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Elastase as a potential biomarker for radiation-induced gut wall injury of the
distal bowel in an experimental mouse model
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ABSTRACT
Background and purpose: Traditionally, elastase has been used to study exocrine activity of the pan-
creas in patients with chronic pancreatitis and cystic fibrosis, and calprotectin as a marker for gut-wall
inflammation in patients with inflammatory bowel disease. The aim of the study was to find out
whether elastase and calprotectin could be used as inflammatory markers for radiation-induced gut
wall injury of the distal bowel.
Material and methods: Adult male mice were exposed to two, three, or four fractions of 6Gy or 8Gy
irradiation to the sigmoid and rectum of the large bowel, using a linear accelerator. Fecal samples
were collected from mice at 1, 3, and 6 weeks post-irradiation. The fecal levels of elastase and calpro-
tectin were analyzed using ELISA.
Results: Three and 6 weeks after irradiation, we found a dose–effect relationship between dose of ion-
izing radiation and the fecal level of elastase; that is significantly higher levels of elastase were
observed in mice that had received a high irradiation dose. We also found that irradiated mice hosted
in the same cage had a comparable level (either high or low) of elastase. No significant differences
were observed from the calprotectin data.
Conclusions: We found a clear association between the dose of ionizing radiation to the distal colon
and the level of elastase in the fecal samples.
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Introduction

During pelvic radiotherapy, unwanted irradiation to surround-
ing normal tissue triggers gastrointestinal symptoms that can
develop into lifelong survivorship diseases [1]. Worldwide,
the consequences of radiotherapy on bowel function affect
millions of cancer survivors [2]. One major adverse effect is
one that we have named ‘Urgency syndrome’ as a radiation-
induced gastrointestinal survivorship disease, with symptoms
including unexpected defecation without forewarning and
not sensing the need to go to the toilet before it is too late.
Experiencing defecation and the accompanying release of
blood and mucus into clothing may be embarrassing and
lead to social stigma [1,3,4]. Tissue damage during irradiation
induces inflammation, which is partly needed to defeat
cancer cells. However, for some pelvic cancer patients, exag-
gerated inflammation can also promote the transition of
the gut wall into dysfunctional fibrotic tissue. Hence, non-
invasive inflammatory biomarkers to monitor radiation-
induced gut-wall injury of the distal bowel are needed.

Elastase is secreted predominantly by neutrophils and mac-
rophages during infection and inflammation [5]. Traditionally,

the level of fecal elastase is used as a marker for exocrine
activity of the pancreas in patients with cystic fibrosis or
chronic pancreatitis [6] but has also been used as marker in
patients with inflammatory bowel disease and colon cancer
[7]. However, elastase has not been used as marker to monitor
radiation-induced bowel injury. In blood, a majority of the cir-
culating white blood cells are neutrophils that serve as a first
line of defense against bacterial and viral infection, but since
elastase is a protease it also destroys host tissue through deg-
radation of elastin and collagen. Inhibition of neutrophil elas-
tase reduces radiation-induced lung injury in mice [8] and
protects against the development of lung fibrosis after irradi-
ation through decreased collagen deposition [9].

Calprotectin is a small calcium and zinc-binding protein
belonging to the S100 family (S100 A8/A9) with a molecular
weight of 36.5 kDa [10]. The protein is abundant predomin-
antly in neutrophils but also present in monocytes [11]. As a
marker of inflammation in the gastrointestinal tract, fecal cal-
protectin has been established as a useful clinical test
[12,13]. Increased fecal calprotectin levels have been found in
patients with gastric cancer, colorectal cancer, colonic polyps,
and inflammatory bowel disease [7]. Calprotectin has been
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used as a biomarker for acute intestinal toxicity in patients
undergoing pelvic radiation therapy [14] and acute radiation
proctitis in prostate cancer treatment [15].

