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ARTICLE INFO ABSTRACT

Keywords: Myricetin (MYR), found in tea and berries, may have preventive effects on diseases, including Alzheimer’s

8-ox0-7,8-dihydro-2'-deoxyguanosine disease and cancer. However, MYR is also a mutagen, inducing DNA damage in the presence of metal ions. We

Mutagen have studied the molecular mechanisms of DNA damage by MYR in the presence of Cu(II) (MYR-Cu). Using 32P-

g;::;iia::mom d 5'-end-labeled DNA fragments, we analyzed site-specific DNA damage caused by MYR+Cu. MYR+Cu caused

Pharmacological activity concentration-dependent DNA strand breaks and base alterations, leading to cleavage of DNA at thymine,
cytosine, and guanine nucleotides. Formation of the oxidative DNA damage indicator, 8-oxo-7,8-dihydro-2'-
deoxyguanosine (8-0xodG), in calf thymus DNA was increased by MYR+Cu. The production of 8-0xodG in MYR-
treated HL-60 cells was significantly higher than in HP100 cells, which are more resistant to HyO5 than are HL-60
cells. Reactive oxygen species (ROS) scavengers were used to elucidate the mechanism of DNA damage. DNA
damage was not inhibited by typical free hydroxyl radical ("OH) scavengers such as ethanol, mannitol, or sodium
formate. However, methional, catalase, and bathocuproine inhibited DNA damage induced by MYR+Cu. These
results suggest that HyO9, Cu(I), and ROS other than °OH are involved in MYR+Cu-induced DNA damage. We
conclude that the Cu(I)/Cu(Il) redox cycle and concomitant HyOp production via autoxidation of MYR generate a
complex of Hy0z and Cu(l), probably Cu(I)-hydroperoxide, which induces oxidative DNA damage.

1. Intreductien intake of MYR lowered the risk of advanced prostate cancer [7]. Based

Myricetin  (3,5,7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-4-chrome-
none, MYR) is a phenolic compound found in many plants, including tea,
berries, vegetables, grapes, and walnuts [1]. Recently, it has been sug-
gested that MYR may protect against Alzheimer’s disease (AD) and
cancer. AD is the most common form of dementia, accounting for 60-70
% of cases. Accumulating amyloid-8 (AB) peptide in the brain is hy-
pothesized to be the initial pathological event in AD progression [2].
Ono et al. found that MYR inhibited Ap peptide oligomerization [3].
MYR prevented the development of AD pathology in mouse models [4].
In addition, MYR is cytotoxic to many human cancer cell lines. MYR
induces apoptosis of HCT-15 human colon cancer cells [5]. MYR also
protects against skin cancer by strongly inhibiting neoplastic cell
transformation [6]. In a cohort study, Geybels et al. reported that higher

on these findings, MYR is a possible prophylactic agent for AD and
cancer.

In contrast, MYR is positive in bacterial mutagenicity and in vitro
micronucleus formation assays [8]. MYR, in the presence of metal ions,
induces DNA damage via reactive oxygen species (ROS) generation
[9-12]. However, the molecular mechanism of MYR-induced DNA
damage has not been fully elucidated. Here, we investigated the mo-
lecular mechanism of DNA damage induced by MYR in the presence of
Cu(I) (MYR+Cu). Using 3?p-5-end-labeled DNA fragments, we
analyzed DNA damage and its site specificity on DNA base sequences.
Using high-performance liquid chromatography (HPLC) equipped with
an electrochemical detector (HPLC-ECD), we measured the amount of
8-0%0-7,8-dihydro-2-deoxyguanosine (8-oxodG), an indicator of oxida-
tive DNA damage, formed in calf thymus DNA treated with MYR. We
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also used the HL-60 human leukemia cell line and its HyO5-resistant
clone HP100 to examine intracellular 8-oxodG production.

