
The molecular mechanism of action of the non-ster- 
oidal anti-inflammatory drqs. such as indomethacin, 
remajns a subject of ~onslderable and c{3ntinue~~ 
interest. Likewise, the role of the reactive forms of 

oq;gen as mediators of in~~~rn~~~~ti~?n is a topic of 
acttve investigation at the present time. 

The reactive forms of oxygen include sinplct 
oxygen Q. superoxide anion radical 0, h~drt3syl 
radical OH‘. hydrogen peroxide !jl<& and metal 
ior+oxygen compteses. These species are known to 
cause various d~leterit3us effects. Examples of these 
are the dev~l~3~rn~t~~ of pulrn~~n~lr~ oxygen toxicity 
[I]. the ~trnp~i~satioil of effects of a chemical cnroin- 
ogen on the development of ~lbn~3rnt~~l 111~3r~~f~~3~og~ 
of ~ui~urec~ ceils (21. toxic effects Ofpr~3~~ins. bnotcria 
and bacteriophage [il. lipid ~3ero~jd~ltio~~ in birt- 

logical membranes [4, 51. peroxidation of unsi~tu- 
rated fatty acids 161, damage to adrenal mitrochon- 
drial I?l~i~~br~~n~s 171 and d~1113~~g~ to DNA 1x1, 
&Cord 191 has presented evidence that the hvdrosyl 
radical can mediate the dep~3l~n~~riz~~ti(3n of hyalu- 
ronic acid. He suggested that this reaction may plav 
a role in the p~ltho~e~lesis of i~t~~~~~~~~l~~~~try rypos &f 
arthritis. Greenwald and Icloy 1 IO] have shown that 
reactive oxygen species can mediate the inhibition 
of collagen gei~l~j~t~~ and suggested that ieukocytc- 
derived radicals mq thereby alter the integrity of 
cartilage. 

On a molecular level. the mechanism of action of 
~ndame~haci~~ is sfill ~inkn~3~~n. Among the suggested 
modes of action are the ~~n~ol~i~li~ig of o&lativc 
ph~3s~h~)r~lat~~)n [ 1 I]. ~r~~~it3iti~3~3 of ~listi~i~ne &car- 
boxy&e 1121, stabilizarion of lysosomrs [ 131. cons- 
plex fortnation with ferrous ion [id] and sulfhytfryl- 
disul~de stabilization 1151. Currently, the role of 
~rostag~anditls as mediators of in~~llnln~~~~(3n has 
gained prominence and irldo~~eth~~~in has been 
shown to inbibi~ the enzyme pros~~l~l~indin synthc- 
tase (161. There is evidence, pro and con. r~~~~~~~r~~ 
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fn our cxpcrimcnts WC have chosen to generate 
singlet oxygen photochemic~~lly, using visible light 

and rose benpai (RB) as a photosensitizer [?.$I: 

RB-%R& 

RB ‘_._+ RB : 

~r~~lln~i state RB is excited by the ~l~~~~~r~tjon ctf 2~ 

photon and is transformed into a rclativeiy short- 
lived RB singlet (KB’). RB’ undergoesspin inversion 
to a relatively long-lived RB triplet (RB’). RB’ is 
then ~~~~~~ed hy ground state triplet ln~~l~cu~ar 
oxygen (‘0:). This energy transfer reaction results 
in the formation of ‘0~ and ground state RR. Control 
experiments have shown that the light source alone 
(in the absence of RB) does not cause significant 
changes in the ~lbs~~r~~ti(~t~ spectrum ~~find(~~l~thaciIl~ 
the light source alone (in the absence of indometh- 
acin) does not cause ;tn~ significant changes in the 
absorption spectrum of RB when irrar~iatcif for 
20 min: and ~r~{~li~Ited RB (20 min) does not cause 
s~gni~c~~nt changes in the absorption s~~ectr~~~~~ of 
unirradiated indomethacirr, 

Figure 1 sl~ows that the absorption spectrum of 
indomethacin in ;t singlet oxygen-generating system 
(rose b~tigal-Dam)) changes steadily with increasing 
duration of irr~I~i~lti~)n. There is a progressive loss 
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Fig, I. “rime course of photo-oxid;ltion of indomcthacin. 
The reaction mixture and ph~~t(~-(~~id~~ti(~n procedure are 
as dcscrihcd under Materials and I\;fcthods. The numbers 
on the curves indicate the duration ofirradiation in minutes. 

Table I, Effects of singlet oxygen reactive con~p~~ttn~is on 
the rose bengal-catalyzed photo-oxidation of indomethacin 

None ion 
HKI in place of DzO 32 
Methionine (2.5 mM) 37 
Azide (0.2 mM) 37 

._” -~ 

* Change in ahsorhance is expressed as percentage of 
control. Each value is the average of two determinations 
with a control cuvette being run simultaneously. The 
duration of photo-oxidation was 20 min. The photo- 
oxidation procedure was as described uncfer Materials and 
Methods. 

of the 318nm peak, indicating a rose bengal-cata- 
lyzed ~h~~tor~~lctj~~n of jndom~th~irin. 

