Effects of pentoxifylline on immediate
and late-phase cutaneous reactions in response
to anti-immunoglobulin E antibodies in clinically
normal dogs
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Objective—To characterize the effects of pentoxifylline on the gross and microscopic
variables associated with immediate and late-phase inflammation following injection of IgE-
specific antibodies in the skin of clinically normal dogs.

Animals—o6 healthy adult mixed-breed dogs.

Procedures—Intradermalinjections (0.1 mL each) of PBS solution, histamine phosphate, and
cross-linking rabbit-origin anti-canine IgE antibodies (3 injections/dog) were administered at
0 hours on day 0; wheal sizes were evaluated at 20 minutes, 6 hours, and 24 hours. Biopsy
specimens of injected and noninjected skin were collected 24 hours after injection. On day
2, treatment with pentoxifylline (20 mg/kg, PO, g 8 h) was initiated and continued until day
30. For each dog, injection, measurement, and biopsy procedures were repeated on days
30 to 31 and on days 37 to 38 (ie, after discontinuation of pentoxifylline administration).

Results—Pentoxifylline administration was associated with a significant decrease in wheal
size at 6 and 24 hours (but not at 20 minutes) after injection of anti-canine IgE. Repeated
injections performed 1 week after drug discontinuation revealed partial recovery of the
6-hour cutaneous reaction and complete recovery of the 24-hour cutaneous reaction.
Pentoxifylline administration was also associated with inhibition of mast cell degranulation
and significant decreases in the total numbers of cutaneous inflammatory cells and
eosinophils, compared with pretreatment findings.

Conclusions and Clinical Relevance—In clinically normal dogs, pentoxifylline effectively
impaired late-phase reactions but not immediate reactions at sites of intradermal injection
of IgE-specific antibodies by inhibiting mast cell degranulation and recruitment of cutaneous

inflammatory cells, especially eosinophils. (Am J Vet Res 2014,75:152-160)

topic dermatitis is a common inflammatory skin

disorder of humans and several domestic species,
including dogs. Atopic dermatitis in dogs has been de-
fined as “a genetically predisposed inflammatory and
pruritic allergic skin disease with characteristic clinical
features associated with immunoglobulin E (IgE) anti-
bodies most commonly directed against environmental
allergens.”! In affected dogs, onset of pruritus typically
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ABBREVIATIONS

CADESI Canine atopic dermatitis extent and
severity index

ICAM Intercellular adhesion molecule

IL Interleukin

PDE Phosphodiesterase

TNF Tumor necrosis factor

occurs at a young age, and the most commonly affected
areas are the feet, face, axillae, abdomen, and ears.??
Clinical management of dogs with atopic dermatitis
requires a multifaceted diagnostic and therapeutic ap-
proach, often including the identification and avoid-
ance of flare factors (eg, flea infestations), treatment
of bacterial and fungal infections, allergen avoidance,
administration of allergen-specific immunotherapy, and
topical or systemic treatment with antipruritic agents.*
The pruritus associated with canine atopic dermatitis
is often initially glucocorticoid responsive.? However,
the disease tends to increase in severity with time, and
progressively higher dosages of glucocorticoids may
be required to provide adequate control of pruritus.?
Although many nonglucocorticoid antipruritic agents
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have been identified for use in dogs, no single drug is
effective for all patients.* For this reason, identifica-
tion and objective evaluation of new anti-inflammatory
treatments to be used as sole or adjunctive treatments
for dogs with pruritus remains an active field of study.

Pentoxifylline is a nonselective inhibitor of PDE
activity’ It inhibits the formation and release of sev-
eral inflammatory mediators, including TNF-c, IL-1,
and IL-2.°% It has been frequently used in veterinary
species for the treatment of dermatologic disorders that
are known or suspected to be associated with vascular
impairment, including ischemic dermatopathies, such
as vasculitis or dermatomyositis, as well as laminitis
in horses.” " In addition, it has been reported to be of
benefit in the treatment of some nonischemic cutane-
ous inflammatory disorders, including allergic contact
dermatitis.'* More recently, a small number of stud-
ies"'"have investigated the use of pentoxifylline in the
treatment of atopic dermatitis. Results of 1 retrospec-
tive study" indicated that pentoxifylline (either admin-
istered alone or in addition to other treatments) was
able to reduce pruritus to a level considered tolerable in
16 of 37 (43%) dogs with atopic dermatitis. Two blind-
ed prospective studies'®'” investigating the efficacy of
pentoxifylline in treatment of dogs with atopy revealed
decreases in owner- and investigator-reported signs of
pruritus, cutaneous erythema, or CADESI scores.

Despite these encouraging findings, little has been
done to investigate the possible mechanisms by which
pentoxifylline may exert anti-inflammatory effects on
the cutaneous immune response in dogs. In 1 study'® in
dogs with atopy, administration of pentoxifylline was
associated with decreased cutaneous induration fol-
lowing intradermal injection of lipopolysaccharide.
Pentoxifylline failed to suppress the dogs’ immediate
intradermal reactivity to house dust mite antigen.'
However, late-phase reactions (6 to 48 hours after in-
jection of either lipopolysaccharide or house dust mite
antigen) were not evaluated in that study.'® Further-
more, no attempt was made to evaluate the cutaneous
inflammatory cell population in those dogs prior to or
following pentoxifylline administration.

