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The Effect of Pentoxifylline on Human Neutrophil
Migration: A Possible Role for Cyclic Nucleotides
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ABSTRACT. Relatively low concentrations of pentoxifylline caused a stimulation of random migration, while
high concentrations inhibited chemotactic migration activated by formyl-methionyl-leucyl-phenylalanine
(fMLP). The stimulating effect of pentoxyfylline was partly chemokinetic and partly chemotactic, and was
dependent on extracellular calcium. Activation of migration by pentoxifylline was not dependent on the pore
size of the micropore filter, indicating that the effect was not mediated by the ability of the drug to induce
membrane deformability. Inhibitors of guanylate cyclase and antagonists of cGMP-dependent protein kinase
(G-kinase) inhibited stimulation of migration by pentoxifylline. Pentoxyfylline caused a transient increase in
cGMP level, while only high concentrations of pentoxifylline caused an increase in cyclic adenosine
monophosphate (cAMP) level. It is suggested that the increase of migration is caused by cGMP and is mediated
by a G-kinase, while the inhibition of migration at high concentrations of pentoxifylline is mediated by cAMP.
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Pentoxyfylline is a drug used to improve disturbed micro-
circulatory flow and to inhibit the inflammatory effects of
tumor necrosis factor (o TNFa). Its effect on vaso-occlusive
disease was thought to be a consequence of an effect on the
fluidity of the plasma membrane, resulting in increased red
blood cell deformability and decreased blood viscosity {1].
The inhibition of the effects of TNFa is the basis of a
number of applications, such as in bone marrow transplan-
tations and rheumatoid arthritis [2].

Several neutrophil functions are affected by pentoxifyl-
line. The drug inhibits phagocytosis of several types of
particles [3, 4]. Superoxide production induced by formyl-
methionyl-leucyl-phenylalanine (fMLP)§ or zymosan was
decreased by pentoxifylline at clinically achievable concen-
trations [3-5]. Degranulation induced by fMLP was equally
inhibited by pentoxifylline [6].

Pentoxifylline affects neutrophil migration. The results
obtained by different groups suggest that the effect is complex,
because seemingly contradictory results were obtained.
Most investigators reported a stimulatory effect of pentoxi-
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fylline on neutrophil migration [7-9]. In vitro, it reversed
the chemotactic deficiency induced by interleukin-2 (IL-2)
treatment [10]. Pentoxifylline corrected the developmental
defects in activation and movement of neutrophils of
neonates [11]. The drug restored the normal chemotactic
capacity of patients with known functional defects, such as
liver cirrhosis, myelodysplastic syndrome, or juvenile par-
odontitis [7]. It counteracted amphotericin B-induced in-
hibition of nondirected or directed migration [12]. In
contrast, some investigators found an inhibitory effect of
pentoxifylline on neutrophil migration [5], while others
found no effect at all with pentoxifylline alone, and an
inhibition of fMLP-activated chemotaxis by pentoxifylline
[13].

Little is known about the mechanism of the inhibitory or
stimulatory effect of pentoxifylline. Pentoxifylline is a
methyxanthine derivative, and like the other methylxan-
thines, an inhibitor of phosphodiesterase. The rise in cyclic
adenosine monophosphate (cAMP) level has been sug-
gested as a cause of the inhibitory effect of pentoxifylline on
the respiratory burst of neutrophils [3). It seems unlikely
that the change in cAMP is the only cause of the effects of
pentoxifylline, because theophylline is as effective an in-
hibitor of phosphodiesterase as pentoxifylline, but lacks the
effects of pentoxifylline on the respiratory burst [5]. Fur-
thermore, with regard to migration, it is known that most
agents that enhance cAMP level inhibit migration rather
than stimulate migration (for references, see [14]).

In this study we considered the effect of pentoxyfylline
on neutrophil migration to characterize the nature of the
migration-modulating effect and to determine the mecha-
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nism of activation. The role of cyclic nucleotides, especially
c¢GMP, was assessed and considered as a possible cause of
modulation of migration.

