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Abstract-High levels of reactive oxygen species (ROS) are generated by phagocytes involved in host 
defence and inflammation. Thus, it appears highly desirable to learn more about the potential of 
antirheumatic drugs to scavenge ROS or to inhibit their enzymatic generation. 

Amplified chemiluminescence (CL) allows detection of 0~ using lucigenin (LgCL) or H202 using 
luminol (LuCL). A total of 43 compounds have been tested quantitatively in vitro (10m6 to lo-“ mol/l) 
with respect to three test parameters; varying cell-activity, and incubation-time employing two different 
phagocyte populations (neutrophils/macrophages). 

The most active compounds with LgCL were the known radical scavengers nordihydroguaiaretic acid 
(NDGA), N-propyl gallate, superoxide dismutase and chloroquine, the non-steroidal anti-inflammatory 
drugs (NSAID) benzydamine, timegadine, carprofen, enolicam, the known lipoxygenase inhibitors 
(e.g. CBS 1108/1114, BW 75X) and glucosaminoglucan polysulfate. Inactive in this system were 
corticosteroids (prednisolone, dexamethasone) most of the tested NSAID (N = 16/20), most disease 
modifying drugs (D-penicillamine, levamisole, gold-TM) and the anti-gout drugs (sulfinpyrazone, allo- 
purinol, colchicine). Therefore amplified CL with lucigenin appears to be a rapid, kinetic, reproducible 
means of pharmacological profiling in virro new anti-inflammatory drugs for radical scavenger activity. 

Phagocytes generate reactive oxygen species (ROS)$ 
which can be both beneficial and destructive to the 
host (1). Together with lysosomal enzymes, ROS 
contribute considerably to various immune and non- 
immune inflammatory conditions and may even pro- 
mote carcinogenesis [2,3]. 

Only phagocytes appear to possess the membrane- 
bound NAD(P)H oxidase which reduces molecular 
oxygen to the superoxide anion radical 0;;) [4]. The 
hexose monophosphate shunt delivers the redox 
equivalents for the NAD(P)H oxidase and appears 
also responsible for proton secretion [5]. The 0; 
radical dismutases spontaneously or enzymatically 
via the superoxide dismutase (SOD) to hydrogen 
peroxide (H,O,). 0; and Hz02 directly or catalyzed 
by Fe*+ lead to the highly tissue damaging hydroxyl 
radical (OH’). ROS are also generated during 
physiologic oxidation of arachidonic acid [6,7]. 

* Partially published as abstract at the 2nd World Con- 
ference on Inflammation held at Monte Carlo, 19-22 March 
1986. 

t To whom correspondence should be addressed: 
Tropon, Antiphlogistika-Forschung, Neurather Ring 1, D- 
5000 Cologne, F.R.G. 

$ Abbreviations used: AA, arachidonic acid; CL, chemi- 
luminescence; ZyC3b, complement-opsonized zymosan; 
DMSO, dimethylsulfoxide; FMLP, formyl-methionyl-leu- 
cyl-phenylalanine; LgCL, lucigenin-amplified CL; LuCL, 
luminol-amplified CL; Me), macrophages; NBT, nitroblue 
tetrazolium reduction test; NSAID, non-steroidal anti- 
inflammatory drugs; NDGA, nordihydroguaiaretic acid; 
PEC, peritoneal exudate cells; PMNL, polymorphonuclear 
leukocytes; ROS, reactive oxygen species; SOD, super- 
oxide dismutase. 

The amount of 0; generated by phagocytes 
depends on various biological activators (ligands) 
reacting with specific cell receptors, like immune 
complexes (Fey or complement C3b receptors), 
complement anaphylatoxin C5a, the self-activating 
mediators as leukotriene B4 and the platelet acti- 
vating factor [8]. This is important, because phar- 
macological effects are highly dependent upon the 
nature of the stimulus [P-12]. 

The phagocyte activation via the antibody and/ 
or complement mediated mechanisms is at present 
hardly influenced pharmacologically [13]. Generally, 
antirheumatic drugs are biochemically characterized 
by their inhibitory properties towards the arach- 
idonate metabolizing enzymes cycle- and lipoxy- 
genase [14]. The most often used non-steroidal anti- 
inflammatory drugs (NSAID) inhibit the cyclo- 
oxygenase, but do not effectively prevent leukocyte 
activation and the degranulation of lysosomal 
enzymes [9, B-181. In the past, many biochemical 
events during phagocyte activation have been studied 
for possible relevance for in vitro inflammatory phar- 
macology but failed [19]. In vitro pharmacology with 
phagocytes is complicated by the fact that various 
phagocyte functions often run parallel, but the signal 
coupling is still unclear [20]. 

