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Abstract-A stimulation effect of various nonsteroidal anti-inflammatory drugs (NSAID) on a sulfhyd- 
ryl-disulfide interchange reaction between serum protein sull%ydryl groups and 5.5’-dithiobis-(2-nitro- 
benzoic) acid (DTNB) has been described. We now describe a similar reaction between 65 PM DTNB 
and protein sulfhydryl groups in rat, rabbit and human lymphocyte membranes and rat liver mitochon- 
dria. This reaction is greatly accelerated in the presence of ten different NSAID. The stimulation 
of this sulfbydryl-disulfide interchange reaction appears to be dependent on drug concentration. It 
is also closely related to the ionic composition of the incubation medium which, by itself. according 
to specific cationic and anionic sequences, influences the availability of sulfhydryl groups on membranes. 
The reaction of 0.6mM carboxypyridine disulfide (CPDS). which is another molecule able to react 
specifically with sulfhydryl groups on membranes. is affected in a similar way by NSAID. According 
to the well known involvement of sulfhydryl groups in inflammatory reactions, this peculiar effect 
of NSAID on the availability of membrane sullhydryl groups, especially of lymphoid cells, could be 
related to some of their clinical properties. 

The need of thiol groups for the development of in- 
flammatory processes has been well established [lL3]. 
They seem also very important for the effects of 
various nonsteroidal anti-inflammatory drugs 
(NSAID) on several biological systems irk vitro. Fac- 
tors which influence the stability of lysosomal mem- 
branes would prevent inflammatory reactions [4,5]. 
Anti-inflammatory gold salts, which are concentrated 
into these organelles [6], also inhibit various lysoso- 
ma1 enzymes such as acid phosphatases, glucuroni- 
dases and cathepsins, the mechanism of action pre- 
sumably being the binding with sulfhydryl groups 
[7,8]. NSAID act as uncoupling agents on mitochon- 
drial oxidative phosphorylation [9]. This property 
has been related to their anti-inflammatory actions 
[9,10]. Vicinal dithiols [l l] as well as thiol groups 
adjacent to primary amino groups [12] might be in- 
volved in this subcellular activity. The role of sulfhyd- 
ryl groups in this uncoupling mechanism has been 
recently confirmed by demonstrating that Mersalyl. 
a thiol inhibitor, blocks the stimulation of oxygen 
consumption induced by NSAID, which is restored 
by addition of cysteine, a thio-amino acid [13]. The 
same thiol inhibitor enhances the swelling effects of 
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NSAID on isolated mitochondria [14] or cell suspen- 
sions r 151. 

Two potent sulfhydryl binding agents, ethacrynic 
acid and N-ethylmaleimide, inhibit the growth of ex- 
perimental cotton pellet granuloma of the rat [16]. 
Cysteine reverses this inhibition and also antagonizes 
the anti-inflammatory effects of aspirin and indometh- 
acin on similar granuloma [16]. 

An acceleration of the sulfhydryl-disulfide inter- 
change reaction in vitro between serum protein sulf- 
hydryl groups and 5,5’-dithiobis-(2-nitrobenzoic) acid 
(DTNB) or Ellman’s reagent [17] has been described 
recently under the influence of several NSAID [ 181. 
A good correlation has been found between this reac- 
tion irl vitro and assays in LGO such as the guinea 
pig ultraviolet erythema [19] and the rat adjuvant 
arthritis [20]. The increased rate of this reaction may 
be indicative of free sullhydryl groups uncovered by 
NSAID through an induced conformational change 
of the protein molecules. It has also been proposed 
that free DTNB, which has a configuration not unlike 
that of several anti-inflammatory arylacid com- 
pounds, increases in concentration as its binding sites 
are saturated by NSA1D.S 

The stimulation of a similar sulfhydryl-disulfide in- 
terchange reaction between DTNB as well as carboxy- 
pyridine disulfide (CPDS) [21], probably a more 
suitable agent for the study of surface sulfhydryl 
groups of lymphocytes [22], and membrane sulfhyd- 
ryl groups of lymphoid cells and mitochondria, under 
the infltience of various NSAID, is described in the 
present paper. 
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MATERI~ AND MOODS 
Rabbit or rat thymocytes and lymphocytes as well 