In humans and dogs, intradermal injection of
cross-linking anti-IgE antibodies induces the devel-
opment of both immediate and late-phase inflamma-
tory responses.'®2° These responses both grossly and
microscopically resemble those seen after intrader-
mal injection of allergen in patients with spontaneous
atopic dermatitis.?**' Importantly, both immediate and
late-phase responses may be generated in nonsensitized
individuals.'” This phenomenon has been exploited to
evaluate the efficacy of a variety of topically and sys-
temically administered anti-inflammatory medications
in both dogs and humans.'*?°?? In those studies, the use
of anti-IgE antibodies has allowed the characterization
of pharmacological inhibition of IgE-mediated inflam-
mation without requiring the development and main-
tenance of a dedicated colony of sensitized individuals.

The purpose of the study reported here was to
characterize the effects of pentoxifylline on the devel-
opment of immediate and late-phase inflammation in
response to anti-IgE antibodies (equivalent to IgE-me-
diated responses) in the skin of clinically normal dogs,

and if an anti-inflammatory effect was demonstrated, to
determine the duration of inhibition following cessa-
tion of drug administration. To this end, we evaluated
injection site wheal diameters and the development and
magnitude of dermal induration in dogs at 20 minutes,
6 hours, and 24 hours after intradermal injection of
PBS solution, histamine phosphate, and cross-linking
rabbit-origin anti-canine IgE antibodies. Paired evalu-
ations were conducted prior to and following a 30-day
course of pentoxifylline. Further characterization was
obtained by evaluating biopsy specimens of injected
skin obtained at 24 hours after each intradermal injec-
tion for enumeration of total inflammatory cells, neu-
trophils, and eosinophils, along with total and degranu-
lated mast cells. We hypothesized that administration
of pentoxifylline would be associated with inhibition of
the inflammatory response generated by the intrader-
mal injection of cross-linking anti-canine IgE in clini-
cally normal dogs.

Materials and Methods

Dogs—Six healthy sexually intact male and female
mixed-breed dogs (mean age, 4.6 years) were used for
the study. These dogs were chosen on the basis of their
lack of clinical or historical evidence of allergic skin
disease, cutaneous bacterial infections, or systemic
disease. All dogs were given complete physical exami-
nations (including cardiac auscultation) at the begin-
ning of the study and again before every sedation and
injection procedure. Dogs were housed in accordance
with the National Institute of Health 2011 Guide for the
Care and Use of Laboratory Animals. All facilities were
accredited by the Association for Assessment and Ac-
creditation of Laboratory Animal Care International.
Animal use approval was obtained through the univer-
sity’s institutional animal care and use committee.

Experimental design—On study day 0, each dog
was sedated with dexmedetomidine® (4 ug/kg, IV). The
fur on the left lateral aspect of the thorax was shaved,
and intradermal injections (0.1 mL each) of PBS so-
lution, histamine phosphate® (0.275 mg/mL), and
rabbit-origin IgG polyclonal anti-canine IgE antibod-
ies (0.1 mg/mL) were administered; time of injection
was designated as 0 hours. Overall, each dog received
3 injections, modified from the protocol described by
Pucheu-Haston et al.'” Sedation was reversed with ati-
pamezole® given IV at a volume equal to dexmedetomi-
dine, if necessary, following the injections. Macroscopic
changes at the injection sites were evaluated after 20
minutes, 6 hours, and 24 hours. At the 24-hour time
point (day 1), each dog was again sedated with dexme-
detomidine; macroscopic changes at the injection sites
were evaluated, and biopsy specimens of noninjected
skin and skin at the site of injection of anti-canine IgE
antibodies were collected for histologic examination.
Sedation was reversed with atipamezole, if necessary.

On day 2, oral treatment with pentoxifylline was
initiated at a dosage of 20 mg/kg (compounded into a
liquid to allow precise dosing) 3 times daily. Treatment
continued for 29 days (until day 30). Two hours after
discontinuation of drug treatment on day 30, each dog
was sedated with dexmedetomidine and again admin-
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istered the intradermal injections, as performed on day
0, this time on the right side of the thorax. Macroscopic
changes were evaluated at 20 minutes and 6 hours after
administration of the injections. Sedation was reversed
with atipamezole, if necessary. At 24 hours after these
repeated injections (day 31), each dog was again sedat-
ed with dexmedetomidine; macroscopic changes at the
injection sites were evaluated, and biopsy specimens
of noninjected skin and skin at the site of injection of
anti-canine IgE antibodies were collected for histologic
examination. Sedation was reversed with atipamezole,
if necessary.

