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Abstract

Background—Intestinal barrier breakdown after severe burn can lead to intestinal inflammation,
which may act as the source of the systemic inflammatory response. In vitro intestinal cell studies
have shown that mitogen-activated protein kinase (MAPK) signaling is an important modulator of
intestinal inflammation. We have previously observed that pentoxifylline (PTX) attenuates burn-
induced intestinal permeability and tight junction breakdown. We hypothesized that PTX would
limit intestinal barrier breakdown and attenuate inflammatory signaling via the MAPK pathway.

Methods—Male balb/c mice underwent 30% total body surface area full-thickness steam burn.
Immediately after burn, animals received an intraperitoneal injection of PTX (12.5 mg/kg) in
normal saline or normal saline alone. In vivo intestinal permeability to 4 kDa fluorescein
isothiocyanate-dextran was measured. Intestinal extracts were obtained to measure interleukin-6
by enzyme-linked immunosorbent assay, and phosphorylated p38 MAPK, p38 MAPK,
phosphorylated extracellular signal-related kinase %2 (ERK %2), and ERK %2 by immunoblotting.
Acute lung injury was assessed by histology at 24 hours after burn.

Results—Administration of PTX immediately after injury attenuated burn-induced intestinal
permeability. PTX also decreased the burn-induced phosphorylation of p38 MAPK and decreased
phosphorylation of ERK %2 at 2 hours and 24 hours after injury. Animals given PTX had decreased
intestinal interleukin-6 levels. A single dose of PTX also decreased histologic lung injury at 24
hours after burn.

Conclusion—PTX attenuates burn-induced intestinal permeability and subsequent intestinal
inflammation. Use of PTX after burn was also associated with decreased acute lung injury.
Because of its compelling anti-inflammatory effects, PTX may be an ideal candidate for use as an
immunomodulatory adjunct to resuscitation fluid.
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The intestine has been recognized as a key source of proinflammatory mediators, which can
ignite the systemic inflammatory response syndrome (SIRS). Several studies have shown
that shock-induced intestinal inflammation can result in the generation of activated
mesenteric lymph, containing these gut-derived inflammatory mediators, which are carried
to the systemic circulation via the mesenteric lymphatics.1:2 Once in the systemic
circulation, these inflamma-tory products can cause further activation of the inflammatory
and endothelial cells, propagating the inflammatory response, and ultimately leading to
distant organ injury and multiple organ failure (MOF).3-5 Therefore, the intestine is a key
target for therapies directed at limiting SIRS, with the goal of improving outcomes after
severe injury.

MOF is a significant cause of late deaths after severe trauma accounting for nearly two-
thirds of deaths after 7 days.6 The use of various resuscitation fluids can impact the
inflammatory response after severe injury.” Racemic Ringer's Lactate, once the preferred
resuscitation fluid, has lost favor after it was discovered that the D-isomer of lactate has
proinflammatory effects.8 Clearly, choice or resuscitation fluid and timing of its delivery has
effects on the immune response, which may ultimately affect morbidity and mortality.
Although there is likely no “magic bullet,” the use of immunomodulatory resuscitation
fluids may improve the outcomes in severely injured patients.

Pentoxifylline (1-{5-oxohexyl}-3,7-dimethylxanthine, PTX) is a nonspecific
phosphodiesterase inhibitor, which can modulate intracellular signaling through its ability to
increase cyclic AMP.210 PTX has been given to numerous patients as a treatment for
intermittent claudication, because of its ability to improve microcirculation through
increasing the deformability of red blood cells.11 Although PTX has proved to have limited
utility in improving symptoms for patients with peripheral vascular disease, it has significant
potential as an anti-inflammatory adjunct in critically ill patients. Although PTX has not
been used clinically for this purpose in the United States, numerous clinical trials have
shown that PTX can decrease systemic inflammation due to liver disease,12 after cardiac
bypass surgery,13 and in neonatal sepsis.# The utility of using a resuscitation fluid
containing PTX clinically for patients after trauma and burn, however, has not been studied.

