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Abstract

Gut barrier disruption is often implicated in pathogenesis associated with burn and other traumatic
injuries. In this study, we examined whether therapeutic intervention with mesalamine (5-ASA), a
common anti-inflammatory treatment for patients with inflammatory bowel disease, reduces
intestinal inflammation and maintains normal barrier integrity after burn injury. Male C57BL/6
mice were administered an ~20% total body surface area dorsal scald burn and resuscitated with
either ImL normal saline or 100mg/kg of 5-ASA dissolved in saline. We examined intestinal
transit and permeability along with levels of small intestine epithelial cell pro-inflammatory
cytokines and tight junction protein expression one day after burn injury in the presence or
absence of 5-ASA. A significant decrease in intestinal transit was observed one day after burn
injury, which accompanied a significant increase in gut permeability. We found a substantial
increase in the levels of IL-6 (by ~1.5 fold) and IL-18 (by ~2.5 fold) in small intestine epithelial
cells one day after injury. Furthermore, burn injury decreases expression of the tight junction
proteins claudin-4, claudin-8, and occludin. Treatment with 5-ASA after burn injury prevented the
burn induced increase in permeability, partially restored normal intestinal transit, normalized
levels of the pro-inflammatory cytokines IL-6 and 1L-18, and restored tight junction protein
expression of claudin-4 and occludin to that of sham levels. Together these findings suggest that 5-
ASA can potentially be used as treatment to decrease intestinal inflammation and normalize
intestinal function after burn injury.
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Introduction

Over 450,000 individuals suffer from burn injury every year, and the American Burn
Association estimates that 40,000 of those individuals consequently require hospitalization®.
Burn injury remains a prominent medical issue to be resolved, not only due to the sheer
number of injuries each year, but also due to the fact that burn trauma results in patients with
increased risk of sepsis, progressing to septic shock, and ending in multiple organ
dysfunction? 3. Sepsis and multiple organ dysfunction syndrome (MODS) continue to be the
leading causes of burn related mortality®.

Immediately after the initial burn injury, systemic inflammation ensues affecting organs such
as the lungs, liver, and the intestines. Intestinal inflammation has been shown to contribute to
adverse consequences of cell death and stress, which can then lead to breakdowns in gut
barrier integrity®-°. Stalled intestinal peristalsis has been suggested to be connected to
increases in intestinal inflammation which could potentiate increases in intestinal
permeabilityl0-12. The inability to effectively move luminal content down the Gl tract could
dramatically change the luminal microenvironment creating more favorable environments
for opportunistic pathogens? 11. 13-16 'wjith over 100 trillion microbes present in the
gastrointestinal tract, the integrity of the gut barrier is of utmost importance, and under
normal homeostatic conditions, tolerance exists between the resident intestinal microbes and
defenses of the gastrointestinal tract1’-19, However, our lab has recently demonstrated that
burn injury leads to drastic alterations in the intestinal microbiome, which correlated with
increases in intestinal permeability and inflammation20: 21,

These burn related symptoms of intestinal inflammation, microbial dysbiosis, and
permeability compounded with inhibitions in normal intestinal peristalsis post injury could
be potentiating increased risk of sepsis in burn patients. It is of interest to note the parallels
between intestinal symptoms post burn trauma to that of those present in patients with
Inflammatory Bowel Disease (IBD). As IBD mimics many of the inflammatory symptoms
seen in the intestine after burn injury, applying common therapeutics currently used in IBD
treatment and prevention, such as mesalamine, for the treatment of burn injury could yield
promising results. Mesalamine is known to reduce intestinal inflammation through the
inhibition of NF-xB. Others have suggested that it activates the heat shock protein (HSP)
cytoprotective response?2-27, Although its benefits in the treatment of ulcerative colitis and
Crohn's disease have been extensively studied, mesalamine's potential for therapeutic
intervention has yet to be applied in the context of burn injury. Therefore, we asked whether
5-ASA could potentially be used as a novel therapy to inhibit burn related breakdowns in gut
barrier integrity. Reducing intestinal permeability and inflammation after burn via
therapeutics could potentially help in alleviating the risk of sepsis and other post burn
complications.
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Materials and Methods