as human lymphocytes were prepared as described 
elsewhere [143. Cells, 6 x 10” as determined in a 
Coulter electronic counter, were incubated for 5 min 
in various isotonic alkali, alkaline earth and 
ammonium chlorides and potassium halides with 
65 PM DTNB, buffered with 30 mM Tris-HCl, pH 7.4, 
in the presence or absence of NSAID. The superna- 
tant was removed by rapid cen~i~gation at 35Og, 
filtered through Wha~an GFjC papers, and the 
amount of yellow S-thio-2-nitrobenzoic acid was 
determined at 412nm in a DU-2 Beckman spectro- 
photometer using rectangular glass cuvettes of 10 mm 
light path. For estimating the amount of membrane 
and intracellular sulkydryl groups participating in 
the reaction, (a) supernatants prepared in the absence 
of DTNB were secondarily treated with 65fl, and 
(b) cells pretreated for 5min with and without 
NSAID in the various media were resuspended and 
incubated for 5min in Hanks’ medium containing 
65 @I DTNB. Cell viability assessed by Trypan blue 
exclusion [23] was 95 per cent after each incubation. 
Spontaneous cell leakage, with or without NSAID, 
was simultaneously determined (a) by measurements 
of protein leakage in the supernatants by the Lowry 
technique [24] and (b) by determination of the ultra- 
violet absorbance at 280nm for these same superna- 
tants prepared in the absence of DTNB in a DU-2 
Beckman spectrophotometer using rectangular quartz 
cuvettes of 1Omm light path. In several experiments 
an attempt at rough quantitation of the number of 
sulfhydryl groups available per cell was made by 
determining the threshold of DTNB needed to obtain 
the same maximum enhancement of the sulfhydryl- 
disulfide interchange reaction after 5 min. 

Similar experiments were conducted with rat liver 
mjt~hondria prepared as described by Famaey and 
Mockel [ 131. Mitochondrial protein, 0.75 mg, as 
determined by the Lowry technique [24] was used 

for each incubation. The mit~hondrial su~rnatants 
were separated by centrifugation at 12,500y in a Sor- 
vall RC-2 refrigerated centrifuge. Uncoupling and 
swelling effects of DTNB on these mitochondrial 
preparations were controlled as described in other 
studies [12,13]. 

The effect of CPDS (0.6rnM) was similarly tested 
on rabbit thymocytes (6 x lo* cells) by following the 
absorbance of 6-mercaptonicotinic acid produced by 
the s~~ydryl~isulfide interchange reaction at 
344 nm in a DU-2 Beckman s~ctrophotometer using 
rectangular quartz cuvettes of IOmm light path. 

Reagents. Ibuprofen and ibufenac were generous 
gifts from Boots Drug Co. (Nottingham, England); 
phenylbutazone, oxyphenbutazone and sulfinpyra- 
zone were from Geigy (Basel, Switzerland), pyrazino- 
butazone from Seresci (Brussels, Belgium), clonixic 
acid from Schering (USA), flufenamic and mefenamic 
acids from Parke Davis & Co. (USA), and indometha- 
tin from Merck Sharp & Dohme (USA). Flufenamyl 
alcohol was obtained from Dr. L. Fenoy (Wilmington, 
Del.) and ibuprofen alcohol was a gift of Boots Drug 
Co. 5,5’-Dithiobis-2-nitrobenzoic acid was obtained 
from Aldrich Chemical Co. (Milwaukee, Wise.). The 
sodium salt of Mersalyl was from Sigma Chemical 
CO. (St. Louis, MO,) and carboxypyridine disulfide from 
Newcell Biochemicals (Berkeley, Calif.). All the other 
chemicals were of the purest grade commercially 
available. Human thoracic duct lymphocytes were 
obtained through the courtesy of Dr. H. Paulus (Los 
Angeles, Calif.). 

RESULTS 

The sulfhydryl-disulfide interchange reaction 
between lymphocyte membranes (rabbit thymocytes) 
and DTNB (65 $M) is influenced by the ionic compo- 
sition of the ~ncu~tion medium according to cationic 
(Li+ < Na4 c= Cs’ < Kf < RbC) and anionic 
(Cl- < Br- < I- < F-) sequences for alkali cations 

Table 1. Influence of the ionic composition of the medium on the DTNB sullhydryl-disulfide interchange reaction 
with rabbit thymocytes* 

Incubation media 
Superna~nt of cells 

incubated with DTNB 

Supernatant of cells 
DTNB + su~rnatant pretreated without DTNB 

of cells incubated and then incubated in Hanks’ 
without DTNB with DTNB 

Alkali 
chlorides 
(0.15M) 

Potassium 
halides 
(015 M) 