The chemiluminescence (CL) test records phago- 
cyte activity via native (low level) or chemically 
amplified photon emission evoked by ROS [21]. CL 
has become a new kinetic clinical and laboratory 
routine procedure [22,23]. Amplified CL employs 
the chemicals luminol or lucigenin which react largely 
with H202 or O;, respectively [24]. Although both 
tests have been used for in vitro pharmacological 
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purposes [25-271, a thorough comparison does not 
exist. Indeed, it is already recognized that both 
amplifiers give different pharmacological results 
[24,28]. The most often applied photometric tests to 
determine ROS generation in vitro are the nitroblue 
tetrazolium reduction test (NBT) and ferricyto- 
chrome c reduction, the latter determining 0; [29]. 
Both tests are endpoint determination methods. The 
NBT is less sensitive than LuCL [30]. 

It will be shown that except for some few drugs 
most of the tested NSAID do not interfere with 
OGmediated LgCL or HzOz-mediated LuCL. The 
radical scavenging properties of the physiologic ROS 
protectants catalase and SOD are compared with 
some known chemicals, the new class of lipoxygenase 
inhibitors and disease modifying drugs. LgCL was 
found to be preferable to LuCL for routine in vitro 
pharmacology. 

MATERIALS ANDMETHODS 

Compounds. The following compounds are used: 
allopurinol (Sigma Chemical Co., Miinchen, 
F.R.G.), arachidonic acid and arachidonic acid 
sodium salt (Sigma Chemical Co.), acetylsalicylic 
acid (E. Merck, Darmstadt, F.R.G.), benoxapro- 
fen (Eli Lilly GmbH, Bad Homburg, F.R.G.), 
benzydamine (Giulini Pharma GmbH, Hannover, 
F.R.G.), bufexamac (Sigma Chemical Co.), BW 
755C x HCl (Wellcome Research Laboratories, 
Beckenham, U.K.), carprofen (Hoffmann-La 
Roche, Grenzach, Switzerland), catalase (Sigma 
Chemical Co.), CBS 1108 oxalate and CBS 1114 
HCl salt (Chauvin Blache, Montpellier, France), 
chloroquine (Sigma Chemical Co.), colchicine 
(Sigma Chemical Co.), dexamethasone (Sigma 
Chemical Co.), diclofenac (Ciba-Geigy GmbH, 
Wehr, F.R.G.), dimethylsulfoxide (DMSO) (E. 
Merck), enolicam (Ciba-Geigy GmbH), ebselen (A. 
Nattermann, Koln, F.R.G.). etofenamate (Tropon- 
Werke GmbH, Koln, F.R.G.), flufenamic acid (Kali- 
Chemie Pharma, Hannover, F.R.G.), GAGPS 
(glucosaminoglucan polysulfate) (Luitpold, 
Mtinchen, F.R.G.), gold thiomalate (TM) (EGA- 
Chemie, Steinheim, F.R.G.), ibuprofen (Boots Co. 
Ltd., Nottingham, U.K.), indomethacin 
(Arbochem, Milano, Italy), ketoprofene (Bayer 
AG, Leverkusen, F.R.G.), levamisole (Janssen, 
Neuss, F.R.G.), metamizole (Hoechst, Frankfurt, 
F.R.G.), naproxen (Seci-Pharma, Milano, Italy), 
nordihydroguaiaretic acid (NDGA) (Sigma Chemi- 
cal Co.), D-penicillamine (Fluka, Neu-Ulm, 
F.R.G.), phenidone (Pfannenschmidt, Hamburg, 
F.R.G.), piroxicam (Sigma Chemical Co.), pir- 
profen (Ciba-Geigy GmbH), prednisolone hemi- 
succinate (Sigma Chemical Co.), N-propyl gallate 
(Sigma Chemical Co.), retinol (Sigma Chemical 
Co.), sulfasalazine (Sigma Chemical Co.), sul- 
finopyrazone (Ciba-Geigy GmbH), sulindac (Merck- 
Sharp-Dome, Rahway, NY), superoxide dismutase 
(Sigma Chemical Co.), timegadine (Leo, Ballerup, 
Denmark). All compounds with quantitative deter- 
mination (low6 to 10-j mol/l), without solvent in 
Dulbecco’s phosphate buffered saline. 

Peritoneal exudate cells (PEC). PEC are induced 
by injection of thioglycollate (3%, 2 ml; fluid, dehy- 

drated, Difco Laboratories, U.S.A.) in sterile saline 
into female inbred BALB/cAnNCrlBR mice 
(Charles River Wiga GmbH, Sulzfeld, F.R.G.), 20- 
25 g body weight. The cells are harvested as two 
independent cell pools from four animals per day 
each. Cells harvested 24 hr after injection of thio- 
glycollate are mainly polymorphonuclear leukocytes 
(PMNL) or harvested 96 hr thereafter are mainly 
macrophages (MO) [31] and were adjusted to 
2 x lo6 cells/ml with RPM1 1640 (Flow Labora- 
tories, Meckenheim. F.R.G.) containing 10% fetal 
calf serum (FCS; Seromed GmbH, Miinchen, 
F.R.G.), substituted with 18 pmol/l sodium bicar- 
bonate (Flow Laboratories), pH7.2, and L-glu- 
tamine 2 pmol/l (Flow Laboratories). PEC are kept 
on ice till use. 