Animals

Male C57BL/6 mice, 8-9 week old, weighing 22-25g, were obtained from Charles River
Laboratories and used in all experiments. Animals were allowed to acclimate to the facility
for 7-10 days before being used for the experiments. All experiments were conducted in
accordance with the guidelines set forth by the Animal Welfare Act and were approved by
the Institution Animal Care and Use Committee at the Loyola University Chicago Health
Sciences Division.

Murine Model of Burn Injury

Mice were anesthetized with xylazine and ketamine, their dorsal surface shaved, and placed
in a template exposing ~20% total body surface area (TBSA) as calculated by the Meeh
formula as described by Walker and Mason28. The mice were divided into two treatment
groups, those receiving burn injuries or sham injuries. The burn group was then submerged
in a water bath set to 85-95°C for 7-9 seconds while the sham group was submerged in a
water bath set to 37°C. Following burn or sham burn, mice were resuscitated with 1ml of
normal saline. This procedure models a severe ~20% TBSA full thickness third degree burn.

Mesalamine Treatment

Mice were divided into four groups: sham plus saline, sham plus 5-ASA, burn plus saline,
and burn plus 5-ASA. The burn or sham burn proceeded as described above. Immediately
after burn or sham injury, mice were given an intraperitoneal injection of either 1 mL of
normal saline as described above or 100mg/kg of 5-ASA dissolved in 1 mL of saline used
for the normal resuscitation. The dose for 5-ASA was selected from a previous study, and it
most closely mimics the dosage used to treat IBD patients2®: 30

FITC-dextran Assay for the Assessment of Intestinal Transit and Permeability

Intestinal permeability and transit were assessed as described in a previous study. In short,
one day after burn or sham injury mice were gavaged with 0.4ml of 22mg/ml FITC-dextran
in PBS. After 3 hours, blood was drawn, and the mice were sacrificed. The blood was
centrifuged at 8000rpm for 10min at 4°C, plasma isolated, and read spectrophotometrically
at 480nm excitation and 520nm emission wavelengths for intestinal permeability

For the measurement of intestinal transit, various parts of the Gl tract (starting from stomach
to the colon) were harvested. The small intestine was divided into three equal parts with
section #1 being proximal and section #3 being distal to the stomach. The luminal contents
of stomach, small intestinal section #1, #2, and #3, and large intestine were collected,
suspended in PBS (weight/volume) and sonicated (XL-2000 Misonix) until the solution was
homogenous. Homogenates were centrifuged at 8000rpm for 10min at 4°C, supernatants
were collected, and read spectrophotometrically at 480nm excitation and 520nm emission
wavelengths for intestinal transit.
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Intestinal Epithelial Cell Isolation

Isolation of intestinal epithelial cell was performed as described previously by Weigmann et
aPl. In short, the distal 10cm of the small intestine was separated, cut longitudinally, and
placed in ice cold PBS + 1% penicillin/streptomycin (pen/strep) cocktail. Following two
washes in PBS + pen/strep, tissues were placed in a digestion solution containing 5% heat-
inactivated fetal bovine serum (FBS), 1% HEPES, 1% pen/strep, 0.5% gentamicin, 5mM
EDTA, and 1mM dithiothreitol (D.T.T.) in Hank's Balanced Salt Solution (HBSS) at 37°C.
Tissues were placed in a 37°C incubator and shaken on a rotator at 250rpm for 20 minutes.
Tissues were vortexed to separate the epithelial cells from the tissue and passed through a
100um filter. Cells were counted on a hemocytometer to determine epithelial cell purity
(=90%). Intestinal epithelial cells were then processed for downstream applications.

