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SUMMARY: Ue confirm using EPR spectroscopy in conjunction with the 
spin probe 2-ethyl-l-hydroxy-2,5,5-trimethyl-3-oxazolidine (OXANOH) 
that horseradish peroxidase catalyzed metabolism of the analgesic 
acetaminophen occurs via a one electron mechanism. Uhen either gluta- 
thione cysteine or N-acetylcysteine were included in the reaction the 
thiols reduced the acetaminophen-derived radicals to generate thiyl 
radicals which were trapped with the spin trap 5,5-dimethyl-l-pyrro- 
line-N-oxide (DMPO) and observed using EPR spectroscopy. Similarly, 
DMPO-thiyl radical adducts were observed during prostaglandin synthase 
catalyzed oxidation of acetaminophen in the presence of either gluta- 
thione or N-acetylcysteine. This is a mechanism of removal of reactive 
xenobiotic free radicals generated zn metabolic systems but whether it 
represents a true detoxification reaction depends on the subsequent 
fate of the thiyl radicals generated. ©i984Aead~iePr .... lne. 

Reactive metabolites generated during peroxidase-catalyzed meta- 

bolism generally include substrate free radicals. The detection of 

these compounds using EPR spectroscopy may be difficult due to their 

instability or reactivity and spin-trapping agents - compounds which 

will interact with free radicals to form more stable adducts (1) or 

spin probes - compounds which can be oxidized by free radicals to 

Abbreviations: 
OXANOH - 2-ethyl-l-hydroxy-2,5,5-trimethyl-3-oxazolidine. 
OXANO" - 2-ethyl-2,5,5,-trimethyl-3-oxazolidinoxyl. 
DMPO - 5,5-dimethyl-l-pyrroline-N-oxide. HRP horseradish peroxidase, 
PGS prostaglandin synthase. RSVM - ram seminal vesicle microsomes. 
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generate the stable radical of the spin probe itself (2) are often 

used to facilitate the detection of radical species. 

One of the cells protective mechanisms against reactive endo- 

and ×eno-blotics involves the ubiquitous thiol glutathione. This 

tripeptide is known to detoxify reactive electrophilic species by the 

formation of glutathione conjugates which are subsequently excreted 

From the cell (3). lhere are few data however concerning the interac- 

tion of glutathione ~ith free radicals generated during the metabolism 

of drugs and toxicants. 

The metabolism of acetsminophen in the kidney by peroxidsses such 

as prostaglandin synthase (PGS, EC 1.14.99.1) has been implicated as a 

possible determinant of the analgesic nephropsthy associated with 

chronic acetaminophen abuse (4-6). We present EPR data obtained using 

the spin probe OXANOH demonstratlng the generation of substrate-de- 

rived free radicals during metabolism of acetaminophen by a model 

pero×idase; horseradish peroxidase (HRP, EC 1.11.1.7). Furthermore, 

utilizing the spin trap DMPO to detect thiyl radicals ~e show that the 

inclusion of either glutathione, cysteine or N-acetylcysteine during 

the HRP- or PGS-catalyzed metabolism of acetaminophen leads to the 

generation of the appropriate thiyl radical. 

MATERIALS AND METHODS 

L-Cysteine, glutathione, N-acetylcysteine, acetaminophen, arach- 
idonic acid, HRP, supero×ide dismutase, and DMPO were obtained from 
Sigma Chemical Co (St. Louis, MO). OXANO" was a gift from Dr L.I. 
Olsson, Pharmacia Ltd, Uppsala, Sweden and its reduced form OXANOH was 
prepared as described previously in the presence of DETAPAC (7). Ram 
seminal vesicle microsomes (RSVM) ~ere used as a source of PGS activ- 
ity and were prepared as described previously (8). 

EPR spectra were recorded on s Varisn E9 spectrometer, fitted 
~ith a TMIlO cavity. Incubations ~ere performed at room temperature in 
lO0 mM phosphate buffer (pH=8) containing 1 mM EDTA. 

RESULTS 

]he oxidation of acetaminophen by HRP ~as investigated. 

