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Abstract

The “photo-Fenton™ reagent, 2-mercaptopyridine N-oxide (MPO), which releases a hydroxyl radical on ultraviolet irradiation,
has been found to act as an antioxidant. In the peroxidation of linoleate initiated by a water-soluble azo-initiator, MPO has about
one-third the activity of the water-soluble vitamin E analogue Trolox C. In contrast, the oxygen-containing analogue, 2-hy-
droxypyridine N-oxide (HPO), does not have measurable antioxidant activity in this system. Both reagents react with hydroxyl
radical with second order rate constants very close to the diffusion-controlled limit. With the less oxidising dithiocyanate radical
anion, MPO reacts approximately 50 times more rapidly than HPO at pH > 7. The more reducing properties of MPO result in its
activity as an antioxidant and make it less suitable than HPO as a source of hydroxyl radicals for investigation of oxidative stress in

biological systems.
© 2002 Elsevier Science (USA). All rights reserved.
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Compounds that release a hydroxyl radical on pho-
tolysis, sometimes referred to as “photo-Fenton re-
agents,” are of considerable interest as sources of
oxidative stress in biology [1-3]. These reagents promise
to be more versatile and controllable than the classical
Fenton reagents which produce hydroxyl radical on re-
action of transition metal ion (typically Cu*" or Fe’*)
with H,0O, [4]. The most widely investigated photo-
chemical sources of hydroxyl radical are 2-hydroxy-
pyridine N-oxide (HPO, 1) [5] and 2-mercaptopyridine

N-oxide (MPO, 1I) [6].
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In aqueous solutions such reagents have been shown
to produce hydroxyl radicals with quantum yields of up
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to ~0.3 [5,6] and are capable of yielding photo-initiated
strand breaks in DNA [7,8]. These reagents therefore
offer promise in investigations of oxidative stress in
cellular systems where the production of hydroxyl rad-
icals may be controlled temporally and spatially by
suitable UV illumination.

Lipid peroxidation is one of the main consequences
of oxidative stress in biological systems [9,10]. The oxi-
dation of lipid molecules may lead to loss of membrane
integrity and the release of toxic, reactive, and bioactive
products such as 9-hydroxynonenal [11,12]. The chain
reaction of lipid peroxidation may be initiated by oxi-
dising radicals, including hydroxyl and peroxyl radicals,
and is propagated by the relatively reactive lipid peroxyl
radical which abstracts a hydrogen atom from a further
polyunsaturated lipid molecule. It is well known that
phenolic compounds, including o-tocopherol and anal-
ogous molecules (‘vitamin E’), are able to reduce the
lipid peroxyl radical to the hydroperoxide. The resulting
tocopheroxyl radical is relatively stable and much less
reactive towards a further lipid molecule than the lipid
peroxyl radical. Tocopherols and similar phenols are
therefore referred to as ‘chain-breaking’ antioxidants
[13-15].
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The use of photo-Fenton reagents to investigate re-
actions of hydroxyl radical in dilute in vitro systems is
hindered by the high reactivity of the reagent itself with
the hydroxyl radical. For example, it has been reported
[5] that MPO reacts with *OH with a second order rate
constant of 9 x 10°dm’mol 's™'. We now report a
further investigation of the reaction of HPO and MPO
with oxidising radicals. It is shown that MPO is much
more reactive than HPO. MPO, but not HPO, is able to
inhibit the oxidation of linoleate by an azo-initiator. It is
concluded that HPO is more suitable than MPO for
future studies of light-induced oxidative stress in bio-
logical systems.

Materials and methods

The water-soluble azo-initiator, 2’,2'-azobis(2-methylpropriona-
mide) dihydrochloride (AMPA), was purchased from Acros Organics
Ltd. MPO, HPO, sodium linoleate, Triton X-100, and all other re-
agents were obtained from Sigma. Oxygen uptake by linoleate dis-
persions was measured in a Clarke type oxygen electrode (Rank
Brothers Ltd., Cambridge, UK) thermostated to 40 °C. Pulse radiolysis
experiments [16] were undertaken using the linear accelerator (10—
12MeV, 500ns pulse) at the Free Radical Research Facility, Dares-
bury Laboratory, with a dose of approximately 6 Gy/pulse. Solutions
were saturated with N,O by purging and were irradiated in a capillary
cell with 2.5cm optical pathlength.