RNA Isolation and cDNA synthesis

RNA isolation was performed using a RNeasy Mini Kit (Qiagen, Valencia, CA) as described
by the manufacturer. Genomic DNA was removed by DNase digestion using an RNase-free-
DNase Set (Qiagen). Isolated RNA concentration was determined using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Bannockburn, IL). Only samples with a 260/280
ratio of >2.0 were used for cDNA synthesis. cDNA synthesis was performed using a High
Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA) and reactions
were run on a Veriti 96-well Fast Thermocycler (Life Technologies) per the manufacturer's
instructions.

Real-Time PCR

Expression of claudin-4, claudin-8, occludin, HSP25, and HSP72 mRNA levels were
analyzed by gPCR using TagMan primer probes and TagMan Fast Advanced Master Mix
(Life Technologies). Target gene Ct cycle values were normalized to housekeeping control
GAPDH or B-actin Ct values. Data were calculated using the AACt method, and all groups
were expressed relative to the sham group.

Cytokine quantification

Statistics

IECs were isolated from the distal 10cm of the small intestine and allowed to incubate in
500uL of 1X cell lysis buffer (Cell Signaling Technology) containing 1mM PMSF, 1X
Protease inhibitor, and 1X Phosphatase Inhibitor (Cell Signaling Technology). The
homogenates were centrifuged at 10,000 RPM for 5min and the supernatant was removed,
aliquoted, and stored in —80°C for IL-18 (eBioscience), IL-6 (BD), or KC (R&D) ELISAs.
Protein measurements of the same samples were done from Bio-Rad protein assay kit. Data
were normalized as amount of cytokine/mg protein.

The data, wherever applicable, are presented as means + SEM and were analyzed using
analysis of variance (ANOVA) with Tukey's post-hoc test or Student t test (GraphPad
Prism6). Unless otherwise noted, p < 0.05 between two groups is considered statistically
significant.
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Decreases in intestinal transit one day after burn injury

As mentioned above, we recently observed dramatic dysbioses of the intestinal microbiome
and increases in intestinal permeability one day following burn injury20. These two burn
related consequences compounded with stalled intestinal peristalsis could contribute to
intestinal bacterial translocation to extraintestinal sites as observed in many previous
studies?0: 21. 32,33 Therefore, it is critical to determine whether burn injury inhibits
intestinal peristalsis. Hence, we performed a FITC-dextran transit assay. Mice were gavaged
with FITC-dextran one day after burn injury. Three hours later plasma, luminal contents of
the stomach, small intestine sections #1, #2, and #3, and large intestine were collected and
analyzed for the presence of FITC spectrophotometrically. We found a significant decrease
in normal intestinal transit in burn injured mice as evidenced by an accumulation of FITC-
dextran in the stomach content and proximal part of the small intestine (Figure 1). This
accumulation of FITC-dextran in the first section of the small intestine of burn animals was
found to be significantly higher compared to that of sham animals. In sham injured mice
most of the dye accumulation was observed in distal ileum (intestine section #3) or in colon.
Together, these results suggest a decrease in intestinal transit in mice receiving burn injury
compared to shams (Figure 1).

Partial restoration of intestinal transit with 5-ASA treatment after burn injury

We further examined whether treatment of mice with 5-ASA re-establishes normal intestinal
transit in mice after burn injury. As shown in Figure 2, treatment with 5-ASA following burn
injury prevented the decrease in intestinal transit. The results further demonstrate that most
of the FITC accumulation in untreated and 5-ASA treated sham animals is in the colon. By
contrast, the FITC-dextran transit is halted in burned animals. As shown in Figure 2, burn
mice have very little FITC-dextran in the colon and the vast majority of FITC-dextran
remains in the stomach and small intestinal content #1. Treatment with 5-ASA post burn
allows for more efficient transit of FITC-dextran as more FITC-dextran can be detected in
large feces with treatment (Figure 2). It is not, however, back to sham control levels.