Elastase and calprotectin are very stable enzymes and can
be extracted from fecal samples and can even be detected
from several-days-old stool samples without significant
changes in levels [11,16]. Both elastase and calprotectin
could possibly be useful as long-term non-invasive inflamma-
tory markers. The aim of this study was to find out
whether elastase and calprotectin could be used as markers
for radiation-induced gut wall injury of the distal bowel in an
experimental mouse model.

Material and methods

Mice and experimental set up

Eight to 9 week old adult male C57BL/6 mice (Charles River
Breeding Laboratories, Germany) were used for all experi-
ments. All animals were housed at a constant temperature
(20 �C), with 42% relative humidity. A 12-h dark/light cycle
was maintained with lights on from 07:00 am to 07:00 pm,
and food and water were available ad libitum. All animal
experimental procedures were approved by the Gothenburg
Committee of the Swedish Animal Welfare Agency (applica-
tion number 22-2015).

To investigate the effects of fractionated irradiation on the
colorectal epithelium inflammation, a total of 12 groups of
adult mice (a minimum of eight adult mice in each group)
were used in this study. Three groups of animals received 6
Gray (Gy) irradiation; each group received either two
(6Gy� 2), three (6 Gy� 3), or four fractions (6 Gy� 4).
Another three groups of animals received 8Gy irradiation;
each group received either two (8 Gy� 2), three (8 Gy� 3), or
four fractions (8Gy� 4). Six groups of animals served as con-
trols to each of the 6Gy and 8Gy irradiation groups; these
animals were anesthetized only (Sham-IRR).

Irradiation procedure

The irradiation methodology was developed by Bull et al and
detailed information can be found in our previous report
[17]. In brief, adult male C57BL/6 mice were anesthetized
with isoflurane (Sigma, Stockholm, Sweden) and exposed to
irradiation with the goal of targeting sigmoid and rectum of
the large bowel, using a linear accelerator (Varian Clinac
600CD; Radiation Oncology Systems LLC, San Diego, CA). The
radiation source was placed 100 cm away from the target,
and the body was covered with 1 cm thick bolus material to
obtain even irradiation throughout the underlying tissue. The
radiation field was 3� 3 cm2, the fractions were given with a
dose-rate of 3.2 Gy/min, with 12 h between. Dose variation
within the target volume was estimated to be ±5%. To verify
correct dosimetry, we measured the delivered dose using an
in vivo diode with a polystyrene phantom. The expected
value for the diode was 5.98 Gy; the measured was 6.17Gy.
After irradiation, the mice were returned to their cages.

Fecal sample collection

Calprotectin and elastase are very stable proteins, but to
assure the collected feces were no older than 24 h, cages
were changed the day before collection. Each treatment
group consisted of two cages housing four animals each.
Thirty fecal pellets were collected from each cage at 1, 3,
and 6 weeks post irradiation, and stored in �80 �C previous
to analysis.

Measurement of fecal calprotectin level by ELISA

Calprotectin in fecal extracts was detected using the S100A8/
S100A9 ELISA Kit (calprotectin enzyme-linked immunosorbent
assay), according to the instructions from the manufacturer
(Immundiagnostik AG, Bensheim, Germany). In brief, fecal
samples from each cage were kept on ice and were subse-
quently divided into four piles and weighed, approximately
40mg of fecal sample from each of the four piles was diluted
in 1:25 in the supplied buffer, mixed for 30 s, and homogen-
ized for 30min at 1200 rpm (IKA Vibrax Shaker; Labortechnik,
Wasserburg, Germany). Supernatant from the homogenate
was centrifuged at 3000g for 10min at 4 �C. The supernatants
(100 mL) were added to the pre-coated and washed ELISA
plates (96 well), together with standards (provided in the kit,
the concentrations are 0.0, 0.25, 0.98, 3.9, and 15.6 ng/mL)
and blank. The plates were incubated for 1 h at 37 �C on a
horizontal shaker; the contents of each well were discarded.
The plate was washed five times and 100 mL/well of lyophi-
lized detection antibody were added and incubated for one
hour at 37 �C. After washing, 100 mL/well of conjugate sub-
strate was added and the plates were incubated for 1 h at
37 �C. The plate was washed five times and 100 mL/well of
substrate were added and incubated for 5–15min in dark.
The reaction was stopped by stop solution, and detected
at 405 nm on an Elisa-reader (Molecular Devices Emax,
Sunnyvale, CA). The concentration of Calprotectin was
expressed as ng/mL feces.