(0.15M) 
Alkaline- 
earth 
chlorides 
(0.11 M) 

LiCl 132.5 +_ Ii (0.2 104.5 + 4 126 f 7.5 
NaCl 212.5 + 9 112+9 184.5 _t 8 
KC1 314 + 13.5 

ip; 
I 

;;a; 10;) 
150 + 10.5 256 f 12.5 

RbCl 410.5 +_ II.5 (2.5 106) 168 + 5.5 399 & IO.5 
CsCl 249 + 10 (07 108) 128 & 6 201 t_ 6 
CLK 314 + 13.5 150 + 10.5 256 + 12.5 
BrK 3615 + 16 152 7.5 + 299 k I I 
IK 426 f 12.5 156i 11 351 & 6.5 
FK 4615 f 95 161 rf: 6.5 387 & 16.5 
NH&I 280.5 + 12 (09 108) 1392 6 210 & 8.5 
CaCl, 160 f 5.5 llO& 8 I20 rt 65 
M&l, 155 + 6.5 IlO& 7 116 & 4 

* Rabbit thymocytes (6 x lo* cells) were incubated for 5 min in 3 ml of various isotonic media at 37’. buffered 
with 30 mM Tris-HCl, pH 74. DTNB = 65 PM. Results are means of 12 measurements t standard deviation. They 
are expressed in percentage of controls = 100, which are incubations of pure Hanks’ medium, containing no cells. 
with 65 FM DTNB. Spectrophotometric determinations were made at 412 nm. Estimation of the number of membrane 
sulthydryl groups available per cell = (n x IO*). 
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Table 2. Estimation of cell leakage with rabbit thymocytes* 

(I) Under the influence of various media 
(2) Under the influence of NSAID (and corresponding alcohols) 

in KCI. 0.15 M 

Media 

Ultraviolet SUpX”Uta”t 

absorbance protein c0nc” 
(280 nm) IS/l.) Drugs 

CO”C” 

ImM) 

Ultraviolet Supernatant 
absorbance protan cuncn 

(280 nm) (g/l.) 

Alkali 
chlorides 
(015M) 

Potassium 
halides 
(015M) 

(OISM) 
Aikaline- 
earth 
chlorides 
(011 M) 

LiCl 
NaCl 
KCI 
RbCl 
CSCl 
CIK 
BrK 
IK 
FK 

NH,Cl 

MgCl, 
CaCI, 

345 * 135 
644i I6 

1027 ; 7.5 
1670 i: I? 

715.5 + 8-5 
1027 k 7 5 
1167 t II 
1329 f I2 
1412 f IO.5 
890 f lo.5 
430 + Il.5 
427 + IO 

OX Anthranilic acid derivatives 
1.7 Flufenamic acid 
15 Mefenamic acid 
42 Clonixic acid 
2 Pyrnzolone derivatives 
25 Phenylbutazone 
2.9 Pyra&obutazone 
3.2 Oxwhenbutazone 
3.5 
>2 
I.2 
I.1 

Sulfinpyrazone 
Aryl-alkanoic acid derivatives 

Ibuprofen 
Ibufenac 
lndomelhacin 

Corresponding alcohols 
Ibuprofen alcohol 
Flufenamyl alcohol 

0.3 
03 
o-3 

0.3 
@3 
0.3 
0.3 

0.4 
04 
C-5 

04 
03 

1864 i 12 4.25 
1676 + 13.5 3.8 
l964f I1 4.6 

1605 * I I.5 
1630 f I2 
1572 f I45 
I578 + 9.5 

1264 i 13 
1598 f 145 
I860 f I@5 

3.6 
36 
3.4 
3.5 

2.5 
3.5 
4.1 

1359 * 165 2.9 
1627 f I@5 3.7 

* Determination of cell leakage in 5-min incubates of rabbit thymocytes (6 x 10’ cells): (1) in 3 ml of various isotonic 
media at 37”, buffered with 30 mM Tris-HCl, pH 7.4; and (2) under the influence of several NSAID in 3 ml KCl, 
O-15 M, at 37”, buffered with 30mM Tris-HCl, pH 7.4. Spectrophotometric determinations were made at 280nm and 
the results are means of 12 measurements + standard deviation. They are expressed in percentage of controls = 100, 
which are for (1) and (2) pure Hanks’ medium containing no cells. Protein concentrations of supernatantq expressed 
in g/l., are means of triplicate determinations. 

