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Abstract The mechanisms of reaction of methionine with

hydroxyl radical are not fully understood. Here, we

unequivocally show using electron paramagnetic resonance

spin-trapping spectroscopy and GC–FID and GC–MS, the

presence of specific carbon-, nitrogen- and sulfur-centered

radicals as intermediates of this reaction, as well as the

liberation of methanethiol as a gaseous end product. Taking

into account the many roles that methionine has in eco- and

biosystems, our results may elucidate redox chemistry of

this amino acid and processes that methionine is involved

in.

Keywords Methionine � Hydroxyl radical � EPR � GC �
Free radical � Methanethiol

Introduction

The understanding of the mechanism of the reaction

between methionine (Met) and hydroxyl radical (�OH) may

have a great impact on environmental and biochemical

studies. Met is present in wastewaters, sediments and

freshwaters, as it is a component of decomposing proteins

and involved in the sulfur cycle (Kiene et al. 1990; Caron

and Kramer 1994; Higgins et al. 2008). In such systems,
�OH is produced via iron- or copper-involving Fenton

mechanism (Fe2? ? H2O2 ? Fe3? ? OH- ? �OH), photo-

Fenton reaction (Fe3? ? light ? Fe2? followed by Fenton

reaction) or ionizing radiation-provoked radiolysis of water

(Sedlak et al. 1997; White et al. 2003; Nakatani et al. 2007;

Vermilyea and Voelker 2009). On the other hand, Met

represents an essential amino acid for humans. Met is

incorporated in proteins and it is important for methylation

reactions and other important processes (Korendyaseva

et al. 2010; Hasegawa et al. 2011). In living systems, �OH

is prevalently produced by the incompletely chelated iron-

or copper-involving Fenton reaction, which is implicated

in a large number of human pathophysiologies (Valko

et al. 2005; Kell 2010). Another very important source of
�OH in living systems is from the radiolysis of water

provoked by ionizing radiation, which may come from

radiological events, environmental sources, occupational

exposure and therapeutic irradiation (Spotheim-Maurizot

and Davı́dková 2011).

The mechanism of Met ? �OH reaction has undergone

periodical revisions during the past, to take into account

various reactive intermediates and end products (Taniguchi

et al. 1972; Hiller et al. 1981; Hiller and Asmus 1983;

Miller et al. 1998; Pogocki et al. 2001; Nukuna et al. 2001;

Abedinzadeh 2001; Schöneich et al. 2003; Mishra et al.

2009). The identification of free radicals is a formidable

task, due to their exceptionally short lifetime and versatility

of reactive species produced in various systems (Halliwell

and Whiteman 2004; Valko et al. 2007). Electron para-

magnetic resonance (EPR) spin-trapping spectroscopy

could overcome these limitations and represents probably
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the most efficient technique for qualitative detection of

radicals. Sophisticated EPR spin-trap reagents such as

BMPO (Zhao et al. 2001), are capable of simultaneously

detecting different reactive species, which makes them

appropriate for the detection of free radicals in systems

whose redox chemistry has not been fully explored (Bačić

et al. 2008; Spasojević 2010). The spin-trapping technique

is based on the reaction in which the transient radical

species reacts with ‘EPR silent’ spin-traps to yield a more

persistent nitroxide spin-adducts. These are readily

detected by EPR spectroscopy, whereby different species

can be distinguished with high sensitivity. In addition, the

end products of �OH-provoked Met decomposition still

represent subjects of investigation. For example, the

production of homocysteine in Met ? �OH reaction has

not been recognized until recently (Bern et al. 2010),

although the level of Met has been strongly correlated

with the homocysteine level in biological systems (Mori

and Hirayama 2000; Campolo et al. 2006; Bonaventura

et al. 2009). Moreover, �OH-mediated degradation of Met

in proteins has been proposed to be responsible for the

emission of methanethiol (CH3SH) and some other vola-

tile sulfur compounds in different ecosystems (Kiene

et al. 1990; Caron and Kramer 1994; Higgins et al. 2008),

and it has been implicated in CH3SH production in the

biochemical milieu (Tzeng et al. 1990; Toborek and

Hennig 1996; Lei and Boatright 2006, 2007). However, to

the best of our knowledge, gaseous products of this

reaction have not been shown clearly using a simple

biochemical system.

