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1 The aim of this study was to assess the inhibitory activities of phosphodiesterase type 4 (PDE4)
inhibitors on tumour necrosis factor-a (TNF-a) and leukotriene B4 (LTB4) production in a novel
human whole blood assay.

2 Lipopolysaccharide (LPS) stimulation of human whole blood caused a time dependent increase
in TNF-a and prostaglandin E2 (PGE2) plasma levels. Inhibition of LPS-induced TNF-a by the
selective PDE4 inhibitor RP73401 was proportionally enhanced with endogenous PGE2 (maximal
after 24 h). In contrast, blocking endogenous PGE2 production with indomethacin in blood
stimulated with LPS for 24 h decreased the potency of RP73401 to that observed with a 4 h LPS
incubation.

3 Non-selective and selective PDE4 inhibitors showed greater inhibition of LPS-induced TNF-a
after 24 h compared to 4 h. Stereoselectivity was only achieved in the 24 h method.

4 LPS-stimulation of whole blood for either 30 min or 24 h followed by N-formyl-Met-Leu-Phe
(fMLP) activation resulted in low plasma LTB4 levels. Combination of both treatments resulted in a
greater than 7 fold increase in plasma LTB4 levels. Inhibition of the double LPS and fMLP-activated
LTB4 production was observed with non-selective and PDE4-selective inhibitors. Their LTB4

inhibitory potencies were similar to that observed in the 24 h LPS-induced TNF-a assay. Thus,
stimulation of human whole blood with two LPS stimulations followed by fMLP gives rise to both
TNF-a and LTB4 and their inhibition by various compounds can be assessed in the same blood
sample.

5 Calcium ionophore (A23187) stimulation of whole blood resulted in plasma LTB4 levels similar
to the double LPS and fMLP method. Inhibition of A23187-induced LTB4 biosynthesis was also
achieved by PDE4-selective inhibitors as well as the direct 5-lipoxygenase (5-LO) inhibitor L-
739,010.

6 These results con®rm the anti-in¯ammatory properties of PDE4 inhibitors. Thus, this novel
human whole blood can be used to assess the biochemical e�cacy of PDE4 inhibitors in human
subjects.
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ase; PGE2, prostaglandin E2; PKA, protein kianse A; PLA2, phospholipase A2; PBMC, peripheral blood
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Introduction

Phosphodiesterase 4 (PDE4), a member of the phosphodies-

terase family of at least nine known distinct types (PDE1 to
PDE9), is a cyclic adenosine monophosphate (cyclic AMP)-
speci®c enzyme and is responsible for the hydrolysis of

intracellular cyclic AMP to 5'-AMP. Inhibition of this enzyme
leads to increases in intracellular cyclic AMP which can
subsequently activate protein kinase A (PKA) (Torphy &

Undem, 1991; Seldon et al., 1995). It has been shown with
various PDE4-speci®c inhibitors that an increase in intracel-

lular cyclic AMP can inhibit the expression and release of

several in¯ammatory mediators, prevent superoxide anion
formation in neutrophils, inhibit eosinophil chemotaxis and
degranulation as well as lymphocyte proliferation, and causes

relaxation of bronchial smooth muscles resulting in broncho-
dilatation (Nielson et al., 1990; Hartman et al., 1993;
Underwood et al., 1994; Schudt et al., 1995; Essayan et al.,

1997). PDE4 is predominantly expressed in monocytes,
neutrophils and eosinophils (Schudt et al., 1995) and its
inhibition could be bene®cial in treating the underlying

in¯ammation associated with asthma.
Tumour Necrosis Factor-a (TNF-a) is a very powerful

proin¯ammatory mediator produced by activated macro-
phages, blood monocytes and mast cells (Gordon & Galli,
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1991). In addition to its anti-tumour properties (Jia &
Kleinerman, 1991), it plays a central role in many in¯amma-
tory processes (Warren et al., 1988). It is a critical cytokine in

the host defence of bacterial infections (Beutler & Cerami,
1989; Nakane et al., 1992) but it is also associated with shock
and tissue injury during sepsis leading to organ failure (Tracey
et al., 1986). It has many biological activities on a wide variety

of cell types (endothelial cells, lymphocytes, osteoclasts) and
can upregulate or induce expression of receptors (e.g.
interferon (IFN)-gamma, TNF-a p55 receptors), cytokines,

growth factors, in¯ammatory mediators and adhesion mole-
cules as well as activate transcription factors (e.g. NF-kB)
(Dinarello et al., 1986; Scheurich et al., 1987; Doer¯er et al.,

1989; Valyi-Nagy et al., 1992; Krakauer & Oppenheim, 1993;
Trefzer et al., 1993; Mackay et al., 1993; Arias-Negrete et al.,
1995; Schutze et al., 1995; Batten et al., 1996). This cytokine

has been implicated in several in¯ammatory diseases (rheu-
matoid arthritis and Crohn's disease) and its inhibition has
been the focus of many studies (Eigler et al., 1997).

