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Abstract

SUMMARY—-Direct inhibition of thrombin has a beneficial effect on intestinal radiation toxicity.
A small molecule inhibitor of protease-activated receptor 1 (PARL), the most relevant receptor for
thrombin, was administered to rats undergoing localized, fractionated irradiation of a segment of
small intestine. Exogenous administration of the PARL inhibitor substantially ameliorated acute
intestinal radiation mucositis, but did not interrupt the subsequent development of intestinal
radiation fibrosis.

Purpose—Inhibition of thrombin amelioratesintestinal radiation injury. Protease-activated
receptor 1 (PAR1), isthe most relevant receptor for thrombin signaling and is not expressed on rat
platel ets. We used a specific small molecule inhibitor of PAR1 signaling to determine whether the
beneficial effect of thrombin inhibition on radiation enteropathy development is due to inhibition
of blood clotting or to cellular (PAR1-mediated) thrombin effects.

Methods and Materials—Rats underwent fractionated X-irradiation (5 Gy x 9) of a4-cm small
bowel segment. Early radiation toxicity was evaluated in rats receiving PAR1 inhibitor
(SCHB02539, 0, 10, or 15 pg/kg/d) from 1 day before to 2 weeks after the end of irradiation. The
effect of PAR1 inhibition on development of chronic intestinal radiation fibrosis was evaluated in
animals receiving SCH602539 (0, 15, or 30 pg/kg/d) until 2 weeks after irradiation, or
continuously until termination of the experiment 26 weeks after irradiation.

Results—PAR1 blockade ameliorated early intestinal toxicity, with reduced overall intestinal
radiation injury (p=0.002), number of myeloperoxidase-positive (p=0.03) and proliferating cell
nuclear antigen-positive (p=0.04) cells, and collagen |11 accumulation (p=0.005). In contrast, there
was no difference in delayed radiation enteropathy in either the 2- or 26-week administration
groups.
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Conclusion—Pharmacological blockade of PAR1 appears to reduce early radiation mucositis,
but does not affect the level of delayed intestinal radiation fibrosis. Early radiation enteropathy is
related to activation of cellular thrombin receptors, whereas, platelet activation or fibrin formation
may play agreater role for the development of delayed toxicity. Because of the favorable side
effect profile, PAR1 blockade should be further explored as amethod to ameliorate acute
intestinal radiation toxicity in patients undergoing radiation therapy for cancer and to protect first
responders and rescue personnel in radiological/nuclear emergencies.
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INTRODUCTION

Theintestine is an important dose-limiting organ during abdominal and pelvic radiotherapy.
Despite advances in treatment delivery techniques, intestinal radiation injury (radiation
enteropathy) remains an important obstacle to cancer cures and continues to adversely affect
the quality of life of many cancer survivors. Clinically, intestinal radiation toxicity occurs as
early (acute) or delayed (chronic) radiation enteropathy with related, but different
underlying mechanisms. Pathologically, early radiation enteropathy (“radiation mucositis’)
is characterized by epithelia barrier breakdown and mucosal inflammation, whereas,
delayed radiation enteropathy exhibits prominent vascular sclerosis and intestinal wall
fibrosis.

Radiation enteropathy is the result of complex interplay among many dose- and time-
dependent pathophysiological processes, including inflammation, epithelial regeneration,
tissue remodeling, and collagen deposition, as well as activation of the coagulation system
and, notably, endothelial dysfunction. Endothelial cells are mechanistically involved in early
and delayed radiation responses in many normal tissues, including the intestine (1-3).
Exposure to ionizing radiation elicits profound changes in the endothelium, commonly
referred to as “endothelia dysfunction”. Loss of thromboresi stance due to downregulation
of thrombomodulin and expression of tissue factor, resulting in increased formation of
thrombin, is ahallmark feature of radiation-induced endothelia dysfunction (1, 3, 4).

Thrombin is amultifunctional serine protease that plays a central role in blood clotting by
converting fibrinogen to fibrin and activating platelets. In addition, thrombin also regul ates
cell proliferation, inflammation, and tissue remodeling through activation of protease-
activated receptors (PARS) (5), afamily of four G-protein coupled receptors, PAR1, PAR2,
PAR3, and PAR4. PAR1 isthe most biologically relevant in inflammation and fibrosis and
is prominently upregulated in irradiated intestine, suggesting arole in radiation enteropathy
(3).