Chemiluminescence measurement. Experiments 
are performed according to a previously published 
method [24], yet at present using a luminescence 
analyzer Auto-Biolumat LB 950 (Laboratorium 
Prof. Dr. Berthold, Wildbad, F.R.G.). Major tech- 
nical adaptations were done in respect to chain 
length, modification of the incubation chamber, and 
fully computerized (Apple IIe) injection of the 
amplifier and cell activator. The CL amplifier luci- 
genin (Sigma Chemical Co., Munchen, F.R.G.); 
1.54 x 10e4 mol/l final concentration, and luminol 
(1.54 x low4 mol/l; Lumanol-100 R, Lumac, Abi- 
med Analysen-Technik GmbH, Dusseldorf, F.R.G.) 
are used. Cells are activated by human complement- 
opsonized zymosan (Sigma Chemical Co., Mtinchen, 
F.R.G.) (ZyC3b: 1.6 mg/ml finalconcentration; pre- 
paration according to 1311, suspended in phosphate- 
buffered saline (Dulbecco’s modification with Ca2+ 
and Mg2+; Flow Laboratories). 

Peak CL starts with a 10 min adaptation period of 
100 ,ul cell suspension at 37” after which 100 ~1 of the 
amplifier is added. The pre-peak period consists of 
two determination points (6 set each with an 8 min 
interval). Cells are activated by adding 100 ~1 ZyC3b 
and additionally 100 ,ul DPBS. After a 16 min peak 
period with two determination points, 100 ~1 of the 
test compound are added, and during the total incu- 
bation time of 16 min with the compound two further 
determination points with an interval of 8min are 
recorded. 

The next two parameters follow the same test 
principle yet after a 30 min preincubation period 
preceded by a 5 min adaptation time for the cells 
starting with 100 ~1 cell suspension plus 100 ~1 com- 
pound solution. Thereafter, 100 1~1 of the amplifier 
are added and for a period of 16 min with three 
determination points the parameter spontaneous CL 
is determined. Thereafter, the activator is added 
automatically (100 ~1 ZyC3b plus 100 ,ul DPBS) and 
the parameter induced CL is determined during the 
final 24min incubation period by three deter- 
mination points with the total incubation time of 
70 min and a final test volume of 0.5 ml. All deter- 
minations are duplicates. Spontaneous and induced 
CL are performed twice at the same day employing 
two separate cell populations. 

Results are expressed as per cent inhibition or 
stimulation of the control sample (mean cpm with 
compound x loo/mean cpm without compound). 
Data acquisition and mathematical calculation based 
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on the integral of cpm detection includes the com- 
parison of the two separate runs with the pre-incu- 
bation period (exclusion of data above 50% differ- 
ence) with mean of duplicates, fully computerized 
print-out of the final protocols and computerized 
calculation of rcz5 and rcso values by best fit of the 
regression line according to the least square method 
(N = 42, except timegadine). 

forward looking laboratory planning than do 24 hr 
PEC 

Compounds resulting in comparable inhibition of 
ROS generation by 24 hr PEC with LgCL and LuCL 
(difference smaller 10%): NDGA, N-propyl gallate, 
sulfasalazine, GAGPS, carprofen, enolicam, sul- 
finopyrazone, timegadine. 

RESULTS 

(1) Comparison of test parameters 

Peak CL is the least sensitive but best reproducible 
test parameter (e.g VC 14%, N = 7 with aurin- 
tricarboxylic acid 24 hr PEC LgCL) due to the short 
incubation time of 16 min with maximally activated 
cells. 

The overall test sensitivity is enhanced by a 30 min 
preincubation period of resting cells at 37”. There- 
after, spontaneous CL is determined for 16min. 
In addition to the hi her concentration of the test 
compound 1.7 X lo- $ mol/l with unstimulated cells 
spontaneous CL demonstrates the highest CL inhi- 
bition with both amplifiers, yet the poorest repro- 
ducibility. Therefore, two separate cell-pools are 
employed daily. The succeeding induced CL is better 
reproducible than spontaneous CL but less sensitive. 
Differences between induced CL and peak CL are 
considered to reflect largely time-dependent com- 
pound effects (16 versus 70 min incubation time). 

Compounds resulting in divergent inhibition of 
ROS generation by 24 hr PEC with LgCL and LuCL 
(peak CL): (a) with LgCL 30% inhibition greater 
than LuCL: benzydamine-HCl, SOD, chloroquine. 
(b) with LgCL at least 18% inhibition lower than 
LuCL: catalase, CBS 1114, BW 755C-HCL, phen- 
idone, CBS 1108, metamizol, allopurinol, indo- 
methacin, phenylbutazone, diclofenac. 