Leukotriene B4 (LTB4) is a product of arachidonic acid

metabolism of the 5-lipoxygenase (5-LO) pathway (Borgeat &
Samuelsson, 1979). Leukotrienes are also proin¯ammatory
mediators and are synthesized by many cells such as

macrophages, monocytes, eosinophils, mast cells and neutro-
phils. LTB4 is a major product of activated neutrophils and a
potent chemoattractant. It can exert its e�ects on cells and

tissues by increasing aggregation and release of lysosomal
enzymes, stimulating superoxide anion production in neutro-
phils, increasing interleukin-2 (IL-2) release and receptors in

lymphocytes and enhancing vascular permeability in tissues
(Ford-Hutchinson, 1990). Psoriasis, in¯ammatory bowel
disease (IBD), rheumatoid arthritis and mostly asthma have
all been associated with the potent in¯ammatory properties of

LTB4 (Davidson et al., 1983; Brain et al., 1984; Grabbe et al.,
1984; Sharon & Stenson, 1984). Inhibitors of 5-LO and 5-LO
activating protein (FLAP) have been developed as therapeutic

agents for the treatment of asthma and their e�ects on psoriasis
and IBD have also been studied (Larsen & Jackson, 1996).

TNF-a has been shown to be inhibited at the transcriptional
level by increases in cyclic AMP due to PDE4 inhibition or
activation of adenylyl cyclase (Han et al., 1990). A synergistic
e�ect with both PDE4 inhibitors and activators of adenylyl
cyclase (e.g. PGE2) has been shown to greatly inhibit TNF-a
(Schade & Schudt, 1993). The e�ects of PDE4 inhibitors on
LTB4 have not been studied as much as TNF-a but it has been
shown that inhibition of LTB4 in polymorphonuclear cells

(PMNs) can be achieved by the non-selective PDE inhibitors
IBMX (3-isobutyl-1-methylxanthine) and theophylline, the
PDE4 selective inhibitor rolipram and the b-agonist isoproter-
onol. Studies have shown that arachidonic acid metabolites
such as platelet activating factor (PAF) and LTB4 are inhibited
by increases in cyclic AMP via the regulation of phospho-

lipase A2 (PLA2) activity and the modulation of intracellular
calcium concentrations (Fonteh et al., 1993; Villagrasa et al.,
1996). For the reason that TNF-a and LTB4 are key mediators
in in¯ammation and are both sensitive to intracellular cyclic

AMP levels, they represent good surrogate markers of PDE4
activity.

Activation of isolated blood leukocytes is the most common

in vitro method used to examine the intrinsic potency of PDE4
inhibitors, however these assays usually use low serum
concentrations, hence a low protein environment, and cannot

predict activity in whole blood. Furthermore, the e�ects of
PDE4 inhibition have only been studied on one surrogate
marker at a time per cell type using various stimulations such
as LPS-induced TNF-a in monocytes or fMLP activated

PMNs. In this study, we have developed a human whole blood
assay which can be used to examine the e�ects of non-selective
and selective PDE inhibitors as well as activators of adenylyl

cyclase on both TNF-a and LTB4 simultaneously in a protein-
rich environment.

Methods

LPS-induced TNF-a

Fresh blood was collected in heparinized tubes by venipunc-
ture from both male and female volunteers with consent. The

subjects had no apparent in¯ammatory conditions and had not
taken any nonsteroidal anti-in¯ammatory drugs (NSAIDs) for
at least 4 days prior to blood collection. Five hundred ml
aliquots of blood were pre-incubated with either 2 ml vehicle or
test compound at 378C for 15 min. This was followed by
incubation of the blood with 10 ml lipopolysaccharide (LPS)
(Sigma, St Louis, MO, U.S.A., from E. coli serotype 0111 : B4,

1 mg ml71 ®nal concentration, diluted in 0.1% bovine serum
albumin (BSA) (Sigma, St Louis, MO, U.S.A., fraction V,
diluted in phosphate bu�ered saline (PBS))) for 0.5 ± 24 h at

378C. Appropriate PBS controls (no LPS) were used as blanks.
After the desired incubation period, the samples were
centrifuged at 15006g at 48C for 10 min. Plasma TNF-a was
quanti®ed ELISA (Cistron Biotechnology, Pine Brook, NJ,
U.S.A.). A 50 ml aliquot of plasma was mixed with 200 ml
methanol for protein precipitation and centrifuged at 15006g

at 48C for 10 min. The supernatant was obtained and PGE2

was determined by radioimmunoassay (Amersham, Oakville,
Ont, Canada) after conversion of PGE2 to its methyl oximate
derivative according to manufacturer's procedure.

fMLP-stimulation of LTB4

Heparinized human whole blood was pre-incubated with
either vehicle or test compound as described above and then
incubated with 10 ml of LPS (1 mg ml71 ®nal concentration,

diluted in 0.1% BSA) for either 30 min or 24 h at 378C. This
was followed by incubation of 10 ml of the chemotactic
peptide n-formyl-Met-Leu-Phe (fMLP) (Sigma, St Louis, MO,
U.S.A., diluted in 1% BSA, 1 mM ®nal concentration), or PBS

for blank controls, for 15 min at 378C. For some experiments,
the blood was incubated with fMLP immediately after drug
pre-incubation without pre-stimulation with LPS. At the end

of the fMLP incubation, the blood was immediately
centrifuged in a pre-cooled centrifuge at 48C for 10 min. The
samples were left on ice during plasma transfer. The plasma

was extracted in methanol as described above and the
supernatant was assayed for LTB4 by enzyme immunoassay
(Cayman Chemicals, Ann Arbor, MI, U.S.A.) according to

manufacturer's instructions.