2. Materials and methods
2.1. Materials

T4 polynucleotide kinase, EcoRI, APE1 (10,000 units/ml, human,
recombinant), and endonuclease IV (10,000 units/ml, Escherichia coli,
recombinant) were purchased from New England Biolabs Ltd. (Ipswich,
MA). BssHII and Pstl were purchased from Takara Bio Inc. (Shiga,
Japan). [y->2P] ATP (222 TBq/mmol) was purchased from Perkin Elmer,
Inc. (Waltham, MA, USA). Bacterial alkaline phosphatase (from Escher-
ichia coli), 3-(methylthio) propionaldehyde (methional), catalase
(30,000 units/mg from bovine liver), and superoxide dismutase (SOD)
(3000 units/mg from bovine erythrocytes, Cu/Zn) were purchased from
Sigma-Aldrich (St Louis, MO). MYR was purchased from Tokyo Chem-
ical Industry Co., Ltd. (Tokyo, Japan). Copper(Il) chloride dihydrate
(CuCly-2H,0), ethanol (EtOH), mannitol, and sodium formate were
purchased from Nacalai Tesque (Kyoto, Japan). Nuclease P; (500 units/
vial) and piperidine were purchased from FUJIFILM Wako Pure Chem-
ical Co., Ltd. (Osaka, Japan). Calf intestinal phosphatase (500 units/
vial) was purchased from Roche Diagnostics GmbH (Mannheim, Ger-
many). Diethylenetriamine-N,N,N,N",N"-pentaacetic acid (DTPA) and
bathocuproine disulfonic acid were purchased from Dojindo Labora-
tories (Kumamoto, Japan).

2.2, Preparation of *2P-5"-end-labeled DNA fragments

The human p16 tumor suppressor gene [13] and the c-Ha-ras-1
protooncogene [14] were used as DNA fragments. The DNA was
dephosphorylated with calf intestinal phosphatase and phosphorylated
with [y-3?P] ATP and T4 polynucleotide kinase. The DNA fragment
containing exon 2 of the human pI16 tumor suppressor gene was ob-
tained as described previously [15]. The 32P-5"end-labeled 460 base
pair (bp) fragment (EcoRI* 9481-EcoR1* 9940) containing exon 2 was
further digested with BssHII to obtain the singly labeled 309 bp fragment
(EcoRI* 9481-BssHII 9789) and the 147 bp fragment (BssHII
9794-EcoRI* 9940). The c-Ha-ras-1 fragment was prepared from
plasmid pbcNI, which carries a 6.6-kb BamHI chromosomal DNA re-
striction fragment [16]. The 32P-5-end-labeled 435 bp fragment was
digested with Pstl to obtain the singly labeled 337 bp fragment (Pstl
2345-Aval* 2681) and the 98 bp fragment (Aval* 2247-Psil 2344). The
asterisk indicates 3?P-labeling.

2.3. Analysis of DNA damage caused by MYR+Cu

MYR was added to reaction mixtures in 1.5 ml Eppendorf microtubes
containing 3?P-5"-end-labeled DNA fragments, 20 pM/base calf thymus
DNA and 20 pM CuCl; in 10 mM sodium phosphate buffer (pH 7.8), 200
ul, containing 5 pM DTPA. Denatured single-stranded DNA fragments
were prepared by heating at 90 °C for 5 min followed by rapid cooling
before the addition of MYR. ROS scavengers and bathocuproine were
added before the addition of MYR. The reaction mixtures were incu-
bated at 37 °C for 1 h under light shielding. After incubation, the DNA
fragments were heated in 10 % piperidine at 90 °C for 20 min. The DNA
fragments were electrophoresed on an 8 % polyacrylamide/8 M urea
gel. An autoradiogram was obtained by exposing an X-ray film (FUJI-
FILM Corp., Tokyo, Japan) to the gel as described previously [17,18].