The most inhibitory compounds are the anti- 
oxidants NDGA and N-propyl gallate, the physio- 
logic ROS protectants SOD and catalase, some lip- 
oxygenase inhibitors (CBS 1114, sulfasalazine, BW 
755C) and GAGPS. Among the tested NSAID 
benzydamine, timegadine, carprofen and enolicam 
are most active. Benzydamine exerts a similar pref- 
erential inhibition of LgCL as shown by SOD. Cata- 
lase expectedly inhibits more marked H202-depen- 
dent LuCL and preferentially with activated 
phagocytes. Nearly ineffective are 16 of the 20 tested 
NSAID and the corticosteroids (Table 1). A sur- 
prising similar inhibition irrespective of the CL par- 
ameters, cells and amplifiers is shown by sulfasalazine 
(not all data shown, Table 1). 

The combination of 96 hr PEC with LgCL gives 
the best correlation of parameters (r = 0.71-0.89), 
the poorest LuCL with 24 hr PEC (r = 0.26 spon- 
taneous CL versus peak CL). Results are best cor- 
related by peak versus induced CL (r from 0.77 up 
to 0.91). 

(5) Possible time-dependent compound effects 

(2) Comparison of cells 

The PMNL-rich 24 hr and MO-rich 96 hr PEC give 
largely similar results with each of the three tested 
parameters (correlated compounds N = 42). The 
best correlation demonstrates peak CL with both 
amplifiers (LgCL r = 0.75; LuCL r = 0.86) and two 
different cell populations (24 hr, 96 hr). Thus, the 
most reliable parameter is again peak CL, followed 
by induced and spontaneous CL. 

Peak and induced CL record ROS-mediated pho- 
ton emission both with maximally activated phago- 
cytes, but dissimilar incubation time (16 versus 
70min). Differences in compound effects are most 
probably time-dependent. Compounds with stronger 
inhibitory effects (difference at least 10%) on 
induced CL than peak CL are: catalase, chloroquine, 
GAGPS, enolicam, CBS 1114, BW 75X, timega- 
dine, flufenamic acid, arachidonic acid. Yet most 
tested compounds give similar results for peak and 
induced CL with LgCL (r = 0.91). 

(3) Comparison of the amplifiers lucigenin (Lg) and 
luminol (Lu) 

The different sensitivity of Lg and Lu to ROS 
is reflected by some opposite results with certain 
compounds (Table 1) demonstrated by a low cor- 
relation coefficient for LgCL/LuCL using either 
24 hr or 96 hr PEC (poorest correlation for 24 hr 
PEC peak CL/spontaneous CL r = 0.28; best cor- 
relation peak CL r = 0.64). Again, peak CL and 
induced Cl show the most comparable results. 

LgCL is preferred because it is most probably 
more related to cell activity and less dependent on 
the H202 disposing enzymes catalase, glutathione 
peroxidase and myeloperoxidase than LuCL [23]. 

(6) Compounds exerting CL enhancing effects 

These are often found with NSAID (Table 1) using 
LgCL for more than one test parameter (diclofenac, 
metamizole, bufexamac) and also with the arachi- 
donic acid Na-salt and D-penicillamine. 

LuCL is especially enhanced by some compounds 
(diclofenac, SOD, benzydamine) with unstimulated 
phagocytes, i.e. spontaneous CL. 

Activation within the 24 hr PEC LgCL system is 
seen forpeak CL (activation >20%) with bufexamac 
and arachidonic acid Na-salt, for spontaneous CL 
(activation >20%) with metamizole, D-penicilla- 
mine, colchicine, dexamethasone, diclofenac, 
arachidonic acid Na-salt and for induced CL (acti- 
vation >20%) with arachidonic acid Na-salt only. 

DISCUSSION 

(4) Comparison of tested compounds (Tables 1, 2) Lucigenin (Lg)- and luminol (Lu)-amplified 
Results from 96 hr PEC are excluded from further chemiluminescence (CL) measure the generation of 

consideration because they give similar results with different reactive oxygen species (ROS) of phago- 
most compounds as do 24 hr PEC but require more cytes [24]. Therefore, both CL amplifiers may yield 
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Table 1. Lucigenin-/luminol-amplified chemiluminescence (CL) with 24 hr PMNL-rich peritoneal exudate 
cells (PEC) (% inhibition) 

Parameter: 
Incubation 
time: 

Amplifier: 
Compaund (10T4 mol/l) 

Peak CL Spontaneous CL Induced CL 

(16 min) (46 min) (70 min) 
(30 min pre~n~bation time included) 

Lg (Lu) Lg (Lu) Lg (Lu) 

1. NSAZD (largely cyclooxygenase inhibitors) 
Benzvdamine-HCL 
Timegadine 
Carprofen 
Enolicam 
Ibuprofen 
Indomethacin 
Sulindac 
Phenylbutazone 
Benoxaprofen 
Ebselen 
Piroxicam 
Ketoprofen 
Etofenamat 
Naproxen 
Pirprofen 
Bufexamac 
Acetyl salicylic acid 
Flufenamic acid 
Metamizole 
Diclofenac-Na 

21 (20) 
20 (20) 