Double LPS-induced and fMLP-activated TNF-a and
LTB4 assay

Five hundred ml aliquots of blood were pre-incubated with
either vehicle or test compound at 378C for 15 min. This was

followed by incubation of the blood with 10 ml LPS (1 mg ml71

®nal concentration, diluted in 0.1% BSA) at 378C in a
humidi®ed incubator (5% CO2). Appropriate PBS control (no

LPS) were used as blanks. After the 24 h incubation, another
10 ml of LPS (1 mg ml71 ®nal concentration, diluted in 0.1%
BSA) was added to blood (PBS for blanks) and incubated for
30 min at 378C. The samples were then challenged for 15 min
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at 378C with either 10 ml fMLP (diluted in 1% BSA, 1 mM ®nal
concentration) or PBS for blanks. The blood was centrifuged
as above and the plasma obtained was quanti®ed for both

TNF-a and LTB4 content as described above.

A23187-stimulation of LTB4

Heparinized human whole blood was pre-incubated with
either vehicle or test compound as described above and then
incubated with 2 ml of the calcium ionophore A23187

(Sigma, St Louis, MO, U.S.A., diluted in DMSO, 25 mM
®nal concentration) or 2 ml of dimethyl sulphoxide (DMSO)
as blank controls for 30 min at 378C. The following

procedure was identical to the fMLP method for measure-
ment of LTB4.

Statistics

Results are expressed as mean and s.e.mean. Di�erences
between controls and treatment groups were tested using the

Student's t-test. A P-value of less than 0.05 was considered
statistically signi®cant.

Materials

RS14203 (Wilhelm & Fatheree, 1994), RP73401 (Souness et

al., 1995), T-440 (Kaminuma et al., 1996), R- and S-rolipram,
SB207499 (Christensen et al., 1998), CDP840 (Hughes et al.,
1996), CT1731 (Hughes et al., 1996), Trequinsin, L-739,010

(Hamel et al., 1997), MF-tricyclic (selective cyclo-oxygenase-2
(COX-2) inhibitor) (Oshima et al., 1996) were synthesized by
the Medicinal Chemistry departments at Merck Frosst Centre
for Therapeutic Research and Celltech Therapeutics, U.K.

Other compounds and their sources were: Indomethacin
(Merck & Co., Rahway, NJ, U.S.A.), PGE2 (Cayman
Chemicals, Ann Arbor, MI, U.S.A.), amrinone, dibutyryl-

cyclic AMP, isoproteronol, 3-isobutyl-1-methylxanthine
(IBMX), pentoxyfylline, theophylline, zaprinast (Sigma, St
Louis, MO, U.S.A.), dipyridamole, milrinone, quazinone,

forskolin (Calbiochem, La Jolla, CA, U.S.A.) and cholera
toxin (Biomol, Plymouth Meeting, PA, U.S.A.).

Results

Time course

Figure 1 shows the time course of TNF-a and PGE2

production after LPS-stimulation of whole blood. During the
incubation period, a sharp rise in TNF-a levels was observed
from 2 h (2.70+0.76 ng ml71) to 4 h (15.59+3.61 ng ml71)

and peaked at 8 h (22.92+4.77 ng ml71). The levels obtained
at 4, 6, 8 and 24 h were not signi®cantly di�erent from each
other. Out of the three subjects used for this experiment, two
had maximal TNF-a levels at 8 h whereas the other reached its
peak at 4 h. In all cases the levels were lower after 24 h
(17.33+2.52 ng ml71) compared to levels at 8 h. PGE2 levels
did not increase signi®cantly over baseline until 4 h

(0.88+0.15 nM) and rose steadily from 8 h (1.96+0.16 nM)
to 24 h (16.94+2.79 nM) due to increased COX-2 expression
as previously shown (Brideau et al., 1996). Addition of 10 mM
RP73401 inhibited TNF-a production at 4, 6, 8 and 24 h by 48,
67, 75 and 78% respectively. Interestingly, this inhibition
increased with rising levels of PGE2 and was most signi®cant at
24 h.

TNF-a production: E�ect of PGE2 and LPS incubation
time

Most of the published methods for TNF-a induction and
inhibition by various agents in human whole blood use a 4 h

LPS incubation period (Hartman et al., 1993; 1995). To
determine whether 4 h is optimal for characterizing PDE4
inhibitors, we examined the e�ects of LPS incubation time and

PGE2 on TNF-a inhibition. The concentration of PGE2

required to inhibit half of the TNF-a produced (or IC50) in
the 4 h LPS-stimulation assay was 15 nM in whole blood
(Figure 2a). In the same assay, the IC50 for RP73401 was

9.5 mM and the maximum inhibition observed was 68% at
10 mM. The addition of 1 nM or 10 nM PGE2 resulted in a dose
dependent increase in TNF-a inhibition by RP73401 (Figure

2b). The maximal response observed with 10 mM RP73401 rose
to 97% in the presence of 10 nM PGE2.