5-ASA treatment significantly reduces observed increases in intestinal permeability post

burn injury

To further determine whether 5-ASA treatment restores burn related increases in intestinal
permeability, one day after injury mice were gavaged with FITC-dextran and three hours
later plasma was collected and analyzed for the presence of FITC spectrophotometrically. As
reported previously, the concentration of FITC-dextran in the plasma was significantly
increased in mice receiving burn injury alone compared to the sham saline group?® (Figure
3). However, upon treatment with 5-ASA following burn, the increase in intestinal
permeability was restored to that of sham levels as there is no statistically significant
difference in FITC-dextran concentrations in the plasma between sham controls and 5-ASA
treated burn animals (Figure 3).
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Tight junction expression following 5-ASA treatment

Tight junction (TJ) proteins uphold the physical intestinal barrier by joining two adjacent
intestinal epithelial cells restricting the large number of bacteria present in the Gl tract to the
luminal space34-36, Any change in expression of tight junction proteins after burn injury
could potentially break this selective barrier allowing an increase in bacterial translocation.
Our lab has previously seen decreases in TJ mRNA expression in small intestinal total tissue
homogenates after burn12 20, Yet, it was critical to understand whether burn injury results in
decreased TJ expression in small IECs, and more specifically whether 5-ASA treatment
could restore potential decreases in IEC TJ proteins after burn injury.

Therefore, we profiled the mRNA expression of several key TJ proteins, claudin-4,
claudin-8, and occludin, in small IECs one day following either burn or sham injury and
with or without 5-ASA treatment. We observed a 54% decrease in claudin-4, a 49% decrease
in claudin-8, and a 38% decrease in occludin expression relative to sham levels one day post
burn injury as can be seen in Figure 4a, b, and c respectively. Treatment with 5-ASA after
burn injury was able to restore claudin-4 expression back to that of sham levels one day
following injury (Figure 4a). 5-ASA treatment partially restored occludin expression in burn
injured mice, but it was not back to sham levels (Figure 4c). Conversely, similar treatment
of mice with 5-ASA did not influence claudin-8 expression after burn injury (Figure 4b).

Reductions in post burn induced IEC inflammation following 5-ASA treatment

Burn injury is associated with high levels of inflammation in the gastrointestinal tract, which
can potentiate the increase in intestinal permeability. We broadened our analysis of 5-ASA
treatment to determine whether 5-ASA could be deemed beneficial in reducing the high
levels of intestinal pro-inflammatory cytokines and chemokines after burn injury. We, and
others, have previously seen elevations of IL-18, IL-6, and KC post burn injury37-41, Yet,
treatment with 5-ASA significantly reduced the small intestine IEC pro-inflammatory
cytokine IL-18, which increased 62% one day post burn, back to that of sham levels after
treatment (Figure 5a). Additionally, IL-6 levels experienced a 34% increase one day after
injury in small intestine IECS, but these levels returned to normal after treatment with 5-
ASA (Figure 5b). Of the pro-inflammatory chemokines, KC levels seemed to increase in
small intestine IECs one day following burn, but this did not reach significance. Of note,
there is a trend toward that of a decrease in the elevated levels of KC with 5-ASA treatment
one day post burn (Figure 5c).

Mechanism of 5-ASA treatment after burn injury

To elucidate the mechanism by which 5-ASA could potentially be used as treatment in burn
related gut barrier breakdown and inflammation, we turned to a previous study which found
5-ASA could be acting as an anti-inflammatory agent by up-regulating the heat shock
protein HSP72 in rat intestinal epithelial cells2”. HSPs are classically defined as small
cytoprotective proteins, which become upregulated in times of cellular stress*2-44. Burn
injury induces drastic cellular stress in the intestinal epithelium. Therefore, induction of
HSPs could allow for an alleviation of the inflammation and cellular stress we observe in
intestinal tissue following burn injury. However, we found that mice treated with 100mg/kg
5-ASA at time of resuscitation, did not up-regulate HSP25 or 72 in small intestine IECs as
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seen by mRNA expression (Figure 6a and b). Furthermore, HSF1, a master regulator of
many HSPs, was also significantly decreased one day after burn injury, and the expression of
HSF1 was not affected in burn mice treated with 5-ASA%° (Figure 6¢). These data suggest
that the beneficial effects we have observed after treatment with 5-ASA were not a direct
result of 5-ASA upregulating HSPs in small IECs after burn.