Pertinent to these facts, the aim of the present study was

to examine free radicals and gaseous end products of

Met ? �OH reaction using EPR spin-trapping and GC–FID

and GC–MS methods.

Materials and methods

Reagents

High purity methionine (TraceCERT) was purchased from

Fluka (Buchs, Switzerland). Fenton reaction was performed

by combining 1 mM H2O2 (Renal, Budapest, Hungary) and

0.2 mM FeSO4 (Merck, Darmstadt, Germany). Methionine

was added at the final concentration of 6.7 mM. Spin-trap

BMPO (5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide)

was purchased from Enzo Life Sciences International

(Plymouth Meeting, PA, USA). The trap was added prior to

the reaction initiation at a final concentration of 15 mM.

All experiments were performed using bidistilled deionized

ultrapure (18 MX) water. The pH value of the system

composed of Fenton reaction reagents and methionine was

4.71.

EPR spectroscopy

EPR spectra were recorded using a Varian E104-A EPR

spectrometer operating at X-band (9.572 GHz) with the

following settings: modulation amplitude, 0.2 mT; modu-

lation frequency, 100 kHz; microwave power, 20 mW;

time constant, 32 ms; scanning time, 4 min. The temper-

ature in the cavity was controlled at 293 K. Recordings

were performed using EW software (Scientific Software,

Bloomington, IL, US). Samples were drawn into 10 cm-

long gas-permeable Teflon tubes to maintain constant O2

level in the sample (wall thickness, 0.025 mm; internal

diameter, 0.6 mm; Zeus industries, Raritan, NJ, USA).

Measurements were performed using quartz capillaries in

which Teflon tubes were placed. Recordings were con-

ducted 2 min after the reaction had started. Spectral sim-

ulation of each spectrum was performed using WINEPR

SimFonia computer program (Bruker Analytische Mess-

technik GmbH, Darmstadt, Germany).

Gas chromatography

Samples (final volume 1 mL) were prepared in gas-tight

vials with 1 mL of headspace and incubated for 15 min

with steering. The GC–MS analyses were performed on an

Agilent 7890A GC system equipped with 5975C inert XL

EI/CI MSD and an FID detector connected by capillary

flow technology two-way splitter with make-up gas. An

HP-5 MS capillary column (Agilent Technologies, Santa

Clara, CA, USA; 25-mm i.d., 30-m length, 0.25-lm film

thickness) was used. Samples were injected manually in

split mode at 10:1. The injection volume was 150 ll and

the injector temperature was 250�C. The carrier gas (He)

flow rate was 1.5 ml/min at 30�C (constant pressure mode).

The column temperature was 30�C and run time was 5 min.

The transfer line was heated to 280�C. The FID detector

temperature was 300�C. EI mass spectra (70 eV) were

acquired in m/z range of 10–550 and the ion source tem-

perature was 230�C. A library search and mass spectral

deconvolution and extraction were performed by using

NIST AMDIS (Automated Mass Spectral Deconvolution

and Identification System) software, ver. 2.64. The search

was performed against our own library containing 4,951

spectra, and the commercially available NIST05 Willey07

library containing approximately 500,000 spectra.

Results and discussion

The mayor signal observed in the Fenton system originates

from the adduct of �OH radical—BMPO/OH, showing

characteristic hyperfine coupling constants (HCC): aN =

1.356 mT, aH
b = 1.230 mT, aH

c = 0.066 mT (diastereomer
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I; 81.6%) and aN = 1.347 mT, aH
b = 1.531 mT, aH

c =

0.062 mT (diastereomer II; 18.4%) (Zhao et al. 2001), as

confirmed by spectral simulation (Fig. 1a). In the presence

of Met, EPR spectrum was changed drastically (Fig. 1b),

being composed of signals of BMPO/OH adduct (12%) and

of the adducts of carbon-centered radical(s) BMPO/CR

(67%; HCC: aN = 2.20 mT, aH = 1.45 mT), nitrogen-

centered radical BMPO/NR (12%; HCC: aN = 1.45 mT,

aH = 1.65 mT, aN = 0.19 mT) and sulfur-centered radical

BMPO/SR [9%; HCC: aN = 1.43 mT, aH
b = 1.47 mT,

aH
c = 0.13 mT (diastereomer I; 57%) and aN = 1.436 mT,

aH
b = 1.66 mT, aH

c = 0.18 mT (diastereomer II; 43%)].

