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Abstract
Background—Microvascular injury plays a key role in normal tissue radiation responses. Statins,
in addition to their lipid-lowering effects, have vasculoprotective properties that may counteract some
effects of radiation on normal tissues. We examined whether administration of simvastatin
ameliorates intestinal radiation injury, and whether the effect depends on protein C activation.

Methods—Rats received localized, fractionated small bowel irradiation. The animals were fed
either regular chow or chow containing simvastatin from 2 weeks before irradiation until termination
of the experiment. Groups of rats were euthanized at 2 weeks and 26 weeks for assessment of early
and delayed radiation injury by quantitative histology, morphometry, and quantitative
immunohistochemistry. Dependency on protein C activation was examined in TM mutant mice with
deficient ability to activate protein C.

Results—Simvastatin administration was associated with lower radiation injury scores (p<0.0001),
improved mucosal preservation (p=0.0009), and reduced thickening of the intestinal wall and
subserosa (p=0.008 and p=0.004), neutrophil infiltration (p=0.04), and accumulation of collagen I
(p=0.0003). The effect of simvastatin was consistently more pronounced for delayed than for early
injury. Surprisingly, simvastatin reduced intestinal radiation injury in TM mutant mice, indicating
that the enteroprotective effect of simvastatin after localized irradiation is unrelated to protein C
activation.

Conclusions—Simvastatin ameliorates the intestinal radiation response. The radioprotective
effect of simvastatin after localized small bowel irradiation does not appear to be related to protein
C activation. Statins should undergo clinical testing as a strategy to minimize side effects of radiation
on the intestine and other normal tissues.
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Introduction
Radiation therapy is used in 70% of all cancer patients and plays a critical role in 25% of cancer
cures (1). Despite the technological advances of dose-sculpting therapies, however, normal
tissue toxicity remains the single-most important obstacle to uncomplicated cancer cure.

The gastrointestinal tract is a critical dose-limiting organ system during treatment of abdominal
and pelvic tumors. Symptoms of acute bowel toxicity are common and may require de-
intensification of the treatment plan and/or costly supportive therapies. Delayed bowel toxicity,
while less common, is highly important clinically because of its chronic and progressive nature
and substantial long-term morbidity and mortality.

The notion that normal tissue radiation responses result solely from induction of apoptosis and
clonogenic death of target cells has been supplanted. Hence, it is now generally recognized
that the pathophysiological manifestations of normal tissue radiation injury are the result of a
complex interplay among many different processes that include activation of the coagulation
system, inflammation, epithelial regeneration, tissue remodeling, and collagen deposition (2).

Radiation-induced endothelial injury has been the subject of considerable interest relative to
both acute and chronic radiation toxicities in normal tissues. Radiation causes endothelial cell
apoptosis at high doses (3). At lower, more clinically relevant radiation doses, there is increased
expression of adhesion molecules and chemokines, and loss of endothelial thromboresistance
through the loss of thrombomodulin and increased expression of tissue factor and von
Willebrand factor, and upregulation of the thrombin receptor, proteinase-activated receptor 1
(PAR1) (4,5). These changes, collectively referred to as endothelial dysfunction, appear to play
a central role in the development of early and delayed radiation responses and may, in fact, be
the “motor” that drives the vicious cycle responsible for the progressive nature of radiation
fibrosis.

The commonly used lipid-lowering compounds, statins, in addition to their effect on
cholesterol, has many cholesterol-independent, vasculoprotective, so-called pleiotropic
effects, many of which counteract the effects of radiation on endothelial cells. One of the most
prominent among the pleiotropic effects is upregulation of thrombomodulin (TM), an
endothelial cell glycoprotein that, as one of its effects, activates the natural anticoagulant
protein C.

We hypothesized that statins may be able to influence the adverse effects of radiation on the
intestine by protecting the vascular endothelium. The objectives of the present study were 1)
to assess, in vivo, in a well established, clinically relevant rat model of localized fractionated
intestinal irradiation, the extent to which statins influence early and delayed radiation responses
in the intestine, and 2) to address a potential mechanism, namely the activation of protein C,
by which statins may influence the intestinal radiation response.