During the past decade, our laboratory has studied the potential of using PTX as an
immunomodulatory adjunct to resuscitation in animal models of hemorrhagic shock, burn,
sepsis, and pancreatitis. We have shown that PTX decreases inflammatory cell activation,
limits the increase in proinflammatory cytokine levels, and decreases organ injury after
shock.15-19 PTX has also been shown to attenuate inflammatory signaling via the mitogen-
activated protein kinase (MAPK) and nuclear factor kappa-B (NF-xB) pathways.2%:21 In
recent studies, we have discovered that PTX may limit the intestinal barrier injury and
subsequent intestinal inflammation by preventing the burn-induced modulation of the tight
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junction proteins, which normally maintain the barrier between adjacent intestinal epithelial
cells and control paracellular permeability.22:23

The intestinal inflammatory response is mediated by several intracellular signaling
molecules, including members of the MAPK pathway.24 Specifically, intestinal
inflammation is associated with activation of p38 MAPK and extracellular signal-related
kinase ¥ (ERK %2), which have recently been shown to modulate intestinal barrier
integrity.25:26 In this series of experiments, we hypothesized that injection of PTX
immediately after injury would limit burn-induced intestinal barrier breakdown and
attenuate inflammatory signaling via p38 MAPK and ERK %. Ultimately, we hypothesized
that limiting intestinal inflammation would decrease the distant organ injury that is known to
occur after severe injury and may improve our understanding of the anti-inflammatory
benefits of using PTX as part of an immunomodulatory resuscitation strategy.

MATERIALS AND METHODS
Thermal Injury Model

Male balb/c mice (Jackson Laboratory, Sacramento, CA) weighing 20 g to 25 g were
anesthetized with inhaled isoflurane. While under general anesthesia, animals underwent
dorsal fur clipping with an electric clipper before 30% total body surface area (TBSA)
dorsal steam burn for 7 seconds. A template was designed to estimate 30% TBSA based on
the Walker-Mason burn model.2” Immediately after burn, animals received an
intraperitoneal injection of PTX (12.5 mg/kg, Sigma, St. Louis, MO) in 500 uL normal
saline (NS) or NS alone. Animals also received a subcutaneous injection of 1.5 mL NS with
buprenorphine in a nonburned area for pain control and fluid resuscitation. After injury,
animals were recovered from anesthesia and returned to their cage where they were provided
food and water. All animal experiments were approved by the University of California San
Diego Institutional Animal Care and Use Committee.

Tissue Harvest

Animals were once again anesthetized using inhaled isoflurane at several time points after
burn injury. Animals were exsanguinated via cardiac puncture, and the blood was collected
in Eppendorf tube and placed on ice before being centrifuged at 10,0009 for 10 minutes. The
plasma was removed and stored at —70°C for later analysis. The samples of distal small
intestine were removed, immediately snap frozen in liquid nitrogen, and stored at —80°C for
later tissue protein extraction for immunoblotting and interleukin (IL)-6 determination. The
lung and small intestine were also harvested and preserved in 10% formalin or optimal
cutting technique embedding media (Sakura Finetek, Torrance, CA) for histologic
evaluation.

Intestinal IL-6 Levels

Intestinal IL-6 levels were measured from intestinal extracts obtained 2 hours and 24 hours
after severe burn injury (n = 3 animals per group) using a commercially available enzyme-
linked immunosorbent assay kit obtained from R&D Systems (Minneapolis, MN).
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Intestinal Permeability Assay

Separate animals were used to assess in vivo intestinal permeability after severe burn (n = 4
animals per group). Animals were anesthetized with inhaled isoflurane 2 hours after burn.
After a midline laparotomy incision, a 5-cm segment of distal ileum was isolated between
silk ties. An intraluminal injection of 200 uL of 4 kDa fluorescein isothiocyanate (FITC)-
Dextran (25 mg/mL, Sigma) in phosphate-buffered saline was performed, the bowel was
returned to the abdominal cavity, and the abdomen was closed. The animal was maintained
under general anesthesia for 30 minutes, at which time the systemic blood was drawn by
cardiac puncture and placed in heparinized Eppendorf tubes on ice. The plasma was
obtained by centrifuging the blood at 10,0009 for 10 minutes at —4°C. The fluorescence of
the plasma specimens was measured in a fluorescence spectrophotometer (SpectraMax M5,
Molecular Devices, Sunnyvale, CA) and compared with a standard curve of known
concentration FITC-dextran diluted in mouse serum.