MATERIALS AND METHODS
Isolation of Neutrophils

Neutrophils were isolated from the buffy coat of blood of
healthy donors. The buffy coat was diluted with a four-
fold volume of heparinized medium and layered on top of
Ficoll-amidotrizoate (d = 1.077). After centrifugation
the pellet was resuspended, and starch was added to
sediment erythrocytes. After sedimentation the neutrophil-
containing supernatant was collected and centrifuged. The
remaining erythrocytes were removed by hypotonic hemo-
lysis, and the neutrophils suspended in medium. The cells
consisted of more than 95% neutrophils, and were more
than 99% viable as determined by Trypan blue exclusion.
The medium used consisted of 140 mM NaCl, 5 mM KClI,
10 mM glucose, 0.5% bovine serum albumin, and 20 mM
Hepes pH 7.3. Unless otherwise stated, the medium was
supplemented with 1 mM Ca’* and 1 mM Mg*" during the
experiments. The final cell suspension during the experi-
ments contained 3 X 10° neutrophils per mL.

Migration Measurements

Cell migration was measured with the Boyden chamber
technique [15], as described by Boyden [16], and modified
by Zigmond and Hirsch [17]. The two compartments of the
chamber were separated by a cellulose acetate Millipore
filter (Millipore Corporation, Bedford, MA) with a pore
size of 3 wm, unless otherwise indicated. Chemotaxis was
activated by the chemotactic peptide fMLP, which was
placed in the lower compartment at a concentration of
107? M (which under the conditions of our experiments
gave the strongest increase of migration). Neutrophils were
placed in the upper compartment of the chamber and
incubated for 35 min at 37°C. After migration, the filters
were fixed and stained and the distance travelled in
micrometers into the filter determined according to the
leading front technique [17]. The assays were carried out in
duplicate and the migration distance of the neutrophils was
determined at five different filter sites. In some cases,
Millipore filters with a pore size of 8 pm were used; in that
event the same experimental procedure was followed as for
filters with a pore size of 3 pum.

Electroporation of Neutrophils

Neutrophils were electroporated according to the method
of Grinstein and Furuya [18], with minor modifications.
The electropermeabilization procedure was carried out at
room temperature. When permeabilization was carried out
at 0°C, the cells were not able to migrate. Neutrophils (3 X
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10¢ per mL) in permeabilization medium (135 mM KClI, 1
mM MgCl,, 1 mM CaCl,, 20 mM Hepes pH 7.0, 10 mM
glucose, and 0.5% BSA), were placed in the cuvette of a
BioRad Gene Pulser (BioRad Laboratories, Veenendaal,
The Netherlands). The cells were exposed to two dis-
charges of 14.75 kV/cm from a 25 pF capacitor. Between
the two discharges, the cell suspension was stirred with a
plastic pipette. After permeabilization and mixing, 0.2 mL
of the suspension were placed in the upper compartment of
the Boyden chamber. When electroporated neutrophils
were compared with control neutrophils, the latter cells
were also suspended in permeabilization buffer.

Cyclic GMP Assay

Neutrophils (final concentration 2 X 107 cells per mL)
were exposed to reagents at 37°C for the indicated time.
Subsequently, 1 mL of 3.5% (v/v) perchloric acid was
added, and the resulting mixture was stored overnight in
the freezer. The solution was neutralized by adding 0.5 mL
saturated (22°C) NaHCO;. After 10 min, the mixture was
centrifuged for 3 min at 2000 rpm. To 100 pL of the
supernatant 50 pL of radioactive cGMP and 50 pL anti-
body from the radioimmunoassay kit (Amersham, Little
Chalfont, UK) were added. After mixing the solution was
kept on ice for 90 min, after which 1 mL icecold 60%
(NH,),50, was added. The solution was mixed, and kept
on ice for a further 10 min, and centrifuged. The superna-
tant was carefully removed, and the residue taken up in 1.1
mL water. The solution (1 mL) was mixed with 4 mL
scintillation fluid (299, Packard), and counted in the
scintillation counter. Known amounts of ¢cGMP were
treated in the same way as the cells, and were used for the
calibration curve.

Cyclic AMP Assay

Neutrophils (final concentration 2 X 107 cells per mL)
were exposed to reagents at 37°C for the indicated time.
Subsequently, 1 mL of 3.5% (v/v) perchloric acid was
added, and the resulting mixture was stored overnight in
the freezer. The solution was neutralized by adding 0.5 mL
saturated (22°C) NaHCO;. After 10 min the mixture was
centrifuged for 3 min at 2000 rpm. To 50 pL of the
supernatant 50 pL of radicactive ¢cAMP and 100 pL
antibody from the radioimmunoassay kit (Amersham) were
added. After mixing, the solution was kept on ice for 120
min, after which 100 pL ice-cold charcoal suspension was
added. The solution was mixed, kept on ice for a further 2
min, and centrifuged. To 200 pL of the supernatant 10 mL
scintillation fluid (Emulsifier Scintillator Plus, Packard,
Meriden, CT) was added, and the mixture was counted in
the scintillation counter. Known amounts of cAMP were
treated in the same way as the cells, and were used for the
calibration curve.
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Statistical Analysis

All mean values for the chemotactic assays are arithmetical
means * SEM of at least four different experiments.
Significances were calculated with Student’s t-test; a value
of P < 0.01 was considered as statistically significant.

