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Abstract

Purpose Gastrointestinal toxicity is the most common
adverse effect of chemotherapy. Chemotherapeutic drugs
damage the intestinal mucosa and increase intestinal per-
meability. Intestinal permeability is one of the key markers
of gastrointestinal function and measuring intestinal perme-
ability could serve as a useful tool for assessing the severity
of chemotherapy-induced gastrointestinal toxicity.

Methods Male Sprague-Dawley rats were injected intra-
peritoneally either with 5-fluorouracil (150 mg/kg), oxali-
platin (15 mg/kg) or irinotecan (200 mg/kg). Clinical signs
of gastrointestinal toxicity were assessed daily by weigh-
ing the animals and by checking for diarrhea. After 48 h,
intestinal permeability to iohexol was measured in vivo by
giving the animals 1 ml of 647 mg/ml iohexol solution by
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oral gavage and collecting all the excreted urine for 24 h.
All of the animals were euthanized 72 h after drug adminis-
tration and tissue samples were harvested from the jejunum
and colon.

Results All chemotherapeutics caused significant body
weight loss and diarrhea. Intestinal permeability to iohexol
was also increased in all treatment groups and histologi-
cal analysis revealed significant intestinal damage in both
jejunum and colon. Iohexol permeability correlated with
the severity of clinical signs of gastrointestinal toxicity and
with acute colonic injury.

Conclusions Chemotherapeutic drugs, such as 5-fluoro-
uracil, oxaliplatin, and irinotecan, increase intestinal per-
meability to iohexol. Measuring intestinal permeability to
iohexol could provide a simple marker for assessing chem-
otherapy-induced gastrointestinal toxicity.

Keywords Intestinal permeability - Chemotherapy -
5-Fluorouracil - Oxaliplatin - Irinotecan

Introduction

Gastrointestinal (GI) toxicity is the most common adverse
effect of chemotherapy and a cause of a variety of symp-
toms [1, 2]. Symptoms relating to chemotherapy-induced
GI toxicity (CIGT) such as diarrhea, vomiting, weight loss,
and infections [2] greatly impact patients’ quality of life
and may also significantly affect the outcome of the treat-
ment. However, currently no objective methods are avail-
able to assess the severity or occurrence of CIGT in indi-
vidual patients [1].

Chemotherapeutic drugs damage the intestinal mucosa
by directly affecting the normal cellular turnover of entero-
cytes. However, the pathophysiology of CIGT seems to be
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a multifactorial process that extends beyond simple epi-
thelial damage [3]. Studies have shown that chemotherapy
compromises the mucosal barrier function and increases
intestinal permeability [4—7]. Intestinal permeability (IP) is
one of the key parameters of normal GI function, and mul-
tiple diseases have shown an association with alterations in
IP [8, 9]. Measuring IP could therefore be a useful tool to
objectively assess and predict the severity of CIGT, as well
as to follow-up treatment safety.

The primary purpose of this study was to examine
whether the severity of CIGT correlates with IP to iohexol.
Iohexol is routinely used in medical facilities as a contrast
medium and has also recently proved to be a reliable and
sensitive marker for IP examinations [10—13]. The advantage
of using iohexol as an IP marker against other previously
used markers is that iohexol is non-radioactive, non-hygro-
scopic, not degraded by intestinal microbiota, well tolerated,
safe, easily detectable, cost-effective, and readily available in
medical facilities [10, 11, 14, 15]. Because previous studies
have mainly examined the effects of a combination of dif-
ferent chemotherapeutics on IP, our secondary aim was to
clarify how individual drugs affect IP. In addition, to fur-
ther characterize the effects of chemotherapeutic agents, we
examined the intestinal tissues histologically and measured
the serum levels of zonulin, an endogenous protein that spe-
cifically and reversibly regulates intestinal permeability [16].

Materials and methods
Ethical statement

The experiment using animals was approved by the National
Animal Experiment Board (ESAV1/114/04.10.07/2015).