Material and Methods
All experimental protocols were approved by the University of Arkansas for Medical Sciences
Institutional Animal Care and Use Committee.

Wang et al. Page 2

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2008 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Radiation Experiments in Sprague-Dawley rats
Sixty-two male Sprague-Dawley rats, 43–49 days of age (175–200 g, Harlan, Indianapolis, IN)
were housed in conventional cages with free access to tap drinking water and chow.

The surgical model for localized small bowel irradiation was prepared as described previously
(6). Briefly, rats underwent bilateral orchiectomy and a loop 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. This
model has been extensively used and validated in our laboratory.

After 3 weeks postoperative recovery, the rats were randomly assigned to receive either regular
chow TD8640 (N=30) or simvastatin chow (Spectrum Laboratory Products, Gardena, CA,
N=32) until termination of the experiment. Simvastatin chow was produced by Harlan Teklad
by mixing in 500 mg/kg simvastatin TD8640 before pelleting. The simvastatin concentration
used in this study corresponded to approximately 80 mg/kg/d and did not cause appreciable
food aversion. After an additional 2-week of feeding simvastatin chow or regular chow, the
rats were 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.
Irradiation was performed with a Seifert Isovolt 320 X-ray machine (Seifert X-Ray
Corporation, Fairview Village, PA), operated at 250 kVp and 15 mA, with 3 mm Al added
filtration (half-value layer 0.85 mm Cu, dose rate 4.49 Gy/min). Dosimetric considerations
have been described elsewhere (7). This radiation regimen was based on data from previous
experiments and intended to elicit moderate to severe radiation enteropathy.

Generation of TM Mutant Mice
The thrombin-thrombomodulin-protein C system appears to play a role in the development of
acute and chronic radiation responses and evidence from total body irradiation experiments
suggest that activation of protein C is particularly important (unpublished observations, 2006–
2007). Therefore, we investigated the role of protein C activation in the intestinal radiation
response after localized irradiation.

Homozygous TM-deficiency in mice is embryonically lethal at about embryonic day 8.5,
before the assembly of a functional cardiovascular system. Heterozygous TM-deficient
(TM+/−) mice, on the other hand, are phenotypically normal. Compared to wild-type (TM+/+)
littermates, TM+/− mice have approximately 50% reduction TM mRNA and TM protein levels
(8).

TMPro/Pro and TM+/− breeders for producing TM+/+ and TMPro/− mice for the present study
were on a mixed C57BL/6J and 129 background and were provided by Dr. Hartmut Weiler
(Blood Research Institute, BloodCenter of Wisconsin, Milwaukee, WI). The TMPro/Pro mutants
had been generated by a single amino acid substitution (Glu404→Pro) in the TM gene.
Homozygous TMPro/Pro mice exhibit approximately 1000-fold reduction in protein C
activation and approximately 100-fold reduction in the binding of thrombin (9). Heterozygous
TM-deficient (TM+/−) mice had been generated by insertion of the β-galactosidase reporter
gene into one of the TM alleles, leading to complete elimination of TM expression at that allele
(10). The Glu404→Pro mutation is specific for the activation of protein C, i.e., it does not
affect binding of high mobility group box 1 (HMGB1) or activation of thrombin-activated
fibrinolysis inhibitor (TAFI). In the knock-out allele, these functions are absent, presumably
resulting in an overall 50% reduction in HMGB1 binding and TAFI activation in TMPro/− mice
compared to TM+/+.