On day 37, the sedation and intradermal injec-
tion procedures were repeated for each dog on the left
side of the thorax, ventral to the day O injection sites.
Macroscopic changes were evaluated at 20 minutes and
6 hours after administration of the injections. Seda-
tion was reversed with atipamezole, if necessary. At 24
hours after these repeated injections (day 38), each dog
was again sedated with dexmedetomidine; macroscopic
changes at the injection sites were evaluated, but biop-
sy specimens of skin were not collected. Sedation was
reversed with atipamezole, if necessary.

Grading of macroscopic reactions—At 20 min-
utes, 6 hours, and 24 hours after intradermal injections
were administered on days 0, 30, and 37, the injection
sites were evaluated for the development of cutane-
ous swelling, erythema, or induration. The width and
height of each injected site was measured in millime-
ters with calipers, with 1 set of measurements obtained
per injection site at each time point for each dog. All
measurements were performed by the same investiga-
tor (CPH). Wheal area (mm?) was calculated as width
X length.

Biopsy specimen collection and processing—Af-
ter each of the 24-hour postinjection evaluations (on
days 1, 31, and 38) was performed, approximately
0.5 mL of 2% lidocaine was injected SC at the anti-
canine IgE injection site as well as at an area of non-
injected skin approximately 6 cm distant from the anti-
IgE injection site and 3 c¢cm distant from the histamine
injection site. Eight-millimeter punch biopsy speci-
mens were then obtained from the noninjected skin as
well as skin at the site of injection of IgE antibodies
(1 biopsy specimen from the area of non-injected and
from the area of anti-IgE injected skin for each dog).
The biopsy specimens were placed in 10% formalin for
routine histologic processing.

Treatment with pentoxifylline—Treatment with
pentoxifylline (20 mg/kg, PO, q 8 h) was initiated on
day 2 and continued until 2 hours before the dogs were
sedated on day 30. This dosage regimen was chosen on
the basis of results of previous clinical and pharmaco-
logical studies."'"#*** The dosage of pentoxifylline re-
quired to achieve serum drug concentrations of 1 pg/
mL (therapeutic concentrations extrapolated from hu-
man data) has been variously reported as 30, 25, and
15 mg/kg, with recommended dosing intervals ranging
from every 8 to 12 hours.!'*** In a recent study,"’ there
was significant improvement in CADESI and owner-
determined pruritus scores for atopic dogs adminis-

tered pentoxifylline orally at a dosage of 20 mg/kg 3
times daily for 30 days. Because this regimen represent-
ed a logical and apparently effective compromise be-
tween the disparate recommendations, it was selected
as the dosage for use in the study.

Monitoring for adverse reactions—Adverse reac-
tions to pentoxifylline in humans and dogs are uncom-
mon. In humans, the most common adverse effects
are bloating, dyspepsia, nausea, vomiting, abdominal
discomfort, dizziness, and headache.?® Less common-
ly reported effects (< 1%) include dyspnea, anorexia,
seizures, hypotension, cholecystitis, pancytopenia,
thrombocytopenia, and leukopenia,” although the
causal relationship between administration of pent-
oxifylline and these effects is uncertain. Pentoxifylline-
associated adverse reactions appear to be rare in dogs,
with either no adverse reactions or mild vomiting or
diarrhea detected in most studies.”!'*#1>173.24 In the
present study, dogs were monitored daily for the devel-
opment of both likely adverse reactions (vomiting and
diarrhea) and less likely adverse reactions (anorexia,
weight loss, signs of depression, seizures, clinical jaun-
dice, collapse, and petechiation or ecchymoses).

Histologic examination of biopsy specimens—
Formalin-fixed skin tissue samples were processed and
embedded in paraffin. Five-micrometer-thick sections
were cut and stained with H&E stain for microscopic
examination and cell enumeration (total number of in-
flammatory cells and number of neutrophils). In skin
tissue sections stained with Luna stain, eosinophils
were enumerated. In other sections of skin tissue, a
low-pH (1.5) toluidine blue stain was used to facilitate
evaluation and enumeration of dermal mast cells. Mast
cells were identified as mononuclear cells with promi-
nent metachromatically staining cytoplasmic granules.

Counts of neutrophils, eosinophils, mast cells,
and total inflammatory cells were determined as the
number of cells/mm? of superficial dermis. This was
determined by counting the cells of interest in 16 con-
secutive grid fields (0.254 X 0.254 mm) with a 40X ob-
jective lens.® The first counted field was positioned im-
mediately below the epidermis, and subsequent fields
were positioned consecutively and laterally along the
dermal-epidermal junction. Fields were counted in a
single section from each sample. Endothelial cells and
adnexal structures were not counted. For mast cell enu-
meration, the total number of mast cells as well as the
number of visibly degranulated mast cells were counted
and used to calculate the percentage of visibly degranu-
lated mast cells.