and halide anions (Table 1). Cell leakage, similarly 
affected by ions of the medium was observed for each 
incubation. This leakage was not very important, as 
shown by determination of the supernatant proteins 
by the Lowry technique [24] and of the ultraviolet 
absorbance of the supernatant at 280nm (Table 2). 
It had no effect on cell viability as estimated by trypan 
blue exclusion [23] (95per cent after each incuba- 
tion). Some sulkydryl groups of intracellular origin 
were implicated in the sulfhydryldisuh’ide inter- 
change reactions, as established by treating these 
supernatants with DTNB (65 @I) (Table 1). However, 
the results of DTNB.(65@I) incubations in Hanks’ 

medium with washed lymphocytes pretreated in 
various ion-specific media demonstrated that most of 
the reacting sulfhydryl groups were of membrane ori- 
gin (Table 1). 

Ten NSAID were tested on this reaction. They all 
accelerated the sulfhydryl-disulfide interchange pro- 
cess (Table 3) but their relative potencies were not 
similar. The anthranilic acid derivatives (fenamates) 
were the most potent in accelerating this interchange 
reaction. The pyrazolone derivatives were also quite 
active and no significant differences were found 
between them. But the arylalkanoic acids even at 
higher concentrations exhibited less activity than the 

Table 3. Effects of ten different NSAID (and two corresponding alcohols) on DTNB sullhydryl-disulfide interchange 
reactions in KCl medium with rabbit thymocytes* 

Drugs 
CO”C” Supernatant of cells 

(mM) incubated with DTNB 

DTNB + ~upernatant 
of cells incubated 

without DTNB 

Supernatant of cells 
pretreated without DTNB 

and then incubated in 
Hanks’ with DTNB 

Anthranilic acid derwatives 
(I) Rufenamic acid 
(2) Mefenamic acid 
(3) Clonixin [Z-(2-methyl- 

3chloroanilino)nicotinic 
acid] 

Pvrazolone derivatives 
-(4) Phenylbutazone 
15) Pvrarinobutazone 

.I I 

(piperazine salt of 
~h&lbutazone) 

(6) Oxvohenbutazone 
+j suiiihpyr~“e 

Aryl-alkanoic derivatives 
(8) Ibuprofen 
(9) lbulenac 
(IO) Indomethaci” 

Corresponding alcohols 
(I I) Ihuprufen alcohol 
(12) Flufenamyl alcohol 

03 285 * 7-5 (?2 IOU) 142 * 4 252 * 7.5 
@3 273 f 8 (2.9 IOU) I31 + 3 249 f 7 
03 312 * 9 152 f 3.5 285 f 9 

o.3 214 f 7.5 (2.3 IOU) 
0.3 l99+ 6 

0.3 201 i 6.5 (2.2 10~) 
0.3 197 + 7.5 

0.4 I41 * 4.5 (I.6 lOa) 
0.4 I57 + 5.5 
05 297 f 7.5 (3-3 106) 
0.4 I68 _+ 7.0 

0.4 I52 f 4.5 
o-3 2275 + 9.5 (25 IOU) 

lo6 * 4 II9 f 6 
II8 + 3.5 136 f 3.5 
I24 f 3.5 294 * 5 
III * 4.5 I52 * 5.5 

III f 55 
II8 f 2.5 

202 f 65 
194 * 65 

I91 * 5.5 
I89 f 7 

I28 + 5 
218 * 7.5 

*Rabbit thymocytes (6 x IO* cells) with various NSAID were incubated for Smin in 3ml KCl, 0.15 M, at 37”, 
buffered with 30 mM Tris-HCl, pH 7.4. DTNB = 65 @I. Results are means of 12 measurements + standard deviation. 
They are expressed in percentage of controls = 100, which are supernatants of thymocyte incubations in isotonic KCl 
in the absence of NSAID. Spectrophotometric determinations were made at 412nm. Estimation of the number of 
membrane sulfhydryl groups available per cell = (n x 10s). Order of potency of the NSAID effects: (3) > (1) = 
(2) > (4) = (5) = (6) = (7) > (10) > (8) = (9). 
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Table -1. Etfect of concentration and ionic composition of the medium on the NSAID stimulation of the DTNB sulthyd- 
ryl-interchange reaction with rabbit thymocytes* 

Drug 
Concn NH&I 

(mM) (P15M) 

Media 
NaCl KCI CaCl, 

(OG5M) (@15 M) (@ll M) 

