
4°C,20°C,37°C or 54°C) for 1 h. Next, 4 ul of 6X loading dye,
containing 15% Ficoll, 10% glycerol, 0.25% bromophenol blue,
and 0.25% xylene cyanol in water, was added to the mixture
and electrophoresis was conducted on 1% agarose gel stained
with ethidium bromide with 1X Tris-acetate-EDTA buffer
at 100 V for 1 h. Subsequent to electrophoresis, destaining
of ethidium bromide was performed, and a gel image was
obtained by ChemiDoc XRS system (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) via Image Lab software (Bio-Rad
Laboratories, Inc.). Intact M13mpl8 single-stranded DNA
presented two bands, indicative of the circular and linear form
of DNA. The DNA intensity of the circular form was obtained
by Image Lab, while the fraction of intact DNA was calculated
as follows:

Amount of circular DNA with flavonoids

Fracti intact DNA =
raction of intac Amount of circular DNA without flavonoids

Half maximal inhibitory concentration (ICs,) values, which
refer to the specific concentrations required to induce 50% of
DNA break, were obtained from sigmoidal regression curves
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obtained by Prism 6 software (GraphPad Software, Inc.,
La Jolla, CA, USA).

Absorption spectrum analysis. In order to investigate the
cupric ion chelating capability of flavonoids, the flavonoids
and cupric ions were mixed at rations of 1:2, 1:1 and 2:1, and
absorbance values from 230 to 430 nm were obtained via a
Nanodrop spectrophotometer (Thermo Fisher Scientific, Inc.).
According to the peak shifting and the reduction of peak height,
the chelating capacity of cupric ions was estimated (14,15,17).

Oxidation of luminol. In order to investigate the potential
mechanisms underlying the induction of DNA damages,
oxidative capacity analysis was conducted. In total, 100 ul of
reaction solution, including 20 yl enhanced chemiluminescence
solution (Thermo Fisher Scientific, Inc.), 2 ul of 100 xM flavo-
noids and 2 ul of 100 uM CuCl,, were mixed. Subsequently,
the arbitrary relative luminescence unit (RLU) was measured
immediately until 3 min after mixing via a Lumat LB9507
luminometer (Berthold Technologies, Oak Ridge, TN, USA).
RLU values were plotted with the exponential decay model,
and half time values were obtained.

Statistical analysis. Statistical calculations were preformed via
Prism 6 software. Two-way analysis of variance (ANOVA) and
Student's t-test were conducted. P-values of <0.05 were consid-
ered to indicate differences that were statistically significant.

Results

DNA damage formation. Fig. 2 demonstrates the DNA
damage subsequent to reaction with quercetin in the absence
or presence of cupric ions at 37°C. Without cupric ions in the
reaction mixture, DNA damage was not detected from the
single-stranded and double-stranded DNA. Upon the incorpo-
ration of cupric ions in the reaction mixture, single-stranded
DNA was degraded, whereas double-stranded DNA was not
affected. Therefore, quercetin without cupric ions did not
produce DNA damage. In addition, DNA damage produced by
quercetin and cupric ions mainly involved single-strand break
rather than double-strand break.

Fig. 3 shows the fraction of intact DNA following reaction
with glycosylated flavonoids in the presence of cupric ions in
the reaction mixture. In the presence of 0.2 mM CuCl, in the
reaction mixture, quercetin and its glycosylated flavonoids
induced DNA breaks in a concentration and temperature
dependent manner. Less intact DNA was observed following
reaction with high concentration of flavonoids, and high
temperature efficiently induced DNA damages.

