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Figure 1. Structures of 2,20-pyridoin deri
Focusing on 2,2 -pyridoin (1, 1,2-di(2-pyridyl)-1,2-ethenediol) and its synthetic derivatives as the lead
compound of the potent antioxidative enediol, their protective effect against oxidative stress was evalu-
ated on the HL-60 cell system. 2,20-Pyridoins showed no remarkable cytotoxic effect on HL-60 cells. The
derivatives 1, 2, 3, 5, and 6 inhibited H2O2-induced cell death and intracellular oxidative stress more sig-
nificantly than ascorbic acid. Since 2,20-pyridoins are oxidized to the diketones, 2,20-pyridils, in a protic
solvent, the antioxidant activity of 2,20-pyridils was also investigated. 2,20-Pyridils showed antioxidant
activity in the cell; however, the activity was lower than that of 2,20-pyridoins. These results suggested
that 2,20-pyrdoin derivatives can be good cytoprotective agents against oxidative stress.

� 2008 Elsevier Ltd. All rights reserved.
Reactive oxygen species (ROS) and free radicals are considered
to be implicated in a variety of pathological events, such as cancer
and aging.1–3 ROS, including superoxide anion, hydrogen peroxide,
and hydroxyl radical, are thought to be generated by subsequent
reduction of molecular oxygen in aerobic organisms.4,5 Under nor-
mal conditions, cells and tissues are protected against ROS by an
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shino).

vatives and AsA.
array of defense systems of enzymes, such as superoxide dismu-
tase, catalase, and glutathione peroxidase or free radical scaveng-
ers.6 Among these radical scavengers, ascorbic acid (AsA, Fig. 1)
shows very effective activity7 and has often served as a lead com-
pound for the design and synthesis of pharmacologically effective
antioxidants.8

In our previous study, we elucidated that 2,20-pyridoin (1,
Fig. 1), the enediol compound possessing two pyridine rings, and
Figure 2. Cytotoxicity of 2,20-pyridoins and of 2,20-pyridils. Data are means ± SD of
three independent experiments.
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its synthetic derivatives 2–7 exerted DPPH (1,10-diphenyl-2-picryl-
hydrazil) radical scavenging activity. We also elucidated that 3, 5,
Figure 3. Inhibitory effect of 2,20-pyridoin derivatives on H2O2-induced cell death.
Data are means ± SD of 3–6 independent experiments (**p < 0.01 vs none, #p < 0.05
vs AsA, ##p < 0.01 vs AsA, Student’s t-test).

Figure 4. Scavenging effect on intracellular R
and 6 inhibited lipid peroxidation more strongly than AsA and that
the inhibitory activity of 1 and 2 was comparable to that of AsA but
that of 4 and 7 was lower than that of AsA.9 Therefore, it was as-
sumed that 2,20-pyridoin derivatives were pharmacologically use-
ful lead compound of antioxidants.

In the present study, we selected 1, 2, 3, 5, and 6 as candidates
of excellent antioxidants and investigated the protective effect of
the 2,20-pyridoin derivatives against oxidative stress under physio-
logical condition using human promyeloid leukemia cell lines
(HL-60). HL-60 cells are commonly used in ROS-mediated studies
because they can produce large amounts of ROS following stimula-
tion.10 Hence, we selected the HL-60 cell line for the antioxidant
assay in the present study.

Prior to the antioxidant assay, HL-60 cells were exposed to 2,2’-
pyridoins for 24 h, and the cytotoxicity of 2,20-pyridoins was
checked.11 Since the solubility of 5 and 6 in the incubation medium
was not particularly good, the highest concentration of 5 and 6 was
set to 60 lM, and that of the other 2,20-pyridoins was set to
100 lM. As shown in Figure 2, 60–100 lM of 2,20-pyridoins did
not cause a remarkable decrease in the cell viability. In contrast,
butylated hydroxytoluene (BHT), a synthetic phenolic antioxidant,
exerted potent cytotoxicity at 100 lM. Therefore, it was confirmed
that up to 60 lM of 2,20-pyridoin and its derivatives has no cyto-
toxicity for HL-60 cells.
OS. ((A) 2,20-pyridoins, (B) 2,20-pyridils.)
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To investigate the antioxidant activity in the cell lines, 2,20-pyr-
idoins and AsA were added to H2O2-treated HL-60 cells, and the
viable cells after 24 h incubation were determined (Fig. 3).11,12

AsA, a conventional enediol antioxidant, was used as a positive
control. The number of viable cells was decreased to 15.8% of the
non-treated control cells by treatment of the cells with H2O2

