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Intestinal radiation toxicity occurs during and after
abdominopelvic radiotherapy. Endothelial cells play a signif-
icant role in modulating radiation-induced intestinal damage.
We demonstrated that the endothelial cell surface receptor
thrombomodulin (TM), a protein with anticoagulant, anti-
inflammatory and antioxidant properties, mitigates radia-
tion-induced lethality in mice. The goal of this study was to
determine whether recombinant TM (Solulin) can protect the
intestine from toxicity in a clinically relevant rat model. A 4
cm loop of rat small bowel was exposed to fractionated 5 Gy
X radiation for 9 consecutive days. The animals were
randomly assigned to receive daily subcutaneous injections
of vehicle or Solulin (3 mg/kg/day or 10 mg/kg/day) for 27
days starting 4 days before irradiation. Early intestinal injury
was assessed two weeks after irradiation by quantitative
histology, morphometry, immunohistochemistry and luminol
bioluminescence imaging. Solulin treatment significantly
ameliorated intestinal radiation injury, made evident by a
decrease in myeloperoxidase (MPO) activity, transforming
growth factor beta (TGF-b) immunoreactivity, collagen-I
deposition, radiation injury score (RIS) and intestinal serosal
thickening. These findings indicate the need for further
development of Solulin as a prophylactic and/or therapeutic
agent to mitigate radiation-induced intestinal damage. � 2016

by Radiation Research Society

INTRODUCTION

Intestinal radiation toxicity is a major dose-limiting factor
after therapeutic abdominopelvic irradiation. It is generally
assumed that radiation-induced injury to the intestinal
epithelium is primarily responsible for early radiation

enteropathy, whereas late radiation enteropathy is due to
vascular damage and/or killing of slowly proliferating target
cells. However, the pathogenesis of radiation enteropathy is
not completely understood and is considered to be the result
of the interaction among various cell types and soluble
mediators (1). Also, it has been shown that early radiation
enteropathy is associated with long-term complications (2,
3). Therefore, limiting early intestinal radiation damage
would conceivably also lower the risk of delayed toxicity,
thereby improving the quality of life for cancer survivors
and reducing the global health and economic burden.

Radiation-induced damage to the vascular endothelium, a
sheet of single-layer endothelial cells that line the inner wall
of all blood and lymphatic vessels, has been shown to play
important roles in the pathogenesis of both early and
delayed radiation enteropathy (4). However, it is unclear
how radiation-damaged endothelial cells contribute to the
development of early radiation toxicity. Wang et al.
proposed that radiation-induced endothelial dysfunction
leads to inflammation, oxidative stress and enhanced
TGF-b production, which in turn, suppress epithelial cell
proliferation, causing depletion of epithelial cells, and
finally resulting in breakdown of the epithelial barrier (4).
Other experimental findings demonstrate that safeguarding
endothelial cells from radiation injury confers protection of
the intestinal epithelium (5, 6), indicating the potential role
of endothelial cells in the pathogenesis of intestinal toxicity.

Endothelial thrombomodulin (TM), a multi-domain
transmembrane receptor protein, has been shown to exert
an array of beneficial biological effects on the vasculature
because of its anti-inflammatory, cytoprotective, antifibri-
nolytic, antioxidant and anticoagulant properties (7). Our
results from systemic administration of a soluble form of
recombinant thrombomodulin, Solulin, or its downstream
mediator, activated protein C (APC), support these findings.
Solulin is comprised of the extracellular portion of TM (an
N-terminal lectin-binding domain, 6 EGF-like repeats and a
serine/threonine-rich domain), but lacks the transmembrane
and intracellular domains and the chondroitin sulfate
moiety. We also found wild-type mice to be less susceptible
to radiation-induced lethality than mutant mice deficient in
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TM function (8), consistent with the notion that TM plays a
critical role in modifying radiation response. Moreover,
Solulin is effective in preventing a variety of other
pathophysiological conditions including acute ischemic
stroke (9), thrombin-mediated astrocyte activation (10)
and middle cerebral artery occlusion (11).