MAPK Protein Expression

Distal small intestine harvested from animals at 2 hours and 24 hours after burn (n = 3
animals per group) were homogenized in ice-cold tissue protein extraction reagent
containing 1% protease and phosphatase inhibitors (Pierce Biotechnology, Rockford, IL).
The homogenized tissue was centrifuged at 10,0009 for 5 minutes, the supernatants were
collected, and the protein concentration of each sample was measured using the
bicinchoninic protein assay (Pierce). Protein was suspended in sodium dodecyl sulfate
sample buffer and boiled for 5 minutes. Proteins were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis using 8% to 16% Tris-glycine gradient gels
(Invitrogen, Carlsbad, CA), then transferred to a nitrocellulose membrane (Invitrogen).
Membranes were blocked with 5% bovine serum albumin (Sigma) in Tris-buffered saline/
tween 20 for 1 hour. Membranes were then incubated overnight at 4°C in primary antibody
for phosphorylated p38 MAPK, p38 MAPK, phosphorylated ERK, ERK, and j actin. All
primary antibodies were obtained from Cell Signaling (Danvers, MA) and prepared in a
1:500 concentration in 5% bovine serum albumin/ tween 20. The membranes were then
washed and incubated with a horseradish peroxidase-linked anti-rabbit 1gG secondary
antibody (Cell Signaling) before application of the Pierce Supersignal West Pico
Chemiluminescent Kit for antibody detection. Luminescence was viewed using the Xenogen
IVIS Lumina (Caliper Life Science, Hopkinton, MA) imaging system. Mean pixel density of
each sample was estimated using UN-SCAN-IT Gel Digitizing software (Silk Scientific,
Orem, UT). The relative band density of each band was calculated by dividing the pixel
density of each sample by the mean pixel density of the sham samples.

Histopathologic Evaluation of Lung

The samples of lung (n = 3 animals per group) were stored in formalin before embedding in
paraffin block using an automated processor. Sections were cut, placed onto glass slides, and
stained with hematoxylin-eosin. Images were obtained with an Olympus IX70 light
microscope at 20x magnification using Q-imaging software (Q-imaging, Surrey, BC,
Canada). Lung injury scores were obtained by grading three random fields from each section
on a scale from 0 to 3 (0 = normal, 1 = mild, 2 = moderate, and 3 = severe). Separate ratings
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were estimated for inflammatory cell infiltration, congestion, intra-alveolar hemorrhage, and
pulmonary edema. Total injury severity scores were graded on a scale from 0to 12 (0 =
normal, 12 = most severe). Lung injury scores were reviewed by a pathologist blinded to the
experimental conditions.

Statistical Analysis

RESULTS

Statistical analysis was performed using SPSS Statistics software (Chicago, IL). Values are
expressed as the mean £ SEM of n samples. n represents the number of animals in each
experimental group. The statistical significance between groups was determined using
analysis of variance with Bonferroni correction. The Kruskall-Wallis test for nonparametric
data followed by pairwise Mann-Whitney U test was used to for lung histology scoring. A p
value <0.05 was considered statistically significant.

Intestinal IL-6 Levels

Severe cutaneous burn causes increased levels of intestinal IL-6 at 2 hours after injury
compared with sham (178.9 pg/mL vs. 22.4 pg/mL, p < 0.0001). Injection of PTX
immediately after injury attenuated the burn-induced increase in intestinal IL-6 (178.9
pg/mL vs. 74.0 pg/mL, p < 0.01). There was no significant difference between sham and
burned animals treated with PTX (Fig. 1A). Intestinal IL-6 remained elevated at 24 hours
after burn (98.1 pg/mL), which was significantly higher than animals injected with PTX
immediately after burn (49.3 pg/mL, Fig. 1B).