Animals

A total of 48 male Hsd:Sprague—Dawley®™ SD®™ (SD)
rats were obtained from Harlan (Udine, Italy) at the age
of 6 weeks. The rats were acclimatized for 18 days before
entering the study. They were housed under specific path-
ogen-free laboratory conditions using artificial lighten-
ing with a 12-h light/dark cycle (lights on at 6 am) with
room temperature of 22 + 2 °C and relative humidity of
55 £ 15 %. The animals were kept in open stainless steel
cages (59.5 x 38.0 x 20 cm) with solid bottoms and Aspen
chips as bedding (Tapvei, Harjumaa, Estonia) in social
groups of four rats. The animals were fed a rat chow (2018
Teklad Global 18 % Protein Rodent Diet, Harlan Labora-
tories, Madison, WI, USA) ad libitum and provided free
access to tap water in polycarbonate bottles.
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Experimental protocol

After the 18-day acclimatization time and at the com-
mencement of the study, the rats were 8 weeks old and
their average body weight was 283 4+ 16 g. The animals
were randomly assigned into four experimental groups
(Control, 5-fluorouracil, oxaliplatin, and irinotecan, n = 12
per group). Baseline intestinal permeability was assessed
in vivo (Measurement of intestinal permeability) after
which a 1-ml blood sample was collected from the tail vein
under isoflurane (Vetflurane 1000 mg/g, Virbac, Suffolk,
UK) anesthesia. The chemotherapeutic drugs were admin-
istered after a 13-day recuperation period, and the rats were
euthanized following a 3-day (76-h) observation period.
During the observation period, the animals were weighted
and evaluated for diarrhea (Diarrhea assessment) daily, and
intestinal permeability measurement was started 48 h after
the drug dosing. For euthanasia, the rats were fully anesthe-
tized using isoflurane and subsequently exsanguinated by
cardiac puncture and by severing of the aorta.

Drug administrations

Rats in the experimental group S-fluorouracil (5-FU)
received a single dose of 150 mg/kg S5-fluorouracil (pH
adjusted to between 8.6 and 9.4 with sodium hydroxide)
(Accord Healthcare, Middlesex, UK) intraperitoneally
[17]. The oxaliplatin group received a single intraperito-
neal dose of 15 mg/kg oxaliplatin in a vehicle containing
tartaric acid and sodium hydroxide as a buffering system
(pH between 4.0 and 7.0) (Hospira UK, Warwickshire, UK)
[18]. The Irinotecan group was injected intraperitoneally
with a 200 mg/kg dose of irinotecan in sorbitol/lactic acid
buffer (45 mg/ml of sorbitol, 0.9 mg/ml lactic acid, pH 3.5)
(Hospira UK, Warwickshire, UK) [19]. Immediately prior
to irinotecan injection, the rats were given 0.01 mg/kg atro-
pine (Leiras, Espoo, Finland) subcutaneously to reduce the
irinotecan-induced cholinergic reaction. The control group
received a single intraperitoneal injection of 0.9 % saline
solution. All injections were administered under isoflurane
anesthesia.

Diarrhea assessment

After the administration of the drugs, the animals were
checked daily for diarrhea. The severity of diarrhea was
scored accordingly as 0, no diarrhea; (1) mild diarrhea
(staining of anus, moist surface of feces); (2) moderate
diarrhea (staining of top of legs and lower abdomen, vis-
cous fecal matter); (3) severe diarrhea (staining over legs
and higher abdomen, pasty fecal matter) [20].
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Blood sampling

The blood samples were collected in serum separation
tubes (VenoSafe™ Clot Act. (Z), Terumo Europe, Leuven,
Belgium) and centrifuged at 1500g for 10 min. The sepa-
rated serum was collected and stored in —80 °C for later
analysis.

Measurement of intestinal permeability

The intestinal permeability was assessed with iohexol
(Omnipaque 300™, 647 mg iohexol/ml, GE Healthcare,
Oslo, Norway). The rats were weighed and given 1 ml of
647 mg/ml iohexol solution by oral gavage. After adminis-
tration, the animals were immediately placed in individual
metabolic cages for urine collection. After 24 h, the amount
of collected urine was measured and stored in -18 °C for
later analysis. Samples were discarded if fecal contamina-
tion or incomplete urine collection was observed.

Analysis of iohexol

The urine concentration of iohexol was measured by
enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s instructions (BioPAL Inc., Worcester,
MA, USA). The percentage of excreted iohexol was calcu-
lated using the following equation:

Iohexol (%) = amount of iohexol excreted in urine after
24 h (mg)/amount of administered iohexol (mg) x 100

Tissue collection

Following euthanasia, the abdomen was opened and the
entire intestine was removed. Tissue samples (1 cm) were
taken from the middle section of the jejunum and colon.
The samples were opened and flushed free of any intestinal
content with cold PBS. For histological analysis, the tissue
samples were fixed in 10 % neutral buffered formaldehyde
(Sigma-Aldrich, St. Louis, MO, USA) for 2448 h, embed-
ded in paraffin, cut into at 4-pm thick sections, and stained
with hematoxylin—eosin (HE).