The current study demonstrates that exogenous Solulin
administration protects the intestine from structural and
molecular radiation damage. A possible mechanism may be
that Solulin forms a complex with the coagulation factor,
thrombin, which activates protein C (APC). APC attenuates
the intrinsic coagulation cascade by inhibiting factors Va
and VIIIa, thereby limiting further thrombin generation
(12). Studies from our laboratory demonstrate that thrombin
inhibition by anticoagulant treatment suppresses radiation
damage in rat intestine (13), and that recombinant APC
administration provides radiation lethality protection in
mice (8). In addition, the N-terminal lectin-like domain of
Solulin and APC have antioxidant and anti-inflammatory
properties (14–17), which are well known for their ability to
counteract radiation injury. Solulin warrants further devel-
opment as a protector against the adverse effects of clinical
radiation therapy and as a mitigator of radiation toxicity
from nuclear accidents and radiological terrorism.

MATERIALS AND METHODS

Animals and Experimental Radiation Enteropathy Model

A total of 36 male Sprague-Dawley rats (200–250 g) were
purchased from Envigo (Indianapolis, IN) and housed in conventional
cages in a pathogen-free environment with controlled humidity,
temperature and 12:12 h light-dark schedule with free access to tap
drinking water and chow (cat. no. TD8640; Harlan Teklad, Madison,
WI). The experimental protocols were approved by the University of
Arkansas for Medical Sciences Institutional Animal Care and Use
Committee (IACUC).

The surgical model for localized small bowel irradiation was
prepared as described previously (18). Briefly, rats were fasted
overnight, anesthetized and orchiectomized. A loop of ileum was
sutured to the inside of the scrotum. This model creates a ‘‘scrotal
hernia’’ that contains a 4 cm loop of small intestine that can be
irradiated locally without significant radiation exposure to other

tissues, while the intestine remains functional and within the
abdominal cavity. This model minimizes manipulation during
irradiation and produces radiation-induced changes similar to those
seen clinically. The surgical procedure itself does not cause structural,
functional or cellular changes in the intestine.

After three weeks postoperative recovery, rats were anesthetized
with isoflurane, and the transposed bowel segment within the ‘‘scrotal
hernia’’ was sham irradiated or irradiated once daily with 5.0 Gy
delivered in 9 daily fractions for 9 days using a Seifert Isovolt 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 copper, 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 (18).

Solulin

Solulin (soluble human recombinant TM), was provided by PAION
Deutschland GmbH (Aachen, Germany). Solulin derives from the
molecule originally described by Glaser et al. and is referred to as
TMLEO (19), being distinguished by the following mutations:
deletion of the first four amino acids of the amino terminus
(Met388Leu, Arg456Gly, His457Gln, Ser474Ala) and deletion of
the last seven amino acids of the carboxy terminus (20). A
comparative diagrammatic representation of the amino acid sequences
of thrombomodulin and Solulin are shown in Fig. 1. Solulin (4.6 mg/
ml; lot no. 13PA201207) was provided as a sterile liquid solution for
injection containing Solulin in 10 mM sodium phosphate, 2.7 mM
potassium chloride, 137 mM sodium chloride and 5% mannitol at pH
7.0.

Administration of Solulin In Vivo

To test whether Solulin attenuates radiation-induced intestinal
injury, the animals were randomly assigned to receive daily
subcutaneous injections of 240 ll of vehicle (n ¼ 15) or Solulin at 3
mg/kg/day (n ¼ 12) or at 10 mg/kg/day (n ¼ 9) for 27 days (starting
from 4 days before, 9 days during and 14 days after irradiation).
Previous pharmacokinetic results from a phase I human trial show that
the time required to reach maximum plasma concentration (tmax) is
approximately 96 h and the half-life (t1/2) of Solulin is 21.2–24.6 h
when a daily dose of 1 or 10 mg Solulin was used for multiple days
(21). In this study, we therefore, decided to start daily dosing of
Solulin 4 days before irradiation. The stock solution of Solulin was
diluted in 0.9% saline, according to the desired concentration and
0.9% saline was also used as vehicle. All animals were euthanized on
day 28 (24 h after the last vehicle or Solulin dose) in accordance with