Statistical analysis—The number of study dogs
was chosen on the basis of a previous study,' in which
significant differences in dermal cellularity were ob-
tained following injection of anti-canine IgE antibod-
ies in untreated and prednisolone-treated dogs. Wheal
data obtained in the present study were calculated as
mean + SE from a single set of measurements (width
and height) for each injection site in each dog at each
time (n = 6 sets of measurements/injection site/time
point). Histologic data were calculated as mean + SE
from a single count in a single section of a single biopsy
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specimen from each injection site in each dog at each
time point (n = 6 counts/injection site/time point). The
data in the present study were analyzed by a repeated-
measures ANOVA in a mixed-effects model with a com-
mercial software package.© Fixed effects included treat-
ment, day, and treatment-by-day interaction. Animal
was the random effect in the model. Response variables
were log-transformed to stabilize variance terms as nec-
essary. When overall significance was detected, post
hoc comparisons were conducted by pairwise ¢ tests of
least-squares means. All comparisons were considered
significant at a value of P < 0.05.

Results

Effect of pentoxifylline on macroscopic late-phase
reactions induced by anti-canine IgE antibodies—
Intradermal injections of rabbit-origin cross-linking
anti-canine IgE antibodies and histamine induced the
development of subjectively indurated, erythematous
wheals at the injection sites within 20 minutes after in-
jection, whereas injection of PBS solution did not (Fig-
ure 1). At the 20-minute time point on day 0, the sites
injected with anti-IgE antibodies were larger than the
PBS solution injection sites, although the difference in
wheal area was not significant. By 6 hours after injec-
tion, PBS solution injection sites were no longer palpa-
ble in 5 of the 6 dogs. In contrast, all dogs had palpable
areas of dermal induration and erythema at the sites of
injection of anti-IgE antibodies or histamine. At 24 hours
after injection (day 1), no PBS solution injection sites were
palpable, whereas 4 of 6 dogs had palpable induration at
sites of injection of anti-IgE antibodies and all dogs had
induration at sites of injection of histamine.

Pentoxifylline administration was well tolerated by
all dogs. No serious adverse reactions developed in any
dog, although hypersalivation was occasionally seen
immediately after medication administration. Treat-
ment with pentoxifylline from day 2 through day 30
had no effects on the subjective features of the macro-
scopic immediate reaction (erythema and induration),
and there was no significant (P > 0.05) effect on wheal
area, compared with findings prior to the administra-
tion of pentoxifylline (Figures 1 and 2). In contrast,
the 6-hour late-phase wheal reaction induced by anti-

canine IgE antibodies was significantly (P < 0.05) re-
duced on day 30, relative to wheal area prior to admin-
istration of pentoxifylline. This inhibition was even
more marked at the 24-hour time point (day 31).

To determine the duration of pentoxifylline-medi-
ated inhibition of the macroscopic cutaneous late-phase
reaction, the injection and measurement procedure was
repeated on day 37 (1 week after cessation of pentoxi-
fylline administration) with further measurement of
wheal area at 24 hours after injection (day 38). On day
38, the 6-hour late-phase reaction was not significantly
(P < 0.05) different from the pretreatment wheal area
(Figure 2), whereas the 24-hour reaction was some-
what larger than the pretreatment wheal area.

Effect of intradermal injection of anti-canine IgE
antibodies on cutaneous inflammatory cells and mast
cells—Specimens of skin injected with anti-canine IgE
antibodies were collected 24 hours after injection (ie, on
days 1 and 31) and underwent histologic examination,
which revealed recruitment of inflammatory cells (Table
1). The cells were located in the superficial dermis, in a va-
socentric pattern. The cellular infiltrate consisted primar-
ily of mononuclear cells (histiocytes and lymphocytes),
neutrophils, and eosinophils. Sites injected with anti-IgE
antibodies had significantly (P < 0.05) more total inflam-
matory cells, eosinophils, and neutrophils, compared with
findings in noninjected skin specimens.

Low pH toluidine blue staining of all skin sec-
tions revealed numerous oval, mononuclear, granu-
lar cells throughout the dermis, particularly scattered
around blood vessels and adnexa. Although toluidine
blue stain is taken up by both canine mast cells and
basophils, basophils are rarely found in either normal
or atopic dog skin. For this reason, stained cells were
identified as mast cells. Furthermore, the cells found in
these skin specimens were mononuclear and not poly-
morphonuclear, further supporting their identification
as mast cells.