These results are in line with previous assertion that car-

bon-, nitrogen- and sulfur-centered reactive intermediates

are formed in the reaction of Met with �OH radical (Fig. 2).

Three distinct carbon-centered reactive intermediates

have been proposed previously in �OH-provoked degrada-

tion of Met [Fig. 2, structures (1a–c)]. HCC that have been

used here for BMPO/C adduct simulation (aN = 2.20 mT,

aH = 1.45 mT) are similar to the previously reported

parameters for BMPO/CH3 adduct (aN = 2.17 mT,

aH = 1.53 mT) (Xu and Kalyanaraman 2007). A slightly

smaller value for aH may be explained by the presence of

bulk structure in the Met-derived adduct pushing 1H in

BMPO further away from the unpaired electron, implying

that the structure (1b) is the most probable. Although our

results unequivocally show the presence of carbon-centered

radical(s) in the system, we are not able to tell apart

between three structures. HCC used here to simulate the

signal of BMPO/SR adduct were previously reported for

BMPO adduct of sulfur-centered radical with large bulk

group (glutathionyl radical) (Zhao et al. 2001), which is

similar to structure (2) presented in Fig. 2. Finally, to

simulate the signal of BMPO/NR, we applied HCC previ-

ously reported for BMPO adduct formed with unpaired

electron-bearing N-terminal NH2 group of Gly–Gly–Gly

tripeptide (Hawkins and Davies 2002). This verifies the

production of nitrogen-centered radical on NH2 group of

Met in the presence of �OH [Fig. 2, structure (3)]. The

presence of previously proposed RSCH2OO� radical inter-

mediate (Francisco-Marquez and Galano 2009) was not

observed.

Figure 3 presents the results obtained in the GC–FID

and GC–MS analysis of headspace over the Met ? �OH

Fig. 1 EPR signals of BMPO adducts. a Fenton system;

b Met ? Fenton system. Gray spectral simulations with presented

percentages of adducts contributing the spectrum

Fig. 2 Proposed structures of radical intermediates in the Met ? �OH

reaction. 1 Carbon-centered radicals; 2 sulfur-centered radical;

3 nitrogen-centered radical
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system. The obtained data show that the degradation of

Met initiated by �OH has methanethiol (CH3SH) as an end

gaseous product. An additional peak to the peak originating

from air gases can be observed in Fig. 3a. The composition

of this peak showing 1.3 min retention time was further

analyzed using GC–MS (Fig. 3b). The m/z values obtained

are from the following products: 48, M (methanethiol); 49,

M ?1 (?1 is from 13C isotope); 50, M ?2 (?2 is from 34S

isotope); 47, M -1 (-1 is from the loss of one 1H via

fragmentation); 46, M -2H; 45, M -3H; 33, SH. Inter-

estingly, by comparing the arbitrary units for peaks 48 and

50, we obtained 23:1 ratio which is close to the ratio of
32S/34S isotope abundances in the nature verifying that the

detected compound contains one sulfur atom. It should be

stressed that EI-MS spectrum in Fig. 3b is almost identical

to the spectrum of methanethiol available in the Wiley 07

NIST 05 database. Importantly, Met ? �OH may also end

in decarboxylation (Bobrowski and Schöneich 1996;

Mishra et al. 2009). In our experimental setup, CO2 signal

in GC was overlapped by strong signal from air. However,

the production of CO2 in this reaction has been already

shown (Bobrowski and Schöneich 1996), so we gave

priority to performing experiments under settings resem-

bling eco- and biosystems (air atmosphere).

At pH 4.71, Met behaves similarly in a rather wide pH

range between 2.22 (pKa of –COOH group) and 9.27 (pKa

of –NH3) (Hiller and Asmus 1983), covering most of the

pH values characteristic for ecological systems as well as

the physiological pH values. It is important to note that

Met reacts with �OH very rapidly, showing the reaction

rate between 7.4 and 8.9 9 109 dm3 mol-1 s-1 at pH ca. 7

in water (http://kinetics.nist.gov/solution/index.php). The

knowledge of Met ? �OH reaction mechanism is interest-

ing by itself, but the presence of specific reactive inter-

mediates is particularly important for living systems, since

differently ‘centered’ radicals show different biological

targets, which is in contrast to the generally non-selective
�OH radical (Halliwell and Gutteridge 2007; Jacob and