Results and discussion

Oxidation of linoleate and antioxidant effects of photo-
Fenton reagents

Oxidation of sodium linoleate (10 mmol dm ™) in Tri-
ton X-100 micelles (100 mmol dm ) was determined by
measurement of oxygen uptake at 40 °C in a Clarke oxy-
gen electrode in a similar manner to that described pre-
viously by Niki [17]. Oxidation was initiated by addition
of AMPA to a final concentration of 16 mmol dm  in the
electrode chamber. In these solutions peroxyl radicals,
generated by decomposition of AMPA at a constant rate
in the air-saturated solutions, initiated peroxidation of
the linoleate and the consequent oxygen consumption. In
the absence of any further additive, addition of an aliquot
of AMPA to the linoleate micelles resulted in immediate
oxygen uptake as shown in Fig. 1. In the presence of MPO
(Fig. 1A) it was found that after the addition of AMPA
there was a time interval (the delay period) of reduced rate
of oxygen consumption before oxygen uptake resumed at
the uninhibited rate. The length of this delay period in-
creased with MPO concentration. This is the result typi-
cally found [17,18] in the presence of a compound which is
capable of scavenging either the initiating azo-initiator-
derived peroxyl radical or the chain propagating linole-
ate-peroxyl radical. In the present case, since azo-initiator
(AMPA) and inhibitor (MPO) are both water soluble, the
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Fig. 1. Oxygen electrode traces showing oxygen consumption by so-
lutions containing sodium linoleate (10 mmol dm ) and Triton X-100
(100mmoldm ) at 40°C. Oxidation was initiated by addition of
AMPA (16 mmol dm ) at the point indicated by the arrow. The effects
of MPO and Trolox C as inhibitors at the final concentrations indi-
cated are shown in A and B, respectively. The same scales apply to
both graphs.
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Fig. 2. The effects of Trolox C (A) and MPO (B) on the duration of the
delay period in the oxidation of sodium linoleate in Triton X-100
micelles at 40 °C initiated by AMPA.

former is more likely. Fig. 1B shows the results of
analogous experiments with the well-known water-
soluble vitamin E analogue, Trolox C [19]. It is clear
that the qualitative effect of MPO is similar to that of
Trolox C.
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Fig. 2 shows that there is a linear relationship be-
tween lag time and concentration of inhibitor for both
MPO and Trolox C. The slopes of 50.1 and
16.6sdm’ yumol™" for Trolox C and MPO, respectively,
indicate that MPO has an efficiency of about 30% of that
of Trolox C in inhibiting linoleate oxidation. In contrast
there was no observable lag period during AMPA-ini-
tiated oxidation of linoleate at pH 7.0 on addition of
HPO at concentrations of up to 500umoldm . It
therefore appears that HPO has negligible reactivity
with peroxyl radicals in this system.

One-electron oxidation of HPO and MPO studied by
pulse radiolysis

The absolute reactivity of HPO and MPO with oxi-
dising radicals was investigated by pulse radiolysis. The
second order rate constant for reaction of the hydroxyl
radical with HPO was determined by competition [20]
with the thiocyanate anion. The absorbance values, 4,
and A, of the dithiocyanate radical anion [(SCN),"] at
500 nm were measured immediately after the 500 ns ra-
diation pulse in the absence and presence of HPO, re-
spectively. The rate constant for reaction of *OH with
HPO (kupo) was evaluated by the equation:

Ao, kupo[HPO]
— == (1)
A ksen[SCN]

where the second order rate constant for reaction of *OH
with SCN™ (ksen) is 1.1 x 10'°dm® mol™'s~! [20]. Since
HPO undergoes deprotonation with a pK, of 6.0 [5,21],
the rate constant was measured below and above the pK,
at pH values of 4.6 and 8.3, respectively. The slopes of the
plots in Fig. 3, according to Eq. (1), give values of kypo
reported in Table 1. At both pH values, kgpo is effectively
almost at the diffusion-controlled limit for reaction of a
small solute with "OH (~ 2 x 10"°dm’ mol 's~') and it is
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Fig. 3. Competition plots for (SCN)," radical absorption at 500 nm
measured immediately (<1 ps) after pulse radiolysis of solutions of
NaSCN (1.0 mmol dm*) and HPO (0—6 mmol dm ) at pH 8.3 (A) and
pH 4.6 (B).