Intradermal injection of anti-canine IgE antibodies
was associated with a significant (P < 0.05) decrease
in the total number of mast cells, compared with the
number in noninjected skin (Table 1)."® Many of these
cells had faint staining of cytoplasmic granules or vis-
ible granule dispersion.
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Figure T—Mean = SE wheal area measurements in 6 healthy adult mixed-breed dogs obtained 20 minutes, 6 hours, and 24 hours after
separate intradermal injections of cross-linking rabbit-origin anti-canine IgE antibodies (0.1 mL [gray column]) and PBS solution (0.1 mL
[white column]) administered prior to treatment with pentoxifylline (injection procedures on day 0 with measurement procedures on
days 0 and 1; A), after oral administration of 20 mg of pentoxifylline/kg 3 times daily beginning day 2 to day 30 (injection procedures on
day 30 with measurement procedures on days 30 and 31; B), and 7 days after discontinuation of pentoxifylline administration (injection
procedures on day 37 with measurement procedures on days 37 and 38; C). At each time point, the width and height of each injected
site was measured in millimeters with calipers to obtain 1 set of measurements per injection site for each dog at each time point; wheal
area (mm?) was calculated as width X length. *Values within a bracket are significantly (P < 0.001) different. tValues within a bracket
are significantly (P < 0.05) different.
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Effect of pentoxifylline on cellular influx and mast
cell degranulation following intradermal injection of
anti-canine IgE antibodies—Biopsy specimens of skin
that had been injected with anti-canine IgE antibodies
were collected for histologic examination on day 31 af-
ter dogs received pentoxifylline from day 2 through day
30. The total number of inflammatory cells and number
of eosinophils were significantly (P < 0.05) decreased,
compared with findings prior to pentoxifylline admin-
istration (Table 1). Despite these decreases, the inflam-
matory cell count skin injected with anti-IgE antibodies
remained significantly (P < 0.05) higher than the cell
count in noninjected skin. The number of inflamma-
tory cells in noninjected skin specimens did not differ
significantly (P > 0.05) after pentoxifylline administra-
tion, compared with pretreatment findings.

In specimens of skin injected with anti-canine
IgE antibodies, administration of pentoxifylline was
associated with a significant (P < 0.05) increase in
the total number of mast cells, compared with the
number prior to pentoxifylline administration (Table
1). However, the total number of mast cells in speci-
mens of skin injected with anti-IgE antibodies was
decreased, compared with the number in specimens
of noninjected skin, despite pentoxifylline treat-
ment. Pentoxifylline was associated with a decrease
in the percentage of mast cells with visible granule
dispersion in both specimens of skin injected with
anti-IgE antibodies and noninjected skin, relative to
the pretreatment findings. Interestingly, this decrease
was only significant (P < 0.05) for noninjected skin
specimens.

250 250+ 1' 150+ I
s s — —
g 200- g 200- E ' P
| ——
£ E E 1001
& 150- @ 150- ® —
] o 2
& 400- 5 100- b
3 3 g
50- < 507
£ = E
0- 0- 0-
A Day 0 Day 30 Day 37 B Day 0 Day 30 Day 37 Cc Day 1 Day 31 Day 38

Figure 2—Mean + SE wheal area measurements in 6 healthy adult mixed-breed dogs obtained 20 minutes (A), 6 hours (B), and 24 hours
(C) after an intradermal injection of anti-canine IgE antibodies (0.1 mL) administered prior to treatment with pentoxifylline (injection
procedure on day 0 with measurement procedures on days 0 and 1), after oral administration of 20 mg of pentoxifylline/kg 3 times daily
beginning day 2 to day 30 (injection procedure on day 30 with measurement procedures on days 30 and 31), and 7 days after discontinu-
ation of pentoxifylline administration (injection procedure on day 37 with measurement procedures on days 37 and 38). At each time
point, the width and height of each injected site was measured in millimeters with calipers to obtain 1 set of measurements per injec-
tion site for each dog at each time point; wheal area (mm?) was calculated as width X length. $Values within a bracket are significantly

(P =0.01) different. See Figure 1 for remainder of key.

Table 1T—Mean + SE (95% confidence interval) cell counts in biopsy specimens of noninjected skin and
skin injected with cross-linking rabbit-origin anti-canine IgE antibodies (0.1 mL) obtained 24 hours after
a first intradermal injection (injection procedure on day 0 with biopsy procedure on day 1) and after a
second intradermal injection (injection procedure on day 30 with biopsy procedure on day 31) from 6
healthy adult mixed-breed dogs that had been treated orally with 20 mg of pentoxifylline/kg 3 times

daily from day 2 through day 30.

Day1 Day 31
Variable Anti-IgE antibodies  No injection Anti-IgE antibodies No injection
Total inflammatory 1,819 + 275.7 297.2 + 33.3 8104 +71.1 328.5 + 32.40
cell count (cells/mm?) (1,110to 2,528)*tf  (211.6 to 382.7) (627.5t0 993.30)*t (245.2t0 411.8)
Neutrophil count 639.5 + 164.1 17.03 + 4.4 346.1 +99.2 2097 + 4.6
(cells/mm?) (217.6 t0 1,061)*f  (35.1 to 203.3) (91.1t0 601.1)*F (9.1t0 32.9)
Eosinophil count 425.5 + 140.6 8.7+171 67.07 + 21.7 1.2+05
(cells/mm?) (64.1t0786.9)*t+  (~11.0to 28.5) (11.310 122.8)*% (0.1t0 2.4)
Total mast cell count 18.2+3.7 43 +54 32,67 +3.8 51.83+9.4
(cells/mm?) (8.6 to 27.8)*8% (29.0 to 57.0) (22910 42.4) 1l (27.8t0 75.9)
Degranulated mast cells 34.1+57 305+25 22.2+36 13.02+ 1.6
(% of total mast cell count) (19.4 10 48.8)1 (24.16 to 36.8)1 (12.9t0 31.6) (8.8t0 17.2)

Skin sections stained with H&E stain, Luna stain, and low-pH (1.5) toluidine blue stain were examined
microscopically for enumeration of total number of inflammatory cells and number of neutrophils, eosinophils,
and dermal mast cells, respectively. Mast cells were identified as mononuclear cells with prominent meta-
chromatically staining cytoplasmic granules. To determine each cell count (number of cells/mm? of superficial
dermis), cells of interest were counted in 16 consecutive grid fields (0.254 X 0.254 mm) with a 40X objective
lens in 1 section from each biopsy specimen for each dog (n = 6). The first counted field was positioned im-
mediately below the epidermis, and subsequent fields were positioned consecutively and laterally along the

dermal-epidermal junction.

