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ABSTRACT. A series of 4-alkoxybenzamidines was synthesized, varying the number of carbons of the alkyl 

chain, and their potency as phospholipase A, (PLA,) inhibitors was evaluated. The relationship between their 

capacity to inhibit PLA, activity and their lipophilicity was examined. The optimum of the inhibitory effect 

against two extracellular PLAzs from rabbit platelets and bovine pancreas was observed with compounds bearing 

an alkyl chain of 12 and 14 carbons. These 4-dodecyl and tetradecyloxybenzamidines inhibited bovine pancre- 

atic and rabbit platelet lysate PLA,s with IC,, values of 3 PM and 5-5.8 FM, respectively. The mechanism of 

inhibition was of the competitive type. In addition, 4-tetradecyloxybenzamidine was shown to exert an anti- 

inflammatory effect in viva on the carrageenan-induced rat paw oedema. These results show that 4-tetradecy- 

loxybenzamidine will serve as an interesting tool to investigate the physiological role of mammalian-secreted 

PLA,, both in vitro and in ho. BIOCHEM PHARMACOL 51;6:737-742, 1996. 
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PLAzs$ are ubiquitous enzymes that catalyze the hydrolysis of 
the ester bound at the sn-2 position of glycerophospholipids, 
thereby releasing free fatty acids and lysophospholipids [l]. In 
the inflammatory process, these two products may be con- 
verted into potent pro-inflammatory mediators: Eicosanoids 
(prostaglandins, leukotrienes, thromboxane) are derived from 
arachidonic acid, and PAF from lyso-PAF [2]. PLAzs are found 
in both cell-associated and extracellular forms [3]. According 
to the similarity of their polypeptide sequence, extracellular 
PLAzs have been classified into three groups [4, 51: group I 
(PLAz-I) including PLAzs from mammalian pancreatic secre- 
tions and E&i&e venoms; group II (PLA,-II) comprising 
PLA,s from Crotalidae and Viper&e venoms as well as the 
mammalian nonpancreatic secretory PLA, [6, 71; and group III 
PLAzs (PLAz-III) from bee and lizard venoms. 

Mammalian PLA,-II has been postulated to play a central 
role in inflammatory diseases [8, 91. Indeed, high levels of 
PLAz-II activity have been found in the synovial fluid and 
serum of patients suffering from rheumatoid arthritis, perito- 
nitis, and psoriatic lesions, as well as in the case of endotoxin 
shock. In addition, intradermal injection of PLAz-II purified 
from human platelets and synovial fluids produces an inflam- 
matory reaction in the mouse paw [lo], and injection of pu- 
rified rat platelet PLAz-II exacerbates the paw oedema in rats 
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with adjuvant arthritis [l 11. Further, the recombinant form of 
human PLAz-II also elicits inflammatory responses [12, 131. 
Taken together, these results strongly suggest an involvement 
of PLA,-II in inflammation. However, depending on the in- 
flammatory model, the pro-inflammatory effect of this enzyme 
may be due either to its ability to produce lipid mediators or its 
ability to induce mast cell degranulation via the liberation of 
serotonin and histamine [9]. Thus, a potent inhibitor of PLAz- 
II would allow a better understanding of the precise involve- 
ment of this enzyme in inflammatory processes, and might also 
have therapeutic potential if it exerts an anti-inflammatory 
effect in ho. 

Several inhibitors of PLA,-II have been described and dis- 
cussed [14, 151. Most of them are substrate analogues (or “tran- 
sition state mimics”), but the ability of these inhibitors to 
exert their inhibitory effect in cellular and physiological sys- 
tems is unknown [16, 171. Other molecules, either from nat- 
ural origin such as manoalide [18], or synthetic compounds 
such as parabromophenacyl bromide, have contributed to de- 
velop new PLA, inhibitors; but the irreversibility of their ac- 
tion and their sometimes toxic effect on cells has reduced 
interest in them for in viva studies. The last class of inhibitors 
contains molecules that act on the substrate, such as mepacrin 
[14] and lipocortins [19], and may present nonspecific effects. 
Finally, except for some recently described compounds unre- 

§ Abbreviations: IO-pyrene PA, l-palmitoyl-24 lO-pyrenyldecanoyl)-sn- 
glycero-3-monomethyl phosphatidic acid; BSA, bovine serum albumin; PAF, 
platelet activating factor; PLA,, phospholipase A,; and TLC, thin layer chro- 
matography. 
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lated to phospholipid analogues [20-221, there is no common 
inhibitor of mammalian PLA,-II that can be used in different 
models, and the development of new candidates still remains 
an important field of research. 