Analysis of serum zonulin

The serum concentration of zonulin was measured by
ELISA according to the manufacturer’s instructions (Blue-
Gene, Shanghai, China).

Histological analysis

Jejunum and colon samples were evaluated and mucosal

lesions graded separately. As a basis for grading we
employed a system originally developed to diagnose

gastrointestinal inflammation-related changes in dogs and
cats [21], however, modifying it substantially and applying
a four-tier scale for grading: minimal (1), mild (2), mod-
erate (3) and marked (4). In jejunal samples, we assessed
five change categories: villous stunting, villous epithelial
injury, crypt hyperplasia, crypt epithelial injury, and leu-
kocyte infiltration in lamina propria; in the colon compara-
ble five categories were analyzed: surface epithelial injury,
crypt hyperplasia, crypt dilatation and distortion, crypt epi-
thelial injury, and leukocyte infiltration in lamina propria.
In addition, separate evaluations were made for Paneth cell
injury in the jejunum and crypt loss (atrophy) in the colon.
Finally, the histopathological grades of jejunal villous epi-
thelial injury, villous stunting, crypt epithelial injury, and
Paneth cell injury were combined and averaged to obtain a
general measure (score) of acute jejunal injury; correspond-
ingly, for acute colonic injury, the histopathological grades
of surface epithelial injury, crypt epithelial injury, and
crypt loss were combined and averaged. Histopathological
assessment was done in a partly blinded manner. The reader
of the slides (JL) was aware of the experimental design and
which animals were in the same group but was unaware of
the group identities. Criteria for grading and rationale for
the selection of the change categories employed in scor-
ing of the acute jejunal and colonic histological injuries are
detailed in supplementary data (Online Resource 1).

Data analysis

Normality of the datasets was tested using Kolmogorov—
Smirnov test. Based on this analysis, differences in iohexol
permeability, body weight change, diarrhea scores, and his-
tological scores were analyzed using Kruskal-Wallis test
and if global p < 0.05, Mann—Whitney U test was used to
calculate the statistical differences between the groups. The
results are expressed as medians =+ interquartile range. All
correlations between variables were calculated as Spear-
man’s rho correlation coefficients. Statistical calculations
were made by PASW Statistics software version 18.0.2
(IBM, Armonk, NY, USA). GraphPad Prism 5 (GraphPad
Software Incorporated, La Jolla, CA, USA) was used to
create the figures. Histological images were obtained with
Axio Imager. A2 microscope (Carl Zeiss, Goettingen, Ger-
many) using a 20x objective. Data were deemed signifi-
cant when p < 0.05.

Results
Drug response

All drugs caused significant body weight loss compared to
the Control group (p < 0.001) (Fig. la, b). The irinotecan
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Fig. 1 Effects of S5-fluorouracil, oxaliplatin, and irinotecan on
the animals’ body weight. a Median body weights (g) in differ-
ent treatment groups from the beginning of the study (Day -13) to
the end (Day 3). The drugs were administered on Day 0. b All the
studied chemotherapeutics caused significant body weight (%) loss
already in 24 h compared to the Control group (n = 12). Irinote-

Table 1 Intestinal permeability to iohexol (% of administered
iohexol) and body weight change in different treatment groups 72 h
after drug administration

Group Iohexol permeability (%) A Body weight (%)
Control 0.47 £0.18° 0.88 £2.6°
5-Fluorouracil 1.55 & 1.46>* —6.6+£2.3°
Oxaliplatin 2.61 %+ 1.45% —11.6£3.4°
Irinotecan 8.07 + 8.90° —16.0 +3.5°
Kruskal-Wallis ~ p < 0.001 p <0.001