Table 1
Second order rate constants® for reaction of *OH and (SCN)," with
HPO and MPO

‘OH (SCN);"
HPO pH 4.6 (1.574£0.05) x 10 (1.5+0.6) x 10°
pH 8.3 (2.0240.04) x 10 (1.9%0.1) x 107
MPO pH 7 9 x 10°° (I.1£0.1) x 10°
3 Units dm®mol 's~!.
®From [3].

clear that deprotonation of HPO results in only a small
measured increase in reactivity. The second order rate
constant for reaction of *OH with MPO has been reported
by Aveline et al. [6] to be slightly lower at 9 x 10°
dm’mol's™!, but in this case it appears to have been
measured from the rate of formation of product absor-
bance. Since product radical absorbance might arise from
transformations following the initial hydroxyl radical
reaction, such measurements may underestimate the rate
constant for hydroxyl radical reaction.

Such high reactivity must be considered when em-
ploying photo-Fenton reagents in vitro to produce hy-
droxyl radical-induced damage to a target molecule at
low concentration, since scavenging of a substantial
fraction of the hydroxyl radicals by the reagent itself is
possible. For example, attempts have been made to
demonstrate photo-induced initiation of linoleate oxi-
dation by HPO but have been unsuccessful. The lack of
success is attributed to scavenging of *OH by HPO itself
and also to interfering background oxidation of linole-
ate in micelles of both Triton X-100 and SDS induced by
illumination at wavelengths between 300 and 330 nm.
The use of such relatively short wavelength is required
to match the absorption maximum of HPO at ~310 nm
(pH 7). Further attempts to initiate photooxidation of
polyunsaturated lipids by such reagents appear to re-
quire photo-Fenton reagents which have absorption
spectra shifted to longer wavelength, and which are
more hydrophobic so as to partition into the lipid phase
and make reaction of hydroxyl radicals with lipid more
effective. Reagents activated by illumination at longer
wavelengths have been investigated [22], but tend to
involve type I and II photochemical oxidations in ad-
dition to hydroxyl radical generation.

In the present case, measurement of peroxyl radical
reactivity is difficult due to the weak absorbance of ali-
phatic peroxyl radicals in the near-UV and visible spec-
trum. In order to compare the rates of one-electron
oxidation of HPO and MPO with a less powerful oxidis-
ing radical species than ‘OH (one-electron reduction po-
tentialat pH 7, E},, 2.73 V vs. NHE [23]), the rate constants
for reaction of the (SCN), " radical anion (£j, 1.33 mV vs.
NHE [23]) were determined from the decay of its ab-
sorption at 480-500 nm. The inset to Fig. 4 shows good
pseudo-first order kinetics for the reaction between
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Fig. 4. Effect of pH on the second order rate constant for reaction of
the (SCN)," radical with HPO in solutions containing NaSCN
(100 mmol dm ). Inset: Plot of pseudo-first order rate constant (k') for
decay of the (SCN)," radical absorption at 500nm vs. HPO concen-
tration in solutions containing NaSCN (1.0 mmoldm ) at pH 8.3.

(SCN)," and HPO measured at pH 8.3. Determination of
the second order rate constant over a range of pH values
resulted in the curve shown in the main part of Fig. 4.
Fitting the data to a single pK, curve shows that the rate
constant increases from 1.5 x 10°dm’mol's' at pH < 4
t0 1.9 x 10’dm*mol's~! at pH > 8. The same fit gives a
pK, value of 6.2 £+ 0.1, in good agreement with the pub-
lished pK, value of 6.0 for deprotonation of HPO [5,21]
from potentiometric and spectrophotometric measure-
ments. The second order rate constant for reaction of
(SCN)," with MPO was found to be (1.1 £0.1) x 10°
dm’mol's~! at pH 6.8. Since MPO has been reported to
have a pK, of 4.67 [24], this was taken to reflect the reac-
tivity of the anion at pH > 6. The results therefore show
that the anion of MPO is oxidised by the (SCN)," radical
approximately 50 times more rapidly than the anion of
HPO. This reflects the difference in one-electron reduction
potential of the resulting two radicals, formed as illus-
trated in Scheme 1. Tautomerism between enol/thiol and
keto/thione forms for HPO/MPO has been reported, but
the results indicate that in aqueous solution the keto/thi-
one forms predominate [21,24]. It is concluded that the
one-electron reduction potential of the MPO radical must
be considerably lower than that of HPO as a result of the

Scheme 1.

difference in electronegativities of the sulfur and oxygen
atoms. For comparison, it may be noted that the one-
electron reduction potentials (E° (C¢HsX'/CsHs X),
X =0 or S) of the phenoxyl and phenylthiol radicals are
0.79 and 0.69 V vs. NHE, respectively [25].