TMPro/Pro and TM+/− mice were cross-bred to produce TMPro/− offspring (9,11). Compared to
TM+/+ mice, TMPro/− exhibit a 2000-fold reduction in activated protein C activation and 200-
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fold reduction in thrombin binding (9,11). Wild type control mice (TM+/+) were obtained from
homozygous TM+/+ breeders or from TM+/− breeders. The use of TMPro/− mice, rather than
TMPro/Pro mice has the following important advantages: 1) because one allele of the TM gene
is completely knocked out, TMPro/− mice have a more profound deficiency in the ability to
activate protein C; and 2) because both TMPro/− mice and TM+/+ mice are generated from the
same breeding colony (of TMPro/Pro and TM+/− mice) it is not necessary to rely on control mice
from a commercial vendor, which invariably exhibit other differences than those related just
to the knocked out or mutated gene.

Radiation Experiments in TM Mutant (TMPro/− and TM+/+) mice
A total of 119 TM mutant mice, 2–4 months of age, were used for these experiments: 65
TM+/+ mice (32 female and 33 male) and 54 TMPro/− mice (31 female and 23 male). Genotypes
of the animals were identified by lacZ reporter gene analysis and by PCR before the experiment
and at euthanasia.

The mice were fed the same simvastatin chow and control chow as the rats. After 2 weeks, the
mice were anesthetized with 60 mg/kg Nembutal (Abbott Laboratories, Chicago, IL). A 5-cm
segment of ileum, located 10 cm from the ileocecum, was exteriorized through an abdominal
incision and marked for identification with a tantalum clip on the mesentery. The mice were
placed on a heating pad (maintained at 38°C). The exteriorized ileum was covered with saline-
moistened gauze and exposed to 20 Gy localized single dose x-irradiation using the radiation
machine and parameters mentioned above. After irradiation, the ileum was replaced into the
abdomen and the incision was closed with 5-0 polypropylene (12).

Assessment of the Intestinal Radiation Response
Groups of rats and mice were euthanized 2 weeks (34 rats [17 controls, 17 simvastatin treated],
22 TMPro/− mice [12 controls, 10 simvastatin treated] and 34 TM+/+ mice [16 controls, 18
simvastatin treated]) and 26 weeks (28 rats [13 controls, 15 simvastatin treated], 16 TMPro/−

mice [10 controls, 6 simvastatin treated] and 22 TM+/+ mice [13 controls, 9 simvastatin
treated]) after the end of the radiation course. These time points are representative of early
(subacute) and delayed (chronic) radiation enteropathy in our model system (6,13). Specimens
of irradiated and unirradiated intestine were procured and fixed in methanol-Carnoy’s solution
for histological, morphometric, and immunohistochemical analysis. There was no significant
difference in radiation response between male and female TM+/+ and TMPro/− mice or in the
distribution of male versus female mice in the treatment groups.

Quantitative histopathology and morphometry
Radiation injury score—The overall severity of structural radiation injury was assessed
using the radiation injury score (RIS) scoring system. The RIS is a composite histopathological
scoring system that provides a global measure of structural radiation injury (13,14). Briefly,
seven histopathologic parameters of radiation injury (mucosal ulcerations, epithelial atypia,
thickening of subserosa, vascular sclerosis, intestinal wall fibrosis, ileitis cystica profunda, and
lymph congestion) were 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.

Mucosal surface area—Radiation-induced decrease in mucosal surface area is a sensitive
parameter of small bowel radiation injury. Mucosal surface area was measured in vertical
sections using the stereologic projection/cycloid method described by Baddeley (15), adapted
to our model system (16). This technique does not require assumptions about the shape or
orientation distribution of the specimens and circumvents problems associated with most other
procedures for surface area measurement.
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Thickness of the intestinal wall and subserosa—Intestinal wall thickening is a
measure of both reactive intestinal wall fibrosis and intestinal smooth muscle cell hyperplasia.
In contrast, subserosal thickening mainly reflects reactive fibrosis. Intestinal wall thickness
(submucosa, muscularis externa, and subserosa) and subserosal thickness were measured with
a 10X objective and computer-assisted image analysis (Image-Pro Plus, Media Cybernetics,
Silver Spring, MD). In each of 5 areas, 500 μm apart, 3 vertical lines were drawn, centered in
the left, middle, and right third. The average of the 3 measurements was calculated, and the
average across all 5 areas was used as a single value for statistical calculations.