Preclinical and clinical studies performed in our and other laboratories demonstrate that so-
called “endothelial-oriented” interventions can ameliorate radiation toxicity in several
different normal tissues. We have also shown that there isincreased thrombin formation,
fibrin deposition, and upregulation of PAR1 inirradiated intestine (3, 4). While direct
inhibition of thrombin ameliorates both early and delayed intestinal radiation injury (4), itis
not known to what extent this benefit is due to suppression of thrombin-mediated blood
clotting (conversion of fibrinogen to fibrin and stimulation of platelet aggregation) and/or to
suppression of PAR1-mediated cellular effects. Because PARL is absent in rat platelets (6),
this question was addressed using a specific small-molecule PARL inhibitor, SCH602539, in
apreclinical rat model of radiation enteropathy. The results suggest that, while PARL is
indeed involved in the development of early radiation toxicity (radiation mucositis), non-
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PAR1 mediated thrombin effects appear to be important in the mechanisms of development
of chronic intestinal radiation fibrosis.

MATERIALS AND METHODS

Experimental Design

A total of 120 male Sprague-Dawley rats, 4349 days of age (Harlan, Indianapalis, IN) were
housed in conventional cages with free access to tap drinking water and standard mouse
chow. All experimental protocols were approved by the Institutional Animal Care and Use
Committee.

Therat surgical model for localized small bowel irradiation was prepared as described
previously (7). Briefly, rats underwent bilateral orchiectomy, and aloop of distal ileum was
sutured to the inside of the left part of the empty scrotum. The model creates a“ scrotal
hernia’ that contains a 4-cm loop of small intestine that can be irradiated locally without
additional surgery. The intestine remains technically within the abdominal cavity, and the
surgical procedure does not cause appreciable long-term structural, functional, cellular or
molecular alterations. The model minimizes manipulation during irradiation and produces
radiation-induced changes similar to those seen clinically. This model has been extensively
used and validated in our laboratory.

After 3 weeks of postoperative recovery, each rat was anesthetized with isoflurane
inhalation, and the transposed bowel segment within the ‘" scrotal hernia” was exposed to
once daily 5.0-Gy fractionated irradiation for 9 days using a Seifert 1sovolt 320 X-ray
machine (Seifert X-Ray Corporation, Fairview Village, PA), operated at 250 kVp and 15
mA, with 3 mm of added aluminum filtration. The resulting half-value layer was 0.85 mm
Cu, and the dose rate was 4.49 Gy/min. The radiation regimen was based on data from
previous experiments and was designed to elicit moderate to severe radiation enteropathy.

A potent, selective PAR1 antagonist, SCH602539, was provided by Schering-Plough
Research Ingtitute (Kenilworth, NJ). It is active both orally and subcutaneously; however,
pharmacokinetics show that the compound lasts longer when injected, although it reaches
peak plasma concentration more slowly (Supplementary Figure 1). To obtain the desired
longer half-lifein plasma, the compound was administered subcutaneously. The compound
was dissolved in 0.4% of methylcellulose (Sigma-Aldrich, St. Louis, MO).

A schematic of the experimental design is shown in Figure 1. Each rat provided an irradiated
and a (proximal) non-irradiated control segment of small intestine. The group sizes were
based on expected effect size and attrition during the observation period.

To test whether administration of PAR1 antagonist attenuates early radiation-induced
intestinal injury, 30 rats were randomly assigned to three groups (10 per group): vehicle,
10mg/kg/day of SCH602539, or 15mg/kg/day of SCH602539. The methylcellulose vehicle
and SCH602539 were given subcutaneously 1 day before the start of radiation, during
irradiation (9 days), and for 14 days thereafter. Animals were euthanized 2 weeks after the
completion of irradiation.

To ascertain whether the short-term administration of PAR1 antagonist could interrupt the
chronic fibroproliferative process in the irradiated intestine, 45 rats were randomly assigned
to 3 groups (15 per group) for administration of vehicle, 15mg/kg/day of SCH602539, or
30mg/kg/day of SCH602539. The vehicle and SCH602539 were given subcutaneously 1 day
before the start of radiation, during irradiation (9 days), and 14 days after the completion of
irradiation. Animals were euthanized 180 days after the compl etion of irradiation.
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Finally, to determine whether long-term administration of SCH602539 could reduce delayed
radiation-induced injury, 45 rats were randomly assigned to 3 groups (15 per group),
vehicle, 15mg/kg/day, or 30mg/kg/day of SCH602539. The vehicle and SCH602539 were
given subcutaneously 1 day before the start of radiation, during irradiation (9 days), and 170
days after the completion of irradiation. Animals were euthanized 180 days after the
completion of irradiation.