Results are expressed as medians = interquartile ranges
 Statistically significant difference between groups (p < 0.05)
b Statistically significant difference between groups (p < 0.001)

group lost 16.0 £ 3.5 % of their body weight during the
experiment (72 h), which was significantly (p < 0.001)
more than the rats in groups oxaliplatin (11.6 + 3.4 %) and
5-FU (6.6 £ 2.3 %) (Table 1). There were no differences
in body weight between the groups at the start of experi-
ment. In the oxaliplatin group, two rats failed to show any
response to the drug and showed similar characteristics in
every category as the animals in the Control group. This is
most likely due to some problem in the drug administration
and they were thus removed from all data analyses. Dur-
ing the experiment, 50 % (6/12) of the 5-FU group devel-
oped mild diarrhea. In the oxaliplatin group, 10 % (1/10)
had mild diarrhea, 80 % (8/10) moderate, and 10 % (1/10)
severe diarrhea. In the irinotecan group, 8 % (1/12) devel-
oped mild diarrhea, 25 % (3/12) moderate, and 67 % (8/12)
severe diarrhea. No diarrhea was observed in the control

group (Fig. 2).
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can (n = 12) caused a significantly more severe loss in body weight
than oxaliplatin (n = 10) and 5-fluorouracil (n = 12) in 72 h. How-
ever, 5-fluorouracil induced a significantly milder body weight loss
than oxaliplatin. Line graphs show median with interquartile range.
(***p < 0.001 compared to all other groups; **p < 0.01 between
groups)
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Fig. 2 Incidence of diarrhea (%) in different treatment groups 72 h
after drug administration. Score 0 = no diarrhea; Score 1 = mild
diarrhea (staining of anus, moist surface of feces); Score 2 = moder-
ate diarrhea (staining of top of legs and lower abdomen, viscous fecal
matter); Score 3 = severe diarrhea (staining over legs and higher
abdomen, pasty fecal matter) [20]. (» = 12 in all groups, except in
oxaliplatin where n = 10)

Permeability to iohexol

Iohexol permeability was significantly (p < 0.001) lower in
the Control group (0.47 £ 0.18 %) than in the treatment
groups. Rats in the 5-FU group (1.55 + 1.46 %) exhibited
significantly (p < 0.05) lower iohexol permeability com-
pared to the rats in the oxaliplatin group (2.61 £ 1.45 %).
Iohexol permeability was significantly (» < 0.001)
increased in the irinotecan group (8.07 % =+ 8.90) com-
pared to the other groups (Fig. 3; Table 1). A total of four
samples were discarded because of fecal contamination:
one from the 5-FU group and three from the irinotecan
group. There were no differences in the baseline intestinal
permeability between the groups (data not shown).
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Fig. 3 Intestinal permeability to iohexol (% of administered iohexol)
in different treatment groups 72 h after drug administration. All the
studied chemotherapeutics significantly increased iohexol perme-
ability compared to the Control group (n = 12). Irinotecan (n = 9)
significantly increased iohexol permeability compared to oxaliplatin
(n = 10) and S5-fluorouracil (n = 11). Iohexol permeability was also
significantly lower in the 5-fluorouracil group compared to the oxali-
platin group. Box plots show median with upper and lower quartiles.
Whiskers show minimum and maximum. (*p < 0.05; ***p < 0.001)

Correlations between diarrhea scores, body weight
change, and permeability to iohexol

There was an inverse correlation between body weight
change and permeability to iohexol (Spearman’s rho:
—0.873, p < 0.001) (Fig. 4a). Diarrhea scores correlated
positively with iohexol permeability (Spearman’s rho:
0.815, p < 0.001) (Fig. 4b) and inversely with body weight
change (Spearman’s rho: —0.883, p < 0.001) (Fig. 4c¢).

Serum zonulin

No differences were observed in serum zonulin concentra-
tions between groups (data not shown).