Preferred cleavage sites were determined by directly comparing the
positions of the oligonucleotides with those produced by the chemical
reactions of the Maxam-Gilbert method [19] using a DNA-sequencing
system (LKB 2010 Macrophor, LKB Pharmacia Biotechnology Inc.,
Uppsala, Sweden). The autoradiogram was obtained by exposing an
imaging plate (BAS-MS2040, FUJIFILM Corp.) to the gel. The relative
amounts of oligonucleotides from the treated DNA fragments were
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measured using a laser scanner (Typhoon FLA-9500, GE Healthcare,
Buckinghamshire, England) and analyzed with Image Quant TL software
(GE Healthcare).

2.4. Analysis of 8-oxodG formation in calf thymus DNA by MYR+Cu

Measurement of 8-oxodG was performed as described previously
[20]. The reaction mixtures, containing 100 pM/base calf thymus DNA,
MYR and 20 pM CuCl; in 4 mM sodium phosphate buffer (pH 7.8), 400
pl, containing 5 uM DTPA, were incubated at 37 °C for 1 h under light
shielding. After EtOH precipitation, the DNA fragments were digested to
nucleosides with nuclease P; and calf intestinal phosphatase. The
amount of 8-0xodG was measured by HPLC-ECD as described previously
[21,22]. To clarify the role of O3 in 8-0x0dG formation through autox-
idation, the reaction mixtures containing MYR +Cu were made hypoxic
by bubbling with N5 gas for 1 min

2.5. Analysis of 8-oxodG formation in cultured cells treated with MYR

Human leukemia HL-60 and its HyO-resistant clone HP100 cells
were grown in RPMI 1640 medium supplemented with 10 % fetal bovine
serum at 37 °C under 5 % CO,. HL-60 and HP100 cells were harvested by
centrifugation. Cells (107 cells) were incubated with MYR at 37 °C for
16 h and immediately washed twice with PBS. DNA was extracted using
a DNA Extractor WB Kit (FUJIFILM Wako Pure Chemical Industries,
Ltd). To avoid artificial formation of 8-0xodG, deferoxamine mesylate,
which chelates traces of redox-active iron, was added to the lysis solu-
tion included in the kit for cellular DNA extraction, in accordance with a
previous report [23]. The DNA was dissolved in HoO and treated with
nuclease Py, 8 U, followed by bacterial alkaline phosphatase, 1.2 U.
8-Ox0dG content was determined by a previously described method [24,
25].

3. Results
3.1. Damage of ¥?P-5'"labeled DNA fragments by MYR-Cu

An autoradiogram of DNA fragments incubated with various con-
centrations of MYR+Cu and followed by treatment with or without
piperidine is shown (Fig. 1). Oligonucleotides were detected on the
autoradiogram as a result of DNA damage. MYR+Cu caused DNA
damage (Fig. 1). DNA damage increased with MYR concentration and
was further enhanced by piperidine treatment (Fig. 1). The base

Piperidine(-)  Piperidine (+)
MYR(uM) o 2 510205 0 2 5 10 20 50

Fig. 1. Autoradiogram of 3?P-5-end-labeled DNA fragments incubated with
MYR+Cu. Reaction mixtures contained the 3?P-5-end-labeled 309 bp fragment,
20 uM/base calf thymus DNA, the indicated concentrations of MYR and 20 pM
CuCl; in 10 mM sodium phosphate buffer (pH 7.8) containing 5 pM DTPA. After
incubation at 37 °C for 1 h under light shielding, the DNA fragments were
treated with or without piperidine and electrophoresed on a poly-
acrylamide gel.
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modification was likely induced by MYR+Cu because the altered base is
readily removed from its sugar by piperidine treatment. To confirm
apurinic-apyrimidinic (AP) site formation, we performed experiments
using AP endonucleases instead of piperidine and showed AP site for-
mation by MYR+Cu (data not shown). These results suggested that
MYR+Cu causes base lesions such as base modification and AP site
formation, in addition to breaking the sugar-phosphate backbone of
DNA. MYR+Cu-induced DNA damage in single-stranded DNA was
greater than in double-stranded DNA (Fig. 51).