Intestinal Permeability to FITC-Dextran

Intestinal permeability was assessed by measuring the movement of FITC-dextran from
within the intestinal lumen into the systemic circulation (Fig. 2). Thirty percent TBSA steam
burn results in increased intestinal permeability to 4 kDa FITC-dextran at 2 hours after
injury compared with sham (200.3 ug/mL vs. 37.73 ug/mL, p < 0.01). Animals treated with
an injection of PTX in addition to standard resuscitation had a significant decrease in
intestinal permeability at 2 hours after burn (89.33 pg/mL). There was not a significant
difference between sham and burned animals injected with PTX (Fig. 2).

Intestinal p38 MAPK Protein Expression

Severe burn resulted in an 8.1-fold increase in phosphorylated p38 MAPK compared with
sham (p < 0.001) at 2 hours and remained elevated at 24 hours after injury (4.5-fold over
sham, Fig. 3). Intraperitoneal injection of PTX immediately after burn resulted in
phosphorylated p38 MAPK levels similar to sham at both 2 hours and 24 hours postinjury.
There was no difference in total p38 MAPK expression in either group.

Intestinal ERK Protein Expression

Thirty percent TBSA full-thickness burn increases phosphorylation of ERK % by 9.1-fold at
2 hours and 4.6-fold at 24 hours after injury compared with sham (Fig. 4). Treatment with
PTX immediately after burn attenuated intestinal ERK %2 phosphorylation to levels similar

J Trauma. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Costantini et al.

Page 6

to sham at 2 hours and 24 hours. There was no difference in total ERK expression in any
group.

Distant Organ Injury

Lung specimens harvested from animals 24 hours after severe burn injury exhibit signs of
histologic injury characterized by cellular infiltration, intra-alveolar hemorrhage, and
hyaline membranes (Fig. 5). Treatment with PTX immediately after burn attenuated
histologic lung injury. Lung specimens from PTX-treated animals have an appearance
similar to sham with decreased cellular infiltration compared with burned animals receiving
standard resuscitation. The lung specimens were scored with regards to inflammatory cell
infiltration, congestion, intra-alveolar hemorrhage, and pulmonary edema. Total injury
severity scores were graded on a scale from 0 to 12 (0 = normal, 12 = most severe). Lung
injury scores were significantly elevated 24 hours after burn compared with sham (9.2 + 1.0
vs. 1.0 £ 0.5, p < 0.05). Treatment with PTX decreased lung injury scores after burn (4.8 +
1.0, p<0.05 vs. burn).

DISCUSSION

Interest in developing alternative resuscitation strategies has increased since the discovery
that certain resuscitation fluids have unwanted proinflammatory side effects. Research has
now focused on studying fluids that can beneficially alter the cellular response to injury.28
Fluids such as hypertonic saline have been considered for its ability to both restore volume
and decrease inflammation and tissue injury.2® Other strategies including the addition of
anti-inflammatory medications and the use of targeted therapies are being investigated to
deliver improved resuscitation strategies to injured patients. The ideal resuscitation fluid
would be able to restore volume, while containing immunomodulatory capacity to decrease
inflammatory cell activation, SIRS, and organ injury.

Intestinal barrier breakdown may be the inciting event, which leads to intestinal
inflammation and subsequent SIRS. The intestinal tight junction forms the barrier between
intestinal epithelial cells, which protects the intestinal tissue from the cytotoxic contents of
the intestinal lumen.30 These tight junction proteins control the overall permeability of the
intact intestinal barrier.31 We have documented in an in vitro model that PTX prevents loss
of the intestinal tight junction proteins occludin and zonula occludens-1 (ZO-1) after
exposure to the proinflammatory cytokines.32 We confirmed these findings using an in vivo
model of severe burn, demonstrating that PTX attenuates burn-induced intestinal
permeability after injury by modulating these intestinal tight junction proteins.22 PTX also
prevented the burn-induced activation of myosin light chain kinase (MLCK), a protein that
regulates contraction of the perijunctional actin cytoskeleton, and is a key determinant of
tight junction permeability.23 This was associated with decreased signaling via the NF-xB
pathway, resulting in decreased nuclear translocation of intestinal NF-xB p65.