The reactivity of aliphatic peroxyl radicals is con-
siderably lower than that of hydroxyl radical [26]. The
greater ease of oxidation of the anion of MPO relative to
that of HPO demonstrated for the dithiocyanate radical
anion in the pulse radiolysis experiments predicts that
MPO will have higher reactivity than HPO with alkyl
(lipid) peroxyl radicals. This explains the difference in
the abilities of MPO and HPO to inhibit the AMPA-
initiated oxidation of linoleate described above. It is
concluded that HPO is likely to be a superior photo-
Fenton reagent for studies of the effects of hydroxyl
radical in biological systems since it is less likely than
MPO to be involved in subsequent repair-type reactions
with damaged targets. It has already been shown that
MPO also has the disadvantage of being a less selective
source of hydroxyl radicals than HPO [6,27] and that
MPO may also act as a photoreductant [2].

Acknowledgments

The support of this work by a grant from BBSRC is gratefully
acknowledged. The authors thank staff at the Daresbury Laboratory
for assistance in the pulse radiolysis experiments.

References

[1] S.I. Takayma, M. Matsuure, S. Matsugo, S. Kawanishi, Phthal-
imide hydroperoxides as efficient photochemical hydroxyl radical
generators—a novel DNA-cleaving agent, J. Am. Chem. Soc. 112
(1990) 883-884.

[2] K.J. Reszka, C.F. Chignell, Photochemistry of 2-mercaptopyri-
dines 3. EPR study of photoproduction of hydroxyl radicals by N-
hydroxypyridine-2-thione using 5,5-dimethyl-1-pyrroline N-oxide
in aqueous solutions, Photochem. Photobiol. 61 (1995) 269-275.

[3] S.W. Botchway, S. Chakrabarti, G.M. Makrigiorgos, Novel
visible and ultraviolet photogeneration of hydroxyl radicals by
2-methyl-4-nitro-quinoline- N-oxide (MNO) and 4.4'-
dinitro(2,2")bipyridyl-N, N'-dioxide (DBD), Photochem. Photo-
biol. 67 (1998) 635-640.

[4] W.H. Koppenol, The Haber-Weiss cycle—70 years later, Redox
Rep. 6 (2001) 229-234.

[5] B.M. Aveline, I.E. Kochevar, R.W. Redmond, Photochemistry of
N-hydroxy-2(1H)-pyridone, a more selective source of hydroxyl
radicals than N-hydroxypyridine-2(1H)-thione, J. Am. Chem. Soc.
118 (1996) 10124-10133.

[6] B.M. Aveline, I.E. Kochevar, R.W. Redmond, Photochemistry of
the nonspecific hydroxyl radical generator, N-hydroxypyridine-
2(1H)-thione, J. Am. Chem. Soc. 118 (1996) 10113-10123.

[71 W. Adam, D. Ballmaier, B. Epe, G.N. Grimm, C.R. Sahamoller,
N-Hydroxypyridinethiones as photochemical hydroxyl radical
sources for oxidative DNA-damage, Angew. Chem. Int. 34
(1995) 2156-2158.

[8] W. Adam, J. Hartung, H. Okamoto, C.R. Saha-Moller, K.
Spehar, N-hydroxy-4-(4-chlorophenyl)thiazole-2(3H)-thione as a
photochemical hydroxyl-radical source: photochemistry and
oxidative damage of DNA (strand breaks) and 2'-deoxyguano-



D. Tobin et al. | Biochemical and Biophysical Research Communications 299 (2002) 155-159 159

sine (8-0xodG formation), Photochem. Photobiol. 72 (2000) 619—
624.

[9] B. Halliwell, J.M.C. Gutteridge, Free Radicals in Biology and
Medicine, second ed., Oxford University Press, Oxford, UK, 1999.

[10] H. Esterbauer, J. Gebicki, H. Puhl, G. Jurgens, The role of lipid-
peroxidation and antioxidants in oxidative modifications of LDL,
Free Radic. Biol. Med. 13 (1992) 341-390.

[11] H. Esterbauer, R.J. Schaur, H. Zollner, Chemistry and biochem-
istry of 4-hydroxynonenal, malonaldehyde and related aldehydes,
Free Radic. Biol. Med. 11 (1991) 81-128.