3 (4) 
+7 (39) 

9 (23) 
1 (35) 

-t8 (+9) 
0 (+I) 

+s (10) 
5 (6) 

+5 (+8) 
3 (15) 

+3 (17) 
+22 (13) 

+7 (4) 
+7 (+7) 
+16 (72) 
+3 (33) 

2. Corti4osteroids 
Prednisolone hemisu~inate 
Dexamethasone 

3. Lipoxygenase inhibitors 
CBS 1108 
Sulfasalazine 
CBS 1114 
BW 755C-HCl 

4. Disease modifying drugs 
Chloroquine 
Gold-TM 
Levamisole 
D-Penicillamine 

5. Antiarthrotics 
GAGPS (2 mg/ml) 
SOD (40 pg/ml) 

6. Anti-gout drugs 
Sulfinppaxone 
Allop~~nol 
Coichichine 

7. Laboratory took/antioxidants 
NDGA 
IV-propyl gallate 
Phknidone 
Arachidonic acid 
gitMa:la (20 mg/ml) 

Retinol 
Arachidonic acid-Na 

99 (+16) 

:: [z; 

z:, # 

;; [Zj 
20 (45) 

18 (+5) 
16 (21) 
13 (26) 
8 (32) 
6 (46) 
5 (43) 
3 (44) 
2 (68) 

+2 (t2) 
f7 (29) 

i-24 (68) 
+66 (+183) 

+2 (+3) 13 (45) 
16 (8) +38 (3) 

4 (89) 
55 (51) 
32 (97) 
27 (92) 

78 (98) 
56 (71) 
52 (96) 
34 (97) 

49 (11) 
+3 (8) 
f5 (6) 

+8 (+16) 

z [;; 
26 (50) 

i-29 (43) 

28 (29) 
79 (47) 

19 (83) 
58 (+63) 

17 (24) 
5 (50) 

10 (i3) 

21 (24) 
+6 (31) 

+32 (41) 

99 (99) 
97 (95) 
11 (92) 

i-12 (11) 
80 (98) 

3 (2) 
+7 (7) 

+300 (13) 

99 (99) 

:: [:;j 
32 (56) 

28 (+13) 
15 (25) 
7 (39) 

+82 (73) 

99 (59) 
37 (63) also ad 3 
0 (20) 

43 (37) also ad 3 
6 (18) 

; ii;; 
1 (35) 

+2 (+36) also ad 3 
4 (7) also ad 3 

+2 (14) 
+8 (14) 

+2 (2) 
+I1 (16) 

1::: [:I 
1 (15) 

30 (+7) 
+14 (72) 

4 (22) 

$1 (2) 
20 (22) 

3 (83) 
56 (57) also ad 4 
42 (95) 
38 (91) 

85 (42) 
i-1 (13) 

7 (9) 
5 (+13) 

60 (75) 
78 (8) also ad 7 

8 (28) 
i-l (+2) 

8 (9) 

99 (99) also ad 3 
97 (94) also ad 3 
13 (80) also ad 3 
27 (37) 
91 (99) 
6 04) 

1 (+lo) 
t105 (53) 

Exact assay conditions and calculations procedures are referred at Materials and Methods. 
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Table 2. Inhibitory concentrations (IC) of the most active compounds with respect to the Lg-amplified CL. ROS- 
generation by granulocyte-rich mouse peritoneal exudate cells (24 hr PEC) 

Compound 

Che~~ne~n~ parameter (LgCL) 
Peak Spontaneous Induced 

(ll$, 
tcs0 1% r%iJ 1% rcso 

(mol/l) @01/l) (mol/l) @l/l) (mol/l) 

NDGA 
N-propyl gallate 
chloroquine 
CBS 1108 
benzydamine 
timegadine 
sulfasalazine 
BW 75X x HCI 
carprofene 
enolicam 
SOD 
GAGPS 
catalase 

4 x 10-C 
2.4 x 10-6 
3.4 x 10-S 
5 x lo-4* 
1 x 1o-5* 

3 x10-5* 

15sxx~oO;~ 

10-20 pg/ml* 
1.8 mg/ml 

2.66 mg/ml 

2 x 10-5 8 x lo-‘* 
8.9 x lo+ 2.6 x 10-e 

- 2.7 x 10-G 

9 x10-5* 
3.7 x 10-6 
5 x 10-6 

I x10-4* 
8 x 10-G* 
1 x lo-5* 

1 x10-3* 122xxIlo;5* 10-s: 5 x 
10-20 @g/ml* <lo &nl* 

- 
5.58 mg/ml 

0.04 mg/ml* 
26.54 mg/ml 

5 x 10-h* 
IilXX~l$ 

2 x 10-S 
1.7 x 10-5 
5 x 10-s* 
9 x lo-5* 

8 x -&* 
2 x 10-d* 

cl0 pg/ml* 
0.28 mg/ml 
>40 mg/ml* 

2.3 x lo-* 

1.8 x lo-‘* 
2 x 10-a* 
5 x 10-s* 

<lo pg/ml* 
0.12 mg/ml* 

5 mg/ml 

* Calculated from graph. 

different results with various antirheumatic drugs 
interfering with ROS generation. 