Discussion

In this series of experiments, we show burn injury results in stalled intestinal peristalsis,
which presents as an accumulation of the FITC-dextran dye in the small intestine sections
most proximal to the stomach after gavage. This inhibition of normal intestinal transit
compounded with increased intestinal permeability, inflammation, and decreases in IEC TJ
expression after burn injury could potentiate bacterial translocation to extraintestinal sites.
Of patients who survive the initial burn injury, increases in bacterial translocation have been
implicated in the severe burn related complications of sepsis and MODS. Therefore,
identifying a therapeutic regime, which could potentially protect against these adverse burn
induced complications, would be of great benefit.

We were able to show that the use of 5-ASA treatment after burn injury aids in the
restoration of burn induced inhibition of intestinal transit, increases in both intestinal
permeability and inflammation, and decreases in tight junction proteins of small IECs. After
applying 5-ASA treatment in our measure of intestinal transit after burn injury, we found
that 5-ASA partially restored normal intestinal peristalsis. The sheer fact that 5-ASA
treatment could moderately aid in reversing the inhibition in normal intestinal peristalsis we
observe after burn injury was promising, as it is well known that a combination of multiple
factors must be disrupted to give rise to the debilitated state of burn patients, not simply
inhibited intestinal transit. For this reason, our finding that treatment with 5-ASA after burn
injury completely restores the drastic increases in intestinal permeability we have seen after
burn injury was of particular interest. Other studies have suggested that the source of
systemic infection after burn injury originates in the gut, and the leakiness we observe in the
intestine post burn injury gives support to our previous findings of increased bacterial
translocation after injury. The ability for a post burn treatment to restore intestinal
permeability back to sham levels provides convincing evidence for 5-ASA as a potential
therapeutic intervention in decreasing the risk of sepsis after burn injury.

These restorations in burn induced physiologic conditions by 5-ASA treatment were coupled
with restorations of decreases in TJ protein expression and rises in inflammation we observe
following burn injury. Our results were consistent with others who have observed decreases
in TJ protein expression after burn in that claudin-4, claudin-8, and occludin expression were
significantly decreased following burn2 20. 21 5_ASA treatment was able to bring back the
expression of both claudin-4 and occludin to the levels of sham injured animals one day after
burn injury, but 5-ASA was not able to restore the expression claudin-8 post burn. The
family of tight junction proteins contains a vast number of proteins including claudin-1, -2
-3, -4, -5, -8, zonal occludin-1 and -2, and more. Therefore, the fact that 5-ASA was not able
to restore claudin-8 expression is not alarming, but does emphasize the need for
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understanding whether 5-ASA's treatment benefits expand into the other members of the
tight junction protein family.

Additionally, we found that administration of 5-ASA after burn injury significantly reduces
levels of the pro-inflammatory cytokines I1L-18 and IL-6 and trends toward a reduction in the
pro-inflammatory chemokine KC in small intestine epithelial cells one day after injury. It is
well known that burn injury leads to altered TJ protein expression and dramatic increases in
intestinal inflammation, but our findings highlight a potential option for resolution of those
burn related complications with treatment of 5-ASA after burn injury.