Measurement of fecal elastase level by ELISA

Elastase in fecal extracts was detected using the PMN-
Elastase ELISA kit, mostly according to the manufacturer’s
instructions (Immundiagnostik AG, Bensheim, Germany) but
with some modifications. In brief, fecal samples from each
cage were divided into four piles and weighed, 40mg of
fecal sample was diluted in 1:100 in supplied buffer, mixed
for 30 s, and homogenized for 30min at 1200 rpm (IKA Vibrax
Shaker; Labortechnik, Wasserburg, Germany). Supernatant
from the homogenate was centrifuged at 3000g for 10min at
4 �C. The supernatants (100 mL), standards (ranging from 0.0,
0.04, 0.12, 0.37, 1.1–3.3 ng/mL) and blank, were added to the
pre-coated and washed ELISA wells. The wells were incu-
bated for one hour at 37 �C on a horizontal shaker the con-
tents of each well were discarded, washed five times, and
100 mL/well of lyophilized detection antibody was added and
incubated for 1 h at 37 �C. After washing, 100 mL/well of anti-
mouse IgG donkey biotinylated (R&D Systems, Minneapolis,
MN) were added and the plates were incubated for 1 h at
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37 �C. The plate was washed five times and anti-mouse IgG
donkey biotinylated (R&D Systems, Minneapolis, MN) was
added and incubated for 30min, and then washed five times.
The reaction was stopped by Stop Solution and detected
at 450 nm on an Elisa-reader (Molecular Devices Emax,
Sunnyvale, CA). The concentration of elastase was expressed
as ng/mL feces.

Statistical analysis

The different levels of elastase and calprotectin between irra-
diated mice and sham-irradiation were calculated using the
non-parametric Kruskal–Wallis test. The different levels of
elastase between cages were calculated by using
Mann–Whitney test. Both tests were conducted by using the
Prism 5 software (Prism GraphPad, San Diego, CA).

Results

The effects of fractionated irradiation on the inflammation of
colorectal epithelium were investigated using adult mice to
evaluate whether elastase or calprotectin could be used
as fecal bio-markers of radiation-induced bowel injury.
Irradiations were given at 6Gy or 8 Gy in a total of 2, 3, or 4
fractions. Fecal calprotectin and elastase levels were detected
by ELISA and the results were compared with sham-irradiated
mice.

Calprotectin levels following 6Gy irradiation

Fecal calprotectin levels at 1, 3, and 6 weeks after 6 Gy irradi-
ation, given in 2, 3, and 4 fractions are presented

in Figure 1(a–c). No significant differences were observed in
any of the groups between the irradiated and sham-irradi-
ated mice.

Elastase levels following 6Gy irradiation

Fecal elastase levels at 1 week and 6 weeks following 6Gy
irradiation are shown in Figure 1(d,e). Six weeks after
6 Gy� 3 fractions of irradiation, a significantly higher level of
fecal elastase was observed when compared with sham-irra-
diated mice (p¼ .0479, Kruskal–Wallis test).

Calprotectin levels following 8Gy irradiation

Figure 2 presents fecal calprotectin level following 8Gy irradi-
ation given in 2, 3, and 4 fractions (Figure 2(a–c)). There were
no differences between the irradiated and sham-irradiated
mice, consistent with the results acquired from fecal samples
collected from animals receiving 6Gy irradiation. However,
the levels of calprotectin were slightly higher after 8 Gy
irradiation compared to 6Gy irradiation.