In many experiments performed in our laboratory using

PDE4-selective inhibitors, maximal inhibitions of greater than
70% could not be achieved in the 4 h LPS-induced TNF-a
assay (data not shown). Moreover, we showed greater
inhibition of LPS-induced TNF-a with RP73401 after 8 h of

incubation which coincided with increased PGE2 levels (Figure
1). Therefore, we compared the potency of RP73401 after 4
and 24 h LPS incubations. As represented in Figure 3a, the

mean plasma TNF-a levels increased at least 6 fold after 24 h
LPS incubation compared to 4 h. In Figure 3b, the inhibitory
e�ect of RP73401 on LPS-induced TNF-a was greater after

24 h. To establish the importance of PGE2 in the 24 h assay,
indomethacin was incubated simultaneously with LPS for 24 h
to inhibit the synthesis of PGE2. Indomethacin completely

blocked the 24 h LPS-induced PGE2 production and had no
e�ect on TNF-a levels (Figure 3a). The potency of RP73401 on
LPS-induced TNF-a was signi®cantly reduced in the presence
of indomethacin and was similar to that observed with the 4 h

LPS incubation (Figure 3b).
Table 1 summarizes the IC50 values of several PDE4

inhibitors in both the 4 and 24 h assays. All inhibitors, except

CT1731 and CDP840, showed signi®cantly higher potency in
the 24 h assay. The maximum inhibitions observed in the 24 h
assay were greater than 80% for all compounds. Signi®cant

(P50.01) di�erences between enantiomeric pairs such as R-

Figure 1 Time course of TNF-a and PGE2 production in human
whole blood following LPS (1 mg ml71) incubation in the presence or
absence of a PDE4 inhibitor (10 mM RP73401). n=3 donors,
*P50.05 and **P50.01 vs LPS-induced TNF-a alone.
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rolipram and S-rolipram as well as CDP840 and CT1731 were
only achieved in the 24 h LPS incubation method.

LTB4 production: E�ects of LPS and fMLP at di�erent
incubation times

We compared the e�ects of LPS stimulation, fMLP activation
and incubation time on LTB4 production in human whole
blood. Figure 4 demonstrates the results of four di�erent

methods based on published procedures (Surette et al., 1993)
as well as procedures modi®ed in our laboratory. Incubation of
blood with 1 mM fMLP for 15 min failed to increase LTB4

production compared to baseline and the negative PBS control
(method A). Priming blood with LPS for 30 min prior to
fMLP addition resulted in a signi®cant increase in LTB4 levels

(3.44+1.11 ng ml71) over baseline whereas a 30 min LPS
incubation without fMLP had no e�ect (method B, Surette et
al., 1993). When LPS priming time was increased to 24 h as

shown in method C, we obtained the similar results as in
method B. More than a 6 fold increase (25.20+7.92 ng ml71)
in LTB4 levels was observed when whole blood was pre-
stimulated with LPS for 24 h and then again for 30 min

followed by fMLP stimulation (method D). Thus, combining
the LPS priming from methods B and C had a much greater
e�ect on LTB4 synthesis in human whole blood. We compared

the e�ects of two PDE4 inhibitors on LTB4 synthesis in whole

blood using methods B and D. Figure 5 demonstrates the

inhibition curves for RS14203 (panel a) and RP73401 (panel b)
in both methods. A greater maximal inhibition was observed
for both compounds when the blood was pre-incubated with

LPS for 24 h (method D). RS14203 exhibited a ¯at titration
curve without the LPS pre-incubation and a plateau of
approximately 66% inhibition was observed in the highest
doses (method B) while 90% inhibition was achieved with the

24 h LPS pre-incubation (method D).

Figure 2 The potentiation of the inhibitory e�ect of a PDE4
inhibitor (RP73401) by exogenous PGE2 on LPS-induced TNF-a
production (4 h incubation). (a) E�ect of exogenous PGE2 alone. (b)
E�ect of RP73401 in the absence or presence of PGE2. n=3 donors.
*P50.05 and **P50.01 vs RP73401 alone.

Figure 3 Comparison between 4 and 24 h incubation of human
whole blood with 1 mg ml71 LPS in addition to a 24 h LPS
incubation in the presence of 30 mM indomethacin. (a) plasma
TNF-a and PGE2 levels and (b) e�ect of RP73401 on LPS-induced
TNF-a. Experiments performed in same blood sample. n=3 donors.
*P50.05 and **P50.01 vs 4 h incubation and +P50.05 and
++P50.01 vs 24 h LPS only.