Flufe~~mlc 0 l(xI 100 (0.6 10s) 100 100 
acid 0.08 21 I &- X.5 123 rt 7 (0.7 108) 109 rfr 3.5 NP 

o- 1 5 268.5 & IO 1964 II (I-? 108) 143 f 10 128 + 6.5 
04 3X + 6 203 f 4.5 (1.2 108) 3705 & 4.5 149 +- 8.5 
0.x 324 * 12.5 536 + 3 (3.2 108) 381 * 7.5 251 -f 105 
I 6 NP 548 + Il.5 (3.2 108) NP 317 + 9 

* Rabbit thymocytes (6 x IO8 cells) were incubated for 5 min in 3 ml of various isotonic media at 37”, buffered 
with 30 mM Tris-HCI, pH 74. under the influence of increasing concentrations of hufenamic acid. DTNB = 65 PM. 
Results are means of 13 measurements 5 standard deviation. For each specific medium the results are expressed in 
percentage of controls = lm. which are supernatants of thymocyte incubations in each isotonic medium in the absence 
of any drug, Sp~ctrophotometric det~rmin~~tjons were made at 412 nm. Estimation of the number of membrane sul~ydryl 
groups available per cell = (II x IO’). NP = experiment not performed. 

other NSAID tested. This acceleration appeared to 
be also closely dependent on the ionic composition 
of the medium (Table 4). At low concentrations the 
phenomenon was dose-related (Table 4). At high con- 
centrations no more changes were detected in the sulf- 
hydryl~isul~de interchange reaction, as if all mem- 
brane sLI~~ydry1 groups were uncovered above a spe- 
cific threshold for each NSAID in each specific 
medium. As in the absence of NSAID, the incubation 
of DTNB (65 ELM) with supernatants or the incuba- 
tion in Hanks’ of DTNB (65 PM) with washed pre- 
treated cells demonstrated that most of the involved 
sullhydryl groups were of membrane origin (Table 3). 

Two alcohol molecules corresponding to two 
NSAID (ibuprofen and llufenamic acid) appeared to 
be equipotent to the acidic molecules in stimulating 
this DTNB s~li~ydryl~disulfide interchange reaction 
(Tabie 3). 

In several cases the threshold concentration of 
DTNB needed to produce a maximum enhancement 
of the sulkydryl--disulfide interchange reaction was 
estimated. Such an estimation gives an idea of the 
number of DTNB molecules needed to saturate the 
lymphocyte reacting groups. This number. which 
appeared to be dependent on the kind of ions as well 
as on the nature and concentration of drugs present 

Table 5. Effect of ibuprofen at various concentrations on 
the sulfbydryl-disulhdr interchange reaction between 

CPDS and rabbit thymocytes in isotonic NH,Cl* 

Concn 
(mM) Absorbance of supernatant 

0 100 
0+)X 150 + 6.5 
015 162.5 & 5 
(I,4 171 $ 4.5 
0.8 ‘96 It. 5.5 
I.5 404 & 4.5 

* Rabbit thymocytes (6 x IO8 cells) were incubated for 
5 min in 3 ml NH,Cl. 0.15 M. at 37’. buffered with 30 mM 
Tris-HCl, pH 7.4, under the influence of increasing con- 
centrations of Ibuprofen. CPDS = 06 mM. Results are 
means of 12 measurements f standard deviation. The 
results are expressed in percentage of controls = 100, 
which are supernatants of thymocyte incubations without 
drug in isotonic NH,CI. Spectrophotometric determina- 
tions were made at 344 nm. 

in the medium, is a rough approximation of the 
number of sulfhydryl groups made available per cell. 

The results obtained with rabbit thymocytes incu- 
bated with CPDS (06 mM) and ibuprofen, in a set 
of experiments similar to those performed with 
DTNB, confirmed the stimulating effect of NSAID 
on sul~ydryl~isul~de interchange reactions occur- 
ring at the membrane level (Table 5). 

Mitochondria (075 mg mitochondrial protein) were 
similarly treated with DTNB (65 @I) which was also 
studied for its uncoupling and swelling properties on 
these organelles. Incubation of mitochondria, DTNB 
and each of the ten studied NSAID revealed that a 
similar sullhydryl-disulfide interchange reaction 
between DTNB and mitochondrial membranes was 
accelerated in the presence of NSAID. This acceler- 
ation also appeared to be dependent on drug con- 
centration and ionic composition of the medium 
(Table 6). The incubation of DTNB with supernatants 
obtained by centrifugation of mitochondria suspen- 
sions preincubated with NSAID demonstrated that 
very few intramitochondrial sulfhydryl groups were 
implicated in this reaction (Table 6). 