Paramagnetic species could not be observed using EPR spectroscopy 

during hydrogen peroxide/HRP catalyzed oxidation of acetaminophen in 
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the presence or absence of the spin trap DMPO (100 mM). The incluslon 

of the spin probe OXANOH (i mM) however resulted in the generation of 

an EPR signal characteristic of the nitroxide OXANO" (a N = 16 G). 

The generation of this signal was enzyme-, substrate- and hydrogen 

peroxide-dependent and the intensity of the signal was not decreased 

by the inclusion of superoxide dismutase (80 pg/ml) or sodium benzoate 

(lO-lO0 mM) in the mixture indicating that 02~ or OH" were not 

the oxidizing species. When glutathione was mixed with aeetaminophen, 

HRP and hydrogen peroxide no EPR signal could be detected. The inclu- 

sion of the thiol in a reaction containing substrate, HRP, the spin 

probe OXANOH and an excess of peroxide caused the generation of an EPR 

signal indicative of OXANO" production as previously but its intens- 

ity compared to that observed in the absence of thiol was decreased As 

we observed in control experiments that glutathione did not reduce the 

OXANO" signal directly this suggested that glutathione may be com- 

peting with OXANOH for the acetaminophen-derived radical generated 

during hydrogen peroxide/HRP catalyzed oxldation of aeetaminophen. 

Such an interaction between glutathione and an acetaminophen radical 

would cause the generation of a glutathione thiyl radical, that such a 

radical was produced was confirmed by the use of the spin trap DMPO 

which has been used to trap thiyl radicals produced during cysteine 

oxidation (9,10). Nhen acetaminophen, HRP, hydrogen peroxide and 

glutathione ~ere mixed in the presence of DMPO the EPR signal shown in 

Fig. 1B (a N = 15.0 G, a H = 16.3 G) was obtained. When cysteine was 

used in place of glutathione the spectrum in Fig. 1C (a N = 15.2 G, 

a H = 17.0 G) was observed which is almost identical to that proposed 

for the DMPO-cysteinyl radical adduct in (10). N-acetyleysteine (Fig. 

1D) used in a similar manner, also gave rise to a spectrum indicative 

of a DMPO-thiyl radical adduct (a N = 15.0 G, a H = 16.8 G). Such 

spectra were not obtained in the absence of acetaminophen, enzyme (not 

sho~n) or thiol (Fig. 2A). Thus on the basis of the previously 
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Fig. i. OMPO-thiyl radical adducks generated during HRP-catalyzed 
oxidation of acetaminophen in the presence of thiols and DMPO. A 

ReacLion containing acetaminophen (l mN), HRP (0.2 pg/ml), hydrogen 
peroxide (0.25 mM) and DMPO (lO0 mN); B - as A but in the presence or 
glutathione (5 mM); C - as A but in the presence of cysteine (5 mM); D 

as A but containing N-acetylcysteine (5 mM). Instrument sektings 
were meroware power lO mN modulation amplitude, 0.2 G: receiver gain, 
2 x i0¼; time constant. 0.3 s; scan time, 2 minutes. Reactions were 
started by addition of peroxide and spectra were recorded ] minute 
later. 

Fiq. 2. DMPO-thlyl radlcat adducts generated during RSVM-catalyzed 
oxidaLion oF acetaminophen in the presence oF thiols and DMPO. A - 
Reaction containing acetaminophen (1 mM), RSVM (1 mg/ml), glutathione 
(5 mM), arachidonic acid (0.i mM) and DMPO (100 mM); B - as A but 
without acetaminophen; C - as A but without arachidonic acid; D -as A 
but wiLh boiled RSVM; E - as A but in the presence oF Indomethacin 
(0.i mM); F - as A but with N-acetylcysteine in pl~ce oF glutathione. 
Instrument settings as above but receiver gain, JOT; modulation 
amplitude, 2 G; scan time, 4 minutes. Reactions were started by the 
addition of araehidonic acid and recorded l minute later. 

characterized DMPO-cysteinyl radical adduct (9,10) we assign the EPR 

signals in Figs. IB-D to DMPO-glutathionyl, DMPO-cysteinyl and DMPO-N- 

acetylcystelnyl radical adducts respectively. All oF the DNPO-thiyl 

radical adducts #ere unstable species and significant loss in signal 

intensity #as observed in each case during successive scans. 
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Uhen PGS, contained in RSVM, was used in place of HRP a 

similar spectrum to that shown in Fig. 1B was observed in the presence 

of acetaminophen, arachidonic acid, glutathione and DMPO (Fig. 2A). 