The exact mechanism behind which 5-ASA produces its beneficial effects after burn injury
remains elusive as we were unable to show that 5-ASA up-regulates the heat shock protein
response. Jiang et al showed that 5-ASA acts as a PPARy agonist2°. In other studies, PPARYy
agonists have been shown to inhibit the production of the pro-inflammatory cytokines of
TNF-a, IL-6, and IL-1pB, which are commonly elevated after burn injury20: 24, 25, 46-48 The
second way in which 5-ASA has been shown to act is through the inhibition of NF-xB,
which would halt the transcriptional messages required for the increased

inflammation?2: 25, 29,

While more studies are needed to investigate the mechanism underlying the protective
effects of 5-ASA, our findings presented in this manuscript clearly suggest that 5-ASA can
potentially be used as treatment to decrease intestinal inflammation and normalize intestinal
function after burn injury.
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Figure 1. Decreasesin intestinal transit one day after burn injury
Mice were gavaged with FITC-dextran one day after burn or sham injury. Three hours after

FITC-dextran gavage stomach content, small intestine luminal content divided into three
equal lengths (#1 being proximal to stomach and #3 being distal), and large intestine feces
were collected and visualized spectrophotometrically for presence of FITC-dextran. Values
are mean + SEM of 6-8 animals per group. *, p<0.05 burn day 1 compared to sham by
Student's t-test at each intestinal section.
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Figure 2. 5-ASA treatment partially restores normal intestinal transit one day after burn injury
Mice were gavaged with FITC-dextran one day after burn or sham injury. Three hours after

FITC-dextran gavage stomach content, small intestine luminal content divided into three
equal lengths (#1 being proximal to stomach and #3 being distal), and large intestine feces
were collected and visualized spectrophotometrically for presence of FITC-dextran. Values
are mean + SEM of 4-6 animals per group. *, p<0.05, **, p<0.01 all groups compared to
sham saline by ANOVA and Tukey multiple comparison tests.
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Figure 3. Treatment with 5-ASA following burn injury significantly reducesintestinal
permeability to that of sham levels one day after injury

Mice were gavaged with FITC-dextran one day after either burn or sham injury. Three hours
later FITC-dextran was measured in plasma spectrophotometrically. Values are mean + SEM
of 4-6 animals per group. ***, p<0.0001 burn saline compared to sham control by ANOVA
and Tukey multiple comparison tests.
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Figure 4. Treatment with 5-ASA at time of burn injury significantly restores small intestine IEC
claudin-4 expression to that of sham levels one day after injury, whileatrend toward restoration
exists of occludin expression in small intestine |ECsone day post injury

g-RTPCR of claudin-4, claudin-8, and occludin mRNA expression relative to p-actin. Values
are mean + SEM of 4-7 animals per group expressed relative to sham. **, p<0.01 burn day
one claudin-4 compared to sham saline by Student's t-test. *, p<0.05, **, p<0.01, ***,
p<0.001 burn day one claudin-8 and occludin compared to sham saline by ANOVA and
Tukey post hoc test.
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Figure5. Treatment with 5-ASA after burn injury significantly reducesthe observed increasesin
the pro-inflammatory cytokines|L-18 and I L-6 back to that of sham levels one day after injury
in small intestine ECs, with atrend toward reduction in the pro-inflammatory chemokine, KC,
oneday after injury

IECs of the small intestine were harvested and cells were lysed for protein extraction.
ELISAs on IL-18, IL-6, and KC were performed on the protein homogenate one day after
injury and expressed as pg/mg protein. Values are mean + SEM of 4-7 animals per group. *,
p<0.05, **, p<0.001, all groups compared to sham saline by ANOVA and Tukey multiple
comparison tests.
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Figure 6. 5-ASA treatment after burn injury does not significantly induce mRNA expression of
HSF1 or HSP25 and HSP72 following injury

g-RTPCR of HSF1, HSP25 and HSP72 mRNA expression in small intestine 1ECs relative to
B-actin. Values are mean + SEM of 4-7 animals per group expressed relative to sham. ***
p<0.001, **** p<0.0001 all groups relative to sham saline by ANOVA and Tukey post hoc
test.
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