00 
Time, mm 

Fig. 1. Uncoupling properties of 65pM DTNB on mito- 
chondrial oxidative phosphorylation. Mito = mitochon- 
dria, 0.75 mg mitochondrial protein; Succ = succinate of 
sodium, 5 mM (respiratory substrate); Mers = Mersalyl. 
35 &M. Cysteine, O.t5 mM. Medium = 2 ml with 20 mM 
KCl, 5 mM MgCI,, 10 mM PO., buffer, pH 7-4. 20mM 
Tris-HCl buffer, pH 7-4, and 225 mM sucrose. 100% is 20& 
240pM Oz. Oxygen consumption is recorded by a Clark 
electrode connected to a Gilson Medico-electronics oxy- 

graph (Madison. Wise.) 



NSAID and biological membranesIV 1613 

Table 6. Effect of llufenamic acid at various con~ntrations on the sulf- 
hydryl~isulfide interchange reaction between DTNB and rat liver mito- 

chondria in isotonic KC1 medium* 

Concn 
(mM) 

Supernatants of 
mitochondria 

incubated with DTNB 

DTNB + supernatants of 
mitochondria incubated 

without DTNB 

0 100 (100) 100 
0.08 112.5 f 9 102 i: 1.5 
0.15 200 5 9.5 (127 & 5) 1lOi 6 
0.4 413 + 6.5 114 + 4.5 
0.8 481 + 11 (236 f 75) 1432 5 

* Rat liver mitochondria (075 mg mitochondrial protein) were incu- 
bated for 5 min in 3 ml KCl, @15 M, at 37”, buffered with 30 mM Tris- 
HCl, pH 7.4, under the influence of increasing concentrations of flufena- 
mic acid. DTNB = 65@I. Results are means of 12 measurements + 
standard deviation. The results are expressed in percentage of controls = 
100, which are supernatants of rat liver mitochondria incubations with- 
out drug in isotonic KCl. Spe~trophotometric determinations were made 
at 412 nm. Results of similar incubations in isotonic NaCl (12 measure- 
ments f standard deviation) are given in parentheses. 

At 65 ,&I, DTNB uncoupled the mitochondrial 
oxidative phosphorylation; this uncoupling effect was 
not modified by the presence or absence of NSAID, 
but was inhibited by Mersalyl and restored by cys- 
teine (Fig. 1 and Table 7). DTNB alone or when 
added to NSAID did not stimulate swelling of mito- 
chondria or l~phocytes in vitroT even at high con- 
centrations. 

DISCUSSION 

Our experimental data provide evidence for involv- 
ing membrane sulfhydryl groups in the reaction of 
NSAID with rat liver mitochondria and rabbit thy- 
mocytes. We also obtained similar data with rat thy- 
mocytes and l~ph~ytes and with human thoracic 
duct lymphocytes. The sul~ydryl~isulfide inter- 
change reaction between DTNB and sullhydryl 
groups, mainly of membrane origin, was accelerated 
in the presence of ten NSAID as well as with two 
corresponding alcohols, which implies that acidic 

function is probably not essential for such a bio- 
chemical effect, as suggested by us for other biophysi- 
cal properties [26]. 

The 344nm absorption peak of 6-mercaptonico- 
tinic acid resulting from the CPDS sulfhydryl-disul- 
fide interchange reaction with protein sul~ydryl 
groups could partially interfere with those of most 
of the classical NSAID. Therefore, only ibuprofen was 
tested in this reaction which was similarly accelerated 
by this drug. 

The ionic composition of the medium has a marked 
influence on the number of sulfhydryl groups made 
available for the interchange reaction. Thus this ionic 
composition modulates the sullhydryl influence of 
NSAID as well as other biochemi~l properties of 
these drugs [14,153. 