Quantitative immunohistochemistry and image analysis
Immunohistochemistry and computer-assisted image analysis were used to assess 1) neutrophil
infiltration (myeloperoxidase); 2) proliferation rate of intestinal smooth muscle cells
(proliferating cell nuclear antigen, PCNA); 3) deposition of collagen types I and III in the
intestinal wall, and 4) extracellular matrix-associated transforming growth factor-β (TGFβ)
(12,17).

Immunohistochemical staining was performed with standard avidin-biotin complex (ABC)
technique, diaminobenzidine 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
hrs, 1:100, Dako, Carpinteria, CA); monoclonal antibody against proliferating cell nuclear
antigen (PCNA, NA03, 2 hrs, 1:100, Calbiochem, Cambrige, MA); polyclonal antibodies
against collagen I and III (1310–01, 2 hrs, 1:100, and 1330–01, 2 hrs, 1:100 dilution, Southern
Biotechnology Associates, Birmingham, AL); and polyclonal antibody against TGFβ
(AB-100-NA, 2 hrs, 1:300 dilution, R&D, Minneapolis, MN).

Myeloperoxidase—Myeloperoxidase enzymatic activity in leukocytes correlate directly
with neutrophil number (r=0.99) and myeloperoxidase activity in tissue extract correlates
directly with cellular infiltration (r=0.94) (18). The number of myeloperoxidase-positive cells
was determined by color thresholding and counting in twenty 40X fields, selected according
to a predetermined grid pattern.

Smooth muscle cell proliferation—In the intestine, most collagen is 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 (19). The number
of total smooth muscle cells and PCNA-positive smooth muscle cells was determined in twenty
40X fields using color thresholding and normalized to PCNA-positive smooth muscle cells per
thousand.

Collagens—Fibrosis is a common post-radiation manifestation in normal tissues. Areas
positive for collagen I and collagen III were determined in twenty 40X fields according to
Raviv et al (20), as modified by us (21).

TGFβ—TGFβ is overexpressed in many fibrotic conditions (22), and is mechanistically
involved in radiation enteropathy (12). The relative areas positive for TGFβ were determined
in twenty 40X fields as described and validated previously (23).

Statistical Methods
In the rat experiment, differences as a function of drug treatment (simvastatin vs. control) and
observation time (2 weeks vs. 26 weeks) were assessed using fixed-factor analysis of variance
ANOVA using NCSS2004 for Windows (NCSS, Kaysville, UT). In the TM mutant mouse
experiment, genotype (TMPro/− vs. TM+/+) was included in the analysis. Appropriate post-
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hoc comparisons of irradiated intestines were performed with the Mann-Whitney U test, using
exact non-parametric inference (StatXact7, Cytel Software, Cambridge, MA). P-values less
than 0.05 were considered statistically significant.

Results
Effect of Simvastatin on the Intestinal Radiation Response of Rats

Radiation-induced histopathologic changes in this study were similar to those observed in other
studies performed in our laboratory (16,22). There were no obvious toxic effects of simvastatin
administration and no early complications among irradiated rats in either treatment group. In
3 rats, all in the control chow group, small localized intestinal perforations were found at the
time of euthanasia at 26 weeks.

Early alterations (2 weeks after irradiation) consisted mainly of mucosal injury and ulcerations,
reactive bowel wall thickening, and inflammatory cell infiltration. Vascular sclerosis, chronic
mucosal ulcers, and intestinal wall fibrosis predominated at the late observation time (26
weeks). There was significant loss of mucosal surface area, increase in the number of
myeloperoxidase-positive cells, increased smooth muscle cell proliferation, and increased
deposition of collagens and TGFβ. The differences between unirradiated and irradiated
intestines were highly statistically significant for all parameters (p<0.001 for all parameters,
data not shown).