Table 1 E�ect of incubation time on the potency of several
PDE4 inhibitors in the LPS-induced TNF-a human whole
blood assay. *P<0.05 and **P<0.01

Inhibitor
4 h LPS
IC50 (mM) n

24 h LPS
IC50 (mM) n

RS14203
RP73401
R-Rolipram
S-Rolipram
IBMX
CDP840
SB207499
CT1731 (enatiomer
of CDP840)

Pentoxyfylline

0.22+0.08
2.61+0.62
15.22+4.43
24.05+2.78
36.50+6.65
20.98+1.65
81.32+14.64
34.87+7.31

256.0+60.0

11
22
6
5
6
59
3
3

3

0.048+0.008*
0.34+0.09*
2.16+0.20**
8.55+1.10**
9.11+4.46*
15.44+1.98
20.29+3.39**
35.12+4.91

38.07+6.94*

15
12
15
15
3
15
17
6

3
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E�ect of double LPS pre-incubations and fMLP
stimulation on TNF-a

As demonstrated above, TNF-a inhibition by PDE inhibitors
was much more e�ective when whole blood was incubated with

LPS for 24 h because of the presence of PGE2. We examined
whether an additional 30 min incubation with LPS and a
15 min fMLP-stimulation would alter the levels of TNF-a and
the e�cacy of PDE inhibitors. Figure 6 shows a very good
correlation between the simple 24 h assay (TNF-a method)
and the elaborated method used for LTB4 (method D). TNF-a
levels in the absence of PDE4 inhibitors were approximately
25% lower in method D but the inhibition responses of PDE
inhibitors in the same blood sample were almost identical.

Thus, method D can be used to study the e�ects of PDE4
inhibitors on both TNF-a and LTB4.

Table 2 summarizes the IC50 values of several PDE
inhibitors, cyclic AMP elevating agents, inhibitors of cyclo-

oxygenase (COX-1/COX-2) and a 5-LO inhibitor on inhibition
of either TNF-a or LTB4 from the same blood sample. All of
the PDE4-selective inhibitors were able to inhibit both TNF-a
and LTB4 with similar potency except RS14203 and milrinone
which were signi®cantly more potent against TNF-a. Agents
which elevate intracellular cyclic AMP by activating adenylyl

cyclase are more potent inhibitors of TNF-a than LTB4 except
for cholera toxin which had similar potency. The non-selective
PDE inhibitors and the PDE III-selective inhibitors were not
potent against either mediator and the PDE V-selective

inhibitors were not active. The activity observed with
dipyridamole was probably due to its inhibition on adenosine
uptake by red blood cells rather than its inhibition of PDE V

(Krump et al., 1996; Eigler et al., 1997). The 5-LO inhibitor L-
739,010 had no e�ect on TNF-a but was very potent against
LTB4. The selective inhibition of COX-2 by MF-tricyclic had

no e�ect on either TNF-a or LTB4 whereas an increase in

TNF-a and LTB4 production was observed with the non-

selective COX inhibitor indomethacin.

E�ects of PDE inhibitors on A23187-stimulated LTB4

To con®rm the LTB4 inhibitory e�ects of PDE4 inhibitors, a
non-receptor mediated whole blood assay was performed using
the calcium ionophore, A23187, without LPS pre-stimulation.

PDE4-selective inhibitors, cyclic AMP elevating agents and a
5-LO inhibitor were examined in whole blood challenged with
25 mM A23187 for 30 min. The plasma LTB4 levels obtained by

A23187 were very similar to the double LPS-fMLP-stimulated
whole blood method (method D), 19.30+3.76 ng ml71 and
20.87+4.41 ng ml71 respectively (Figure 7a). Inhibition of

LTB4 by RS14203 was signi®cantly greater in blood challenged
with A23187 (Figure 7b). Several compounds were tested in
both assays using the same blood sample and their results are
summarized in Table 3. Although these compounds were more

potent in A23187-challenged blood, with the exception of
CDP840, none were found to be signi®cantly di�erent aside
from S-rolipram and L-739,010.

Discussion

We have developed a novel method of assessing the e�ects of
PDE4 inhibitors on both TNF-a and LTB4 in the same human
whole blood sample. Using this assay, it was possible to study

PDE4 activity by measuring the levels of two surrogate
markers in distinct cell types such as monocytes for TNF-a
and neutrophils for LTB4.

Inhibition of PDE4 using selective inhibitors was not
su�cient to completely block the synthesis of TNF-a in LPS-
stimulated blood in the absence of PGE2. However, PGE2 can

completely block TNF-a synthesis albeit at concentrations

Figure 4 Plasma LTB4 levels from di�erent conditions. Basal represents unstimulated blood plasma at time 0. P=PBS (blanks),
L=LPS (1 mg ml71) and F=fMLP (1 mM). Method A: human whole blood stimulated with fMLP for 15 min. Method B: pre-
stimulation with either PBS or LPS (®rst letter on graph) for 30 min followed by incubation with either PBS or fMLP for 15 min
(second letter on graph). Method C: pre-stimulation with either PBS or LPS for 24 h (®rst letter on graph) followed by incubation
with either PBS or fMLP for 15 min (second letter on graph). Method D: pre-stimulation with either PBS or LPS (®rst letter on
graph) for 24 h, then a 30 min stimulation with either PBS or LPS (second letter on graph) followed by incubation with either PBS
or fMLP (third letter on graph) for 15 min. n=3±6 donor. *P50.05 and **P50.01 vs time 0 and +P50.05 and ++P50.01 vs
PBS blank for each condition.
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greater than 500 fold the IC50. As we did not use a direct
method of establishing PDE4 inhibition in human blood cells
such as measuring intracellular cyclic AMP or PKA activity, it

is possible that complete inhibition of PDE4 may not raise
intracellular cyclic AMP levels high enough for full inhibition
of TNF-a synthesis. COX-2 enzyme expression and activity is
upregulated in LPS-treated human monocytes (Patrignani et

al., 1994; Brideau et al., 1996) and increases endogenous
synthesis of PGE2. PGE2, an activator of adenylyl cyclase
through the prostanoid receptor subtypes EP2 or EP4, leads to

elevation of intracellular cyclic AMP (Coleman et al., 1994),
which, in combination with PDE4 inhibition, enhances
inhibition of TNF-a synthesis. Complete TNF-a inhibition by