FIG. 1. Comparative diagrammatic representation of the various domains of thrombomodulin (panel A) and Solulin (panel B) with the
corresponding number of amino acids and their modifications. Lectin, N-terminal lectin-like domain; EGF¼ epidermal growth factor domain; S/T
rich ¼ serine-threonine rich domain; TMD ¼ transmembrane domain; CD ¼ cytoplasmic domain.
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the American Veterinary Medical Association Guidelines for the
euthanasia of animals.

Assessment of Intestinal Radiation Response

After euthanasia, intestinal specimens were procured from the
vehicle group (n¼ 15), 3 mg/kg Solulin group (n¼ 12) and 10 mg/kg
Solulin group (n ¼ 9), fixed in methanol-Carnoy’s fixative and
embedded in paraffin. We used 5 lm sections for histopathology,
morphometry and immunohistochemistry. The observation time used
in the study (two weeks) is representative of early radiation
enteropathy in our model system.

Bioluminescence Imaging of Myeloperoxidase Activity In Vivo

Twelve days after irradiation, rats were anaesthetized (isoflurane
inhalation), and luminol was administered by intraperitoneal injection
(200 mg/kg body weight). Luminol (5-amino-2, 3-dihydro-1,4-
phthalazinedione) is a redox-sensitive compound specific for MPO
that emits blue luminescence (lambda max¼ 425 nm) when exposed
to activated MPO (22). Five minutes after luminol injection, the
irradiated area of each animal was imaged for MPO activity using the
IVISt 200 bioluminescence imaging system (Xenogen). Quantitative
imaging was performed with Living Image Software (Caliper Life
Sciences, Hopkinton, MA). Areas of luminescence were identified as
regions of interest and quantified as photons emitted.

Quantitative Histopathology and Morphometry

Sections of intestine were stained with hematoxylin and eosin
(H&E) and were used to determine radiation injury score (RIS),
mucosal surface area and intestinal wall thickness, as described
elsewhere (13, 23). The RIS provides a global measure of the severity
of structural radiation injury in the intestine and is a composite
histopathological scoring system that has been extensively used and
validated in our laboratory (24). Briefly, seven histopathologic
parameters of radiation injury (mucosal ulcerations, epithelial atypia,
thickening of sub-serosa, vascular sclerosis, intestinal wall fibrosis,
ileitis cystica profunda and lymph congestion) were assessed and
graded from 0–3. The sum of the scores for the individual alterations
constitutes the RIS. All specimens were evaluated in a blinded fashion
by two separate researchers, and discrepancies in scores were resolved
by consensus.

A radiation-induced decrease in the surface area of the intestinal
mucosa is a sensitive parameter of small bowel radiation injury.
Mucosal surface area was measured in vertical sections using a
stereologic projection/cycloid method as described by Baddeley et al.
and adapted by us to our model system (24, 25). The method does not
require assumptions about the shape or orientation of the specimens
and thus circumvents problems associated with most other procedures
for surface area measurement.

Intestinal wall thickening is a measure of both reactive intestinal
wall fibrosis and intestinal smooth muscle cell hyperplasia. In contrast,
sub-serosal thickening reflects mainly reactive fibrosis. Intestinal wall
thickness and sub-serosal thickness were measured with computer-
assisted image analysis (Image-Prot Plus, Media Cybernetics Inc.,
Silver Spring, MD). All measurements were made by utilizing a 103
objective lens. A total of 5 areas, 500 lm apart, were selected for
measurement, with three measurements taken per area. The average of
all 5 areas was used as a single value for statistical calculations.