This paper describes the synthesis of 4-alkoxybenzamidines 
of the general formula: 

CH,(CH2), -0 *<:2, HCI n=3to15 

and examines their PLA, inhibitory effect as a function of the 
length of the alkyl chain, using an in vitro assay. Further, the 
effect of one of these inhibitors has been examined both on 
the carrageenan-induced rat paw oedema, as a model of acute 
inflammation, and on the phorbol ester-induced inflammation 
of the ear in mice, as a model of chronic inflammation. 

MATERIALS AND METHODS 
Materials 

All chemicals were of reagent quality and were used without 
further purification. Silica gel 60 for column chromatography 
and TLC plastic sheets (silica gel 60 F 254, layer thickness 0.2 
mm) were from Merck (Darmstadt, Germany). Bovine pan- 
creatic PLAz and fatty acid-free BSA were purchased from 
Sigma (St. Louis, MO, U.S.A.). Rabbit platelets were prepared 
as described by Mounier et al. [23]. The fluorescent substrate 
for PLA, assay, 1-palmitoyl-2-( lO-pyrenyldecanoyl)-sn-glyc- 
ero-3-monomethyl phosphatidic acid (lo-pyrene PA), was ob- 
tained from Interchim (MontluGon, France). 

Methods 

SYNTHETIC PROCEDURES. All compounds were prepared fol- 
lowing Scheme 1. As an example, only the synthesis of 4- 
tetradecyloxybenzonitrile will be described in detail. The pu- 
rity of each compound was checked by TLC. Spots were re- 
vealed under ultraviolet lamp as well as with iodine. All 
elemental analyses, C, H, N, and Cl, were within f0.4% of 
theoretical values. The melting points were determined in a 
digital melting point apparatus (Electrothermal). All inhibi- 
tors were characterized by 200 MHz ‘H-NMR using a Brtiker 
spectrometer with hexamethyl disiloxane (HMDS) as internal 
standard. 

Scheme1 

I-IO+CEN~;~;;~~- R-OeCsN 

SYNTHESIS OF 4-TETRADECYLOXYBENZONITRILE (COMPOUND 

le). A solution of 11.9 g (100 mmol) of 4-hydroxybenzoni- 

trile in 25 mL of dry dimethyl formamide (DMF) was added 
dropwise, at room temperature, to a stirred suspension of 4 g 
(100 mmol) of NaH (60% dispersion in mineral oil) in 50 mL 
dry DMF. After the end of hydrogen release, 27.7 g (100 
mmol) of tetradecyl bromide were added dropwise, and the 
reaction mixture stirred overnight at 80°C. The DMF was 
removed by evaporation and the residue dissolved in ether. 
After washing the ether solution with water until pH 7 and 
drying over MgSO,, evaporation of the solvent yielded the 
crude compound le, which was then purified on a silica gel 
column, using 20% ether in petroleum ether as eluent. Yield: 
78%. m.p.: 54.8”C (petroleum ether). R, = 0.41 in ether/ 
petroleum ether (20:80, v/v). ‘H-NMR (CDCls): 6, 0.82 (t, 
3H, CH,), 1.23 (large s, 22H, alkyl), 1.50 (quintet, 2H, 
bCH,), 3.92 (t, 2H, aCH,), 6.87 and 7.50 (2d, 4H, aromat- 
ic I-I). 