Winyard 2009). Showing higher one-electron reducing

potential (Buettner 1993), carbon-centered radicals may

target thiol groups (e.g., in cysteine) to produce thiyl rad-

icals (Hioe and Zipse 2010). In addition, carbon-centered

radicals may perform demethylation combined with the

production of another carbon-centered radical (Hioe and

Zipse 2010). The biochemistry of sulfur-centered radicals

is not fully understood, but it is known that they react with

unsaturated fatty acids, such as arachidonic, linoleic and

oleic, to form thioesters and carbon-centered radicals

(Jacob and Winyard 2009). Met-based sulfur-centered

radicals may also attack cysteine residues in proteins

leading to the formation of protein-bound thiyl radicals or

disulfide bonds (Hioe and Zipse 2010). Nitrogen-centered

radicals are known to target thiol groups and double bonds

in organic molecules (Nicolau and Dertinger 1970). The

significance of knowing the reactive intermediates in �OH-

provoked Met oxidation goes beyond potential secondary

reactions. The oxidation of specific Met residues in pro-

teins seems to be implicated in the regulation and main-

tenance of redox state of cells, but also in different human

pathological conditions and aging (Butterfield and Boyd-

Kimball 2005; Bigelow and Squier 2005; Choi et al. 2006).

It is interesting that Met dietary restriction leads to increase

in the glutathione pool (Richie et al. 1994). It seems

plausible that reactive intermediates could play some role

in these effects.

The oxidation of Met has been implicated previously in

the production of CH3SH in various water ecosystems

(Kiene et al. 1990; Caron and Kramer 1994; Higgins et al.

2008). Our data unequivocally prove such assertions. A

similar mechanism has been proposed for biological sys-

tems (Finkelstein and Benevenga 1986; Scislowski and

Pickard 1994). Generally, CH3SH is not present free in

living systems, as it is rapidly metabolized or it binds to

cysteine residues in proteins from which it may be liberated

by reducing agents (Tangerman 2009). Methanethiol

Fig. 3 GC–MS data of headspace over the Met ? �OH water system.

a Total ion current chromatogram; b EI-MS spectrum at 1.3 min

retention time
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inhibits catalase (Finkelstein and Benevenga 1986), one of

the enzymes in the first line of antioxidative defense

responsible for H2O2 removal, as well as various other

enzymes (Valentine et al. 1987). It has been reported to

affect some other aspects of metabolism, such as amino

acid transport, protein and DNA synthesis, intracellular pH,

cell migration, membrane permeability and electrical

properties (De Santis et al. 1990; Johnson et al. 1992;

Lancero et al. 1996), as well as mitochondrial functions

(Scislowski and Pickard 1994).

Dietary restriction of Met and this amino acid only

prolongs mammalian lifespan (Orentreich et al. 1993;

Zimmerman et al. 2003; Miller et al. 2005). It is important

to note that Western human populations generally consume

levels of Met that are several-fold higher in comparison to

dietary requirements (Sanz et al. 2006; Gomez et al. 2009).

The negative effects of Met on lifespan have been strongly

related with the unpleasant ability of this amino acid to

promote oxidative stress, which is implicated in the

mechanism of aging. Met restriction strongly decreases the

production of reactive oxygen species in mitochondria, as

well as oxidative damage in proteins, membranes and

mitochondrial DNA, while increased supplementation of

Met shows just the opposite effects (Orentreich et al. 1993;

Sanz et al. 2006; Gomez et al. 2009). However, the

mechanisms via which Met acts in such a manner in

mammalian cells are not understood. Taking into account

that (i) presented intermediates target biological molecules

by attacking thiol groups, double bonds and performing

demethylation, and that (ii) methanethiol acts as a mild

toxin by inhibiting antioxidative enzymes, components of

mitochondrial electron transfer chain and other aspects of

metabolism, our results may help understand the mecha-

nisms by which methionine promotes oxidative stress and

aging in mammalian cells.

It seems that the oxidation of Met may play quite a

different role in the mechanisms initiated by ionizing

radiation. Thiol-containing compounds, including cyste-

amine and cysteine are known to possess radioprotective

properties, but their therapeutic utility is limited by their

side effects at therapeutic doses. To avoid this, prodrugs

with ‘shielded’ thiol groups, such as thiazolidine com-

pounds and alpha-methyl-homocysteine thiolactone, have

been examined showing positive beneficial effects (Roberts

et al. 1995; Koch et al. 1997). There is a very interesting

analogy of Met with these prodrugs, since Met also com-

prises ‘shielded’ –SH group, which becomes free following

the decomposition, in the form of homocysteine (Bern et al.