Quercetin was the only flavonoid capable of inducing
a DNA break in reactions performed at 4 and 20°C.
Furthermore, the reaction at 20°C induced a greater degree
of DNA damage as compared with the reaction at 4°C. The
IC,, values of quercetin at 4 and 20°C were 47.7 and 20.5 uM,
respectively, while the reaction at 54°C reduced the ICs, value
to 2.6 uM. By contrast, all quercetin glycosides, including
isoquercetin, rutin, monoglucosyl rutin, maltooligosyl-rutin
and maltooligosyl-isoquercetin, failed to induce any DNA
damage following 4 and 20°C reactions under the tested condi-
tions. However, these glucosyl flavonoids did induce DNA
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Figure 1. Structure of flavonoids. (A) Quercetin, (B) isoquercetin, (C) rutin, (D) monoglucosyl-rutin, (E) maltooligosyl-isoquercetin, (F) maltooligosyl rutin,
(G) hesperetin, (H) hesperidin, (I) monoglucosyl hesperidin, (J) naringenin, (K) naringin, and (L) monoglucosyl naringin.

damage when reactions were conducted at 54°C for 1 h. The
IC;, values were 7.7 uM for isoquercetin, 3.4 uM for rutin,
9.5 uM for monoglucosyl rutin, 4.5 yM for maltooligosyl rutin
and 12.1 uM for maltooligosyl isoquercetin. This indicates
that glycosyl modifications at the 3-position on the C ring of
quercetin suppressed the DNA scission ability of quercetin
at 4 and 20°C. However, DNA scission capacity was not
altered with glycosylation at the 3-position on the C ring of
quercetin at 54°C. Therefore, increased glucosyl modifications
did not contribute toward DNA degradation. In other words,
the hydroxyl groups of glucosyl residues did not portray any
contributions towards DNA damage.

In order to clarify which position of the hydroxyl group
is responsible for inducing DNA damage, two other flavone
aglycones, hesperetin and naringenin, and their glycosylated
flavonoids were also tested in the same system to assess
hydroxyl radical formation by DNA damage observa-
tion (Fig. 4). Hesperetin, naringenin and their glycosylated
flavonoids, which do not have hydroxyl groups at the 3-posi-
tion on the C ring nor at the 3'- or 4'-position on the B ring,
were incapable of producing any detectable single-stranded
DNA damage in the reaction at any tested temperature.
Therefore, this indicates that the presence of hydroxyl groups
at the 3'- and 4'-positions is required for the induction of DNA
damage at 54°C. Furthermore, flavone glycosides did not cause
any DNA damage, confirming that the hydroxyl groups of
glucosyl residue have no effect on DNA damage.

Chelating capacity. Absorption spectrum alterations, shown
in Fig. 5A-L, occurred when flavonoids and cupric ions were

M13 ssDNA Lambda dsDNA
CuCl, + - + - + — +
Quercetin - - - + - - + +

Figure 2. Gel image indicating DNA damage after 1-h reaction at 37°C. M13
ssDNA (upper bands indicate circular intact DNA and lower bands indicate
linear DNA) and lambda dsDNA were treated with or without 0.2 mM CuCl,
and 100 M quercetin in 10 mM Tris-HCI solution. ss, single-stranded; ds,
double-stranded.

mixed in different ratios (1:2, 1:1 and 2:1). Quercetin and its
glycosides displayed peaks at ~250 and 370 nm, as previously
described (14,15,17). Upon addition of cupric ions, the first
peak at 250 nm skewed to the left and the size of the second
peak was reduced. The reduction in the second peak was the
greatest for quercetin. Naringenin, hesperetin and their glyco-
sides presented the first peak at 250 nm and the second peak
at 290 nm. As observed in quercetin and its glycosides, the
first peak was shifted toward the left and the second peak size
was decreased in the presence of cupric ions. The reduction
ratio of the second peak was used for assessment of cupric ion
chelating capacity, and the results are summarized in Fig. SM.
Quercetin demonstrated >6-fold reduction in the absorbance
peak height in the presence of cupric ions. The peak heights of
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Figure 3. Fraction of intact DNA after 1-h reaction at 4, 20 and 54°C for quercetin and its glucosides. (A) Quercetin, (B) isoquercetin, (C) rutin, (D) maltooli-
gosyl isoquercetin, (E) monoglucosyl rutin, and (F) maltooligosyl rutin. Error bars indicate standard error of the means. Three independent experiments were

performed.
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Figure 4. Fraction of intact DNA after 1-h reaction at 4, 20 and 54°C for hesperetin, naringenin and their glucosides. Error bars indicate the standard error of
the mean. Three independent experiments were performed. (A) Hesperetin, (B) hesperidin, (C) monoglucosyl hesperidin, (D) naringenin, (E) naringin and