Elastase levels following 8Gy irradiation

For fecal elastase, higher levels were observed at 8 Gy� 3
fractions (p¼ .0479, Kruskal–Wallis test) at 1 week after treat-
ment when compared with sham-irradiated mice (Figure
2(d–f)). At 3 weeks after irradiation, higher levels of elastase
were again detected in mice having received 8Gy� 3
(p¼ .0038). At 6 weeks post-irradiation, both groups that had
received 8Gy� 3 fractions (p¼ .0009, Kruskal–Wallis test) and

Figure 1. (a–c) Calprotectin level in fecal samples at 1, 3, and 6 weeks after 6 Gy irradiation with 2, 3, or 4 fractions compared with sham-irradiated mice. (d and e),
Elastase level in fecal samples at 1 and 6 weeks after 6 Gy irradiation with 2, 3, or 4 fractions compared with sham-irradiated mice. Error bars are shown as
mean± SEM, �p< .05 (Kruskal–Wallis test).
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8Gy� 4 fractions (p¼ .0033, Kruskal–Wallis test) displayed
significantly higher levels of fecal elastase than sham-irradi-
ated animals. At 6 weeks after irradiation, a dose–effect cor-
relation was observed between the abundance of elastase
and the number of fractions.

Elevated elastase level in the irradiated mice was cage
dependent

In our animal facility, four mice are hosted in each cage and
each experiment used mice from two cages. Similar levels of
elastase were observed in mice hosted in the same cage
(Figures 3 and 4). On seven occasions, the differences
between levels of elastase in mice in different cages within
the same treatment group reached statistical significance
(�p< .05, Mann–Whitney test).

Discussion

In the present study, we used a novel mouse model of
radiation-induced colorectal injury that was established by

us with the purpose to study underlying mechanism of
radiation-induced bowel injury [17]. Our model is especially
suited for the long-term evaluation of radiation-induced
gut injury, since animal survival is maintained despite the
administration of high doses. The survival can be explained
by the restricted target field, which is achieved by using
linear accelerators, normally employed during human can-
cer radiotherapy. Using linear accelerators and a small tar-
get field, we do not have to shield the rest of the mouse
to avoid causing immune system failure or lethal gastro-
intestinal toxicity. Both factors normally restrict other com-
monly used models to a follow-up time of a few days to
a week [18]. With our model, we were able to follow the
levels of fecal elastase and calprotectin over time after
fractionated radiation towards the colorectal of adult
C57Bl/6 mice. We found a strong dose–effect relationship
between dose of ionizing radiation and the fecal level of
elastase, but not calprotectin. In addition, we found that
irradiated mice hosted in the same cage had a comparable
level of elastase, while cage sharing had no effect on the
fecal levels of calprotectin.

Figure 2. (a–c) Calprotectin level in fecal samples at 1, 3, and 6 weeks after 8 Gy irradiation with 2, 3, or 4 fractions compared to sham-irradiated mice. (d–f)
Elastase level in fecal samples at 1, 3, and 6 weeks after 8 Gy irradiation with 2, 3, or 4 fractions compared to sham-irradiated mice. Error bars are shown as
mean± SEM, �p< .05; ��p< .01; ���p< .001 (Kruskal–Wallis test).

Figure 3. Cage influence of the level of Elastase at 6 Gy irradiation. Error bars are shown as mean ± SEM, �p< .05 (Mann–Whitney test).
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We observed increasing levels of elastase with increasing
fractions and irradiation dose. The abundancy of fecal elas-
tase likely corresponds to the degree of radiation injury to
the gut wall. We previously observed increasing number of
macrophages 6 weeks after 8 Gy irradiation which also
reflected that the inflammatory activity were still remained at
this time point [17]. However, chronic secretion of elastase
could exacerbate the development fibrosis in the gut. One
common treatment-related side effect that pelvic cancer sur-
vivor suffer from is radiation-induced intestinal fibrosis.
Studies on radiation-induced lung disease showed that inhib-
ition of neutrophil elastase reduced lung fibrosis and pro-
longed survival of the irradiated mice [19]. Moreover,
multiple administration of low-dose elastase could reduce
elastic fiber content and increase collagen fiber in mouse
lung tissue [20]. Elastase has the ability to disrupt tight junc-
tions of the lung epithelial lining and increase epithelial per-
meability, cause proteolytic damage to tissue, and break
down cytokines [21,22]. These processes prompt a further
release of cytokines and recruitment of pro-inflammatory
cells, and they induce a subsequent vicious circle of inflam-
matory responses. In the gut, the tight junctions connecting
the epithelial cells are an indispensable component of the
gut barrier, preventing the translocation of luminal contents
into the body. The increased levels of elastase in our model
could thus be an important underlying mechanism of the
inflammation and fibrosis that develops as a response to
radiation.