PDE4 inhibitors was only observed in the 24 h LPS-stimulated
whole blood assay. Using this assay, the best dose response
curves for PDE4 inhibitors were achieved and thus more

accurate IC50 values were calculated. This was particularly
important when comparing the activity of enantiomeric pairs
of PDE4 inhibitors. The activity of R-rolipram in whole blood
was 4 fold more potent than its enantiomer, S-rolipram, which

is consistent with previously published data on LPS-stimulated
TNF-a in human monocytes (Souness et al., 1996). In the
absence of PGE2 (4 h LPS incubation), the di�erence in

activity between R-rolipram and S-rolipram and was not

signi®cant. As demonstrated in the indomethacin experiment,
PGE2 is important for complete inhibition of TNF-a by PDE4
inhibitors since in its absence there was approximately 30% of

residual TNF-a which could not be inhibited with higher doses
of inhibitor. PGE2 may be responsible for further activation of
PKA through the direct activation of adenylyl cyclase. It has
been shown that PKA is involved in the inhibition of TNF-a
transcription by inhibiting NF-kB-mediated transcription
(Ollivier et al., 1996), however, the mechanism is still unclear
as there are other transcription factors involved in the

regulation of TNF-a such as the p38 and p42 MAPK cascades
(Foey et al., 1998). It is possible that a 24 h incubation is
longer than necessary and that 8 h may be su�cient for

complete TNF-a inhibition by PDE4 inhibitors. The results
from the time course experiment showed little di�erence in
TNF-a inhibition by RP73401 at 8 and 24 h. However, the
24 h incubation method was considered more pragmatic

taking into account the higher donor variability in expressing
COX-2 and the subsequent release of PGE2 in an 8 h method.

It has been shown that priming human whole blood with

LPS for 30 min is necessary for the stimulation of LTB4

Figure 5 Comparison between two methods of fMLP-stimulated
LTB4 human whole blood assays using two di�erent PDE4 inhibitors
(RS14203 and RP73401). Method B: whole blood pre-stimulated with
LPS (1 mg ml71) for 30 min followed by 15 min incubation with
fMLP (1 mM) and Method D: whole blood pre-stimulated with LPS
(1 mg ml71) for 24 h followed by 30 min stimulation with LPS
(1 mg ml71) then a 15 min incubation with fMLP (1 mM). n=3
donors. Both methods were performed in the same donor sample.

Figure 6 Linear correlation of results obtained from two methods of
LPS-induced TNF-a in human whole blood. TNF-a Method: whole
blood samples incubated with LPS (1 mg ml71) for 24 h. LTB4
Method D: whole blood samples incubated with LPS (1 mg ml71) for
24 h followed by 30 min incubation of LPS (1 mg ml71) then a
15 min incubation with fMLP (1 mM). (a) represents plasma TNF-a
levels from an experiment where both methods were done in the same
blood sample in the presence and absence of varying concentrations
of 10 di�erent PDE4 inhibitors. n=71 data points. (b) represents the
percentage inhibition of TNF-a of the same data points (except data
points from positive no drug controls from which the percentage
inhibition was calculated). n=61 data points. All data represented
were blood samples from one donor.
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production by fMLP (method B) and that exogenous TNF-a
has an additive e�ect with LPS (Surette et al., 1993). We

con®rmed this by obtaining similar results when whole blood
was incubated with LPS for 24 h (method C) to increase both
TNF-a and PGE2 levels before the subsequent fMLP-

stimulated release of LTB4. The LTB4 levels in either assay
were approximately 7 fold higher compared to their blank
controls. A greater than 50 fold window was obtained when

whole blood was primed twice with LPS before fMLP-
stimulation (method D). This substantial increase in LTB4

may be due to further activation of cytosolic PLA2 by the
additional LPS incubation releasing a large pool of free

arachidonate to be readily utilized by activated 5-LO. LPS-
stimulated LTB4 production was not TNF-a dependent since
10 mM PGE2 totally abolished TNF-a but had no e�ect on

LTB4. As observed in the TNF-a experiments, the presence of
PGE2 enhanced the inhibitory activity of PDE4 inhibitors on
LTB4 production. Compared to method B, LTB4 inhibition

was enhanced using method D (24 h LPS) even though LTB4

levels were 7 fold higher. Furthermore, the potency of the
PDE4-selective inhibitor, RP73401, was reduced in the

presence of indomethacin using the method D assay (data not
shown).