SYNTHESIS OF4-TETRADECYLOXYBENZAMIDINE (COMPOUND&, 

TABLE 1). The nitrile function was converted into amidine in 
one step by a modification of the procedure of Garigipati [24]. 
Then, 30 mL of a 0.67 M solution of methyl chloroaluminium 
amide, freshly prepared according to Levin et al. [25], was 
added dropwise at room temperature to a stirred solution of 
3.15 g (10 mmol) of h in 10 mL dry toluene. The mixture was 
then refluxed for 48 hr under argon atmosphere. After cooling, 
the aluminium complex was decomposed by carefully pouring 
the solution into a stirred suspension of 30 g silicagel in 100 
mL of chloroform. After 15 min additional stirring, the silica 
gel was filtered and the filtercake washed twice with chloro- 
form (100 mL). The filtercake was then taken up in methanol 
(100 mL), stirred for 15 min, then filtered again and washed 
twice with methanol (100 mL). The methanolic solution was 
evaporated in wucuo to give a residue of crude compound 2e, 
which was purified on a silica gel column using 10% methanol 
in chloroform as eluent. Yield: 91%. m.p.: 116.5”C (methanol/ 
ether). R, = 0.44 in chloroform/methanol/acetic acid (80:20:4, 
v/v/v). ‘H-NMR (DMSO DJ: 6, 0.80 (t, 3H, CH,), 1.20 
(large s, 22H, alkyl), 1.67 (quintet, 2H, bCHz), 4.01 (t, 2H, 
aCH,), 7.08 and 7.76 (2d, 4H, aromatic H), 9.05 (large s, 
disappears with D,O, 4H, NH, and NH’). 

SYNTHESIS OF 4-HEXADECYLOXYBENZAMIDINE (COMPOUND zf, 

TABLE 1). This compound was obtained by the same process as 
described for compound & starting from 4-hexadecyloxyben- 
zonitrile lp (m.p.: 61.9”C (petroleum ether), R, = 0.42 in 
ether/petroleum ether 20:80, v/v). Yield: 89%. m.p.: 120.1”C 
(methanol/ether). R, = 0.48 in chloroform/methanol/acetic 
acid (80:20:4, v/v/v). 

SYNTHESIS OF OTHER COMPOUNDS. The synthesis of com- 
pounds &, &, 2c, and & has already been described, follow- 
ing another process [26]. Their melting points were deter- 
mined and compared to the data in the literature. Compound 
&I: 184°C (lit.: 185-186). Compound &: 126.7”C (lit.: 129). 
Compound &: 120.7”C (lit: 118-119). Compound a: 
116.5”C (lit.: 114-115). 

PLA, ASSAY. PLA, activity was evaluated by the method of 
Radvanyi et al. [27] using the fluorescent phospholipid ana- 
logue lo-pyrene PA as substrate, and bovine pancreatic PLAz 
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TABLE 1. Effect of benzamidine derivatives on extracehlar 
PLA,s 

Compound n 

Bovine pancreatic 
PLA, 

1% (PM)* 

Rabbit platelet 
lysate 

G, (PM)* 

2a 4 Inactive Inactive 
2b 8 18 36 
2c 10 7 20 
2d 12 3 5.8 
2e 14 3 5 
2f 16 150 155 

* IC,, values are the means of three mdependent experiments. The standard errors were 

less than 10%. 

or rabbit platelet lysate as the enzyme or source of enzyme, 
respectively. This assay has been extensively controlled and its 
specificity for detecting secretory PLA, already shown, since 
the cytosolic PLA, was not active on substrate with a pyrene 
group at the sn-2 position [28]. 