*Value is significantly (P < 0.001) different from the value for noninjected skin on day 1. tValue is signifi-
cantly (P<0.01) different from the value for skin specimens injected with anti-canine IgE antibodies on day 31.
tValue is significantly (P < 0.001) different from the value for noninjected skin on day 31.8Value is significantly
different (P < 0.001) from the value for skin specimens injected with anti-canine IgE antibodies on day 31.
IIValue is significantly different (P < 0.05) from the value for noninjected skin on day 31.{Value is significantly
different (P < 0.01) from the value for noninjected skin on day 31.
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Discussion

In the present study, we investigated the effects of
orally administered pentoxifylline on the development
of immediate and late-phase cutaneous reactions in
response to intradermal injections of anti-canine IgE
antibodies (equivalent to IgE-mediated responses) in
healthy adult dogs. We determined that treatment with
pentoxifylline for 29 days did not result in significant
inhibition of immediate reactivity to anti-IgE antibod-
ies. However, the macroscopic late-phase response was
significantly inhibited at both 6 and 24 hours after in-
jection of anti-IgE antibodies. This inhibitory effect was
no longer evident 1 week after cessation of pentoxifyl-
line administration. Furthermore, pentoxifylline ad-
ministration was associated with significant decreases
in the numbers of total inflammatory cells and eosino-
phils in injected skin specimens.

Pentoxifylline is a nonselective PDE inhibitor in the
methylxanthine family> There are currently 11 known
PDE isoenzyme families, which differ largely in the de-
gree and specificity with which they hydrolyze diester
bonds in cAMP and cyclic guanosine monophosphate.?”
These isoenzymes are differentially expressed in organs
and cells. Inhibitors of PDE may be specific (inhibit-
ing a particular isoenzyme) or nonselective (inhibiting
multiple isoenzymes).”” Pentoxifylline has inhibitory
effects against several isoenzymes, particularly PDE4.%
However, inhibitory effects against PDE1, PDE2, PDE3,
and PDE5 have also been described.?*

In humans, PDE isoenzymes are expressed by
most cells of the immune system, including neutro-
phils (PDE4), macrophages (PDE1, PDE3, PDE4, and
PDE5), monocytes (PDE3 and PDE4), mast cells (PDE3
and PDE4), basophils and dendritic cells (PDE3, PDE4,
and PDE5), B cells (PDE3, PDE4, and PDE7), and T
cells (PDE1, PDE2, PDE3, PDE4, PDE5, PDE7, and
PDES8).* Less research has been performed to charac-
terize the distribution of PDE isoenzymes in canine
immunocytes. Phosphodiesterase 4 has been demon-
strated on canine monocytes and lymphocytes.’! Fur-
thermore, treatment of dispersed canine mast cells with
the PDE4-selective inhibitor rolipram was associated
with decreased histamine release.?

Pentoxifylline has a variety of immunomodula-
tory effects, consistent with its potential for inhibition
of multiple PDE isoenzymes. It inhibits activation of
the nuclear transcription factor k-B**2* and the signal-
ing molecules p38,> ERK,*® and c-jun.>” Pentoxifylline
decreases the production of TNF-a both in vitro®’*##
and in vivo* in a cAMP-dependent manner.® It has also
been reported to reduce soluble and cell-associated
ICAM-1, likely secondary to suppression of TNF-a..>*
In addition, the drug reduces the production of a va-
riety of other inflammatory cytokines and mediators,
including granzyme A, granulocyte-macrophage colony
stimulating factor, IL-1B, IL-2, IL-6, IL-8, IL-13, IL-12,
and IL-18 and increases the expression of IL-10.783843-%
Pentoxifylline has also been demonstrated to decrease
adhesion of T cells to keratinocytes and dermal endo-
thelial cells’* and to decrease the allostimulatory activ-
ity of monocyte-derived dendritic cells.®

Pentoxifylline decreases the clinical severity of
diseases associated with either helper T cell type 1 or

2 immune responses. Its administration is associated
with decreased airway resistance, remodeling, and epi-
thelial thickness after allergen challenge in mice ex-
perimentally sensitized to house dust mite antigen or
ovalbumin.?*?** Treatment with pentoxifylline prior
to allergen challenge results in decreased serum con-
centrations of IL-13 and interferon y as well as fewer
airway inflammatory cells (as measured by examina-
tion of samples collected via bronchoalveolar lavage)
and decreased eosinophil exocytosis into tracheal
epithelium.>#