Quantitative Immunohistochemistry and Image Analysis

Immunohistochemistry and computer-assisted image analysis
(Image-Pro Plus) 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 type I in the intestinal wall; and 4. expression of extracellular

matrix-associated transforming growth factor-b (TGF-b), as described
in detail and validated previously (26, 27).

Immunohistochemical staining was performed with a standard avidin-
biotin complex (ABC) technique, diaminobenzidine (DAB) chromogen
and hematoxylin counterstaining. Appropriate positive and negative
controls were included. The primary antibodies, incubation times,
dilutions, and sources were as follows: polyclonal anti-myeloperoxidase
antibody (A0398, 2 h, 1:100; Dako Inc., Carpinteria, CA), monoclonal
antibody against proliferating cell nuclear antigen (NA03, 2 h, 1:100;
Calbiochem, Cambridge, MA), polyclonal antibodies against collagen
types I (1310-01, 2 h, 1:100; Southern Biotechnology Associates,
Birmingham, AL), and polyclonal antibody against TGF-b (AB-100-
NA, 2 h, 1:300; R&D Systems, Minneapolis, MN).

Quantitative assessment of immunoreactivity was performed using
computerized image analysis (Image–Pro Plus), as previously
described and validated (28). Cells positive for MPO and proliferating
cell nuclear antigen were determined by color threshold and were
counted in twenty 403 fields per section, selected according to a
predetermined grid pattern. Relative areas positive for TGF-b and
collagen I were determined in 20 fields (403), according to previously
described procedures (29).

Statistical Analysis

Statistical analysis was performed using Prism software (GraphPad
Software, La Jolla, CA). Mean values with standard errors, when
applicable, were reported. Differences in end points between two
groups were assessed with the Mann-Whitney U test, and P , 0.05
was considered statistically significant. All statistical tests were two
sided with a 5% significance level.

RESULTS

There were no obvious toxic effects of Solulin adminis-
tration (3 mg/kg and 10 mg/kg) and no treatment-related
mortality. Early structural alterations (two weeks after
irradiation) consisted primarily of mucosal injury and
ulcerations, reactive intestinal wall thickening and inflam-
matory cell infiltration.

In nonirradiated (shielded) intestine, administration of
Solulin did not affect mucosal surface area, thickness of
intestinal wall and serosa, neutrophil infiltration, TGF-b
immunoreactivity, proliferation of intestinal smooth mus-
cles and collagen deposit (data not shown).

Solulin Suppresses MPO Activity and Neutrophil Infiltration
in Irradiated Rat Intestine

Neutrophils are the first responders to tissue injury during
the early stages of inflammation. The azurophilic granules
of neutrophils contain the MPO enzyme, and MPO’s
activity is important for bactericidal functions. Prior studies
have established noninvasive imaging methods for moni-
toring neutrophil MPO activity in vivo by using biolumi-
nescence imaging (22). To analyze whether luminol could
be used in our model to monitor physiological MPO activity
in vivo, we injected luminol intraperitoneally and the
irradiated area of each animal was imaged (Fig. 2A,
irradiated plus vehicle treated; Fig. 2B, irradiated plus 3
mg/kg Solulin treated; and Fig. 2C, irradiated plus 10 mg/kg
Solulin treated). Compared to vehicle, Solulin-treated
groups (both 3 and 10 mg/kg) showed a highly significant
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reduction in luminol bioluminescence at the irradiated site
(Fig. 2D).

MPO activity is a marker of tissue neutrophil infiltration
(30). We stained intestinal tissues with antibodies against
MPO to detect neutrophil accumulation at the damaged site.
Representative photomicrographs showed relatively high
MPO immunostaining in irradiated vehicle-treated (Fig. 2E)
compared to irradiated Solulin-treated (Fig. 2F) rat intestine
at two weeks. As shown in Fig. 2G, Solulin treatment
causes significant reduction in MPO-positive cell accumu-
lation at the damaged intestine after fractionated radiation.