(200 lM). The cell viability was recovered to 37.9% with the addi-
tion of 30 lM of AsA. 2,20-Pyridoin (1) showed a more significant
increase in cell viability than AsA (42.1%, p < 0.05 vs AsA, Student’s
t-test). Moreover, pyridoin derivatives 2, 3, 5, and 6 showed a high-
er protective effect than 1 (51.9–55.4%, p < 0.01 vs AsA, Student’s t-
test). These results suggested that 2,20-pyridoin derivatives have a
more potent cytoprotective effect against oxidative stress than
AsA. As showed in our previous results,9 the most potent DPPH
radical scavengers, 5 and 6, inhibited lipid peroxidation effectively
in a dose-dependent manner. Similarly, 3 inhibited lipid peroxida-
tion effectively; nevertheless, 3 showed lower DPPH radical scav-
enging activity than AsA. The high activity of 3 may have been
due to its high lipophilicity. The cytoprotective effects were nearly
correlated with the inhibitory activities of lipid peroxidation and
the log kw, lipophilicity parameter,13 together with the DPPH rad-
ical scavenging activity.9 Therefore, we speculated that both the
radical scavenging activity and the lipophilicity are important in
cytoprotection.

The scavenging effect of 2,20-pyridoins on intracellular oxida-
tive stress was measured by using 20,70-dichlorofluorescin diace-
tate (DCFH-DA), an intracellular ROS-sensitive fluorescence
probe. DCFH-DA penetrates into cells and is hydrolyzed by intra-
cellular esterase to non-fluorescent 20,70-dichrolofluorescin
Scheme 1. Synthesis of 2,

Figure 5. Structures of 2,20-pyridils.
(DCFH). DCFH is oxidized to fluorescent 20,70-dichlorofluorescein
(DCF) by intracellular ROS.14 In this study, the total amount of
the fluorescence of DCF, the relative intracellular ROS level, after
1 h of incubation was determined by flow cytometry.15 The DCF
fluorescence on HL-60 cells was markedly increased by the treat-
ment of the cells with H2O2 (200 lM). The DCF production caused
by H2O2 was slightly suppressed by AsA (30 lM). The pyridoin
derivatives decreased the DCF fluorescence to the level of the
non-treated control cells (Fig. 4A). These results suggested that
the cytoprotection of 2,20-pyridoin derivatives was accompanied
by suppression of the intracellular oxidative stress. However, in
the AsA case, the DCF production did not correlate with the cyto-
protective effect. When the cells were treated with AsA (30 lM)
before the addition of H2O2, the DCF production caused by H2O2

was markedly decreased (Fig. 4A), and the cytoprotective effect
was increased (data not shown). These observations indicated that
2,2’-pyridoin derivatives were more incorporated into the cell than
AsA.

It has been reported that 2,20-pyridoin (1) is quickly oxidized to
1,2-diketone, 2,20-pyridil (1K, Fig. 5), in protic solvent.16 2,20-Pyrid-
oin is supposed to be oxidized in the incubation medium, and its
antioxidant activity is assumed to be attenuated. Therefore, to elu-
cidate the antioxidant activity of 2,20-pyridoin in the cell system,
the cytoprotective effect and the suppressive effect on intracellular
ROS of 1–3K and 5–6K (Fig. 5) were investigated. Compound 1K
was a commercially available material. 2–3K, 5K, and 6K were pre-
pared by the oxidation of 2–3, 5, and 6 using iodine according to a
previous report (Scheme 1). 17,18 As shown in Figure 3, 1K, 2K, and
5K showed a slight cytoprotective effect, and the effect of 3K was
significantly higher than that of AsA, while 6K did not show a
remarkable effect. In the DCF fluorescent assay, the H2O2-induced
DCF production was slightly decreased by 2,20-pyridil (Fig. 4B).
These results suggested that 2,20-pyridil derivatives, except 6K,
suppressed intracellular oxidative stress to some extent. However,
the DPPH radical scavenging activities of 2,20-pyridils were about
1000 times lower than that of 2,20-pyridoins.

Therefore, it is speculated that 2,20-pyridoins themselves, not
2,20-pyridils, contributes to the antioxidant activity of 2,20-pyrido-
ins in the cell. And it is also speculated that 2,20-pyridils were re-
duced to 2,20-pyridoins in the cell and exerted antioxidant
activity. These observations suggested that a large proportion of
2,20-pyridon derivatives 1–3 and 5–6 was incorporated into the cell
more quickly than they were oxidized and exerted antioxidant
activity. We are now investigating the antioxidant mechanism of
2,20-pyridils themselves.

In conclusion, we investigated the antioxidant effect of 2,20-
pyridoin derivatives in the cell system in the present study. These
results demonstrated that 2,20-pyridoins have no cytotoxicity and
20-pyridil derivatives.



M. Hatanaka et al. / Bioorg. Med. Chem. Lett. 18 (2008) 5290–5293 5293
exert better activity than AsA. Furthermore, it was suggested that
2,20-pyridoins are incorporated more rapidly than AsA into the cell
and react with intracellular ROS. Among 2,20-pyridoin derivatives,
2, 3, 5, and 6 are expected to be good lead compounds of cytopro-
tective agents against oxidative stress.
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