Of the non-selective PDE inhibitors, IBMX was most
potent followed by pentoxyfylline yet theophylline displayed

marginal activity. For both TNF-a and LTB4, the PDE V-
selective compounds and the COX-2 selective inhibitor, MF-
tricyclic, showed no e�ect. The dual COX-1 and COX-2

inhibitor, indomethacin, potentiated TNF-a and LTB4

production equally. In contrast, the 5-LO inhibitor, L-
739,010, was most potent against LTB4 and as expected was

inactive against TNF-a.
PDE4 is most pre-dominant in monocytes and neutrophils

however PDE III is also present in monocytes (Souness et al.,

1996). PDE III-selective inhibitors have shown inhibitory
activity on monocyte-derived TNF-a production and on
neutrophil-derived leukotriene production (Banner et al.,

1996; Schudt et al., 1991). In our assay, the PDE III-selective
inhibitors were also active but to a lesser extent than the PDE4
inhibitors. The activity observed may also be due to the loss of
selectivity of these inhibitors at high concentrations (IC50s:

420 mM).
While TNF-a levels were signi®cantly decreased by 25%

after an additional LPS priming and fMLP-stimulation

following the initial 24 h LPS incubation, the e�ects of PDE4
inhibitors remained the same. Thus, this assay was used to
determine the inhibitory e�ects of various agents on TNF-a
and LTB4. Most of the PDE inhibitors were equipotent against
TNF-a and LTB4. Among all of the agents tested in this assay,
the PDE4-selective inhibitor, RS14203, was most potent

against both TNF-a and LTB4 despite the weaker activity
seen on LTB4. Of the PDE4 selective compounds tested,
CDP840 and SB207499, both being clinical development
compounds, exhibited the least potency in whole blood. It is

well recognized that synthetic small molecule inhibitors bind
extensively to plasma protein. Experiments using isolated
human mononuclear cells (PBMC) treated with LPS for 20 h

in the presence of 1% human serum were performed to assess

Table 2 In vitro results of human whole blood pre-stimulated with LPS for 24 h then again for 30 min followed by fMLP (method D).
*P<0.05 and **P<0.01

TNF-a IC50 LTB4 IC50

Inhibitor (mM) n (mM) n

PDE4-selective
RS14203
RP73401
T-440
R-Rolipram
S-Rolipram
CDP840
SB207499
CT1731 (CDP840 enantiomer)

0.048+0.008
0.34+0.09
1.13+0.44
2.16+0.20
8.55+1.10
15.44+1.98
20.29+3.39
35.12+4.91

15
12
9
15
15
15
15
6

0.30+0.19*
0.77+0.38
2.17+0.62
4.27+1.58
11.11+2.50
14.46+2.11
15.05+4.51
42.10+10.57

15
11
9
15
15
15
18
6

Non-selective PDE
IBMX
Pentoxyfylline
Theophylline

15.84+5.19
38.07+6.94
56% @ 400 mM

6
6
3

44.94+20.30
32.73+17.88
50% @ 400 mM

6
3
3

PDE III-selective
Trequinsin
Milrinone
Amrinone

22.04+10.26
28.97+7.30
75.21+18.41

3
3
3

37.34+23.94
122.5+18.12**
51.77+20.45

3
3
3

PDE V-selective
Dipyridamole (adenosine uptake inh.)
Zaprinast
Quazinone

37.44+21.39
36% @ 400 mM
32% @ 400 mM

6
3
3

78.20+15.68
45% @ 400 mM
10% @ 400 mM

6
6
3

5-LO
L-739,010 4% @ 10 mM 9 0.16+0.02 9

COX
Indomethacin (COX-1 & 2)
MF-Tricyclic (COX-2)

754% @ 100 mM
0% @ 100 mM

9
3

763% @ 100 mM
0% @ 100 mM

9
3

cyclic AMP elevating agents
PGE2
Isoproteronol
Cholera toxin (mg ml±1)
Dibutyryl-cyclic AMP
Forskolin

0.008+0.002
0.020+0.013
2.67+0.87

66% @ 10 mM
65% @ 80 mM

9
3
3
3
3

0% @ 10 mM
6% @ 10 mM
1.41+0.34

23% @ 10 mM
40% @ 80 mM

9
3
3
3
3
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protein shifts in terms of TNF-a inhibition. It was observed in
our laboratory that CDP840 activity decreased by more than

40 fold in the whole blood assay compared to the PBMC assay
(data not shown). However, SB207499 demonstrated lower
intrinsic potency in the PBMC assay than CDP840 and was

shifted approximately 26 fold in whole blood. Thus, high
intrinsic potency does not always translate in whole blood
assays.