Materials

Pentoxifylline, fMLP, and methylene blue were purchased
from Sigma Chemical Co (St. Louis, MO). The compound
LY-83583 (6-anilino-5,8-quinolinedione) was obtained
from Calbiochem, Bierges, Belgium. The cGMP-dependent
protein kinase (G-kinase) antagonists R -pCPT-cGMPS
(R,-8-(4-chlorophenylthio-guanosine-3',5"-cyclic ~ mono-
phosphorothioate), R -Br-PET-cGMPS (R -8-bromo-B-
phenyl-1,N?-ethenoguanosine-3’,5'-cyclic monophospho-
rothioate), and R -Br-cGMPS (R_-8-bromoguanosine-3’,
5'-cyclic monophosphorothiocate) were from Biolog, Bre-
men, Germany. The other chemicals were obtained from
Sigma, and were of the highest purity available.

RESULTS
Migration

Pentoxifylline caused a concentration-dependent increase
in migration (in the absence of other chemoattractants).
Stimulation occurred both when pentoxifylline was present
in both compartments of the Boyden chamber or in the
lower compartment only, but was most pronounced when
pentoxifylline was in the latter case (Fig. 1). Stimulation of
migration was strongest at a concentration of 4 X 107> M
pentoxifylline, whereas higher concentrations were less
effective, or ineffective.

Because the decrease in activation at high pentoxifylline
concentrations could suggest that pentoxifylline was inhib-
itory at high concentrations, we tested the effect of pen-
toxifylline on fMLP-activated chemotaxis. When cells were
preincubated with pentoxifylline, migration towards the
chemotactic peptide fMLP was moderately inhibited at
concentrations higher than 107% M (Fig. 1).

Migration of neutrophils was slightly dependent on the
pore size of the filters used. Migration was higher in filters
with a pore size of 8 wm than in those with a pore size of 3
p.m. However, the change in migration was not different for
pentoxifylline-stimulated cells as compared with fMLP-
stimulated cells (Table 1).

Calcium

Stimulation of migration by pentoxifylline was strongly
calcium dependent. Although there was some stimulation
of migration in the absence of calcium, it was strongly
reduced as compared with stimulation in the presence of
extracellular Ca’* (Fig. 2). In contrast, stimulation by
fMLP was largely independent of calcium. Although there
was some difference between migration in the presence and
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FIG. 1. The effect of increasing concentrations of pentoxifylline
on neutrophil migration and on fMLP-activated chemotaxis.
Pentoxifylline was either present in both compartments ([(1]) or
in the lower compartment only (O). For the effect of pentoxi-
fylline on fMLP-activated chemotaxis (A), the cells were prein-
cubated with the indicated concentration of pentoxifylline for
10 min, and then placed in the upper compartment of the
Boyden chamber; in the lower compartment 10~° M fMLP was
present.

the absence of calcium, the fMLP-induced increase in
migration was approximately the same in the presence of
EGTA and the presence of Ca’* (Fig. 2).

We could not observe a change in intracellular calcium
upon application of pentoxifylline to neutrophils, as mea-
sured with the Fura technique. A series of concentrations,
ranging from 0.01 to 1 mM pentoxifylline, was tested.
Under the same conditions, fMLP (1 and 10 nM) as a
positive control gave a strong enhancement of cytosolic
free calcium.