Histological analysis

After parenteral application, all chemotherapeutics caused
significant histological changes in the jejunum (Table 2)
and colon (Table 3); the changes are summarized in
Table 4 and typical alterations depicted in Fig. 5. In the
jejunum, the height of the villi was significantly decreased
compared to controls (p < 0.001). Moderate-to-marked
villous epithelial injury was observed in the oxaliplatin
group, whereas irinotecan and 5-FU caused mainly mild
epithelial damage. Oxaliplatin also caused significantly
more severe epithelial injury in the crypts than irinote-
can and 5-FU (p < 0.001 and p = 0.002, respectively).
Mild-to-moderate crypt hyperplasia was observed in the
irinotecan group which was significantly more promi-
nent compared to oxaliplatin and 5-FU groups (p = 0.015
and p = 0.001, respectively). Oxaliplatin caused a sig-
nificant increase in lamina propria leukocytes compared
to irinotecan and 5-FU (both p < 0.001). Lamina propria
leukocytes were also present in the Irinotecan and 5-FU
groups although the increase caused by irinotecan was sig-
nificantly milder compared to 5-FU (p = 0.003). Oxalipl-
atin and 5-FU caused mild-to-moderate Paneth cell injury
which was significantly (p < 0.001) different from irinote-
can that did not cause any observable damage to Paneth
cells. The histological score for acute jejunal injury was
significantly (p < 0.001) larger in the oxaliplatin group
(3.7 £ 0.5) than in the other groups (Fig. 5a). Acute jeju-
nal injury was also significantly (p < 0.05) more evident
in the 5-FU group (2.6 & 1.0) than in the irinotecan group
(2.0 £ 0.2) (Fig. 6a).
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Fig. 4 Spearman’s correlations between body weight change and
iohexol permeability (a), iohexol permeability and diarrhea score
(b), and body weight change and diarrhea score (c). Iohexol perme-
ability correlated inversely with body weight change (Spearman’s

Diarrhea score

T T 25 T T T

Diarrhea score

rho = —0.873, p < 0.001) and positively with diarrhea score (Spear-
man’s tho = 0.815, p < 0.001). There was also a significant inverse
correlation between body weight change and diarrhea score (Spear-
man’s tho = —0.883, p < 0.001)
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Table 2 Histopathological grades of the analyzed change categories in the jejunum

Group Villous stunting  Villous epithelial injury ~ Crypt hyperplasia ~ Cryptinjury  Paneth cell injury =~ Lamina propria
Leukocytes

Control

5-Fluorouracil 28 £ 1.1* 23+ 1.3% 075+ 1.1° 2.9 £0.79* 2.3 £0.49%¢ 2.9 +0.51°¢

Oxaliplatin 3.6 £ 0.52%° 3.5 +£0.70*° 1.5+ 1.1% 4.0 £0.0*¢ 2.8 £0.42%¢ 4.0+0.0°

Irinotecan 2.7 +0.65 234045 2.5+0.52%° 27+£049  0° 1.6 +1.2°¢

Kruskal-Wallis ~ p <0.001 p <0.001 p <0.001 p <0.001 p <0.001 p <0.001

Results are expressed as means =+ standard deviations. 1 = minimal, 2 = mild, 3 = moderate, 4 = marked

@ Statistically significant difference between groups (p < 0.05)

b Statistically significant difference between groups (p < 0.01)

¢ Statistically significant difference between groups (p < 0.001)

Table 3 Histopathological grades of the analyzed change categories in the colon

Group Surface epithelial injury ~ Crypt hyperplasia ~ Crypt dilatation and Cryptinjury  Crypt atrophy ~ Lamina propria
distortion Leukocytes

Control

5-Fluorouracil 1.3 £0.62%¢ 1.7+£0.78 2.3 +0.65 1.8 +0.45° o° 0.33 £0.78°

Oxaliplatin 1.9 £ 0.87¢ 2.0+ 0.0 1.8 +0.63 2.2+ 0.63 o° 0.80 £ 1.0*

Irinotecan 2.3 +0.49° 1.0 £ 1.0° 2.24+0.39 2.7 4+ 0.65° 0.83 £ 1.0° 1.9 + 0.67*¢

Kruskal-Wallis  p < 0.001 p <0.001 p <0.001 p <0.001 p <0.001 p <0.001

Results are expressed as means =+ standard deviations. 1 = minimal, 2 = mild, 3 = moderate, 4 = marked

 Statistically significant difference between groups (p < 0.05)

b Statistically significant difference between groups (p < 0.01)

¢ Statistically significant difference between groups (p < 0.001)

Table 4 Summary of the histopathological changes

Group

Jejunum

Colon

5-Fluorouracil

Moderate villous stunting

Mild epithelial injury

Minimal crypt hyperplasia

Moderate crypt injury

Mild-to-moderate Paneth cell injury
Moderate infiltration of LCs to lamina propria