This spectrum was not observed when arachidonic acid was omitted from 

the reaction (Fig. 2C)~ when boiled RSVM were used (Fig. 2D) or ~hen 

Indomethacin an inhibitor of PGS was pre-incubated ~ith RSVM (Fig. 

2E). An EPR signal consistent with the DMPO-glutathionyl radical 

adduct was observed however when acetaminophen was omitted from the 

reaction (Fig. 2B) but its intensity was less than 25 Z of that ob- 

served in the presence of acetaminophen. This suggests that gluta- 

thione itself at high (5 mM), but physiological, concentrations may 

act as a co-substrate for PGS. When N-acetylcystelne was included in 

the complete reaction mix instead of glutathione the spectrum shown in 

Fig. 2F, typical of the DMPO N-acetylcysteinyl radical adduct (cf, 

Fig. ID) was observed. 

DISCUSSION 

Peroxidase-catalyzed metabolism of acetaminophen in the kidney 

has been implicated as a cause of the nephrotoxicity associated with 

chronic acetaminophen abuse (5-7) and the metabolism of acetaminophen 

by a model peroxidase - HRP - has been suggested to occur via a free 

radical mechanlsm (ll). Ue could not observe acetaminophen radicals 

during HRP-catalyzed oxidation of acetaminophen either dlrectly or in 

conjunction with the spin trap DMPO using conventional EPR techniques. 

The use of the spin probe OXANOH however indicated that substrate- 

derived free radicals ~ere produced during this reaction As this 

technique is based on the one-electron oxidation of the spin probe 

itself to generate the stable OXANO" rad±cal this method demonstrates 

only that free radicals are produced in a reaction and imparts no 

informatlon as to the identity of the radical species. In this system 

the enzyme-, peroxide- and acetaminophen-dependence of the paramagne- 

tic signal confirmed that the radical species responsible for the 
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oxidation of OXANOH to OXANO" was a product of the peroxidase-cata- 

lyzed oxidation of acetaminophen. 

]he inclusion of thiols during HRP- and PGS-catalyzed oxidation 

of acetaminophen led to the production of thiyl radicals which ~ere 

detected as DMPO-thiyl radical adducts using EPR spectroscopy. Gluta- 

thione, cysteine and N-aeetylcysteine were shown to reduce the acet- 

aminophen derived radical to produce the appropriate thiyl radicals. 

The generation of thiyl radicals during HRP- and PGS-cata]yzed oxida- 

tion of acetaminophen in the presence of thiols demonstrates that both 

of these oxidations occur via the 9roduction of acetamlnophen derived 

free radicals. 

Thiyl radicals are known to dimerize to form oxidized glutathione 

and to interact with oxygen (12). Ue and other workers have previously 

used these two factors and inhibition of substrate removal in the 

presence of thiol as indirect indices of thiyl radical production in 

metabolic systems (15-16) including peroxidase catalyzed oxidation of 

acetaminophen (17-19). Cysteinyl radicals have been detected previ- 

ously using DMPO as a spin-trap during the autooxidation of cysteine 

(9) and during metabolism of relatively high concentrations of cysteine 

by HRP (lO). ]his report, utilizing direct methods, shows for the 

first time that thiols such as glutathione can interact with metabo- 

lically-generated xenobiotic radicals in a redox process which gene- 

rates thiyl radicals. 

The removal of the acetaminophen radical by interaction ~ith 

thiols is of toxicological relevance in the case of glutathione which 

is present in the body in millimolar concentrations and N-acetylcyste- 

ine which is used as a treatment for acute aeetaminophen overdosage 

(19). The removal of the acetaminophen radlcal by such thiols presum- 

ably represents a mechanism whereby reactive xenobiotic-derived free 

radicals can be removed from a metabolic system. Thiyl radicals how- 

ever have been proposed as mediators of the mutagenic effects of 
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glutathione and cysteine observed in bacterial testing systems (20). 