3.2. Site specificity of DNA damage induced by MYR+Cu

The site specificity of DNA damage induced by MYR+Cu is shown in
Fig. 2. MYR+Cu cleaved DNA at thymine and cytosine nucleotides in
DNA fragments obtained from the pl6 tumor suppressor gene with
piperidine treatment (Fig. 2A and B). In DNA fragments obtained from
the human c-Ha-ras-1 protooncogene, MYR+Cu caused piperidine-labile
lesions at guanine in addition to thymine and cytosine residues (Fig. 2C
and D).

3.3. Formation of 8-0xodG in calf thymus DNA by MYR+Cu

Formation of 8-0x0dG in calf thymus DNA treated with MYR+Cu is
shown (Fig. 3). 8-OxodG is considered to be a product generated when
ROS reacts with DNA. The content of 8-0xodG in calf thymus DNA
increased in a MYR-concentration-dependent manner. MYR+Cu yielded
lower amounts of 8-oxodG under hypoxic conditions than under nor-
moxic conditions.

3.4. Formation of 8-oxodG in human cultured cells by MYR

We examined the intracellular production of 8-ox0dG in HL-60 and
HP100 cells. Compared with HL-60 cells, HP100 cells are approximately
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Fig. 3. Formation of 8-0xodG in calf thymus DNA induced by MYR+Cu. Re-
action mixtures contained 100 pM/base calf thymus DNA, the indicated con-
centrations of MYR and 20 uM CuCl, in 4 mM sodium phosphate buffer (pH
7.8) containing 5 yM DTPA. Reaction mixtures were incubated at 37 °C for 1 h
under light shielding. After EtOH precipitation, the DNA was digested to nu-
cleosides with nuclease P; and calf intestinal phosphatase and then analyzed by
HPLC-ECD. Results are expressed as means + SD obtained from five indepen-
dent experiments. Significance was analyzed using the t-test. *p < 0.05 vs.
0 uM. *p < 0.05 vs. hypoxic conditions.

340-fold more resistant to HyO, [26]. An increase in intracellular
8-0x0dG levels was observed when HL-60 cells were treated with MYR
(Fig. 4). 8-OxodG formation in HL-60 cells increased in a
MYR-concentration-dependent manner at 0.1-0.2 mM and plateaued at
0.5 mM. The levels of 8-0xodG in HL-60 cells treated with 0.1, 0.2, or
0.5 mM MYR were higher than in HP100 cells. These results suggested
that H,05 is involved in MYR-induced 8-0xodG formation.
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Fig. 2. Site specificity of MYR+Cu-induced DNA damage. Reaction mixtures contained the *2P-5'-end-labeled 309 bp, 147 bp, 337 bp or 98 bp fragment, 20 M/base
calf thymus DNA, 30 pM MYR and 20 pM CuCl, in 10 mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37 °C for 1 h under light
shielding, the DNA fragments were treated with piperidine and electrophoresed on a polyacrylamide gel.
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Fig. 4. Formation of 8-0x0dG in human cultured cells treated with MYR. HL-60
and HP100 cells (107 cells) were incubated with the indicated concentrations of
MYR in RPMI-1640 medium supplemented with 10 % fetal bovine serum for
16 h. After incubation, DNA was extracted immediately, subjected to enzymatic
digestion and analyzed by HPLC-ECD, as described in Materials and methods.
Results are expressed as means + SD from three to six independent experi-
ments. Significance was analyzed using the t-test. *p < 0.05 vs. 0 mM.
#p < 0.05 vs. HP100.

3.5. Effects of scavengers and bathocuproine on DNA damage induced by
MYR+Cu

We examined the effects of various scavengers and bathocuproine on
the damage of 32P-5'-labeled DNA fragments by MYR+Cu (Fig. 5). DNA
damage was not inhibited by typical free hydroxyl radical ("OH) scav-
engers such as EtOH, mannitol, or sodium formate. In contrast, DNA
damage was inhibited by methional, a scavenger of various ROS [27].
Catalase, which decomposes HyO3 [28] and bathocuproine, a Cu
(I)-specific chelator [29], also inhibited DNA damage. DNA damage
was not inhibited by adding SOD, which catalyzes the dismutation of the
superoxide anion radical (037) into O and H50,.