Assessment of the Intestinal Radiation Response

After euthanasia, specimens of irradiated and unirradiated intestine were procured and fixed
in methanol-Carnoy’ s solution for histological, morphometric, and immunohistochemical
studies. The time points used in this study (2 weeks and 26 weeks) are representative of
acute (early) and chronic (delayed) radiation enteropathy in our model system (7).

Quantitative histopathology and morphometry

Radiation injury score: The overall severity of structural radiation injury was assessed
using the radiation injury score (RIS) system (see Supplementary Material). The RISisa
composite histopathological scoring system that provides a global measure of the severity of
structural radiation injury. It has been extensively used and validated in our laboratory (8).
All specimens were evaluated in a blinded fashion by two separate researchers.

Mucosal surface area: A decreasein the surface area of the intestinal mucosais a sensitive
parameter of small bowel radiation injury (8). Mucosal surface areawas measured using a
stereologic method as described by Baddeley (9).

Thickness of the intestinal wall and subser osa: Intestinal wall thickening is a measure of
both reactive intestinal wall fibrosis and intestinal smooth muscle cell hyperplasia. Intestinal
wall thickness and subserosal thickness were measured with computer-assisted image
analysis (Image-Pro Plus, Media Cybernetics, Silver Spring, MD). All measurements were
done with a10X objective lens. A total of 5 areas, 500 wm apart, were chosen for the
measurement, with 3 measurements taken per area.

Quantitative immunohistochemistry and image analysis—Immunohistochemistry
(see Supplementary Material) and computer-assisted image analysis (Image-Pro Plus, Media
Cybernetics, Silver Spring, MD) were used to assess the following established indicators of
intestinal radiation injury: 1) neutrophil infiltration; 2) proliferation rate of intestinal smooth
muscle cells; 3) deposition of collagen types| and 111 in the intestinal wall; and 4)
expression of extracellular matrix-associated transforming growth factor-p (TGF-p) as
described in detail and validated previoudy (10).

Myeloper oxidase: Neutrophils are an indicator of acute inflammation in the irradiated
intestine. Myeloperoxidase enzymatic activity in leukocytes correlates directly with
neutrophil number (r = 0.99), and myeloperoxidase activity in tissue extract correlates
directly with neutrophil infiltration assessed histologically. The number of myel operoxidase-
positive cellsin 20 fields (40X magnification) was determined.

Smooth muscle cell proliferation: In the intestine, collagen is mainly produced by
intestinal smooth muscle cells, rather than by fibroblasts. Intestinal smooth muscle cell
proliferation rate is very low at baseline, but increases steeply after irradiation. The numbers
of total smooth muscle cells and PCNA-positive smooth muscle cells were determined in 20
fields at 40X magnification using color thresholding and normalizing PCNA-positive
smooth muscle cells per thousand smooth muscle cells.
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Collagen deposition: In the irradiated intestine, accumulation of collagen type | and, more
markedly, accumulation of collagen type Il occurs as reactive changes after only 2 weeks.
Collagen type | or collagen type 1l immunoreactivity was determined in 20 fields (40X
magnification), according to procedures established by Raviv et al. (11) and adapted to our
model system.

Expression of TGF-B: TGF-gis overexpressed in many fibrotic conditions, including
radiation fibrosis, and is mechanistically involved in radiation enteropathy (10). Areas
relatively positive for TGF-p were determined in 20 fields (40X) according to procedures
described by Raviv et a. (11) and adapted to our model system.

Statistical Methods

Sample size calculation was performed with PASS 2000 for Windows (NCSS, Kaysville,
UT). Differences between experimental groups and variability for the early and delayed
endpoints was derived from similar experiments conducted in our laboratory and used for
calculations, making sure statistical power was at least 0.8. Statistical data analysiswas
performed with the software package NCSS2007 for Windows (NCSS, Kaysville, UT).
Differences in endpoints between groups were assessed with multiple regression analysis
(for dose-dependence). A p-value less than 0.05 were considered statistically significant.