In a total volume of 1 mL, the standard reaction mixtures 
contained: 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM 
EGTA, 2 PM substrate, fatty acid-free BSA solution in water 
(15 /_LM or 0.1%) except when specified, and 5 nM of pancre- 
atic PLA, or 10 PL of platelet lysate (~0.4 pg of proteins). The 
fluorescence of the enzymatic reaction medium (blank) was 
recorded for 1 min with a spectrofluorimeter SFM 25 (Kontron 
Instruments) equipped with a Xenon lamp. The reaction was 
then initiated by the addition of CaClz (10 mM, final con- 
centration). When used, the inhibitor was added to the reac- 
tion medium after introduction of BSA. The activity was ex- 
pressed in micromoles of fluorescent lo-pyrene PA hydrolyzed 
per min and per mg of protein, or per cells. Usually, the spe- 
cific activity was 100 pmol/min . mg for the pancreatic enzyme 
and 200 nmol/min . lo9 cells for the PLAz contained in the 
platelet lysate. The standard error of the means of three inde- 
pendent experiments was less than 10%. The reversibility of 
inhibitors was checked by dilution. Bovine pancreatic PLA, 
was preincubated with the inhibitor (20 PM), for 1 min. Then, 
aliquots (10 pL) were assayed for their PLA, activity following 
a lOO-fold dilution, the final concentration of the inhibitor in 
the assay being 0.2 PM. 

THIN-LAYER CHROMATOGRAPHY. TLC was performed after 
extraction of the reaction compounds from the assay medium, 
as described by Mounier et al. [23]. The fluorescent reaction 
product, lo-pyrenyldecanoic acid, as well as the fluorescent 
substrate, were identified by TLC under UV illumination. Hy- 
drolysis with bovine pancreatic PLA, was performed in the 
presence or absence of BSA and/or inhibitor. 

CARRAGEENAN-INDUCED RAT PAW OEDEMA. Four-week-old 
male Crj:CD(SD) rats were purchased from Charles River. 
Paw oedema was induced by a subcutaneous injection of 0.05 
mL of saline containing 1% carrageenan into the right hind 
paw. The volume of the right hind paw was measured before 
and 1, 2, 3, 4, and 5 hours after carrageenan administration, 
using a plethysmometer (UNICOM, TK-101). Indomethacin 
was used as a positive control for the inhibition of the oedema, 
and was given by oral administration at 3 mg/kg one hour 
before the injection of carrageenan. Saline was used as a neg- 
ative control with the same experimental procedure. Com- 
pound &, which shows the greatest ability to inhibit PLAz 
activity, was chosen to examine the anti-inflammatory effect 
of the +alkoxybenzamidines. This drug was given at 3 mg/kg 
by oral administration one hour before the injection of carra- 
geenan. The oedema rate was expressed as percent of the in- 
crease in paw volume (mL) calculated by subtracting the basal 
volume (volume before the injection of carrageenan). 

PHORBOL 12-MYRISTATE 13-ACETATE (PMA)-INDUCED IN- 
FLAMMATION. Five pg of PMA in 20 PL ethanol:water (8:2) 

was applied topically to the anterior and posterior surfaces of 

the right ear of mice 30 minutes following similar application 
of either the vehicle (ethanol used as negative control) or 10 
mg of compound &. As positive anti-inflammatory drugs, 
dexamethasone and indomethacine were used at 3 mg. Ear 
swelling (representing the difference between the swelling in 
the presence of the drug and the swelling in the presence of 
the vehicle only) was then measured by a Dyer model microm- 
eter gauge after 6 hours. 

RESULTS AND DISCUSSION 

In a preliminary investigation [29], several compounds with a 
similar alkyl chain of 10 carbons and various chemical groups 
were synthesized and examined for their ability to inhibit 
PLA, activity, such as compound (A) and compound (B) with 
the following formula: 

CHz 
OOH 

(A) 

CH,(CH&, - 0 - z z = 

@) 

With the exception of the +alkoxybenzamidines, the synthe- 
sized compounds did not show any inhibitory effect on either 
pancreatic PLA,-I or rabbit platelet PLA,-II using a fluores- 
cent assay described in Materials and Methods to detect secre- 
tory PLAz (data not shown). For this reason, we have devel- 
oped a series of +alkoxybenzamidines whose alkyl chain vary 
in length to examine the structure-activity relationships of 
these compounds. 
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60 

INHIBITOR (M) 
FIG. 1. Inhibition of extracellular PLAzs by compound &. The conditions of the assay are described in Materials and Methods. PLA, 
activity is expressed as percentage of the control in the absence of inhibitor. Inhibition of the activity of bovine pancreatic PLA, (0) 
and the activity of rabbit platelet lysate (A) by compound &. The effect of inhibitor on basal fluorescence in the absence of enzyme 
and of CaCI, was measured at the indicated concentrations (0). Maximal fluorescence (W), obtained at the end of enzymatic 
reaction after addition of the inhibitor at the indicated concentration, is expressed as percent of the control in the absence of 
inhibitors. The experimental points represent the means of three experiments; the bars represent standard deviation. 