Cyclic Nucleotides

Pentoxifylline caused an increase in cellular cGMP con-
tent. The effect was transient; after 2 min the cGMP level
was even lower than the level of resting cells {Table 2).
Stimulation occurred both at a pentoxifylline concentra-

TABLE 1. The effect of pore size on the activation by
pentoxyfylline of neutrophil migration

Migration (pm)

Pore size 3 pm Pore size 8 pm

— 50.7 1.9 64.6 = 1.6
Pentoxifylline 88.4 £ 1.3* 96.3 + 1.8%
fMLP 98.5 = 1.8* 110.1 = 1.6*

Either pentoxyfilline (40 uM) or fMLP (107° M) was present in the lower
compartment of the Boyden chamber. For both pentoxifylline and fMLP, and for
both filtertypes, the results in the presence of activator were significant different
(*P < 0.001, compared with random migration).
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FIG. 2. The effect of extracellular calcium on random migration
and on migration stimulated by pentoxyfylline (PTX) or fMLP.
[}t migration in the presence of 1 mM Ca®*; [l]: migration in
the presence of 1 mM EGTA. In both cases 1 mM Mg>* was
present. Pentoxyfylline (40 pM) or fMLP (107° M) was
present in the lower compartment of the Boyden chamber.

tion, which stimulated migration (40 wM), and a concen-
tration (1 mM), which inhibited fMLP-activated migration
(Table 2). Cyclic AMP level was not affected by exposure
to 40 uM pentoxifylline, but increased after exposure to
1000 pM pentoxifylline (Table 2); comparable results for
cAMP were found previously [3].

Two inhibitors of guanyl cyclase, LY-83583 and methyl-
ene blue [19-21], strongly inhibited pentoxifylline-induced
stimulation of migration (Fig. 3). Migration activated by
fMLP was also inhibited by these agents, but to a lesser
degree. To study the effect of antagonists of G-kinase, we
used electroporated cells, because this allows a direct
comparison with the effect on migration activated by
c¢GMP. Three antagonists of G-kinase, R -pCPT-cGMPS,
R -Br-PET-cGMPS, and R -Br-cGMPS [22, 23] inhibited
pentoxifylline-stimulated migration by electroporated neu-
trophils. Under conditions where pentoxifylline-activated
migration was 74.0 * 1.9 pm, this migration in the
presence of 4 nM R -pCPT-cGMPS was reduced to0 59.4 +
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FIG. 3. The effect of LY83583 (LY) and methylene blue (MB)
on migration stimulated by fMLP or pentoxyfylline (PTX).
Cells were preincubated, without agent, with 5 uM LY83583 or
20 pM methylene blue for 30 min at 37°C, and subsequently

placed in the upper compartment of the Boyden chamber.
Pentoxyfylline (40 uM) or fMLP (1072 M) was present in the
lower compartment of the Boyden chamber.

1.8 pm, in the presence of 10 nM R _-Br-PET-cGMPS to
384 = 2.0 pm, and in the presence of 100 nM R -Br-
cGMPS to 59.5 = 2.1 pm. Isobutylmethyl xanthine
(IBMX), a nonselective inhibitor of phosphodiesterases,
had no effect on fMLP-activated migration. Pentoxifylline-
activated migration was strongly inhibited: fMLP-activated
migration was 96.3 * 2.1 um in the absence of IBMX, and
95.6 = 1.8 pum after pretreatment with 1 mM IBMX.
Pentoxifylline-activated migration was 80.5 * 2.0 pm in
the absence of IBMX, and 69.8 * 1.5 pm after pretreat-
ment with 1 mM IBMX.

DISCUSSION

The results show that pentoxifylline may have different
effects on migration, depending on its concentration. At
low concentrations, it causes an increase of random migra-
tion, which comprises a chemokinetic and a chemotactic

TABLE 2. The effect of pentoxifylline on cyclic nucleotide level

Cyclic nucleotide (% of control)

Tim cGMP cAMP

— 100 + 12 100 = 7
40 pM pentoxifylline 0.5 min 304 = 43%* 99 + 4
40 uM pentoxifylline 1 min 199 + 22%* 103+ 6
40 uM pentoxifylline 2 min 76 = 19% 101 =3
1000 uM pentoxifylline 0.5 min 321 = 51%* 1179
1000 pM pentoxifylline 1 min 181 + 24* 216 * 34**
1000 M pentoxifyliine 2  min 150 & 29* 206 + 22%*

The cyclic nucleotide level is expressed as a percentage of the level of control cells, because the levels of different cell batches
were different. The average of these values was 1.97 * 0.24 pmol cGMP/107 cells, and 3.0 = 0.21 pmol cAMP/107 cells. After
incubation of cells at 37°C for the time indicated, the reaction was terminated and the cyclic nucleotide level was determined.
No significant change occurred within the control cells during this time. *P < 0.01; **P < 0.001.
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component. At higher concentrations, it causes an inhibi-
tion of fMLP-activated chemotaxis. These observations
reconcile the seemingly contradictory results in the litera-
ture, where both stimulation and inhibition of migration
have been reported [5, 7-9, 13]. The differences are
probably not real, but reflect more or less subtle differences
in the experimental procedure used.