Table 1 shows the effects of ‘0:: reactive com- 
pounds on the RB-catalyzed photo-oxidation of 
indomethacin. A deuterium oxide enhancement 
effect is generally observed in ‘Ok-n~ed~ated reac- 
tions provided that the ‘0: concentration is rate 

limiting t25.261. The lifetime of ‘0~ has been deter- 
mined to be 2 /.~usec in Hi0 and 20 ~sec in t&O [25- 
271. As would be expected if ‘0~ is the mediator. an 
increase of its lifetime in DLO would increase the 
steady state concentration of ‘0: available to react 
with indomethacin during irradiation and thus poten- 
tiate the rate of photo-oxidation as compared to the 
rate in HzO. The shortened lifetime of ‘0~ in El20 
as compared with DzO is thought to occur via the 
transfer of electronic energy from ‘0~ to the vibra- 
tional energy of HXI [Zh]. As can he seen in Table 
1, the reaction rate in H?O medium is one-fifth of 
that in a l&O medium. 

Methionine is a well-known scavenger of ‘OZ. with 
methionine sulfoxide as the major product al physio- 
logic pH [28]. The second order rate constant for 
the reaction is 3 x 10’ h4-’ set-’ 1291. Table I shows 
that 2.5 mM m~thionin~ causes a 63 per cent inhi- 
bition in the oxidation of indomethacin. 

Azide is a well-known quencher of ‘OZ. The rate 
constant for the quenching of ‘0~ by azide ion is 

Table 9. Effects of various compounds on the phottr- 
oxidation of indomethacin 

Expt. Addition 

NOllC 
Hz@ (2.5 mM1 
n-Mannitol (2.5 mM) 
Benzoate (2.5 mMf 
Formate (2.5 mM) 
EDT.4 (0.1 mM) 
&peroxide dismut;tse 

(IS ggiml) 

* Change in absorbance is expressed as percentage of 
control. f?,ach value is the average of two determinations 
with a control cuvette being run simultaneously. ‘The values 
among the duplicates differed by less than 10 per cent. The 
p~oto~oxidati~n was of 20 min duration. The photo- 
oxidation procedure was as described under Mrtterials and 
Methods. 



2.2 x IO" M-' set-' {Nj, Table I shows that 0.2 mM 
a&de results in a 63 per cent inhibition of indo- 
methacin ~hoto”oxida~~o~~ It is ~or~h~vhj~e to note 
that the IO-fotd difference in concentrations hetweer~ 
azide and methionine required to give the same 
degree of inhibition is consistent with the relative 
magnitudes of the rate c(~ns~~~~~s for the reactions 
between ‘Q antf either azidr or nrethioninc. 

The expcrimcnts in Table I! explore the possible 
roles uf 05 Ol-1.. H,Oz and metal ions. in in~cl~~tili‘~ 
the photo-oxidation of indamerhacin. f-1202 (2.5 mM) 
does not markedly potential* the reaction. n-Man- 
nitol. benzoate and formate arc: ~~eil-kno~~~r~ scat‘- 
engers of CBS*, a highly reactive oxidative species. 
The second order rate consrants for the reactions of 
benzoate and ~o~~~a~e with OH- are 3.3 x Iff’ and 
2.5 x I@* res~ectj~c~~~ 1311. ~x~er~~letlts 3.3 and 5 
in Table 2 show thar ~-manni~~~l. benzoate and For- 
mate at 2.5 mM (sixty times more concentrated than 
indomethacin) have no effect cm the ~~h~)to-~~xid~ltion 
of indomethacin. This suggests that the reaction is 
not mediated by OH.. In experiment 6, EDTA was 
used to test for the possiblr role of metal ions in the 
pho~o-(~xid~~ti~~i~. EDTA was found to be without 
significant effect. In addition, neither 20 piM Fe”* 
nor 2O@M Fe” (in both the presence ancf absence 
of 0.1 mM EDTAt had a si~ni~ca#t effect on the 
rate of reaction. Experiment 7 shows that superosidc 
dismutase~ an cntyme which converts C)i to 0. and 
N@,. does not inhibit the ~~~~~t(~-o~id~~~~~~n of ii&- 
methac~n. Further evicfence to exclude fJj its an 
initiator of the oxidation was carried out by direct 
addition of a KC+ solution to a solution of incfo- 
methacin without irr~l~ij~tti~r~. Two hundred 
microliters of the ISO? in crown ether-DMSO sol- 
ution were added slowly to 1 .O ml of a JH PM solution 
of indomethacin in DLO buffer (with magnetic stir- 
ring). The concentration of (1; was estimated to be 
200&M. A similar crown c~~~c~-DMSO soltrtiotr 
without KU- was added to the control corvette. No 
s~g~~~c~nt Gifferences were detected between the 
absorption spectra of the ex~~rirne~t~lI and control 
soltttiuns, It has been demonstrated rhat under cer- 
tain ~nd~~i~ns rocc ben~~lf-med~~~~ed photo-oxida- 
tion may lead to ~~~~orrn~tt~on 1321. The experiments 
described above, however, eIiminate 0: from con- 
tention in indomethacin oxidation. 