4. Discussion

In this study, we showed concentration-dependent DNA damage
induced by MYR+Cu, using 32P-5-labeled DNA fragments. Piperidine
and AP endonuclease treatment indicated that MYR+Cu causes base
modification and AP site formation in addition to breaking the sugar-
phosphate backbone. We analyzed the site specificity of DNA damage
with piperidine treatment, using the Maxam-Gilbert sequencing
method. MYR+Cu cleaved DNA at thymine, cytosine, and guanine nu-
cleotides in the p16 tumor suppressor gene and human c-Ha-ras-1 pro-
tooncogene. DNA cleavage at nucleotides other than adenine is similar
to the results of our previous studies investigating DNA damage by ROS-
generating agents plus Cu(Il) [30,31]. Oxidatively modified adenines
have been reported to be less abundant than other nucleotides and, in
addition, are resistant to piperidine treatment [32]. These previous
observations may explain why little cleavage of DNA at adenine was
observed.

We measured the formation of 8-0xodG, an indicator of the oxidative
DNA products [33], to assess whether MYR-+Cu induces oxidative DNA
damage. MYR+Cu significantly increased the formation of 8-0xodG in
calf thymus DNA. When dissolved O in the reaction mixtures containing
MYR-+Cu was removed by bubbling N gas, formation of 8-oxodG was
reduced. These results suggest the involvement of Oz in MYR+Cu-in-
duced DNA damage. Analysis of 8-0xodG in MYR-treated cultured cells
showed that more 8-oxodG was produced in HL-60 cells than in HP100
cells. Catalase activity is higher in HP 100 cells than in HL-60 cells [26].
Our previous report demonstrated that treatment with a catalase in-
hibitor, 3-aminotriazole, significantly increases 8-0xodG formation by
homocysteine in HP100 cells compared to HP100 cells without
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Fig. 5. Effects of scavengers and bathocuproine on MYR+Cu-induced DNA
damage, Reaction mixtures contained the 32P-5'-end-labeled 309 bp fragment,
20 uM/base calf thymus DNA, 20 pM MYR, each scavenger or bathocuproine
and 20 puM CuCl; in 10 mM sodium phosphate buffer (pH 7.8) containing 5 pM
DTPA. After incubation at 37 °C for 1 h under light shielding, the DNA frag-
ments were treated with piperidine and electrophoresed on a polyacrylamide
gel. The concentration of each scavenger and bathocuproine were as follows:
0.8 M EtOH, 0.1 M mannitol, 0.1 M sodium formate, 0.1 M methional, 30 U
catalase, 50 uM bathocuproine and 30 U SOD.

3-aminotriazole treatment [34]. Thus, the generation of HyO2 may
play an important role in forming 8-oxodG by MYR. 8-OxodG is a pre-
mutagenic lesion in mammalian cells. Numerous studies have indicated
that the formation of 8-oxodG causes misreplication of DNA that may
lead to mutations such as G—T transversions in tumor-relevant genes
[35,36].

The mechanism of DNA damage was clarified by examining the ef-
fects of various scavengers. MYR+{Cu-induced DNA damage was
inhibited by methional, catalase, or bathocuproine but not by the typical
°OH scavengers, EtOH, mannitol, or sodium formate. SOD did not inhibit
DNA damage. These results suggest that Hy05, Cu(I) and ROS other than
°OH are involved in DNA damage by MYR+Cu. Based on these results,
we propose a mechanism of oxidative DNA damage induced by MYR+Cu
(Fig. 6). The redox cycle of Cu(I)/Cu(I) and concomitant HyO» pro-
duction, possibly via autoxidation of MYR, generates a complex of HoO,
and Cu(I), probably Cu(I)-hydroperoxide, which induces oxidative DNA
damage. Copper is thought to play a central role in DNA damage induced
by MYR. Copper ions are particularly adept at enhancing mutagenic
activities caused by inecreased ROS [37,38]. In addition, cancer cells,
including colon and prostate cancer cells, have been reported to contain
high levels of copper, postulated to be important for the carcinogenic
process [39,40].