We are currently investigating the fate oF thiyl radicals in metabolic 

systems, but until their reactions have been fully characterized 

whether their generation from the interaction of metabolically-derived 

xenobiotic radicals with thiols represents a true detoxification 

reaction must remain an open question. 

REFERENCES 

i. Janzen, E.G. (1980) Free Radicals in Biology, vol 4, pp 116-150, 
Academic Press, New York 

2. Mellhorn, R.S. and Packer L. (1984) Methods in Enzymology, vol 
105, Oxygen Radicals in Biological systems, pp 215-220, Academic 
Press, New York 

3. Larsson, A., Orrenius, S., Holmgren, A. and Mannervik, B. (1983) 
Functions of Glutathione: Biochemical, Physiological, Toxico- 
logical and Clinical Aspects~ Raven Press, New York 

4. Mold6us, P. and Rahimtula, A. (1980) Biochem. Biophys. Res. 
Commun. 96, 469-475 

5. Mohandas, I . ,  Duggin ,  G.G.,  Ho rva th ,  I . S .  and T i l l e r ,  D .J .  (1981) 
T o x i c o l .  App l .  Pharmacol .  61, 252-259 

6. Boyd, J .A .  and E l ing~  T.E. (1981) J. Pharmacol .  Exp. Ther .  219, 
6 5 9 - 6 6 4  

7.  R a u c k m a n ,  E . 3 . ~  R o s e n ,  G.M. and  K i k c h e l l ,  B .B.  ( 1 9 7 9 )  Mol.  
Pharmac. 15~ 1 3 1 - 1 3 7  

8.  E g a n ,  R .W. ,  P a x t o n ,  J .  and  K u e h l ,  F . A .  J n r  ( 1 9 7 6 )  J .  B i o l .  Chem. 
251, 7329-7335 

9. Saez, G., Thornalley, P.J., Hill, H.A.O., Hems, R. and Bannister, 
J.V. (1982) Biochim. Biophys. Acta 719, 24-31 

10. Harman, L.S., Mottley, C. and Mason, R.P. (1984) J. Biol. Chem. 
259, 5606-5611 

11. Nelson, S.D., Dahlin, D.C., Rauckman, E.3. and Rosen, G.M. (1981) 
Mol. Pharmac. 20, 195-199 

12. Quintilliani, M., Badiello, R., Tamba, M. and Gorin, C. (1976) 
Modification of Radiosensitivity of Biological systems, pp 29-37, 
IAEA, Vienna 

13. Ohnishi, T., Yamazaki, H., lyanagi, T., Nakamura, T. and Yamazaki, 
I. (1969) Biochim. Biophys. Acta 172, 357-369 

14. Mold6us, P., O'Brien, R.J., thor, H., Berggren, M. and Orrenius, 
S. (1983) FEBS Letters 162, 411-415 

15. Ross, D., Larsson, R., Andersson, B., Nilsson, U., Lindqvist, T., 
Lindeke, B. and Mold@us, P. (1984) Biochem. Pharmac. (in press) 

16. Wefers, H. and Sies, H. (1983) Eur. J. Bioehem. 137, 29-36 
17. Mold6us, P.~ Andersson, B., Rahimtula, A. and Berggren, M. (1982) 

B i o c h e m .  P h a r m a c .  31 ,  1 3 6 3 - 1 3 6 8  
18. Mold6us, P. and Jernstr~m, B. (1983) Functions oF Glutathione: 

Biochemical, Physiological, Toxicological Aspects, pp 99-108, 
Raven Press, New York 

19. Ross, D., larsson, R., Norbeck, K., Mold@us, P., Nillson, U., 
Bylund, A.K. and Olsson, L.I. (1984) Proc. Soc. Free Radical 
Research, 2nd Biennial meeting, York, U.K. (in press) 

20. Prescott, L.F., Ballentyne, A., Park, 3., Adriaenssens, P. and 
Proudfoot, A.T. (1977) Lancet 1, 432-434 

21. Glatt, H., Protic-Sabljic, M. and Oesch, F. (1983) Science 220, 
9 6 1 - 9 6 3  

115 