Interestingly, we also found that the abundancy of fecal
elastase is strongly influenced by the surrounding environ-
ment, since irradiated mice hosted in the same cage had
comparable levels (either high or low) of fecal elastase. This
co-variation could be due to the fact that mice who share
the same cage harbor a distinct gut microbiota that could
facilitate inflammation or has anti-inflammatory effects [23].
We could not rule out that the differences could also be due
to potential infections of mice hosted in the same cage.
However, our mice appeared to be healthy and gained
weight throughout the experiment [17]. We showed in our
previous publication that no significant induction of apop-
tosis was found in the proximal colon [17]. However, we
could not completely exclude that the intestinal inflamma-
tion in our model only involves the sigmoid colon and rec-
tum. Microbiota before and during irradiation is important
for gut health post-irradiation. Patients with a healthy gut
flora before radiation therapy have lower post-irradiation
side-effects [24]. Interestingly, an exogenously administered
microflora stimulates proliferation in the gut epithelial lining
as seen in germ-free rats [25]. In addition, the protective

mucus barriers of the epithelium are shaped by the micro-
biota, and the mucus layer could either be impenetrable or
be penetrable depending on the distinct microbiota pre-
sented in the gut [26]. It would be interesting to compare
the gut microbiota of mice from cages with high elastase
level with low elastase level cages. However, our fecal collec-
tion initially was not aimed for bacterial species-analysis and
many gut bacteria are obligate anaerobes. Hence, we
expected that many bacterial species would have died during
fecal collection and a microbiota analysis would not have
resulted in a representative picture. For future experiments, it
is of importance to collect fecal samples directly from each
mouse and store under proper conditions for microbiota
analysis.

Traditionally, calprotectin has been used as a marker for
intestinal inflammation in patients with inflammatory bowel
disease and acute intestinal toxicity in patients undergoing pel-
vic radiotherapy [27]. However, all available data from our
study pointed out that calprotectin was not a suitable inflam-
mation marker after irradiation of the rectal region. This was
confirmed by a previous study, where Varela et al. showed that
the fecal calprotectin levels doubled during pelvic radiotherapy
of the non-rectal group, whereas no significant changes were
found in patients with irradiation of the rectal region [14].

A strength of the present study is that the fractionated
irradiation was given to a small concentrated field with a
known position i.e., sigmoid and rectum of the large bowel
with linear accelerators. This experimental design more
closely mimics the radiotherapy given to prostate or gyneco-
logical cancer patients than other commonly used animal
models of radiation-induced gut injury [18]. One weakness of
the study is that the experiment was carried out on animal
models. Our model does not reflect all disease aspects of
radiation enteritis in humans [28]. However, we do believe
that elastase is a more sensitive marker than calprotectin
regarding radiation-induced damage to the mucosa in the
colorectum, and that it is worthwhile to follow up our finding
in human studies.

Conclusion

We need non-invasive and reliable markers to understand
why some patients develop radiation-induced gastrointestinal
survivorship diseases. To the best of our knowledge, elastase
has not been used as marker for radiation-induced intestinal
inflammation in patients undergoing pelvic radiotherapy.
Future studies will evaluate if this still holds true when re-
directing our research from animal model to cancer patients.

Figure 4. Cage influence of the level of Elastase at 8 Gy irradiation. Error bars are shown as mean ± SEM, �p< .05 (Mann–Whitney test).
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