Overall, simvastatin attenuated the delayed intestinal radiation response to a much greater
extent than it affected early intestinal radiation toxicity. While the difference in histological
injury (RIS) between controls and simvastatin-fed rats was only borderline significant at 2
weeks (p=0.05), the difference at 26 weeks post-irradiation was highly significant (p=0.002,
Figure 1A). Simvastatin also did not attenuate mucosal injury (loss of mucosal surface area)
at 2 weeks, but was associated with highly significant preservation of the mucosa at 26 weeks
post-irradiation (p=0.004, Figure 1B). Similarly, simvastatin reduced radiation-induced
thickening of the intestinal wall and subserosa at 26 weeks (p=0.007 and p=0.01, respectively),
whereas, no difference was observed at 2 weeks (Figure 1C and 1D). There was a borderline
significant reduction in neutrophil infiltration in simvastatin-treated animals (Figure 2A), both
at 2 weeks (p=0.05) and at 26 weeks (0.05). Compared to controls, irradiated intestine from
simvastatin-treated animals exhibited decreased accumulation of collagen I at both 2 weeks
(p=0.04) and 26 weeks (p=0.001) post-irradiation (Figure 2B). However, simvastatin
administration did alter the accumulation of collagen III at either observation time (data not
shown). Although the ANOVA suggested a borderline significance (F=4.51, p=0.04),
simvastatin did not influence TGFβ immunoreactivity at either observation time after
irradiation upon post hoc analysis (Figure 2C). Finally, simvastatin did not influence post-
irradiation smooth muscle cell proliferation overall (F=2.41, p=0.12) although univariate
analysis revealed a slight attenuating effect on this parameter at 26 weeks (p=0.02, Figure 2D).

Simvastatin did not influence intestinal wall thickness, serosal thickness, mucosal surface area,
intestinal smooth muscle cell proliferation rate, and collagen accumulation in unirradiated
intestine after 2-week and 26-week of simvastatin administration (data not shown). However,
simvastatin administration was associated with a reduced number of myeloperoxidase-positive
cells at the 26 weeks observation time point (p=0.02).

Effect of Simvastatin on the Intestinal Radiation Response of TM Mutants
Similar to the rat experiments, there were no obvious toxic effects of simvastatin
administration. The difference in the development of post-radiation intestinal complications
between TMPro/− mice and TM+/+ mice (all were complications before the 2-week observation
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time point, mainly intestinal perforations) did not reach statistical significance (Fisher’s Exact
Test p=0.07) Simvastatin administration did not affect the complication rate in either genotype.
Five of 34 TM+/+ mice (14.7%) in the regular chow group and 4 of 31 TM+/+ mice (12.9%) in
the simvastatin chow group developed radiation-induced intestinal complications. In the
TMPro/− group, 9 of 31 mice (29%) in the regular chow group and 7 of 23 mice (30%) in the
simvastatin chow group developed such complications.

The results of multivariate analysis of the influence of observation time (2 weeks versus 26
weeks), genotype (TMPro/− mice versus TM+/+ mice), and simvastatin (simvastatin versus no
simvastatin) on structural injury is shown in Table 1. Genotype had little or no influence on
the various parameters of injury after localized intestinal irradiation. In contrast, simvastatin
consistently exhibited a highly significant effect in the analysis of variance. Therefore, in
contrast to what is observed after total body irradiation, the present study indicates that
increased protein C activation is unlikely to be responsible for the amelioration of the intestinal
radiation response by simvastatin after localized irradiation.

Discussion
The pathophysiological manifestations of radiation toxicity in the intestine and other normal
tissues are the result of a complex interplay among different components and cell types, in
which endothelial injury appear to play a central role. We hypothesized that statins, because
of their vasculoprotective properties, would reduce the adverse effects of radiation in the
intestine. Therefore, we examined the effects of simvastatin on early and delayed structural
and molecular manifestations of intestinal radiation injury in a validated, clinically relevant rat
model of fractionated small bowel irradiation. In this model, simvastatin conferred significant
protection against early radiation enteropathy, and particularly delayed radiation enteropathy.
However, unexpectedly, the enteroprotective effect of simvastatin did not appear to be related
to activation of protein C.