Solulin Prevents Radiation-Induced TGF-b Overexpression
in Rat Intestine

TGF-b is considered a key growth factor in the
development of radiation fibrosis (31), and is mechanistically
involved in radiation enteropathy (27). Representative
intestinal sections demonstrated higher TGF-b immunoreac-
tivity in the irradiated vehicle-treated group (Fig. 3A) than in
the irradiated Solulin-treated group (Fig. 3B) at two weeks.
We found that irradiated intestine from Solulin-treated
animals (at both doses) exhibited decreased TGF-b immu-
noreactivity compared to the vehicle-treated group (Fig. 3C).

Solulin Limits Radiation-Induced Intestinal Wall Collagen
Deposition

Collagen I accumulation in tissue is primarily a late end
point of radiation toxicity. Representative images of the

intestine showed considerably high collagen I deposition in

the irradiated vehicle-treated group (Fig. 4A) compared to
irradiated Solulin (Fig. 4B) treated group at two weeks
postirradiation. Compared to vehicle, Solulin treatment was
found to be effective in preventing collagen deposits in

irradiated intestine (Fig. 4C).

Solulin Attenuates Radiation-Induced Early
Histopathological Changes in Rat Intestine

Histopathological assessment was performed to determine

early adverse changes in the intestine two weeks after
fractionated irradiation. Both doses of Solulin (3 mg/kg and
10 mg/kg) significantly reduced overall RIS (Fig. 5A) in the
irradiated intestine. However, a decrease in serosal

thickness (indicating so-called consequential injury) was
only observed after the high (10 mg/kg) dose of Solulin but
not after the 3 mg/kg Solulin dose (Fig. 5B). Overall,
Solulin attenuated the intestinal radiation-induced histo-

pathological alterations.

DISCUSSION

The risk of radiation enteropathy is a major dose-limiting
factor in abdominopelvic cancer treatment. Moreover,
radiological and nuclear accidents or terrorist attacks may

also cause acute intestinal toxicity of varying degrees
depending on the absorbed dose and radiation quality. In
both cases, the early intestinal radiation response is

FIG. 2. Panel A: Evidence of MPO activity in the intestine as detected by luminol bioluminescence in
irradiated plus vehicle-treated group. Panel B: Irradiated plus 3 mg/kg Solulin-treated group. Panel C: Irradiated
plus 10 mg/kg Solulin-treated group at two weeks. Panel D: MPO activity significantly decreased after 3 mg/kg
(P¼ 0.015) as well as 10 mg/kg (P¼ 0.018) of Solulin treatment. Panels E and F: MPO-positive cells infiltrated
the intestine in the irradiated plus vehicle-treated group (panel E) and irradiated plus Solulin (10 mg/kg/day)-
treated group (panel F) at two weeks, as detected by immunohistochemical staining. Images were taken under
103 magnification. Panel G: Infiltration of MPO-positive cells was significantly reduced after 3 mg/kg (P ¼
0.009) as well as 10 mg/kg (P¼ 0.005) of Solulin treatment. Values are expressed as mean 6 SE.
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characterized by a breakdown of the epithelial barrier,
mucosal inflammation and microvascular injuries. There-
fore, strategies to prevent early intestinal injury are required
both to improve the effectiveness and outcomes after
therapeutic radiation and to mitigate radiation-induced acute
gastrointestinal syndrome.