We previously reported the mechanism of DNA damage by quercetin
[41], which has a structure similar to MYR. In the present study, we
compared DNA damage by kaempferol, quercetin, and MYR under the
same conditions (Fig. 52). MYR induced extensive DNA damage in the
presence of Cu(Il) when compared with quercetin. In contrast, kaemp-
ferol induced minimal or no DNA damage. MYR caused DNA damage in
a dose-dependent manner, whereas 50 yM quercetin caused the greatest
amount of DNA damage. What causes this observed difference in DNA
damage by these compounds? The spin density map of the kaempferol
radical (K®) shows that its unpaired electron (UE) is concentrated on C2
and C3, and partly on its B ring. In the quercetin radical (Q®), the UE is
less concentrated on the C2 and C3 positions and resides more in the B
ring compared with the UE of K® [42]. The difference between the MYR
radical (M") and K* (i.e., less on the C2 and C3 and more in ring B) is
even more pronounced than the difference between Q° and K°. These
observations indicate that the negatively charged O in ring B greatly
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Fig. 6. A possible mechanism of oxidative DNA damage induced by MYR+Cu.

attracts and stabilizes the UE. Thus, our result may be explained by
differences in the enrichment of the UE going from K° to Q° to M®, which
respectively contain one, two and three deprotonated hydroxyl groups
in the B ring. Consequently, Q° and M® are more likely to donate a
second electron than K°, which corresponds to the ranking of the anti-
oxidant and/or autooxidation potency of these three flavonoids [43].

The dietary flavonoid MYR is currently of interest because of its
various pharmacological activities, such as antioxidant, anticancer, anti-
inflammatory, neuroprotective and antibacterial effects. Interestingly, a
recent study reported that MYR showed antiviral and prophylactic ef-
fects against COVID-19 [44]. However, our previous study showed anti-
and pro-oxidant activities of a flavonoid procyanidin B2 | 45], indicating
that this flavonoid is a ‘double-edged sword’. Furthermore, we demon-
strated previously that several flavonoids exert pro-oxidant properties
[46,47]. This study demonstrated that MYR causes site-specific DNA
damage via ROS generation by redox interactions with copper ions.
Previous studies have shown that MYR can generate ROS in the presence
of transition metal ions with or without molecular DNA [9-12]. ROSisa
significant player in oxidative DNA damage in vivo [48,49]. Thus, in the
future, evaluating the safety of MYR in vivo is desirable when consid-
ering potential biomedical applications of MYR.
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Figure S1
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Fig. S1. Autoradiogram of 32P-5'-end-labeled DNA
fragments incubated with MYR+Cu. Reaction
mixtures contained the 32P-5'-end-labeled 147 bp
fragment, 20 pM/base calf thymus DNA, the indicated
concentrations of MYR and 20 puM CuCl, in 10 mM
sodium phosphate buffer (pH 7.8) containing 5 pM
DTPA. Denatured single-stranded DNA fragments
were prepared by heating at 90°C for 5 min followed
by quick chilling before the addition of MYR. After
incubation at 37°C for 0.5 h under light shielding, the
DNA fragments were treated with piperidine and
electrophoresed on a polyacrylamide gel.
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Fig. S2. Comparison of DNA damage induced by
kaempferol, quercetin and myricetin in the
presence of Cu(II). Reaction mixtures contained the
32p_5'-end-labeled 147 bp fragment, 20 uM/base calf
thymus DNA, the indicated concentrations of
kaempferol, quercetin or myricetin and 20 pM CuCl,
in 10 mM sodium phosphate buffer (pH 7.8)
containing 5 uM DTPA. After incubation at 37°C for 1
h under light shielding, the DNA fragments were
treated with piperidine and electrophoresed on a
polyacrylamide gel.