There has been considerable debate regarding the relative roles of endothelial cells versus
intestinal stem cells (crypt cells) in the mechanism of intestinal radiation injury (3). In general,
however, endothelial cells are relatively resistant to apoptosis after low to moderate radiation
doses. On the other hand, it is well known that even low doses of ionizing radiation alter many
of the functional characteristics of the vascular endothelium. In the acute phase, radiation
increases endothelial cell permeability and expression of chemokines and adhesion molecules,
and causes loss of vascular thromboresistance (3,4). Radiation-induced loss of vascular
thromboresistance is a result of decreased fibrinolytic activity (24), increased expression of
tissue factor (TF) (25,26) and von Willebrand factor (27), and decreased expression of
prostacyclin (28) and TM (5,29–31). TM is a transmembrane glycoprotein, located on the
luminal surface of endothelial cells in most normal blood vessels. TM forms a complex with
thrombin, and converts thrombin from a pro-coagulant to an anticoagulant by changing its
substrate specificity to where thrombin no longer cleaves fibrinogen to form fibrin and no
longer activates PARs, but instead activates protein C.

The non-lipid related effects of inhibitors of statins counteract many of the radiation-induced
changes in vascular endothelium. Statins reduce isoprenylation of small GTP-binding proteins
(eg, Rho, Ras, Rac) and influence many metabolic and physiological processes, including cell
proliferation, apoptosis, immune function, inflammation, coagulation, and fibrinolysis. The
endothelium is a major effector cell compartment for the pleiotropic effects of statins. Statins
increase eNOS activity (32), decrease oxidative stress (33), downregulate expression of TF
(34), endothelin-1 (35) and plasminogen activator inhibitor-1 (PAI-1) (36), and upregulate
prostacyclin (37), tissue-type plasminogen activator (tPA) (36), and endothelial TM (38,39).
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Statins exert anti-inflammatory and anti-thrombotic effects on irradiated endothelial cells in
vitro (40) and reduce lung injury in mice after irradiation of the chest (41).

Simvastatin was chosen for the present study because we and others have found the pleiotropic
effects to be similar for most statins in most endothelial cell types (38) and because simvastatin
is commercially available. The dose used in our study is higher than that used by the Rochester
group (5 mg/kg/d) to ameliorate pneumonitis after whole lung irradiation (42). First, however,
the 80 mg/kg/d dose was well tolerated in a pilot study with localized intestinal irradiation
(43). Second, long term studies in humans receiving 30 mg/kg/d for more than 1 year have
shown no obvious toxicity (44). Third, pharmacological studies show that significantly higher
statin doses are needed in rodents than in humans to achieve similarly effective concentrations
(45). Finally, long term administration of 80 mg/kg/d to rodents has been tested and found to
be safe (personal communication, 1/19/2005, Tian-Quan Cai, Ph.D., Merck & Company, Statin
Development Team leader).

The thrombin-endothelial TM-protein C pathway likely regulate radiation responses in the
intestine and other organs (46 and unpublished observations, 2007). Therefore, experiments in
TM+/+ and TMPro/− mice were performed to assess the requirement for protein C activation in
the mechanisms by which simvastatin protects against tissue injury after localized intestinal
irradiation. Although the mouse experiments were performed with single dose irradiation, the
observation that there was little difference between TM+/+ and TMPro/− mice in terms of post-
radiation structural injury and that the protective effect of simvastatin was retained in
TMPro/− mice indicates that, in contrast to the situation after total body irradiation, the
enteroprotective effect of statins after localized irradiation may not be mediated by increased
protein C activation.