FIG. 2. Evaluation by TLC of the hydrolysis of the substrate by 
bovine pancreatic PLA,. The experiment was performed as 
described in Materials and Methods. The picture of TLC plate 
was taken under ultraviolet light. lO#pyrene PA used as Stan* 
dard 2 FM in ethanol (column 1 ), or extracted from the reace 
tion medium (column 2), PLA, assay in the presence of 0.1% 
BSA and compound & at 10 PM (column 3), 1 PM (column 
4), 0.1 FM (column 5) or in the absence of BSA but in the 
presence of compound & at 10 PM (column 6), 1 PM (column 
7), 0.1 PM (column S), inhibitor at 10 FM (column 9). 

-0.215 d 0.k ok 0.h ; 1.h 1:s 
l/S @M-l) 

FIG. 3. Double reciprocal plot for the inhibition of bovine pan. 
creatic PLA, activity by compound A. The reaction rate, ex. 
pressed in mmoleslminlmg protein, was measured with con- 
centrations of substrate varying from 0.4 to 4 PM in the ab- 
sence (0) or in the presence of 3 PM (0) and 5 pM ( 0 ) 
inhibitor. Values are the means of at least three determinations. 
SEM are ~10%. 
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TABLE 2. Effect of 4-alkoxybenzamidines on carrageenaminduced hind paw oedema in rats 

Drug 

Control 
Compound 2e - 

Indomethacin 

Dose 
mglkg 

0 
3 

3 

Swelling (%) 

No. of animals 1 hr* 2 hr 3 hr 4 hr 5 hr 

10 17.6 + 2.37 30.6 f 4.4 46.5 + 2.9 56.6 f 2.9 59.4 + 2.6 
10 8.4 f 1.75 13.5 + 2.30 20 + 2.80 27.4 + 3.80 34 * 3.40 

(52)$ (56) (57) (52) (42) 
10 8.9 + 1.2s 11.4 f 10 16.9 f 1.75 20.7 f 2.55 25.7 f 2.69 

(49.5) (63) (64) (63) (57) 

* Time after administratmn of carrageenan. 

t Mean k SEM. 

$ In parentheses, mhtbrtmn compared CO control (%). 

9: Significantly different from control group at P < 0.01. 

Table 1 shows the ICsa values of the various 4-alkoxyben- 
zamidines, characterizing their inhibitory effects on the enzy- 
matic activity of pancreatic PLA, and rabbit platelet PLA,. 
Compound & was inactive in both cases, while all other com- 
pounds were active, IC,, values being similar for both en- 
zymes. It is interesting that in this series, compounds a and 
& are more efficient inhibitors than compounds with shorter 
or longer alkyl chains. Figure 1 shows the profile of inhibition 
versus concentration for compound &. Since the PLAz assay 
monitors the enhancement of fluorescence intensity upon 
binding of the fluorescent product of enzymatic reaction, lo- 
pyrenyl decanoic acid, to BSA [27], TLC experiments were 
performed to ensure that compound & did not perturb the 
formation of the complex. Figure 2 shows that 20 PM of com- 
pound & completely prevented hydrolysis of lo-pyrene PA by 
bovine pancreatic PLA, in the presence (column 3) as well as 
in the absence (column 6) of BSA. Moreover, TLC revealed 
that compound k was more efficient in the absence of BSA 
(columns 3 to 5) than in its presence (columns 6 to 8). This 
was confirmed by PLA, assays with different concentrations of 
BSA: The ICs, of compound & on bovine pancreatic PLA, 
increased from 7 PM with 10 PM BSA (standard conditions) 
to 20 l.tM in the presence of 50 PM BSA (data not shown). 
These results indicate that the IC,, value of the inhibitory 
effect of each compound would be lower in the absence of 
BSA than the value determined under standard PLA, assay 
conditions. 