For dogs, pentoxifylline has been advocated for
use in the management of cutaneous hypersensitivities,
such as contact hypersensitivity and atopic dermatitis.
In 1 study,'* successful management of contact allergy
in 3 dogs sensitized to plants of the Commelinceae fam-
ily was achieved with pentoxifylline (10 mg/kg) admin-
istered orally twice daily. In a blinded, crossover study'®
involving dogs that were allergic to house dust mite
antigen, oral administration of pentoxifylline at a dose
of 10 mg/kg twice daily for 4 weeks significantly de-
creased erythema as well as both owner- and investiga-
tor-determined scores for pruritus. In another study,”
pentoxifylline (25 mg/kg, PO, q 12 h for 4 weeks) was
associated with a good response (defined as decreas-
ing pruritus to a tolerable level) in 16 of 37 dogs with
atopic dermatitis, although many of the dogs were also
receiving other medications or treatments (eg, allergen-
specific immunotherapy and glucocorticoids). More
recently, a placebo-controlled study' in dogs revealed
significant decreases in CADESI scores and visual ana-
log scores for pruritus after pentoxifylline was admin-
istered at 20 mg/kg 3 times daily for 30 days, relative
to findings following administration of placebo on the
same schedule.

Despite the demonstration of clinical efficacy, there
has been minimal work performed to characterize the
anti-inflammatory effect of pentoxifylline on the cu-
taneous immune response in dogs. In 1 study,'® pent-
oxifylline administered orally at a dosage of 10 mg/kg
twice daily failed to suppress the immediate intrader-
mal test reactivity to house dust mite antigen, but the
immediate and 3-hour postinjection reactions to lipo-
polysaccharide (administered to increase production
of TNF-a) were both suppressed. In that study,'® late-
phase reactions (6 to 48 hours after intradermal injec-
tion of either antigen or lipopolysaccharide) were not
evaluated, and no attempt was made to characterize the
effects of pentoxifylline on the microscopic inflamma-
tory response.

In the present study, the total number of mast cells
in specimens of skin injected with anti-canine IgE
antibodies was decreased relative to the total number
of mast cells in noninjected skin specimens. This ap-
parent decrease in cell number is consistent with com-
plete degranulation.’®!® Pentoxifylline administered
orally at a dosage of 20 mg/kg 3 times daily for 29
days failed to induce significant suppression of the im-
mediate wheal-and-flare reaction in the study dogs. In
contrast, the total number of mast cells in specimens of
skin injected with anti-canine IgE antibodies was found
to be significantly higher after pentoxifylline treatment,
compared with pretreatment findings. This apparent
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increase in total mast cell numbers in the face of an
identical degranulating stimulus implies that complete
degranulation of mast cells was inhibited. This is con-
sistent with the known effects of PDE4 inhibition on
canine mast cells.*” The apparent paradoxical effect on
mast cell function (ie, failure to suppress the immediate
reaction, despite apparent inhibition of complete mast
cell degranulation) is not entirely surprising. Mast cells
can release several mediators (including serotonin,
IL-6, IL-8, and TNF-o) in a selective manner, without
grossly apparent degranulation.” Thus, it is possible
that pentoxifylline inhibited grossly visible mast cell
degranulation but did not inhibit the immediate release
of vasoactive compounds. This putative inhibition of
degranulation would be consistent with the results of
a previous study,* which indicated that pentoxifylline
administration inhibited extensive mast cell degranula-
tion following cutaneous wounding in rats. In addition,
some other nonspecific PDE inhibitors (eg, theophyl-
line) have been demonstrated to inhibit degranulation
of mast cells,”®* and pentoxifylline inhibits degranula-
tion of other cell types, such as neutrophils.”

In contrast to the lack of effect on either the sub-
jective or objective aspects of the immediate cutane-
ous reaction against anti-canine IgE antibodies relative
to pretreatment findings, pentoxifylline significantly
inhibited the dermal induration associated with late-
phase cutaneous reactions (as determined at the 6- and
24-hour time points after intradermal injection). This
inhibition of macroscopic inflammation was accompa-
nied by significant decreases in the number of total der-
mal inflammatory cells, especially eosinophils. These
results are consistent with previous data demonstrating
the ability of pentoxifylline to impair the polarization
and migration of various inflammatory cells, including
T cells.”