It is possible that the protective effects of statins may be related to other aspects of endothelial
TM function and/or to other pleiotropic properties of statins. Hence, while the Gly(404)→Pro
substitution affects protein C activation, other aspects of TM function are retained. These
include activation of TAFI, that plays important roles in coagulation, inflammation, and
extracellular matrix remodeling (47,48), and binding of the highly pro-inflammatory HMGB1
DNA binding protein (sometimes referred to as the “nuclear weapon in the immune system’s
arsenal”). HMGB1 binds to the cell surface receptor for advanced glycation endproducts
(RAGE), which is involved in induction of fibrosis and intestinal inflammation and mucosal
barrier loss (49–51). It is interesting to speculate that HMGB1 may be a particularly important
aspect of TM in regulating the transition from acute inflammation to chronic inflammation and
intestinal fibrosis.

While the results of the present study are not in any way contradictory with these previous
studies, that showed post-radiation loss of endothelial TM, they do suggest that the effect of
simvastatin on intestinal radiation fibrosis may be related to other aspects of TM or,
alternatively, is unrelated to TM. Other pleiotropic statin effects that may confer an
enteroprotective effect include a reduction of oxidative stress, upregulation of tPA, or
downregulation of TF, PAI-1, and connective tissue growth factor (CTGF). CTGF has been
implicated in the development of intestinal radiation fibrosis (52–54). An effect mediated
through CTGF downregulation might explain why the protective effect of statins against
delayed toxicity was greater than protection against early toxicity . CTGF, in addition to being
regulated by TGFβ, is also subject to regulation by thrombin in a TGFβ-independent manner
(55). Additional studies are needed to elucidate the mechanisms by which statins influence
normal tissue radiation injury.

In conclusion, simvastatin confers prominent protective effects on development of early and
particularly delayed intestinal radiation injury. These data provide a basis for future clinical
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studies to assess statins as a method to ameliorate intestinal toxicity in patients undergoing
radiation therapy. These results may also be relevant to the development of medical
countermeasures after accidental radiation exposure or in the radiological terrorism setting.
Further mechanistic studies to elucidate the molecular underpinnings of the enteroprotective
effects of statins are required.
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Figure 1. Effect of simvastatin administration on structural alterations after localized, fractionated
irradiation of rat small intestine
A) Radiation injury score; B) Mucosal surface area; C) Intestinal wall thickness; D) Serosal
thickness
The significance levels from the analysis of variance, with observation time and simvastatin
administration as factors, are enclosed in a box and italicized. Significance levels for the
univariate comparison at each time point are also provided.
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Figure 2. Effect of simvastatin administration on mucosal inflammation and intestinal wall
remodeling
A) Myeloperoxidase-positive cells; B) Collagen I immunoreactivity; C) Extracellular matrix-
associated TGFβ immunoreactivity; D) PCNA-positive smooth muscle cells.
The significance levels from the analysis of variance, with observation time and simvastatin
administration as factors, are enclosed in a box and italicized. Significance levels for the
univariate comparison at each time point are also provided.
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Table 1
Effect of simvastatin treatment on the intestinal radiation response in TM+/+ and TMPro/− mice
Influence of observation time (2 weeks vs. 26 weeks), genotype (TM+/+ vs. TMPro/−), and simvastatin (simvastatin
vs. no simvastatin) on radiation injury score, mucosal surface area, intestinal wall thickness, and subserosal
thickness after localized intestinal irradiation mice.
Note that the p-values for the influence of genotype are not significant for any of the parameters, whereas, all p-
values for the effect of simvastatin are highly significant.

Term F-ratio p-value

Radiation injury score Observation time 2.36 0.13
Genotype 0.0 0.95
Simvastatin 9.89 0.002

Mucosal surface area Observation time 45.28 <0.0001
Genotype 0.38 0.54
Simvastatin 6.33 0.01

Intestinal wall thickness Observation time 17.49 <0.0001
Genotype 2.35 0.13
Simvastatin 11.60 0.001

Subserosal thickness Observation time 5.83 0.02
Genotype 1.18 0.28
Simvastatin 8.28 0.005
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