2010) or CH3SH (as shown here). While the radioprotec-

tive properties of homocysteine have been documented

(Koch et al. 1997), the effects of methanethiol in systems

exposed to high-dose radiation are to be further investi-

gated. However, �OH radical-initiated production of

CH3SH from Met, and methanethiol-provoked inhibition of

catalase (Valentine et al. 1987) may at least partially

explain how low-dose irradiation activates signaling cas-

cades leading to beneficial effects known as hormesis

(Rattan 2008). According to this sequence of events,

radiation-provoked oxidation of Met in living systems

results in increased level of H2O2, which represents a

signaling species that may initiate a multifaced adaptation

response (Kim et al. 2001). For example, low-dose radia-

tion has been reported to stimulate cell proliferation via

MAPK/ERK pathway (Liang et al. 2011), which is known

to be activated by H2O2 (Bhat and Zhang 1999).

Interestingly, Valentine et al. (1987) have proposed that

CH3SH may represent a gaseous signaling species almost

30 years ago. The hypothesis has been overlooked there-

after, but the emerging results require that the potential

signaling function of CH3SH need to be reconsidered.

Nevertheless, in comparison with NO, CO and H2S,

CH3SH may represent an excellent tool for examination of

mechanisms underlying gaseous signaling function.
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Bobrowski K, Schöneich C (1996) Decarboxylation mechanism of the

N-terminal glutamyl moiety in c-glutamic acid and methionine

containing peptides. Radiat Phys Chem 47:507–510

Bonaventura D, Tirapelli CR, de Oliveira AM (2009) Chronic

methionine load-induced hyperhomocysteinemia impairs the

relaxation induced by bradykinin in the isolated rat carotid.

Amino Acids 37:617–627

Reaction of methionine with hydroxyl radical 2443

123



Buettner GR (1993) The pecking order of free radicals and

antioxidants: lipid peroxidation, a-tocopherol, and ascorbate.

Arch Biochem Biophys 300:535–543

Butterfield DA, Boyd-Kimball D (2005) The critical role of methi-

onine 35 in Alzheimer’s amyloid beta-peptide (1–42)-induced

oxidative stress and neurotoxicity. Biochim Biophys Acta

1703:149–156

Campolo J, De Chiara B, Caruso R, De Maria R, Sedda V, Dellanoce

C, Parolini M, Cighetti G, Penco S, Baudo F, Parodi O (2006)

Methionine challenge paradoxically induces a greater activation

of the antioxidant defence in subjects with hyper- vs. normo-

homocysteinemia. Free Radic Res 40:929–935

Caron F, Kramer JR (1994) Formation of volatile sulfides in

freshwater environments. Sci Total Environ 153:177–194

Choi J, Sullards MC, Ozlmann JA, Rees HD, Weintraub ST, Bostwick

DE, Gearing M, Levey AI, Chin LS, Li L (2006) Oxidative

damage of DJ-1 is linked to sporadic Parkinson and Alzheimer

diseases. J Biol Chem 281:10816–10824

De Santis A, Loguercio C, Nardi G (1990) The frog spinal cord: a

model to study methanethiol–central nervous system interaction.

Comp Biochem Physiol C 96:115–118

Finkelstein A, Benevenga NJ (1986) The effect of methanethiol and

methionine toxicity on the activities of cytochrome c oxidase and

enzymes involved in protection from peroxidative damage.