Minimal surface epithelial injury

Mild crypt hyperplasia

Mild crypt dilatation and distortion

Mild crypt injury

No observable crypt atrophy

No to minimal infiltration of LCs to lamina propria

Oxaliplatin Marked villous stunting Mild-to-moderate surface epithelial injury
Moderate-to-smarked epithelial injury Mild crypt hyperplasia
Mild crypt hyperplasia Mild crypt dilatation and distortion
Marked crypt injury Mild crypt injury
Mild-to-moderate Paneth cell injury No observable crypt atrophy
Marked infiltration of LCs to lamina propria Minimal infiltration of LCs to lamina propria
Irinotecan Moderate villous stunting Mild-to-moderate surface epithelial injury
Mild epithelial injury Mild crypt hyperplasia
Mild-to-moderate crypt hyperplasia Mild crypt dilatation and distortion
Moderate crypt injury Moderate crypt injury
No Paneth cell injury Minimal crypt atrophy
Mild infiltration of LCs to lamina propria Mild infiltration of LCs to lamina propria
LCs leukocytes

In the colon, mild-to-moderate surface epithelial injury
was observed in the irinotecan and oxaliplatin groups and
the degrees of injury were significantly larger than in the

@ Springer

5-FU group (p = 0.001 and p = 0.011, respectively). Iri-
notecan caused also significantly more damage in the crypt
epithelium than 5-FU (p = 0.001). Mild crypt hyperplasia
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Fig. 5 Representative images
of the histological findings of
jejunum (left panel) and colon
(right panel) in each group:
control (a, b), 5-FU (¢, d),
oxaliplatin (e, f), and irinotecan
(g, h). Jejunal samples of the
5-FU (c¢) and irinotecan (g)
groups exhibit moderate dam-
age with fused and shortened
villi and crypt distortion. In the
oxaliplatin group, the jejunal
(e) surface epithelium and
crypts are markedly damaged;
surface epithelium lost and
crypts collapsed. In the colon,
the 5-FU (d) and oxaliplatin
(f) groups display minimal to
mild changes. In the Irinotecan
group, the surface epithelium
of the colon (h) is mildly to
moderately injured while the
crypts are moderately damaged
and partly lost

was observed in all of the treatment groups. Irinotecan
increased lamina propria leukocytes significantly more than
oxaliplatin and 5-FU (p = 0.010 and p < 0.001, respec-
tively). Crypt atrophy was only observed in the irinotecan
group. The histological score for acute colonic injury was
significantly higher in the irinotecan group (1.9 &+ 1.0) than
in the oxaliplatin group (1.4 £ 0.6, p < 0.05) and in the
5-FU group (1.0 &+ 0.5, p < 0.001) (Fig. 6b). Acute colonic

injury was also significantly (p = 0.018) more prominent in
the oxaliplatin group than in the 5-FU group (Fig. 5b).

Correlations between permeability to iohexol,
histological scores, and body weight change

Iohexol permeability and histological score for acute
colonic injury (Fig. 7c) showed a significant positive
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Fig. 6 Calculated scores for acute jejunal (a) and colonic (b) injury.
Oxaliplatin (n =
in the jejunum than 5-fluorouracil (n = 12) and irinotecan (n = 12).
Irinotecan-induced significantly milder damage in the jejunum than
5-fluorouracil. However, in the colon, irinotecan caused the most
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Fig.7 Spearman’s correlations between iohexol permeability and
acute jejunal injury score (a), body weight change and acute jejunal
injury score (b), iohexol permeability and acute colonic injury score
(c), and body weight change and acute colonic injury score (d). Acute
colonic injury scores correlated positively with iohexol permeability
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severe damage. Colonic injury was also more prominent in the Oxali-
platin group than in the 5-fluorouracil group. Box plots show median
with upper and lower quartiles. Whiskers show minimum and maxi-
mum. (¥p < 0.05; ***p < 0.001)
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(Spearman’s tho = 0.450, p < 0.013) and inversely with body weight
change (Spearman’s rho = —0.688, p < 0.001). No significant corre-
lations were observed between acute jejunal injury score and iohexol
permeability (p = 0.091) and between acute jejunal injury score and
body weight change (p = 0.108)
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correlation (Spearman’s rho = 0.450, p = 0.013). Con-
versely, a significant inverse correlation was observed
between acute colonic injury and body weight change
(Spearman’s rho = -0.688, p < 0.001) (Fig. 7d). Acute
jejunal injury showed no significant correlation either with
iohexol permeability or with body weight change (Fig. 7a,
b). The control group was omitted from this correlation
analysis because their histological scores were all zero and
thus they skewed the correlation toward the control values.