CDP840 and SB207499 are the most interesting PDE4-

selective inhibitors in that both were investigated in clinic. Of
particular interest is CDP840 for it has been reported to be 20
fold more potent on the native PDE4 than (+)-rolipram

(Hughes et al., 1996) and our TNF-a assay results show a 7
fold di�erence when compared to R-rolipram. Using isolated
human monocytes in the presence of 1% human serum such as

described by Sounness et al., 1996, we found that CDP840 and
R-rolipram had equivalent activity on the inhibition of LPS-
stimulated TNF-a, 365 nM and 330 nM respectively (data not
shown). Thus, it appears CDP840 is highly shifted (42 fold) in

human whole blood compared to R-rolipram (7 fold).
SB207499 has been reported to be approximately 10 fold

more selective on the D isoform of PDE4 than A, B or C

isoforms (Torphy et al., 1997). PDE4 inhibitors with greater

selectivity for each of the four isoforms (at least 4100 fold)
will be useful to investigate the expression and regulation of
PDE4 isoenzymes and to establish which subtype is most

involved in in¯ammation and the negative side e�ects of PDE4
inhibition such as emesis. Previously reported studies have
already shown that PDE4 A, B and D are expressed in human

monocytes (C was not detected) and that prolonged exposure
of these cells to elevated cyclic AMP upregulated PDE4 A and
B expression and activity (Souness et al., 1996; Manning et al.,

1996).
Using the whole blood assay, it appears that monocytes are

preferentially sensitive to PGE2 and isoproteronol compared

to neutrophils since both agents were very potent inhibitors of
TNF-a but had no e�ect on LTB4. Conversely, cholera toxin, a
stimulator of Gas protein, had the same activity on both TNF-a
and LTB4 whereas forskolin and dibutyryl cyclic AMP showed

weak activity. The di�erent inhibitory activities of PGE2 and
isoproteronol in comparison to cholera toxin involve receptor
binding and activation. The prostanoid receptor subtype (EP1,

2, 3 or 4) distribution on human leukocytes is still unknown.
Further studies are necessary to elucidate the mechanisms
involved in neutrophil-derived LTB4 modulation by cyclic

AMP-elevating agents and PDE4 inhibition. Nonetheless, it is
known that increases in cyclic AMP lead to a reduction in
cytosolic free calcium (Torphy et al., 1991) and it was shown
that rolipram was an e�ective inhibitor of both LTB4 synthesis

and intracellular calcium elevation in human PMNs (Cortijo et
al., 1996; Villagrasa et al., 1996). Other studies have shown
that increases in cyclic AMP can regulate PLA2 activity and

inhibit the ability of activated cells to mobilize arachidonic
acid (Fonteh et al., 1993).

The non-receptor mediated A23187-stimulation of whole

blood (without LPS priming) resulted in the same LTB4 levels
as the double LPS and fMLP-stimulation assay (method D)
yet the potency of PDE4 inhibitors were enhanced in this

assay. This increased inhibitory activity by PDE4 inhibitors
may be due to lower levels of active PDE4 in comparison to a
long exposure of blood cells to LPS. It has been shown that
PDE4 expression and activity are upregulated during long

exposures to b-adrenoceptor stimulation in the presence of
rolipram (Manning et al., 1996). Other studies have shown that
PDE4 activity could be augmented by 8-bromo-AMP alone in

U937 cells and that this increase was due to new protein
synthesis (Torphy et al., 1992).

L-739,010 was signi®cantly more potent in the A23187-

stimulated LTB4 assay which may be due to di�erent

Figure 7 Comparison between two methods of LTB4 human whole
blood assays. (a) represents plasma LTB4 levels for both assays and
(b) represents the titration curve for RS14203 in both assays. A23187
method: whole blood challenged with 25 mM A23187 for 30 min.
Method D: whole blood pre-stimulated with LPS (1 mg ml71) for
24 h followed by 30 min stimulation with LPS (1 mg ml71) then a
15 min incubation with fMLP (1 mM). n=3 donors. Both methods
were performed in the same donor sample. *P50.05 and **P50.01.

Table 3 LTB4 in vitro results of human whole blood
stimulated with LPS and fMLP (method D) compared to
A23187 challenge. *P<0.05 and **P<0.01

LPS/LPS/fMLP A23187
Inhibitor IC50 (mM) n IC50 (mM) n

PDE4-selective
RS14203
RP73401
R-Rolipram
S-Rolipram
CDP840
SB207499

0.12+0.08
0.99+0.51
4.93+2.31
12.01+3.86
18.00+6.03
22.96+8.28

9
8
9
9
3
9

0.006+0.002
0.16+0.04
0.18+0.06
1.82+0.99*
23.25+2.33
7.15+3.19

9
8
9
9
3
9

5-LO
L-739,010 0.20+0.02 6 0.041+0.005** 6

cyclic AMP elevating agents
Isoproteronol
Forskolin
Dibutyryl-
cyclic AMP

6% @ 10 mM
40% @ 80 mM
23% @ 10 mM

3
3
3

22% @ 1000 mM
46% @ 80 mM
56% @ 10 mM

3
3
3
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sequestrations of intracellular calcium. Interestingly, isopro-
teronol, forskolin and dibutyryl cyclic AMP exhibited very
little e�ect on LTB4 in both the LPS-fMLP and A23187 assays.

In conclusion, we have established a method to assess the
biochemical e�cacy of PDE4-selective inhibitors in human
whole blood. We have shown that PDE4-selective inhibitors
are potent inhibitors of TNF-a and LTB4 biosynthesis and

thus should be e�ective anti-in¯ammatory agents. Since TNF-

a and LTB4 are implicated in asthma, this assay shall be useful
in clinical settings where ex vivo experiments can be performed
on human subjects.

We wish to thank Cairine Brideau, R.N., Linda Godin, R.N. and
Yvonne Baise, R.N. for their expert technical assistance.
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