L&L reacts mainly with 0; which is the first 
primary ROS generated by a phagocyte specific 
membrane-bound NADPH oxidase [4]. Thus, 
because LgCL most probably reflects phagocyte 
activity and because 05 appears of greater biological 
relevance than Hz02, LgCL is preferable. This is 
substantiated by the fact that for 43 tested com- 
pounds there was a better correlation of test par- 
ameters and phagocyte populations for LgCL rather 
than LuCL. 

LuCL detects mainly H,Or which is dependent on 
O;generation, dismutation and HzOz disposing and 
consummg enzymes as catalase, glutathione per- 
oxidase (GPO) and myelopero~dase (MPO) 
124,321. The co-oxygenation reaction of luminol by 
the prostaglandin synthetase is of possible sig- 
nificance for LuCL and also the direct interference 
of drugs with the oxidation of luminol by Hz02 [26]. 
Until now no similar reactions with lucigenin have 
been published. These facts might also explain the 
poorer overall correlation found for LuCL compared 
to L&L. 

Three routinely determined test parameters refer 
to in vitro phagocyte activity and incubation time, 
i.e. (1) peak CL (16min) with stimulated cells, (2) 
after 30 min preincubation spontaneous CL (46 min) 
with unstimulated cells and (3) induced CL (70 min) 
with activated cells. Of these three the most reliable 
yet least sensitive was peak CL. Spontaneous CL was 
more sensitive, but less reproducible: We purposely 
avoid the term background [33] and coin spontaneous 
CL. Induced CL compares to peak CL, except for 
some compounds possibly with predominant time- 
related effects. 

The two PMNL-~ch (24 hr PEC) and M&)-rich 
(96 hr PEC) murine phagocyte populations 
employed give largely similar results with the tested 
compounds in spite of the known difference in ROS 
release of PMNL and MO [31,34] and also of dif- 
ferent responses of MO from various sources 
126,331. Species differences have also to be taken 
into account 1351. 

1 x 10-s 
9.4 x 10-b 
4.1 x 10-S 

- 
1 x 10-s* 
4 x lo-++ 
9 x 1o-5* 

- 

2 x,,-4, 
<lo K/ml* 
1.75 mg/ml* 
8.04 mg/ml 

The phagocytes are activated by complement- 
opsonized zymosan (ZyC3b) which is thought to be 
of much greater biological significance than the often 
used chemotactic tripeptide FMLP [15,36] or phor- 
bol myristate acetate (PMA) [12]. Artificial enhance- 
ment of ROS generation using, for example, cyto- 
chalasin B, was purposely avoided [9,16,17]. The 
often cited results from Oyanagui [37,38] employing 
lactate dehydrogenase-bond NADPH were not 
confirmed in this laboratory and by literature data 
[25,27,28,39]. 

Arachidonic acid (AA) metabolism is one of the 
central phenomena of activated phagocytes and pro- 
ceeds by enzymatic oxidation via the important cyclo- 
and lipoxygenase systems [14]. The interrelation of 
ROS generation and AA oxidation appears to be 
highly complicated, yet the mechanisms are still 
unresolved (40-44]. Prostaglandin synthetase prob- 
ably releases ROS [7], and yet appears to be sensitive 
to oxidative self-inactivation [45]. This observation 
is corroborated by the finding that antioxidants may 
enhance PGE2 and PGil synthesis by protection 
of prostaglandin synthetase against oxidative self- 
inactivation f46]. 

The interrelation of AA metabolism and ROS 
generation is not only via direct oxygenation reac- 
tions, but most probably also via secondary phago- 
cyte down- and up-regulation of the synthesis of 
cycle- and lipoxygenase products. Whereas prosta- 
glandins (PGE& inhibit ROS production, LTB4 
and 15-HPETE are stimulatory [26,47]. Calcium- 
dependent processes are involved as well [25,48]. 
That cyclooxygenase inhibitors (NSAID) do not 
effectively interfere with LgCL is confirmed by 
reports of a lack of inhibition of Ozgeneration 19,491 
and lack of antioxidant properties [50]. Compounds 
with lipoxygenase inhibitor properties belong to the 
most effective inhibitors of either LgCL and LuCL. 
0; reduction by the lipoxygenase inhibitors eico- 
satetraynoic acid (ETYA) [49] nordihydroguaiaretic 
acid (NDGA) [Sl] and phenidone (141 and anti- 
oxidant effects are reported [50]. This implies a still 
undefined interrelation of both ROS generation and 
lipoxygenase activity [52,53]. 
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Cyclooxygenase inhibitors reduce the ROS gen- 
eration only in HzOZ:dependent systems such as 
LuCL and MPO-mediated LuCl [54], lactoperox- 
idase and horse radish peroxidase 1551, and with 
xanthine oxidase-dependent effects on synovial fluid 
viscosity [56], but not with the xanthine oxidase itself 
[57*]. Yet, NSAID are ineffective with the nitroblue 
tetrazolium reduction test (NBT) [18]. These fin- 
dings are in agreement with the preferential inhi- 
bition of LuCL. also reported by Bird and Giroud 

