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Abstract—Several benzyloxybenzaldehyde analogues were prepared and found to have significant inhibitory activity toward neu-
trophil superoxide formation. Consequently, these compounds were evaluated for cAMP-elevating capability. Among them, ben-
zyloxybenzaldehyde (7), exhibiting activity equivalent to forskolin, was determined as an adenylyl cyclase activator since it elevates
cAMP levels by activation of adenylyl cyclase but not by inhibition of phosphodiesterase. Having a chemical structure very different
from known adenylyl cyclase activators, compound 7 is recommended by us for use as a new lead compound in the future devel-
opment of adenylyl cyclase activators. # 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Neutrophils play a key role in the host defense against
microbial infection through the generation of reactive
oxygen species and the release of lysosomal enzymes.
However, these protective functions may lead to unde-
sirable tissue damage in the host if prolonged or
improperly controlled. This is probably involved in the
pathogenesis of many diseases, included emphysema,
acute respiratory distress syndrome, atherosclerosis,
reperfusion injury, malignancy, and rheumatoid arthri-
tis.1 Drugs that suppress the neutrophil functions are
proposed to ameliorate this tissue damage.

cAMP acts as a ubiquitous intracellular second messen-
ger and is a key player in the signaling pathways in liv-
ing cells by activating protein kinase and cyclic
nucleotide-gated ion channels. Intracellular cAMP
levels can be monitored by adenyl cyclase, which syn-
thesizes cAMP, and phosphodiesterase, which hydro-
lyses cAMP. At least nine different mammalian
isoforms of adenylyl cyclase and around 30 forms of
enzymes having cAMP phosphodiesterase activity have
been identified.2,3 cAMP-elevating agents decrease the
adherence of stimulated neutrophils to endothelium,4

reduced the release of reactive oxygen species,5 and

decrease the degranulation of lysosomal enzyme.6 In
our continuing search for novel anti-inflammatory
agents, we discovered the significant inhibitory effect of
compound 7 on fMLP-induced neutrophil superoxide
formation. Hence, several of its analogues were pre-
pared and evaluated for their ability to evaluate cellular
level of cAMP. This communication deals with the
comparative pharmacological evaluation of benzylox-
ybenzaldehyde analogues (7–11) in terms of their
cAMP-elevating activity.

Results and Discussion

Chemistry

Preparation of 1-substituted benzyloxybenzenes (7–11).
As shown in Scheme 1, the starting substituted phenols
(1–5) were subjected to O-benzylation by reacting with
benzyl chloride in acetone, in the presence of K2CO3, to
yield the corresponding 1-substituted benzyloxy-
benzenes (7–11).7

Effect on neutrophil superoxide anion formation. Neu-
trophils were isolated from pentobarbital-anesthetized
rats (Sprague–Dawley, 300–350 g) as previously descri-
bed.8 Superoxide anion formation was measured in terms
of superoxide dismutase-inhibitable cytochrome c reduc-
tion.9 The absorbance change of cytochrome c reduction
in supernatants was monitored at 550nm in a microplate
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reader. The results in this assay were summarized in
Table 1 in which compounds 7, 9, 10, and 11 exhibited
similar potency of inhibition of neutrophil superoxide
anion formation by formyl-methionyl-leucyl-phenylala-
nine (fMLP). In contrast, the maximal inhibition by
compound 8 did not exceed 41%. Since all the above
benzyloxybenzaldehyde analogues (7–11) had a sig-
nificant effect on neutrophil superoxide formation, we
decided to explore the cellular mechanism of inhibition.
cAMP is a well known cellular messenger. The increase
in cellular cAMP levels is associated with a decrease in
the production of superoxide anion by activated neu-
trophils.5 We therefore determined the cAMP-elevating
activity of benzyloxybenzaldehyde analogues.

cAMP-elevating activity. Neutrophils (2�106 cells/
0.4mL) were treated with 30 mM benzyloxy-
benzaldehyde analogues or forskolin, an adenylyl
cyclase activator,11 for 10min. Supernatants were
acetylated by the addition of 0.025 volumes of triethy-
lamine/acetic anhydride (2:1, v/v). The cAMP contents
of the aliquots were assayed using an enzyme immu-
noassay kit (Amersham). As shown in Table 2, com-
pound 7 and forskolin significantly increased the
cellular cAMP levels (about 7-fold). Both 7 and forkolin
had a comparable effect on cAMP-elevating activity at
various concentrations (Fig. 1). When the benzyloxyl

Scheme 1.