A rough determination of the number of sullhydryl 
groups was attempted in several cases for rabbit thy- 
mocytes. However, since DTNB may not react with 
all the surface sulfhydryl groups [27], this quantitation 

Table 7. Respiratory ratios illustrating the uncoupling properties of 
DTNB* 

Drugs 
Respiratory ratios 

(with succinate, 5 mM) 

DTNB 
Ibuprofen 
Flufenamic acid 
DTNB + ibuprofen 
Ibuprofen + DTNB 
DTNB + flufenamic acid 
Flufenamic acid + DTNB 
DTNB + Mersalyl 
DTNB + Mersalyl -t cysteine 

4.2 _t 1 (5) 
4+ 1.22(9) 

4.3 * 1.31 (9) 
4.2 & 1.1 (5) 

4 3_ 1.22 (5) 
4.2 i: 1.1 (5) 
4.3 * 1.31 (5) 
1-i + 0.2 (5) 
3.7 f 0.32 (5) 

* Respiratory ratios of DTNB and some NSAID alone and in associ- 
ation, and of DTNB in the presence of Mersalyl alone or with cysteine. 
Mitochondria = 0.75 mg mitochondrial protein. DTNB = 65 PM; ibu- 
profen = 0.25 mM; flufenamic acid = 0.2 mM; Mersalyl = 35 pM ; cys- 
teine = 015 mM. Respiratory substrate was succinate of sodium, 5 mM. 
Incubation medium: 2 ml with 20 mM KCl. 5 mM M&l,, 10 mM PO+ 
buffer, pH 7.4; 20 mM Tris-HCl buffer, pH 7.4; and 225 mM sucrose. 
Respiratory ratios are defined as the ratios of respiration rates in the 
presence of inhibiting or uncoupling agents to that observed in state 
4 as defined by Chance and Williams [25]. Number of experiments from 
which mean values were calculated is given in parentheses. 
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was probably not relevant enough for a fine estima- 
tion of the effect of NSAID or ions on availability of 
cell membrane sulfhydryl groups. Nevertheless, these 
numbers were of such magnitude that marked mem- 
brane changes had to be produced. The swelling of 
the lymphoid cells under the influence of the same 
drugs at similar doses [15] could be the reflection 
of these changes. This is corroborated by the fact that 
the drugs that had the greatest effect on lymphocyte 
swelling, the anthranilic acid derivatives or fenamates 
[ 151. were also the most potent drugs in accelerating 
this sulfhydryl-disulfide interchange reaction. More- 
over, it is most probable that some changes were in- 
duced by DTNB alone, since even in the absence of 
NSAID the number of sulfhydryl groups available 
was very important. 

Ionic sequences, most probably regulated by the 
laws of ionic selectivity described by Eisenman 
[2X,29], were obtained. Similar ionic sequences were 
previously found by us for the swelling effects of 
NSAID on isolated mitochondria [14] and lympho- 
cytes [15]. Analysis of these sequences on the basis 
of Eisenman’s laws gave us information about the 
membrane sites implicated in these swelling 
mechanisms. In the present case, however, too many 
parameters were involved in the sulfhydryl-disulfide 
reaction to allow any relevant analysis of these ionic 
sequences (e.g., varying the medium composition in- 
fluences by itself the interchange reaction, but has no 
effect per se on lymphocyte swelling). 

The fact that DTNB itself behaves identically to 
NSAID in its uncoupling effect on mitochondrial oxi- 
dative phosphorylation and is inhibited by Mersalyl 
and restored by cysteine confirms thaf as suggested 
by Hitchens.* DTNB shares common sites with 
NSAID because its chemical configuration is not un- 
like that of several arylacidic NSAID. 

On the other hand. no mitochondrial or cell swell- 
ing effects were noticed with DTNB. as they are with 
most of the NSAID. This is not necessarily at vari- 
ance with the uncoupling results, since it is known that 
some NSAID (e.g. salicylates) do not exhibit swelling 
properties [14]. It must also be pointed out that if 
NSAID accelerate the sulfhydryl-disulfide inter- 
change reaction between 65 PM DTNB and mito- 
chondrial membranes, they do not modify the uncou- 
pling effect of such an amount of DTNB (see respira- 
tory ratios of Table 7 [25]). This suggests that the new 
sulfhydryl groups uncovered by the NSAID could 
be different from those engaged in the uncoupling 
mechanism. 

All these results could be of some importance for 
a better understanding of the biochemical pharma- 
cology and perhaps also for the clinical properties 
of NSAID. At low doses, these drugs are able to stabi- 
lize various membranes, such as erythrocyte [30,31] 
and lysosomal membranes [32], although they labi- 
lize similar membranes at high concentration [33]. 
Mitochondrial [ 141 and lymphocyte swelling [ 151 un- 
der the influence of various NSAID, at concentrations 
similar to those used in the present study, is one 
example of membrane labilization by these drugs. The 
importance of sulfhydryl groups for this drug effect 
is demonstrated by the enhancing action of thiol inhi- 

* M. Hitchens. unpublished observations (cited by T. Y. 
Chen. in A. Rep. mrd. C’hern. 2. 119, 1966). 

bitors such as Mersalyl on the phenomenon. The rela- 
tionship between NSAID-induced mitochondrial 
swelling and uncoupling properties of these drugs on 
mitochondrial oxidative phosphorylation is not well 
understood, but the integrity of mitochondrial mem- 
brane sulfhydryl groups seems to be required for 
observing this uncoupling effect [ 133. Sulfhydryl 
groups are also implicated in the effects of gold salts 
on lysosomes [GS]. 