The purpose of this current series of experiments was to investigate the effects of a single
dose of PTX given with standard resuscitation fluid immediately after injury on intestinal
inflammation. In this study, we document the ability of PTX to attenuate intestinal 1L-6
production at 2 hours after injury. These anti-inflammatory effects continued to exist at 24
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hours after injury. Intestinal IL-6 is not only a marker of inflammation but also plays a key
role in modulating intestinal permeability. IL-6 knockout mice have been shown to be
protected against shock-induced intestinal permeability.33 This inability to express intestinal
IL-6 was also associated with improved expression and localization of the tight junction
protein ZO-1 compared with wild type mice.34 This suggests a mechanism by which PTX
may attenuate burn-induced intestinal permeability and gives insight into its ability to
prevent the loss of ZO-1, which we have seen in previous studies.??

Here, we also show that PTX prevents phosphorylation of both intestinal p38 MAPK and
ERK % after 30% TBSA burn. Signaling via the p38 MAPK pathway has been shown to
regulate intestinal permeability in response to inflamma-tory cytokines, with pharmacologic
inhibition of p38 MAPK phosphorylation limiting intestinal epithelial permeability.26
Signaling via p38 MAPK and ERK % may also regulate intestinal permeability through the
transcriptional factor activator protein-1 (AP-1).35:36 Intestinal barrier integrity is modulated
by the tight junction protein MLCK, which contains a promoter region for AP-1.37
Therefore, by preventing phosphorylation of p38 MAPK and ERK %, PTX may prevent the
binding of AP-1 to MLCK promoter, thus limiting the ability of MLCK to cause tight
junction breakdown. This correlates with our previous results, showing that PTX prevents
the burn-induced increase in intestinal MLCK protein expression.23 However, further
studies are needed to definitively demonstrate whether PTX is able to decrease binding of
AP-1 to the MLCK promoter.

This series of experiments also demonstrates that a single dose of PTX after burn has anti-
inflammatory effects, which are still evident 24 hours after injury. Intestinal 1L-6,
phosphorylated p38 MAPK, and ERK % levels remain significantly lower in PTX-treated
animals at 24 hours after burn. The ability of PTX to prevent loss of intestinal barrier
integrity is likely central to its lasting anti-inflammatory effects. Intestinal permeability
occurs early after injury leading to proinflammatory mediator synthesis, which can further
perpetuate intestinal barrier loss, leading to an even greater intestinal inflammatory
response. By maintaining intestinal barrier integrity at early time points after injury, PTX is
likely able to limit the propagation of the intestinal inflammatory cascade.

The gut is believed to be the source of SIRS after severe injury, which leads to distant organ
injury and MOF. Therefore, we were interested in evaluating the effects of PTX on acute
lung injury at 24 hours after injury. Severe burn resulted in histologic lung injury, which was
characterized by a significant cellular infiltration and the presence of hyaline membranes,
characteristic signs of acute lung injury. Administration of PTX immediately after injury
prevented burn-induced acute lung injury. The histologic appearance of the lung tissue from
PTX-treated animals was markedly improved compared with burned animals that did not
receive PTX. Limiting the gut inflammation after burn is associated with decreased distant
organ injury and illustrates the immunomodulatory effects of PTX.

In this study, we chose the dose of PTX (12.5 mg/kg) based on our previous in vivo studies
using this animal model of 30% TBSA burn injury. We have previously demonstrated that
giving PTX alone to sham animals has no effect on intestinal permeability, and therefore, we
did not repeat those experiments.22 We chose to administer PTX immediately after 30%

J Trauma. Author manuscript; available in PMC 2014 December 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Costantini et al.

Page 8

TBSA burn. Clearly, this drug needs to be given early after injury as we see changes in
inflammatory signaling and intestinal permeability by 2 hours. Further studies are needed to
determine the therapeutic window during which PTX can be given while still exerting its
anti-inflammatory effects. Defining this therapeutic window may have important clinical
implications in determining the ideal strategy for delivering this drug to injured patients
(prehospital vs. trauma bay).