[12] A. Musatov, C.A. Carroll, Y-Cliu, G.I. Henderson, S.T.
Weintraub, N.C. Robinson, Identification of bovine heart cyto-
chrome ¢ oxidase subunits modified by the lipid peroxidation
product 4-hydroxy-2-nonenal, Biochemistry 41 (2002) 8212-8220.

[13] G.W. Burton, K.U. Ingold, Vitamin E—application of the
principles of physical organic chemistry to the exploration of its
structure and function, Acc. Chem. Res. 19 (1986) 194-201.

[14] G.R. Buettner, The pecking order of free radicals and antioxi-
dants: Lipid peroxidation, a-tocopherol, and ascorbate, Arch.
Biochem. Biophys. 300 (1993) 535-543.

[15] M.J. Burkitt, A critical overview of the chemistry of copper-
dependent low density lipoprotein oxidation: roles of lipid
hydroperoxides, a-tocopherol, thiols, and ceruloplasmin, Arch.
Biochem. Biophys. 394 (2001) 117-135.

[16] J. Butler, E.J. Land, Pulse radiolysis, in: N.A. Punchard, F.J.
Kelly (Eds.), Free Radicals: A Practical Approach, Oxford
University Press, Oxford, 1996, pp. 47-61.

[17] E. Niki, Free-radical initiators as source of water-soluble or lipid
soluble peroxyl radicals, Meth. Enzymol. 186 (1990) 100-108.

[18] E. Niki, Interaction of ascorbate and o-tocopherol, Ann. NY
Acad. Sci. 498 (1987) 186-198.

[19] WM. Cort, JW. Scott, M. Aravjo, W.J. Mergens, M.A.
Cannalonga, M. Osadca, H. Hartley, Antioxidant activity and

stability of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid, J. Am. Oil Chem. Soc. 52 (1975) 174-178.

[20] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical
review of rate constants for reactions of hydrated electrons,
hydrogen atoms and hydroxyl radicals (‘OH/-O™) in aqueous
solution, J. Phys. Chem. Ref. Data 17 (1988) 513-886.

[21] J.N. Gardner, A.R. Katritzky, N-Oxides and related compounds.
Part V. The tautomerism of 2- and 4-amino- and -hydroxy-
pyridine 1-oxide, J. Chem. Soc. (1957) 4375-4387.

[22] W. Adam, P. Groer, K. Mielke, C.R. SahaMoller, R. Hutterer, W.
Kiefer, V. Nagel, F.W. Schneider, D. Ballmaier, Y. Schleger, B.
Epe, Photochemical and photobiological studies with acridine and
phenanthridine hydroperoxides in cell-free DNA, Photochem.
Photobiol. 66 (1997) 26-33.

[23] P. Wardman, Reduction potentials of one-electron couples
involving free radicals in aqueous solution, J. Phys. Chem. Ref.
Data 18 (1989) 1637-1755.

[24] R.A. Jones, A.R. Katritzky, N-Oxides and related compounds.
Part XVII. The tautomerism of mercapto- and acylamino-pyridine
1-oxides, J. Chem. Soc. (1960) 2937-2942.

[25] D.A. Armstrong, Q. Sun, R.H. Schuler, Reduction potentials and
kinetics of electron transfer reactions of phenylthiyl radicals:
comparison with phenoxyl radicals, J. Phys. Chem. 100 (1996)
9892-9899.

[26] P. Neta, R.E. Huie, S. Mosseri, L.V. Shastri, J.P. Mittal, P.
Maruthamuthu, S. Steenken, Rate constants for reduction of
substitute methylperoxyl radicals by ascorbate ions and
N, N, N'N'-tetramethyl-p-phenylenediamine, J. Phys. Chem. 93
(1989) 4099-4104.

[27] B.M. Aveline, I.E. Kochevar, R.W. Redmond, N-Hydroxypyri-
dine-2(1H)-thione: not a selective generator of hydroxyl radi-
cals in aqueous solution, J. Am. Chem. Soc. 118 (1996) 289-
290.



	One-electron oxidation of ``photo-Fenton'' reagents and inhibition of lipid peroxidation
	Materials and methods
	Results and discussion
	Oxidation of linoleate and antioxidant effects of photo-Fenton reagents
	One-electron oxidation of HPO and MPO studied by pulse radiolysis

	Acknowledgements
	References