(F) monoglucosyl naringin.

other flavonoids were reduced by 2-4-fold. Furthermore, quer-
cetin showed statistically significant differences compared
with the other flavonoids (ANOVA; P<0.0001).

Oxidation of luminol. In addition to the interaction between
flavonoids and cupric ions, oxidative capacity analysis was
conducted with luminol as a substrate in the presence of
flavonoids and cupric ions. Subsequent to mixing, the reduc-
tion of the luminescence signal was observed (Fig. 6). Emitted

glow signals are associated with not only cupric ion induction,
but also generated hydrogen peroxide by flavonoids in the
presence of cupric ions. The luminescence signal (arbitrary
RLU) was rapidly decreased with an exponentially decreased
model for all flavonoids. Quercetin and isoquercetin exhibited
the fastest reduction of RLU with a half-life of 0.22 min. In
addition, rutin, monoglucosyl-rutin, maltooligosyl-rutin and
maltooligosyl-isoquercetin presented intermediate reduction
in kinetics with a half-life between 0.28-0.33 min. Naringenin,
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Figure 5. Absorption spectrum changes in the presence of cupric ions. Solid lines indicate the flavonoid only, and the dashed, dotted and dash-dotted lines
indicate a flavonoid and cupric ion mixture at a ratio of 2:1, 1:1 and 1:2, respectively. (A) Quercetin, (B) isoquercetin, (C) rutin, (D) maltooligosyl isoquercetin,
(E) monoglucosyl rutin, (F) maltooligosyl rutin, (G) naringenin, (H) naringin, (I) monoglucosyl naringin, (J) hesperetin, (K) hesperidin and (L) monoglucosyl
hesperidin spectrum changes are shown. (M) Effect of cupric ion on peak changes is displayed. "P<0.05 vs. other flavonoids. Error bars indicate the standard

error of the mean. Three independent experiments were performed.

naringin, monoglucosyl-naringin, hesperetin, hesperidin and
monoglucosyl-hesperidin also displayed the slowest kinetics
with a half-life of 0.35-0.45 min.

Discussion

Flavonoids with a variety of chemical structures with modi-
fied residues exist; for instance, a number of hydroxyl groups
are attached to the different positions of benzene rings (21).
Depending on the hydroxyl groups present at specific
locations, metal ions can bind to flavonoids and induce the
Fenton-like reaction, resulting in DNA damage (11,12). DNA
double-strand breaks are rare in this event, but single-strand

scission and oxidative damage are induced (11,22). This DNA
damage may be associated with mutagenesis in the cell culture
system following flavonoid reaction with cells in the presence
of metals (23).

The present study clearly demonstrated the importance of
the specific positions of hydroxyl groups on the flavonoids to
induce DNA damage. The results revealed that quercetin was
the only flavonoid capable of inducing DNA damage at any
of the tested experimental temperatures (Fig. 3). Naringenin
and hesperetin, which do not possess a hydroxyl group at
the specific positions (the 3-position on the C ring, and the
3'- and 4'-positions on the B ring), were incapable of inducing
DNA damage (Fig. 4). Furthermore, at low temperatures,