Studies from various groups, including ours, have shown
that prevention of radiation-induced microvascular injury,
particularly protection of endothelial cells, suppresses early
intestinal damages. For example, prevention of endothelial
apoptosis by inhibiting the enzyme acid sphingomyelinase
and pro-apoptotic sphingolipid ceramide (5, 32), suppres-
sion of endothelial specific PAR-1 activation (a thrombin
receptor and an essential mediator of vascular diseases) (6,
33) and inhibition of leucocyte attachment with endotheli-
um by systemic administration of antioxidant enzyme

superoxide dismutase (34) confer significant protection
against radiation-induced intestinal epithelial cell apoptosis
in mice. These studies suggest that maintaining normal
endothelial functions in the intestinal microvasculature is
crucial to limiting acute radiation enteropathy. Moreover,
exposure to ionizing radiation may also increase intestinal
microvascular permeability, resulting in passage of immune
cells from the blood stream to the intestinal tissue, inducing
inflammation. A recent study demonstrated that TM
prevents vascular permeability in a mouse model of
hemorrhagic shock by restricting the loss of tight junction
proteins (35), thereby limiting inflammation.

Endothelial TM modifies a variety of pathological
responses in many normal tissues, including the intestine.
Although the mechanisms of TM-mediated intestinal
radiation protection are not fully understood, studies by

FIG. 3. TGF-b immunoreactivity in the intestine as detected by immunohistochemical staining in (panel A)
irradiated plus vehicle-treated group and (panel B) irradiated plus Solulin (10 mg/kg/day)-treated group at two
weeks. Images were captured under 103 magnification. Panel C: TGF-b immunoreactivity significantly
decreased after 3 mg/kg (P¼ 0.023) as well as 10 mg/kg (P¼ 0.016) Solulin treatment. Values are expressed as
mean 6 SE.
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our group and others suggest that TM suppresses inflam-

mation, an early postirradiation adverse event. For example,

we found that statins, a potent TM inducer, reduce the

expression of inflammatory and fibrotic markers in rat

intestine exposed to fractionated radiation (36). Other

studies have also revealed that TM and APC play a critical

role in controlling intestinal inflammation by modulating

inflammatory cytokines (37). Therefore, we reasoned that

Solulin would prevent the emergence of early markers of

radiation-induced intestinal inflammation, such as infiltra-

tion of neutrophils in the inflamed tissue represented by

enhanced MPO activity. The current study did confirm that

systemic administration of Solulin suppresses MPO activity

in rat intestine after exposure to fractionated radiation.

Ionizing radiation induces the multifunctional fibrogenic

cytokine TGF-b in various tissues, including intestine. In

concordance with the current findings, we earlier reported

on enhanced TGF-b immunoreactivity in rat intestine after

two weeks of fractionated irradiation (38, 39). Increased

TGF-b expression is a predictor of normal tissue injury, and

was shown to cause endothelial damage (40), enhance

endothelial barrier permeability (41), induce endothelial

dysfunction (42) and suppress endothelial TM expression

(43). Studies from our laboratory also suggest that there is a

strong negative correlation between endothelial TM-posi-

tive vessels and TGF-b expression in small bowel resection

specimens obtained from patients with radiation enteropathy

(44). TM upregulation by statin treatment was shown to

FIG. 4. Collagen-I deposits in the intestine as detected by immunohistochemical staining in (panel A)
irradiated plus vehicle-treated and (panel B) irradiated plus Solulin (10 mg/kg/day)-treated group at two weeks.
Images were captured under 103 magnification. Panel C: Collagen-I deposits significantly decreased after 3 mg/
kg (P¼ 0.016) as well as 10 mg/kg (P¼ 0.023) Solulin treatment. Values are expressed as mean 6 SE.
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suppress the TGF-b signaling pathway by inhibiting ERK

activation (45). TM is also known to deactivate HMGB1, a

nuclear protein shown to activate the TGF-b signaling

pathway (46), and inhibits thrombin-mediated activation of

platelets (47), the major cellular source of TGF-b.

Consistent with this notion, our current study showed that

exogenous Solulin administration limited radiation-induced

TGF-b overexpression in rat intestinal tissue.