It is likely that there are multiple factors underly-
ing the decreased inflammatory cell recruitment seen in
skin specimens collected at the 24-hour postinjection
time points in the present study. Given the likely inhibi-
tion of mast cell degranulation, it is tempting to specu-
late that at least some of the decreased recruitment was
secondary to pentoxifylline’s effects on mast cells. Cul-
tured canine mast cells release a number of inflamma-
tory mediators during degranulation, including IL-3,
IL-4, IL-13, granulocyte-macrophage colony stimulat-
ing factor, CCL5 (RANTES), CCL2 (macrophage che-
motactic protein 1), prostaglandin D2, prostaglandin
E2, leukotriene B4, and leukotriene C4.°*>> Expression
of several of these mediators (IL-13, CCL2, and CCL5)
is also upregulated in vivo after cross-linking of mast
cell surface IgE." Many of these mediators are known
chemotactic agents. Intradermal injection of human
CCLS5 induces the development of a mixed monocytic-
eosinophilic infiltrate at the site of injection in clinical-
ly normal dogs, whereas intratracheal administration of
prostaglandin D2 induces recruitment of eosinophils in
anesthetized dogs.”*”” In addition, mast cell degranula-
tion has been associated with upregulation of adhesion
molecules such as ICAM-1 and P-selectin. Partial or
complete inhibition of mast cell degranulation would
be expected to inhibit the production and expression of
many or all of these factors.

However, it must also be remembered that pent-
oxifylline has effects on inflammatory cells other than
mast cells. Pentoxifylline decreases the release of sev-
eral inflammatory mediators, including TNF-o., 1L-12,
and IL-18, from bone marrow—derived dendritic cells.®
Pentoxifylline also reduces the production of TNF-q,
IL-1B, IL-6, and IL-8 from human peripheral blood
mononuclear cells and TNF-oo from monocytes and
macrophages.”®3°* These cytokines may induce the
chemotaxis and recruitment of leukocytes either direct-
ly, indirectly via the induction of other chemotactic fac-
tors, or indirectly via increased expression of adhesion
molecules such as ICAM-1 and Mac-1.##* The sup-
pression of any of these cytokines would be expected to
result in decreased cellular recruitment.

An interesting and unexpected finding of the
present study was the lack of significant inhibition
by pentoxifylline on neutrophil recruitment in skin
specimens injected with anti-canine IgE antibodies.
In humans, neutrophils (like monocytes, macro-
phages, lymphocytes, and mast cells) express PDE4,
which is known to be inhibited by pentoxifylline.?*3°
Canine monocytes, lymphocytes, and mast cells also
express PDE4.>%2 To the authors’ knowledge, no
work has yet been performed to determine PDE iso-
enzyme expression in canine neutrophils. It is possi-
ble that canine neutrophils do not express PDE4, un-
like their human counterparts. Alternately, they may
express an isoform of PDE4 that has poor affinity for
pentoxifylline or one of its metabolites. Following
administration in humans, 7 metabolites of pentoxi-
fylline have been identified, whereas 4 metabolites
(M1, M3, M5, and M7) have been identified in pent-
oxifylline-treated dogs.'**** In humans, the M5 me-
tabolite has the highest concentration in the circula-
tion, exceeding even that of the parent compound.’®
Many of the effects of pentoxifylline on neutrophil
recruitment and function have been attributed to this
metabolite.”*® In 2 studies,''** high concentrations
of M5 were detected in serum samples obtained from
dogs following oral administration of pentoxifylline,
but another study?* failed to detect this metabolite
at all. Although this discrepancy may be related to
methodological differences between laboratories, it
might also suggest the potential for some variability
in metabolite production in this species.

The present study did have several limitations.
First, histologic samples were only available for a single
time point after the first or second intradermal injec-
tions. This postinjection time point (24 hours) was
chosen on the basis of previous research of IgE-medi-
ated cutaneous inflammation in dogs, in which maxi-
mal cell recruitment after injection of anti-canine IgE
antibodies was evident at that time.'® This approach was
sufficient to demonstrate inhibition of the (presum-
ably) maximal cellular response following injection of
anti-IgE antibodies, but it provides no information with
regards to the kinetics of the cellular response. Second,
the lack of histologic data following the third injection
precluded our ability to confirm the resolution of drug-
mediated inhibition on a cellular level. Finally, no at-
tempt was made to acquire samples for evaluation of
mRNA or protein expression of inflammatory media-
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tors or adhesion molecules. Further studies will be nec-
essary to provide more detailed information.

The results of the present study have indicated
that administration of 20 mg of pentoxifylline/kg
orally 3 times daily was associated with significant
inhibition of late-phase (but not immediate) cutane-
ous reactions against rabbit-origin 1gG polyclonal
anti-canine IgE antibodies in healthy dogs. This in-
hibitory effect was essentially resolved 7 days after
discontinuation of drug administration. The inhibit-
ed macroscopic inflammatory response corresponded
to a decrease in the accumulation of total inflamma-
tory cells, especially eosinophils, in areas of injected
skin and was associated with decreased IgE-mediated
mast cell degranulation. These data have suggested a
possible role for pentoxifylline in the management
of IgE-mediated cutaneous inflammatory disorders,
such as atopic dermatitis.

Dexdomitor, Pfizer Animal Health, Madison, NJ.

Histatrol, ALK-Abello, Port Washington, NY.

Antisedan, Pfizer Animal Health, Madison, NJ.

Olympus BX53 microscope, Olympus America Inc, Center Val-
ley, Pa.

e. PROC MIXED, SAS, version 9.03, SAS Institute Inc, Cary, NC.
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