It was verified in the case of the most active compounds, 
& to 2e, that the inhibition was fully reversible. When bovine 
pancreatic PLA, was preincubated with the inhibitor and then 
diluted as described in Methods, only a slight inhibition was 
observed, indicating reversibility in less than 1 min. Michaelis- 
Menten kinetics have been used to describe the inhibitory 
effect of various molecules on PLA, activity and to character- 
ize competitive and noncompetitive inhibitors [21-23, 301. In 
our case, a double reciprocal plot (Fig. 3) shows that com- 
pound 2c, taken as an example, behaves kinetically as a com- 
petitive inhibitor with a Ki of 5 PM. 

The inhibitory effect of 4-alkoxybenzamidines clearly varies 
with the length of the alkyl chain. As shown in Table 1, 
maximal inhibition was obtained for 12 or 14 carbons. Inhi- 
bition efficiency decreases more rapidly for longer than for 
shorter chains, indicating that the lipophilicity of the com- 

pounds plays a critical role in their interaction with the active 
site. This result suggests that the active site of secreted mam- 
malian PLA,-I and PLA2-II is a hydrophobic pocket able to 
bind an alkyl chain of 12 to 14 carbons in length. This obser- 
vation is in good agreement with the report of Yu and Dennis 
[16], who established, for the venom PLA,-I from Nuja naja 
naja, that the effective size of the catalytic site is approxi- 
mately 10 carbons in length with respect to the sn-2 acyl 
group. The slight difference observed may be due to the fact 
that the inhibitor used in our study was smaller than the 
thioether amide phospholipid analogues used by Yu and Den- 
nis [16]. The closed inhibitory action of these compounds on 
both pancreatic PLAz-I and platelet PLA,-II has to be corre- 
lated with the very similar active site of these enzymes, in- 
volving in particular the amino acids His48 and Asp99. 

The influence of compound & (the more potent inhibitor of 
this series) has been investigated on acute responses where 
mammalian PLA,-II is involved, such as in carrageenan-in- 
duced oedema in the rat paw [3 1,321 and carrageenan-induced 
pleurisy in rats [3, 331. Table 2 shows that the oral adminis- 
tration of compound & strongly inhibited carrageenan-in- 
duced rat paw oedema during the early and late phases of the 
response, with the same efficiency as indomethacin, a well- 
known anti-inflammatory agent. Unlike indomethacin and 
dexamethasone, which both strongly reduced swelling with 
values of 5.8 f 1.3 mm and 3 f 0.6 mm, respectively, versus 
11.2 f 0.7 mm for the control, the compound & was not able 
to reduce phorbol ester-induced inflammation of the ear in 
mice (swelling of 12.6 + 1.3 mm), a model representative 
of a chronic inflammation in which the involvement of 
PLAz-II has not been demonstrated. Taken together, these 
observations demonstrate an inhibitory action of compound 2e 
on the acute inflammation model in which the involvement of 
the PLA,-II has been established. It is therefore tempting to 
hypothesize that the inhibitory effect of compound & on acute 
inflammation induced by carrageenan is due to its ability to 
inhibit in viwo the PLAz-II, as observed in vitro. Compound 2e 
might therefore offer an additional drug to control acute in- 
flammation in addition to indomethacin and glucocorticoids, 
which are characterized by a larger spectrum of activities. 

In conclusion, 4-alkoxybenzamidines, and in particular 
compound k, are good candidates for examining the physio- 
logical role of the mammalian PLA,-II in inflammatory pro- 
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cesses. They act as competitive inhibitors against different 

PLA, in vitro, and exert a powerful inhibitory effect on acute 

inflammation in a model where PLA,-II is involved. These 

compounds therefore appear to constitute interesting tools to 

examine the involvement of PLA,-II on cellular processes 

such as arachidonic acid production by inflammatory cells and 

blood platelets and mast cell degranulation. 

The financial assistance of ADIR B Compagnie (Courbewoie, France) is 
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