1271. 
The most effective NSAID in LgCL is benzyd- 

amine (1~s~ values between 10e5 and 10-4mol/l). 
LuCL is less effectively inhibited, confirmed by 
others [39]. Benzydamine is neither a cycle- nor a 
lipoxygenase inhibitor and is not cytotoxic at 
lo-” mol/l[58*]. The known local anesthetic activity 
of benzydamine [59] and the inhibition of ROS gen- 
eration may be related as for local anesthetic drugs 
[60,61]. Carprofen has as yet not been reported to 
be a radical scavenger. Indomethacin was found to 
be inactive with LgCL using PMNL-rich 24 hr PEC, 
96 hr PEC and also with LgCL for 96 hr PEC (not all 
data shown). With O<-dependent detection systems 
indomethacin was found to be ineffective [15,18] 
(as we demonstrated with LgCL) or even stimulatory 
with LgCL [28]. HzOz-dependent LuCL was about 
50% inhibited at 10-4mol/l. This is an agreement 
with reports by Bird and Giroud [27] and is even 
more inhibited when rat resp. human PMNL are 
employed. LuCL stimulation has been reported with 
MQ) and ex vivo with mouse PEC after 2 days pre- 
treatment with 2 mg/kg/day p.o. indomethacin 
[62]. Similar results are also found with sulindac 
which has been described to be easily oxidizable 
by the prostaglandin synthetase and via MPO [63]. 
Piroxicam does not inhibit LgCL but slightly LuCL 
which is confirmed for LuCL [27]. OF-dependent 
inhibition of ferricytochrome c reduction in vitro has 
been reported with various stimulants of phagocytes 
[64] and has also been claimed for human PMNL ex 
vivo after 3 days pretreatment with 20mg/kg/day 
p.o. [15]. Metamizol slightly enhances LgCL, but 
concentration-dependently inhibits LuCL. It inhibits 
neither lipoxygenase nor effectively cyclooxygenase, 
yet this NSAID is considered to be a prodrug. Thus, 
direct parallels cannot always be drawn between in 
vitro and in vivo systems [65]. Diclofenac enhances 
LgCL especially with unstimulated cells of both 24 hr 
(+24% at 10e4 mol/l) and 96 hr PEC (data not 
shown). Bird and Giroud [27] employing rat PMNL 
found a greater inhibition as we did with LuCL and 
murine PEC. Phenylbutazone is nearly ineffective in 
LgCL and slightly inhibitory in LuCL. The latter 
effect is possibly related to the reported MPO- 
mediated inhibition in LuCL [54]. Of interest is 
the specific antagonism of FMLP-stimulated ROS 
generation (11,36,39,66]. Acetylsalicylic acid does 
not interfere with ROS-related CL confirmed by 

* R. Miiller-Peddinghaus, M. Wurl, G. Lenoir, A. Hou- 
ben and J. Remacle, EinfluD von Benzvdamin auf Bildung 
und Interaktion van reaktiven Sauerstoffspezies und die 
Zyklo- und Lipoxigenase. To be published. 

others also employing LuCL [25] and other tech- 
niques [ 15,18,49]. Ibuprofen is nearly inactive with 
both LgCL and LuCL also reported for nitroblue 
tetrazolium [67] and ferricytochrome C reduction 
[15]. Benoxaprofen differs from most NSAID by 
an activation of LuCL, confirmed with unstimulated 
human PMNL [68]. Thus, the disputed lipoxygenase 
inhibition [69] is not corroborated by CL inhibition. 