Deposition of collagen is a major cause of delayed

complications after radiation therapy. We have found

collagen I and collagen III deposits two weeks after

intestinal irradiation (36, 48). In the intestine, collagen

formation is largely regulated by thrombin-mediated PAR-1

activation on smooth muscle cells and myofibroblasts. TM

appears to play an important role in suppressing thrombin-

mediated collagen deposition. For example, Wei et al.
showed that mice bearing a wild-type TM extracellular

domain exhibited suppressed PAR-1 activation through

thrombin binding, compared to mice with mutant TM

domains (49). In another study, recombinant TM treatment

substantially inhibited thrombin-induced smooth muscle

proliferation (50). Moreover, TM deficiency was shown to
enhance collagen deposition (51), while conversely, colla-
gen deposition was delayed in TM-overexpressing mice
(52). Analogously, we found that statins, which potently
induce endothelial TM, reduce collagen deposits in
irradiated rat intestine (36). Finally, Sopel et al. reported
that APC treatment reduced angiotensin-II infusion-induced
collagen deposits in the murine heart (53).

Although the loss of normal intestinal structural architec-
ture is multifactorial, studies by various groups suggest that
postirradiation TGF-b activation and collagen deposition
play important roles in the subsequent histopathological
changes (54, 55). Since TM can inhibit excessive reactive
oxygen species formation, TGF-b activation and collagen
deposition, we hypothesized that Solulin treatment would
ameliorate structural injury in the irradiated gut. We found
that Solulin indeed reduced histopathological, pro-inflam-
matory and molecular changes in the irradiated rat intestine.
The exact mechanism of Solulin-mediated protection of
radiation damage to the intestine requires further investiga-
tion, particularly with regard to the contribution of APC. A
number of studies demonstrate that APC administration
reduces injury and improves functional activities in various
animal models of intestinal toxicity (37, 56, 57). On the
other hand, we did not observe reduction of intestinal injury
in mice when APC was administered 24 h after acute total-
body irradiation (8). This may be because there are
differences between fractionated and single-dose irradiation
and between localized and total-body irradiation, or that
there are important biological differences between the rat
and the mouse model. Another possibility is that intestinal
radiation injury is largely independent of APC and more
directly dependent on TM. For example, the lectin-like
domain of TM (which is retained in Solulin) has the ability
to scavenge free radicals, which clearly play an important
role in radiation injury.

In conclusion, Solulin was found to be protective against
early localized fractionated radiation-induced structural
damage, inflammation, TGF-b production and collagen-I
deposition in rat intestine. Although the mechanisms of
intestinal radiation protection by Solulin require further
investigation, Solulin’s thrombin-inhibiting properties likely
play a significant role in this regard, as we have shown
previously that the thrombin inhibitor hirudin attenuates
structural and molecular aspects of intestinal radiation
injury (13). Moreover, thrombin inhibition is also known to
suppress cancer cell growth (58); therefore, Solulin would
be expected to reduce rather than enhance cancer growth,
thereby increasing the therapeutic ratio of radiotherapy. A
phase I trial of Solulin showed excellent overall tolerability
(in dose ranges of 0.6–30 mg for single or multiple dose; 1–
10 mg once daily for five days) with no bleeding risk, linear
pharmacokinetics, dose-dependent thrombin inhibition and
long plasma half-life (15–30 h) (21). Solulin should be
tested clinically for the prevention of early intestinal
radiation toxicity in patients undergoing abdominal or

FIG. 5. Panel A: Radiation injury score and serosal thickness in the
intestine detected by H&E staining at two weeks. Radiation injury
score significantly decreased after 3 mg/kg (P¼ 0.008) as well as 10
mg/kg (P ¼ 0.008) Solulin treatment. Panel B: Serosal thickness
significantly decreased after 10 mg/kg Solulin treatment (P¼ 0.015),
but not after 3 mg/kg Solulin treatment (P ¼ 0.127). Values are
expressed as mean 6 SE. NS ¼ not statistically significant.
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pelvic radiation therapy, and further studies to investigate
the effects on delayed radiation enteropathy are warranted.
Finally, Solulin should also be considered for protecting
normal tissues from the adverse effects of nontherapeutic
radiation exposure.
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