Table 2. Effect of benzyloxybenzaldehyde analogues on cellular cAMP levels

Compounds R R0
1 R0

2 R0
3 cAMP (pmol/2�106 cells)a Ratio (relative to forskolin)

Control 0.18�0.05
7 H OCH2C6H5 H H 1.30�0.29* 1.10�0.20
8 H H OCH2C6H5 H 0.56�0.18 0.46�0.07
9 H H H OCH2C6H5 0.26�0.11 0.22�0.08
10 CH3 OCH2C6H5 H H 0.26�0.10 0.22�0.07
11 NH2 OCH2C6H5 H H 0.29�0.13 0.24�0.10
Forskolin 1.23�0.20* 1.00

aCells were treated with DMSO (as control), 30 mM benzyloxybenzaldehyde analogues or forskolin. The cAMP contents were assayed using an
enzyme immunoassay kit. The values are means�SD of 4–6 separate experiments.
*P<0.01, compared with the control value.

Table 1. The inhibitory effect of benzyloxybenzaldehyde analogues

on the neutrophil superoxide formation (in vitro)

Compounds R R0
1 R0

2 R0
3 IC50 (mM)a

7 H OCH2C6H5 H H 15.6�4.0

8 H H OCH2C6H5 H >30

9 H H H OCH2C6H5 14.8�2.3

10 CH3 OCH2C6H5 H H 12.8�0.9

11 NH2 OCH2C6H5 H H 19.8�1.0

Trifluoper-

azine

14.7�0.4

aCells were treated with DMSO (as control) or test compounds. The

superoxide anion formation was measured in terms of superoxide dis-

mutase-inhibitable cytochrome c reduction. The values are

means�SD of 3–5 separate experiments.
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group of compound 7 was moved from the ortho to
meta position (8), the cAMP-elevating activity reduced
by half. In addition, the shift of the same benzyloxy
group to the para position (9) or change of the –CHO
group of 7 to –COCH3 (10) or –CONH2 (11) resulted in
nearly abolished cAMP-elevating activity. These results
indicate that the inhibition of superoxide anion forma-
tion by 7, but not other analogues, appears attributable
to elevation of cellular cAMP. The mechanisms med-
iating the inhibition of neutrophil superoxide formation
by 8–11 require further research.

As intracellular levels of cAMP are regulated by the rate
of cAMP production by adenylyl cyclase and the rate of
cAMP degradation by phosphodiesterase, we next
examined the effect of 7 on phosphodiesterase activity.
Phosphodiesterase isoenzymes have been classified into
seven distinct families,12 which differ in their affinities
and specificity for cyclic nucleotides. Of these, type 3, 4,
and 7 isoenzymes appear to be most important for the
regulation of cAMP in different cell types. Type 4 is the
predominant isoenzyme of cAMP phosphodiesterase in
neutrophils.10 Neutrophil cytosolic fraction (as

Figure 1. The concentration dependence of the increase of cellular cAMP levels by compound 7. Cell were treated with DMSO (as control), the
indicated concentrations of 7 or forskolin for 10min. The cAMP contents were assayed using an enzyme immunoassay kit. Values are means�SD of
3–5 separate experiments.

Figure 2. Effect of compound 7 on phosphodiesterase activity. Neutrophil cytosolic fractions were incubated with DMSO (as control), the indicated
concentrations of 7 or Ro201724 in the presence of [3H]cAMP for 30min at 37 �C. Phosphodiesterase activities are expressed as percent of the
control value (44.8�6.8 pmol/min). Values are means�SD of 4–5 separate experiments.
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phosphodiesterase enzyme source) was incubated with 1
mM cAMP (0.05 mCi [3H]cAMP) (Amersham) and var-
ious concentrations of 7 and Ro201724, a type 4 phos-
phodiesterase inhibitor,13 for 30min at 37 �C. Then the
formed AMP was converted to nucleotide by incubation
with Crotalus atrox snake venom (1mg/mL in 0.2M Tris–
HCl, pH 8.0).10 Nucleoside product was separated
through AG 1-X8 resin (formate) (Bio-Rad) and radio-
activity was detected in a liquid scintillation counter. As
shown in Fig. 2, only Ro201724 suppressed the phospho-
diesterase activity. Compound 7 had no effect on cAMP
degradation. These results indicate that compound 7 ele-
vates cAMP levels through activation of adenylyl
cyclase but does not inhibit phosphodiesterase.

There are many indirect adenylyl cyclase activators
which cause accumulation of cellular cAMP through the
influence on adenylyl cyclase-coupled receptors or sig-
naling pathways. Forskolin, the only known direct ade-
nylyl cyclase activator, stimulates adenylyl cyclase by
interaction with the catalytic subunit of the enzyme.11 As
an adenylyl cyclase activator, compound 7 has a chemi-
cal structure unlike forskolin and the known indirect
activators. Therefore, we recommend the use of com-
pound 7 as a new lead compound in the future develop-
ment of adenylyl cyclase activators. Currently, its
mechanism of action is under investigation and will be
reported separately.
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