J Nutr 116:204–215

Francisco-Marquez M, Galano A (2009) Role of the sulfur atom on

the reactivity of methionine toward OH radicals: comparison

with norleucine. J Phys Chem B 113:4947–4952

Gomez J, Caro P, Snachez I, Naudi A, Jove M, Portero-Otin M,

Lopez-Torres M, Pamplona R, Barja G (2009) Effect of

methionine dietary supplementation on mitochondrial oxygen

radical generation and oxidative DNA damage in rat liver and

heart. J Bioenerg Biomembr 41:309–321

Halliwell B, Gutteridge JMC (2007) Free radicals in biology and

medicine. Clarendon, Oxford

Halliwell B, Whiteman M (2004) Measuring reactive species and

oxidative damage in vivo and in cell culture: how should you do

it and what do the results mean? Br J Pharmacol 142:231–255

Hasegawa H, Shinohara Y, Akahane K, Hashimoto T, Ichida K

(2011) Altered D-methionine kinetics in rats with renal impair-

ment. Amino Acids 40:1205–1211

Hawkins CL, Davies M (2002) Comparison of 5, 5-dimethyl-1-

pyrroline-n-oxide (DMPO) and a new cyclic nitrone spin trap—

5-tert-butoxycarbonyl-5-methyl-1-pyrroline-noxide (BMPO) for

the trapping of nitrogen-centred radicals. J Curr Top Biophys

26:137–144

Higgins MI, Mams G, Chen YC, Erdal Z, Forbes RH Jr, Glindemann

D, Hargreaves JR, Ewen D, Murthy SN, Novak JT, Witherspoon

J (2008) Role of protein, amino acids, and enzyme activity on

odor production from anaerobically digested and dewatered

biosolids. Water Environ Res 80:127–135

Hiller KO, Asmus KD (1983) Formation and reduction reactions of

a-amino radicals derived from methionine and its derivatives in

aqueous solutions. J Phys Chem 87:3682–3688

Hiller KO, Masloch B, Gobl M, Asmus KD (1981) Mechanism of the

hydroxyl radical induced oxidation of methionine in aqueous

solution. J Am Chem Soc 103:2734–2743

Hioe J, Zipse H (2010) Radical stability and its role in synthesis and

catalysis. Org Biomol Chem 8:3609–3617

Jacob C, Winyard PG (2009) Redox signaling and regulation in

biology and medicine. Wiley-VCH, Weinheim

Johnson PW, Ng W, Tonzetich J (1992) Modulation of human

gingival fibroblast cell metabolism by methyl mercaptan.

J Peridontol Res 27:476–483

Kell DB (2010) Towards a unifying, systems biology understanding

of large-scale cellular death and destruction caused by poorly

liganded iron: Parkinson’s, Huntington’s, Alzheimer’s, prions,

bactericides, chemical toxicology and others as examples. Arch

Toxicol 84:825–889

Kiene RP, Malloy KD, Taylor BF (1990) Sulfur-containing amino

acids as precursors of thiols in anoxic coastal sediments. Appl

Environ Microbiol 56:156–161

Kim DK, Cho ES, Seong JK, Um HD (2001) Adaptive concentrations

of hydrogen peroxide suppress cell death by blocking the

activation of SAPK/JNK pathway. J Cell Sci 114:4329–4334

Koch KE, Roberts JC, Lubec G (1997) Radiation protection by alpha-

methyl-homocysteine thiolactone in vitro. Life Sci 60:341–350

Korendyaseva TK, Martinov MV, Dudchenko AM, Vitvitsky VM

(2010) Distribution of methionine between cells and incubation

medium in suspension of rat hepatocytes. Amino Acids

39:1281–1289

Lancero H, Niu J, Johnson PW (1996) Exposure of periodontal

ligament cells to methyl mercaptan reduces intracellular pH and

inhibits cell migration. J Dent Res 75:1994–2002

Lei Q, Boatright WL (2006) Methionine is the methyl group donor for

sulfite-associated methanethiol formation in isolated soy pro-

teins. J Food Sci 71:C527–C531

Lei Q, Boatright WL (2007) Sulfite-radical anions in isolated soy

proteins. J Food Sci 72:166–170

Liang X, So YH, Cui J, Ma K, Xu X, Zhao Y, Cai L, Li W (2011) The

low-dose ionizing radiation stimulates cell proliferation via

activation of the MAPK/ERK pathway in rat cultured mesen-

chymal stem cells. J Radiat Res (Tokyo) 52:380–386
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123



Roberts JC, Koch KE, Detrick SR, Warters RL, Lubec G (1995)

Thiazolidine prodrugs of cysteamine and cysteine as radiopro-

tective agents. Radiat Res 143:203–213

Sanz A, Caro P, Ayala V, Portero-Otin M, Pamplona R, Barja G

(2006) Methionine restriction decreases mitochondrial oxygen

radical generation and leak as well as oxidative damage to

mitochondrial DNA and proteins. FASEB J 20:1064–1073
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