A number of the effects of pentoxifylline are related to its
induction of a change in membrane deformability. If that
effect played a role in activation of migration, it is likely
that migration into 8 wm pores would be much different
from that in pores of 3 wm, deformability being greater in
the latter case than the former. As compared with fMLP-
activated cells, the change in migration is not significant,
so we may conclude that the ability of pentoxifylline to
induce membrane deformability is not related to its effect
on migration. The normal dose of pentoxifylline used in
clinical medicine, i.e. 1200 mg a day, yields a plasma
concentration of ca. 5 WM [24]. However, in several animal
models in which pentoxifylline is found to have profound
antiinflammatory effects, much higher doses of pentoxifyl-
line have been used (20-80 mg/kg) [25]. Treatment pro-
tocols with high dose pentoxifylline are currently being
evaluated [26] and may very well reveal that these doses
have a significant effect on neutrophil migration.

Neutrophil migration can proceed without a change in
cytosolic free calcium or an influx of extracellular calcium.
This is apparent from the fMLP-activated migration of
intact cells, which can proceed in the absence of extracel-
lular calcium, and from the fMLP-activated migration of
electroporated cells, which can migrate in a calcium-free
medium [27]. The activating effect of pentoxifylline on
migration is strongly calcium dependent. As we could not
find an effect of pentoxifylline on the level of intracellular
calcium, it is possible that the effect of pentoxifylline is
related to an effect of calcium on constituents of the outer
plasma membrane. On the other hand, the observation that
there is no measurable increase of cytosolic free calcium at
the maximal stimulatory concentration of pentoxifylline
does not mean that there is no influx of Ca** at all. The
fura-fura/Ca®* system, used to determine changes in intra-
cellular Ca?™, functions as a calcium buffer, which makes it
impossible to see small changes in cytosolic free calcium.
The situation is comparable to what we found previously
with endothelin-2 [28]. Endothelin-2 does not cause an
increase in cytoplasmic free calcium in neutrophils at a
concentration where migration is enhanced. However, we
were able to demonstrate that intracellular calcium, derived
from influx of extracellular calcium, was required [28]. The
nature of the Ca’*-dependent target remains to be eluci-
dated. Apparently, there is a Ca’"-dependent process that
is required for the effect of pentoxifylline, but that is not
required for fMLP-activated migration. This implies that
for the effect of pentoxifylline more steps are required than
for the classic chemoattractants.

A large number of studies show that an increase in
cGMP level is associated with an increase of migration (see
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[14, 29] for a review). We have shown that inclusion of
c¢GMP into the cell interior migration of electroporated
neutrophils causes a calcium-dependent increase of migra-
tion; high concentrations of cGMP, on the other hand,
cause an inhibition of chemotaxis [29]. Agents that cause
an increase in cAMP, in most cases provoke an inhibition
of migration {14]. The results obtained can be explained via
an effect on the level of cyclic nucleotides. Pentoxifylline
in low concentrations causes an increase in cGMP level
and has little effect on cAMP, resulting in an increase of
migration. The results with inhibitors of guanylate cyclase
and with antagonists of G-kinase support this view. At
higher concentrations of pentoxifylline, the effect on
cAMP level becomes prominent and overrules the en-
hanced cGMP level, resulting in an inhibition of migration.
Given our limited knowledge concerning the mechanism of
c¢GMP action, the hypothesis is speculative. This is partly
due to the possible compartmentalization of the action of
cyclic nucleotides and (in the neutrophil) the rapid regu-
lation of the cGMP level by phosphodiesterase inhibitors.
Inhibition of pentoxifylline-activated migration by inhibi-
tors of guanylate cyclase and antagonists of G-kinase is,
therefore, more indicative of a role for cGMP than changes
in the overall cGMP level. The finding that antagonists of
G-kinase inhibit pentoxifylline-activated migration further
indicates that the effect of cGMP is mediated by G-kinase.

T.W.J. Huizinga was supported by a fellowship from the Royal Dutch
Academy of Arts and Sciences.
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