Lipoxygenase inhibitors belong to the most inhibi- 
tory anti-rheumatics in respect to ROS generation 
of phagocytes. The dual cycle- and lipoxygenase 
inhibitors BW 755C, enolicam, timegadine and CBS 
1108/1114 are inhibitory in the amplified CL tests. 
The outstanding inhibition of both OI(LgCL) and 
HzOz-dependent LuCL by NDGA is probably not 
only related to the lipoxygenase inhibitory property 
[70], but also to the direct inhibition of the O;- 
generating NADPH oxidase 1511. Yet, NDGA is 
inactive in vivo (unpublished results). The other 
laboratory tool phenidone preferentially inhibits 
LuCL compared to LgCL, confirmed for LuCL [26]. 
ROS inhibition and lipoxygenase inhibition are poss- 
ibly responsible for the reported antipromotor 
activity [71], the antiproliferative [72] and topical 
anti-inflammatory effects [73]. BW 755C prefer- 
entially inhibits LuCL with both phagocyte popu- 
lations (salt > base; unpublished) which has been 
confirmed by others [26,54]. LgCL is less effectively 
inhibited. A mechanistic relationship to lipoxygenase 
inhibition appears attractive [74]. Inhibition of mito- 
chondrial respiration [75] and calcium influx possibly 
contribute to the observed effects [76]. The inter- 
esting antiphlogistic effects in vivo can possibly be 
ascribed to the inhibition of AA metabolism and 
ROS generation by phagocytes. Enolicam differs 
from BW 755C in that it inhibits LgCL moderately 
and to a lesser degree LuCL. ROS reduction has 
provisionally been reported with canine PMNL [77]. 
The dual cycle- and lipoxygenase inhibitor CBS 
1108/1114 (two different salts) [70] inhibited only 
moderately LgCL and to a greater extent LuCL. A 
similar profile was observed for phenidone and BW 
755C. The observed inhibition of ROS generation by 
timegadine has been confirmed in spite of a different 
technique and might be related to the lipoxygenase 
inhibition [78]. Ebselen, reportedly a glutathione 
protective compound [79] and a lipoxygenase inhibi- 
tor is found only slightly inhibitory with both ampli- 
fiers using unstimulated phagocytes (spontaneous 
CL) thus not confirming results reported by others 
VW 

Sulfasalazine demonstrates a concentration- 
dependent and remarkable similar inhibition with 
LgCL and LuCL comparable for all three test par- 
ameters. This is confirmed with the ferricytochrome c 
reduction test (5 x 10e4 mol/l: 62% inhibition) [81]. 
There is no interference with MPO-mediated iod- 
ination [8]. ROS and 5-lipoxygenase inhibition [82] 
may be operative in the treatment of inflammatory 
bowl disease and chronic polyarthritis. 

Retinol is reportedly a weak lipoxygenase inhibitor 
[83,84] yet, it does not inhibit ROS generation 
detected by LgCL or LuCL, furthermore an 
enhancement with human PMNL and LuCL has 
been reported [85]. Low level CL inhibition is con- 
sistent with ‘02 quenching by @carotene [86,87]. 
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Corticosteroids tested so far are virtually inactive 
also confirmed by others with LuCL f25J and other 
test systems [18,54,88]. 

Among the disease modifying drugs for the treat- 
ment of rheumatoid arthritis chloroquine exerted 
an interesting concentration-dependent inhibition of 
LgCL but to a lesser extent with LuCL. Although 
D-penicillamine was inactive with LgCL and L&L, 
others have reported ROS inhibition with two other 
detection systems [89]. Monocytes from patients with 
rheumatoid arthritis are reported to generate an 
enhanced amount of ROS under treatment with dis- 
ease modifying drugs [22]. 

Available antiarthrotic drugs are at present prc- 
ferentially for parenteral application, e.g. SOD and 
GAGPS. The physiologic ROS protectant SOD 
appears effective to treat osteoarthritis (441. 
Expectedly, SOD is more effective in LgCL than 
LuCL. For GAGPS is the finding of a time-depen- 
dent inhibition of LgCL and LuCL of great interest. 
The proteinase [9O] and compiement inhibitory prop- 
erties of GAGPS are known [91 J. Proteinase inhibi- 
tors might influence ROS generation by inhibiting a 
membrane-bound serine esterase [92]. 

The anti gout drug allopurinol appeared to be 
unable to interfere with 0; generation (LgCL), and 
this has been confirmed by others [93]. LuCL is 
also not inhibited by allopu~nol. Colchicine is only 
effective for spontaneous CL, but ineffective with 
activated phagocytes, confirmed also for ‘02-depen- 
dent low level CL [20] and corroborating the obser- 
vation that ROS generation and phagocytosis follow 
the same stimulants but are mechanistically inde- 
pendent. Sulfinpyrazone is only slightly inhibitory 
with LgCL and LuCL, not very dissimilar to phen- 
ylbutazone. The reported beneficial effect of sul- 
finpyrazone on experimental infection 1941 might be 
related to ROS reduction by invaded PMNL. 

DMSO up to 10-4mol/l in LgCL and LuCL is 
inactive, i.e. is not a ROS scavenger in these test 
systems and may be used as a solvent. Results are 
so far confirmed as DMSO is considered to be an 
OH’ scavenger [95,96] and OH’ is likely not to react 
with luminol or lucigenin [24]. 

Detection of the highly important, tissue damaging 
ROS by LgCL or LuCL and the pharmacological 
interference with the ROS generating mechanisms 
of phagocytes in vitro has led to new possibilities to 
characterize certain antirheumatic drugs as radical 
scavengers. Cyclooxygenase and more effectively lip- 
oxygenase inhibiting NSAID interfere with HzOz- 
dependent LuCL. The Opdependent LgCL 
is inhibited only by a few NSAID, by lipoxygenase 
inhibitors, chloroquine and GAGPS. Corticosteroids 
are found inactive with either test system. Thus 
amptified CL appears of considerable value to 
expand the possibilities of quantitative in vitro phar- 
macology as has been shown also for antimicrobial 
agents [97]. 
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