RESULTS
Effect of PAR1 Antagonist on Early and Delayed Radiation Enteropathy in Rats

Radiation-induced histopathol ogic changes in the vehicle (control) group were similar to
those observed in other studies performed in our laboratory (8). Early aterations (2 weeks)
consisted mainly of mucosal injury (as measured by mucosal surface areq), reactive
intestinal wall thickening (as measured by intestinal wall thickening), and inflammatory cell
infiltration (as measured by number of myeloperoxidase-positive cells). The delayed
changes (26 weeks) included loss of mucosal surface area, increased number of

myel operoxidase-positive cells, smooth muscle cell proliferation, and excessive deposition
of collagens and TGF-B in the intestinal wall (p<0.001 for all parameters, data not shown).

Administration of the PAR1 antagonist had no significant effect on normal intestinal
structural or molecular parameters in the non-irradiated, proximal gut segment (>0.05 for
all parameters, data not shown).

Two weeks after irradiation, SCH602539 administration was associated a reduction in
Radiation Injury Score (p=0.002), number of myeloperoxidase-positive cells (p=0.03),
intestinal smooth muscle proliferation (p=0.04), and collagen |11 immunoreactivity
(p=0.005) (Figures 2—3 and Supplementary Material) in a dose-dependent manner. On the
other hand, the differencesin intestinal wall and serosal thickness, mucosal surface area,
extracellular matrix-associated TGF-f3 expression, and collagen 1 deposition did not reach
statistical significance. Representative histochemically and immunohistochemically stained
images from the vehicle treated group and from rats treated with SCH602539 are shown in
Figure 4-5 and in Supplementary Figure 2.

In contrast, neither short-term administration of PAR1 antagonist (administration until two
weeks after radiation) nor long-term administration (daily administration until 26 weeks
after radiation) was associated with a statistically significant difference in intestinal
structural injury or differencein the aforementioned cellular or molecular parameters
(Supplementary Figures 3-5).
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DISCUSSION

Our data strongly suggest that cellular PARL signaling isinvolved in early radiation
enteropathy development (i.e., radiation mucositis) but not in delayed injury (i.e., fibrosis).
These findings have substantial translational significance because 1) PAR1 inhibition has
substantially fewer side effects than direct thrombin inhibition (12), and 2) PAR1 blockade
inhibits tumor growth and metastasis (reviewed in 13) and thus blocking PAR1 to reduce
normal tissue toxicity would not be associated with concerns about tumor protection. The
PAR1 inhibitor used in the present study, SCH602539, is an analog of vorapaxar
(SCH530348) (14), a PAR1 antagonist that recently underwent phase 3 clinical development
in heart disease. The main adverse effect of the PARL antagonist in humans (where PARL is
present on platelets) isincreased risk of bleeding.

Thrombin is a pluripotent serine protease that plays a critical role in blood clotting by
converting fibrinogen to fibrin and by activating platelets after tissue injury. In addition to
these procoagulant effects, thrombin involves the recruitment and trafficking of
inflammatory cells and is a potent mitogen for a number of cell types, including endothelial
cells, fibroblasts, and smooth muscle cells (5). Most cellular effects elicited by thrombin are
mediated via PARL. Thrombin activates PAR1 by cleaving the NH2-terminal sequence of
the extracellular exodomain. The cleavage event resultsin a“new” amino terminal
sequence, which serves as a so-called “tethered ligand” and binds intramolecularly to the
ligand binding site to trigger trans-membrane signaling.

PARL1 is abundantly expressed throughout the gastrointestinal tract, and is strongly
overexpressed in radiation-induced intestinal injury (3). PAR1-mediated responsesinclude
increased vascular permeability; release of vasoactive mediators; expression of adhesion
molecules; and production of proinflammatory cytokines. PARL activation in the intestine
induces epithelial apoptosis and loss of barrier function (15), and intracolonic administration
of PAR1 agonists promotes local inflammatory responses (16). The results from the present
study suggest that early intestinal radiation injury (“radiation mucositis’) is partly mediated
by PARL1 activation, and that blocking PAR1 activation can ameliorate early intestinal
toxicity.

The mechanisms by which PAR1 blockade reduces early radiation mucositis are not
necessarily related to endothelial cells. PARL is not only expressed by endothelial cells, but
also by the intestinal epithelium, immune cells, and avariety of stromal cellsin the intestine.
For example, PAR1 activated by mast cell proteases elicits a strong response in enteric
neurons and thus may represent an important neural pathway in the radiation enteropathy
development (reviewed in 17).