The eI~cidati~n of the ~~~cbanisrn of action of 
indomethacin on a molecular Ievel is a ~~ndan~enta~ 
problem in rheurn~ItoI~~~y. While it is known, for 
example, that the acetyt group of aspirin is trans- 
ferred to pros~~land~n synthetase 1181, experiments 
with ~ndome~hacjn labeled in various positions of the 
moiecule have not demostrated a simiiar transfer of 
part or all of the indometbac~n molecule to protein 
1331. 

AS discussed in the beginning of the paper, there 
is a grawing body of evidence suggesting that the 
reactive forms of oxygen may be ~rn~ijc~~t~d in the 
pathogenesis of infiammation. and act as mediators 
of damage to the proteins and lipids of cell mem- 
branes and to nucleic acids. En our studies we have 
focused on singlet molecular oxygen, a species which 

exists when one of the two unpaired electrons in 
~rottRd state triplet oxygen undergoes spin inversion. 
Venkatasubramania~~ and Joseph [34f have shmm 

that singlet oxygen can damage coilageil. and Rahim- 
tuba and O’Brien [Is] have presented evidence that 
singlet oxygen may play an important roIe in the 
mech~~ni~m of action ot prosta~~andin synthctase. 
Thus, singlet oxygen may be a mediator ot degener- 
ative in~~~tt~~;~~~~tor~ arthritic disease on either a pri- 
mary or secondary basis. 

Irr vI’w. ‘02 may be generated in a number of 
ways. Folyf_mctrphontrcle;Ir Jeukacytes are known to 
generate 0:. This species will distt~~t~~te either spon- 
taneously or et~~~~~a~~c~~I1~ via superoxide dismutase 
to form f&O: and 02. as seen in Reaction 1. It has 
been h~~~~~thesi~e~f that. in the spontaneous dismu- 
ration, the ~~~~lecul~~r oxygen product is in the singlet 
state {X+,36] whereas the enzyme catalyzed dismu- 
tation leads to ground state oxygen 1351: 

ditions 0: may react with H2C& to form ‘O? and 
OH. as seen in Reaction 2 it>]: 

UT + i+!Oz--+oH- * OH. + Q:. (2) 

The second order rate constant for Reaction 2 is 
0.13 m -’ set- ’ and it woutd. therefore, be expected 
to occur at an extremely siow rate 1371, An adap- 
tation of this reaction which involves metal ion 
catalysis has been suggested [38, 391. Reaction 2 may 
then represent the net ofthe metal catafyzed reaction 
sequence. 

Arneson IdCll has proposed that ‘Q may be gen- 
erated from a reaction between 0:. and OH as seen 
in Reaction D. This reaction has not as yet been 

derno~str~te~f under biological conditions: 

~olyrnor~~on~clear leukocytes. and utilizes I+02 
and a haIide ion such as C1- as substrates [itIf. The 
enzyme ymates the ~~y~ochIorjte ion, OCI^‘, as an 
intermedtate. and it has hee~3 proposed that ‘0~ is 
a product of the et~~~~~at~c reaction 1421. Others, 
however, have indicated that the evidence for ‘0~ 
production from the myeloperoxidative reaction is 
not url~~Ini~~~c~~~ {U]. It has also been reported that 
‘0: is formed from the hemoprotein-catalyzed 
decom~~ositi~~n of Lipid peroxides (441. 

The experiments in Table 1 (~~~tentiatio~ of oxi- 
dation by D:O as compared with f-120 and i~h~b~tj~~ 
of oxidation bqi methi~~nine and a&de). combined 
with the changes seen in Fig. I, indicate that indo- 
~lethac~n can react with sin&et m~~lecu~ar oxygen to 
form a sp~tralfv ~fist~n~~ish~~b~e product(s). The 
~x~er~n~~tlts wtl‘ined in Tabfc 7 exclude tbe other 
reactive oxygen species (OH*,O!. H,Q, metal ion- 
oxygen complex) as the mediators of the photo- 
oxidation. 

Taken collectively, these results indicate that 
indorn~t~~ac~n can react with singlet oxygerr, sug- 
gesting the possibility that if singlet oxygen is gen- 
erated irz virw, at least part of the anti-in~arnt~la~~ry 
effect of ~nd~~rncth~~c~n may result from this scav- 
ensing reaction. This is not to say that all singlet 



P. B. Merhel and D. R. Kenrns. J. Am. c~lrm. .Soc~. 94. 
IO3 (lY73). 