ELMEGERHI et al: DNA DAMAGE WITH FLAVONOIDS AND CUPRIC IONS

663

A 10003 @ Quercetin B 1000 C 1000
< Isoquercetin
* Rutin
& ™ Maltooligosy! isoquercetin
100 8\ ¥ Monoglucosy! rutin
#r Maltooligosy! rutin
5 2 £
> 5 2
£ 1o § g
o = =
K 8 &
2
o o 2
T 7 e
- Naringenin
14 i 1 4 “® Hesperetin
3 1 e Naringin P
e © Hesperidin
+ Monoglucosyl naringin
£+ Monoglucosyl hesperidin
0.1 T T T 1 0.1 1 r ) 0.1 T T T .
0 1 2 3 4 0 2 3 4 0 1 2 3 4

Time after mixture (min)

Time after mixture (min)

Time after mixture (min)

Figure 6. Oxidation of luminol in the presence of hydrogen peroxide, CuCl, and flavonoids. (A) Quercetin, isoquercetin, rutin, maltooligosyl isoquercetin,
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the glycosylated flavonoids of quercetin were incapable of
inducing DNA breaks (Fig. 3). This suggests that a hydroxyl
group at the 3-position on the C ring of quercetin is the most
reactive, inducing DNA damage in a Fenton-like reaction with
cupric ions. These findings are in agreement with the previous
studies that refer to the possibly significant role of this loca-
tion (11) in forming a complex with cupric ions to induce
DNA damage. It is also worth noting that the hydroxyl group
at the 3-position on the C ring of quercetin has the ability to
scavenge radicals (24). The high cupric ion chelating capacity
of quercetin (Fig. 5) and fast oxidation of luminol (Fig. 6) were
also in agreement with these previous findings.

The structural differences among quercetin, naringenin
and hesperetin helped to investigate the impact of hydroxyl
groups at the 3'- and 4'-positions on the B ring in the induc-
tion of DNA damage. With two hydroxyl groups at the 3'- and
4'-positions on the B ring, flavonoids induced DNA damage at
a high temperature, as observed with glycosylated quercetins
(including isoquercetin, rutin, maltooligosyl-isoquercetin,
monoglucosyl-rutin and maltooligosyl-rutin) (Fig. 3). When one
of the two hydroxyl groups was replaced with other residues,
high temperature-specific DNA damage was not observed in
naringenin and hesperetin. Additionally, hydroxyl groups at the
7-positions on the A ring did not contribute to DNA damage
induction based on the observation of the glycosylated narin-
genin and hesperetin. Previously, it has been reported that the
hydroxyl groups of quercetin at the 3'- and 4'-positions on the
B ring have higher radical scavenging effects in comparison
with the hydroxyl group at the 3-position on the A ring (24).
This may be associated with the temperature-dependent pro-
and anti-oxidant properties of quercetin.

The DNA scission observed in the present study is
a result of radical formation from a Fenton-like reac-
tion between specific hydroxyl groups and cupric ions.
Temperature-dependent DNA damage between a hydroxyl

group at the 3-position on the C ring and the hydroxyl
groups at the 3'- and 4'-positions on the B ring may be
associated with the amount of radical formation at the
different temperatures. In this case, the hydroxyl group at
the 3-positions on the C ring can efficiently produce more
radicals compared with the hydroxyl groups at 3'- and
4'-positions on the B ring in the presence of cupric ions.
Another possible mechanism of differential DNA damage
is an interaction between the quercetin-cupric ion complex
and DNA. The proposed models of the quercetin-cupric ion
complex involve a hydroxyl group at the 3-position on the
C ring and hydroxyl groups at the 3'- and 4'-positions on the
B ring. It is possible that the complex formation between
quercetin-cupric ion at the 3'- and 4'-positions on the B ring
is temperature-dependent.

In conclusion, the present study reported that quercetin
induces DNA scissions in the presence of cupric ions in a broad
range of temperatures. The hydroxyl group at the 3-position on
the C ring contributes to the temperature-independent DNA
scission due to high chelating capacity and oxidative reaction.
In addition, the hydroxyl groups at the 3'- and 4'-positions
on the B ring contribute to DNA scission formation in the
presence of cupric ions at high temperature.
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