PARL1isinvolved in avariety of fibroproliferative processes. Therefore, the finding that the
PAR1 antagonist did not significantly affect delayed intestinal radiation fibrosis was
somewhat surprising. PARL activation increases the expression of many profibrogenic
mediators and PAR1 activation stimulates proliferation of fibroblasts and smooth muscle
cells, aswell as the production of pro-collagen. Moreover, (unpublished) experimentsin
PARZ1-deficient animals showed a substantial reduction in delayed radiation toxicity. The
obvious explanation is that there might be species differences (mice vsrats), differences due
to the mode of irradiation (single dose vs fractionated irradiation), and/or that a degree of
blocking of the receptor is needed that is difficult to achieve by pharmacol ogical means.

A more likely explanation for the absence of an effect of SCH602539 and, in fact, atrend
(albeit not statistically significant) toward worsening of delayed injury by PAR1 blockade is
so-called “ context dependent biased proteolysis’ (18, 19). Hence, besides thrombin,
activated protein C with involvement of the endothelial cell protein C receptor (EPCR) can
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also activate PARL. Under these circumstances, PAR1 activation exhibits many protective
(rather than detrimental) effects. For example, endogenous EPCR/aPC-PAR1 signaling exert
anti-inflammatory propertiesin experimental colitis models (20). Ongoing experimentsin
our and other laboratories with variants of mouse activated protein C (wild type,
anticoagulant, or PAR1 signaling) do indeed suggest that, depending on the context,
activation of PAR1 by the protein C pathway may be biologically important.

CONCLUSIONS

SCH602539, a selective, small molecule, non-peptide antagonist of PAR1 appears to
attenuate early intestinal radiation mucositis. This protective effect islikely due to inhibition
of the cellular, receptor-mediated thrombin effects rather than to inhibition of blood clotting.
The underpinnings of the lack of efficacy of SCH602539 in ameliorating delayed radiation
fibrosis need further investigation. PAR1 blockade has antitumor effects and, compared to
direct thrombin inhibition, far fewer side effects. Therefore, PAR1 blockade may be an
attractive option for normal tissue protection in the clinic and for first responders, rescue
workers, and cleanup personnel in radiological emergency situations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental design

Experimental groups used to investigate the influence of SCH602539 on early and delayed
radiation enteropathy.

The arrow indicates the period of irradiation, the dark shaded area represents the period of
drug/vehicle administration, while the light shaded area represents observation without drug
treatment.
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Figure 2. Effect of PAR1 blockade on early structural alterations and intestinal collagen
accumulation
Radiation injury score, mucosal surface area, and accumulation of collagen types| and 111, 2

weeks after irradiation (N=10 per group).
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Figure 3. Effect of PAR1 blockade on development of early radiation mucositis
Myeloperoxidase, smooth muscle cell proliferation, and extracellular TGF-B
immunoreactivity levels 2 weeks after the end of the radiation schedule (N=10 per group).
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Figure 4. Representative histological images of control (unirradiated) intestine and early
intestinal mucositisin ratstreated with vehicle or PAR1 inhibitor

Hematoxylin-eosin staining (A, B, and C): Unirradiated intestine (A) exhibits normal
architecture. In contrast, 2 weeks after the end of a course of fractionated irradiation (9 daily
fractions of 5 Gy) irradiated intestine shows extensive ulceration, substantial mucositis, and
reactive fibrosis in the submucosa and smooth muscle cell layers (B). Treatment with
SCH602539 15 mg/kg/d (C) ameliorates the histological evidence of radiation injury with
preservation of the intestinal epithelium and less reactive fibrosis. Collagen 111
immunohistochemical staining (D, E, and F): Minimal collagen immunoreactivity in
unirradiated intestine (D), localized mainly in the submucosa. Irradiated intestine (E) shows
substantial accumulation of collagen I11 in the thickened submucosa and reactive fibrotic
smooth muscle cell layers, which is somewhat ameliorated in intestine from SCH602539-
treated rats (F).

Original magnification 3.5X for all images.
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Figure 5. Influence of the PAR1 inhibitor on accumulation of mucosal myeloper oxidase-positive
cells

Unirradiated intestine showing scattered myel operoxidase-positive cells in the mucosa (A).
Irradiated intestine from vehicle-treated rat exhibiting substantial myel operoxidase
immunoreactivity (B). Irradiated intestine from a SCH602539-treated rat (C) showing better
preservation of the epithelium and fewer myel operoxidase-positive cells compared with the
vehicle-treated control.

Original magnification 5X.
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