The choice of resuscitation fluid administered to patients after severe trauma and burn may
have important effects on the immune response to injury. We have demonstrated that PTX
limits intestinal barrier injury and has both early and long-lasting effects on attenuating the
intestinal inflammatory response and also limits distant organ injury. PTX has been given to
patients for decades to treat other inflammatory conditions and is well tolerated with
minimal side effects. Because of its compelling anti-inflammatory effects demonstrated in
preclinical studies, PTX may be an ideal candidate for use as an immunomodulatory adjunct
to resuscitation fluid with the goal of limiting the SIRS response and decreasing the late
morbidity and mortality associated with severe injury.
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Figure 1.
Effects on PTX on intestinal IL-6 levels after 30% TBSA full-thickness burn. IL-6 levels

measured from intestinal extracts using enzyme-linked immunosorbent assay. (A) PTX limits
the burn-induced increase in intestinal IL-6 concentration at 2 hours after burn. (B) Intestinal
IL-6 remains elevated at 24 hours after burn, whereas animals given PTX immediately after
burn have intestinal 1L-6 levels similar to sham. *p < 0.001 versus sham, Tp < 0.01 versus
burn at 2 hours, and **p < 0.05 versus burn at 24 hours.
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Sham Burn Burn/PTX

Pentoxifylline prevents burn-induced intestinal permeability. Intestinal permeability assay to
intraluminal 4 kDa FITC-dextran measured 2 hours after severe burn (n = 3 animals per
group). Burn injury causes a significant increase in intestinal permeability. Injection with
PTX (12.5 mg/kg) immediately after injury attenuates this burn-induced increased in
intestinal permeability. *p < 0.01 versus sham and tp < 0.05 versus burn.
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Figure 3.

Burn-induced phosphorylation of intestinal p38 MAPK is attenuated by PTX. p38 MAPK
from intestinal extracts evaluated using Western blot (n = 3 animals per group). (A) Burn
injury results in an 8-fold increase in phosphorylated p38 MAPK at 2 hours after burn injury.
Treatment with PTX after injury results in phosphorylated p38 MAPK levels similar to sham.
(B) Phosphorylated p38 MAPK protein expression remains increased at 24 hours after burn.
PTX continues to prevent the burn-induced phosphorylation of intestinal p38 MAPK. There
is no difference in total p38 MAPK expression in either group. *p < 0.001 versus sham and
tp < 0.001 versus burn at 2 hours. **p < 0.01 versus sham and fp < 0.01 versus burn at 24
hours.
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Burn/PTX

Activation of intestinal ERK Y2 after severe burn is decreased by PTX. Phosphorylated ERK
% measured from intestinal extracts using Western blot (n = 3 animals per group). (A) PTX
prevents the burn-induced phosphorylation of intestinal ERK ¥z at 2 hours after 30% TBSA
burn. (B) Phosphorylated ERK % decreases somewhat by 24 hours after injury but remains
significantly higher than sham. Treated with PTX continues to limit intestinal inflammation,
with phosphorylated ERK %2 expression similar to sham. There is no difference in total ERK
Y, protein expression in either group. *p < 0.01 versus sham and tp < 0.01 versus burn at 2

hours. **p < 0.001 versus sham and ¥p < 0.01 versus burn at 24 hours.
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Figure5.
Pentoxifylline attenuates burn-induced distant organ injury. The lung sections harvested 24

hours after burn-injury stained with hematoxylin-eosin and viewed at x20 magnification (n
= 3 animals per group). (A) Normal appearance of the lung tissue from sham animal. (B)
Evidence of acute lung injury in animals 24 hours after burn characterized by cellular
infiltration, presence of hyaline membranes, and intra-alveolar hemorrhage. (C) Appearance
of the lung tissue from animals given PTX immediately after burn is noticeably improved at
24 hours compared with burn with only minimal cellular infiltration. Bar = 100 pm.
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