From these data, it appears most probable that 
sulfhydryl groups of membrane proteins must have 
an important role to play in the development of this 
peculiar NSAID biphasic effect of membrane stabili- 
zation and labilization, which could explain some 
clinically useful properties of these drugs such as the 
protection of inflammatory tissues against further 
lytic action of lysosomal enzymes by stabilizing these 
organelle membranes. Whether sulfhydryl groups are 
favorable to stabilization or labilization is still not 
understood. 

It is evident that this accelerating effect of NSAID 
is a general effect on proteins containing disulfide 
groups. But in the case of lymphoid cells, some of 
these being B-lymphocytes, the fact that various im- 
munoglobulins, especially IgM, are present on the 
surface of the cells must be kept in mind [34]. Break- 
age of disulfide bonds of these immunocompetent 
molecules could contribute significantly to the results. 
Such an influence of NSAID on immunoglobulins 
could be of great importance for the development of 
immunological responses to various immunogens, in- 
cluding the unknown antigens probably implicated, 
as most generally postulated to-day [35], in the in- 
flammatory reactions observed in connective tissue 
diseases [36]. 

It is evident from our data that, on lymphocyte 
and mitochondrial membranes, new sulfhydryl groups 
are made available for DTNB or CPDS sulfhydryl- 
disulfide interchange reaction under the influence of 
NSAID and related alcohol molecules which have 
many other biochemical properties in common with 
acidic NSAID [26]. This means that these drugs are 
probably able, by reacting with various sites of the 
membrane, to modify its structure, which results in 
an expansion of cell or organelle surface. By this 
general effect, sulfhydryl groups become available for 
various reactions, which then probably occur in the 
inflammatory area as well as in other areas. 

In rheumatic diseases such as rheumatoid arthritis 
and lupus erythematosus, it has been shown that sulf- 
hydryl erythrocyte membrane groups and serum pro- 
tein sulfhydryl levels are especially low [37,38]. The 
serum sulfhydrylLdisulfide interchange reaction is 
impaired in adjuvant arthritis as well as in ultra- 
violet guinea-pig erythema and it is restored by 
administration of NSAID but not of sulfhydryl 
donors [19,20]. This last observation is very impor- 
tant and not necessarily at variance with our conclu- 
sions. It pointed out, however, that simply increasing 
the total number of free sullhydryl groups has no 
anti-inflammatory effect per se. while an increase of 
specific membrane or plasma protein sulfhydryl 
groups, like that observed under the influence of 
NSAID, could be at least related to some pharmaco- 
logical effects of these drugs. Whether these are anti- 
inflammatory or secondary effects remains a moot 
point. Further studies in Go with alcohol molecules 
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related to NSAID would certainly be helpful in 
answering this question. The required concentration 
for observing this sulfhydryldisulfide interchange 
reaction in rirro was slightly higher than those 
observed in the plasma of patients treated with these 
drugs. This could argue for relating this effect on sulf- 
hydryl groups to clinical secondary or even toxic 
effects of NSAID, while other biochemical properties, 
such as protaglandine-synthetase inhibition by lower 
concentrations of these drugs [39] could explain their 
anti-inflammatory, antipyretic and analgesic proper- 
ties [40]. Nevertheless. the existence of drug scgrega- 
tion mechanisms in various organelles, cells [6] or 
tissues [41] must be kept in mind and could account 
for a true pharmacological role played by this NSAID 
effect on sulfhydryl groups. 

It can be concluded from our results that the im- 
portance of sullhydryl groups has been confirmed for 
the well known effects of NSAID on biological mem- 
branes. which are probably related to secondary and 
even toxic effects of these drugs, but perhaps are also 
related to their true anti-inflammatory and analgesic 
properties. These findings corroborate various data 
from the literature which demonstrate the importance 
of thiol groups in the development of inflammatory 
processes even if some doubts persist concerning the 
precise biochemical role of these groups. 
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