Discussion

The aim of our study was to investigate whether intestinal
permeability to iohexol accurately reflects the severity of
chemotherapy-induced gut toxicity. Previous studies have
shown that chemotherapeutic agents can increase intestinal
permeability [4, 22-24], but the effects of individual agents
remain relatively unknown.

Results from our study show that 5-FU, oxaliplatin,
and irinotecan can all damage the intestinal mucosa and
increase intestinal permeability to iohexol. In addition,
iohexol permeability reflected the severity of gut toxicity
observed as body weight loss, diarrhea symptoms, and his-
tological injury in the colon. These interesting findings raise
the question whether iohexol permeability could be used as
a marker of CIGT in the clinical practice. Halme et al. [13]
have previously concluded that intestinal permeability to
iohexol is an accurate marker of disease activity in patients
with inflammatory bowel disease (IBD). Because IBDs and
CIGT share similar clinical features, iohexol permeability
could also serve as a tool to objectively assess CIGT in
patients. Some evidence already exists that increased intes-
tinal permeability could correlate with the severity of CIGT
[5-7, 22, 25]. For example, Russo et al. [5] found that a
chemotherapy regimen consisting of 5-FU, epirubicin,
and cyclophosphamide increased intestinal permeability
(measured as lactulose/mannitol ratio) significantly more
in patients who were suffering from chemotherapy-induced
diarrhea compared with patients who did not develop diar-
rhea. Melichar et al. [7] studied the effects of paclitaxel and
platinum on intestinal barrier function and found that those
patients that developed the most severe diarrhea had also
the largest increase in intestinal permeability to different
sugar probes. Interestingly, they also found that pre-chem-
otherapy intestinal permeability values were elevated in
patients with the most severe diarrhea grades [7]. This indi-
cates that measuring intestinal permeability before chemo-
therapy could possibly identify those patients that are the
most susceptible to CIGT and thus allow clinicians adjust
their dosing accordingly. However, other studies have not
found any differences in pre-chemotherapy intestinal per-
meability values and the risk of severe CIGT [5, 23]. Thus,

the association between the risk of CIGT and intestinal per-
meability requires more research.

The exact molecular mechanisms by which chemothera-
peutic agents cause gut toxicity remain unknown. Recent
preclinical studies have focused on the role of tight junc-
tions in CIGT. Tight junctions are protein complexes that
connect adjacent epithelial cells together and limit solute
flux through the paracellular space [26]. Solutes can cross
the epithelial barrier either paracellularly by passive diffu-
sion through tight junctions or transcellularly by crossing
through the cell membranes. Usually, the paracellular path-
way is more permeable than the transcellular route mak-
ing tight junctions key regulators of intestinal permeability
[26]. Intestinal permeability is also regulated by zonulin.
Zonulin is a physiological regulator of tight junctions and
high serum concentrations of zonulin have been associ-
ated with increased intestinal permeability [27]. Previously,
Russo et al. [5] studied the serum zonulin concentrations of
patients receiving chemotherapy and did not observe any
changes during the treatment even though they observed an
increase in intestinal permeability. Similarly, we also did not
observe any differences in zonulin concentrations between
the groups despite the increased intestinal permeability to
iohexol. Because iohexol permeates the epithelia passively
through the tight junctions [15], these findings indicate that
chemotherapeutics affect tight junctions through mecha-
nisms that are not zonulin-dependent. Studies have shown
that chemotherapeutics can affect the expression of tight
junctional proteins. Wardill et al. [28] showed that irinote-
can decreases the expression of tight junctional proteins in
the small and large intestine. However, they did not exam-
ine whether this change in protein expression increases
intestinal permeability. Nakao et al. [29] observed a simi-
lar irinotecan-induced decrease in tight junctional protein
expression in the intestine. They were also able to show
that irinotecan treatment decreases transepithelial resist-
ance in the colon suggesting increased intestinal perme-
ability to macromolecules [29]. These findings together
with our results imply that the irinotecan-induced gut tox-
icity is at least in part mediated by tight junctional dam-
age leading to increased intestinal permeability. This can
also be the case regarding 5-FU and oxaliplatin although
little is known about their effects on tight junctional pro-
teins. 5-FU increases intestinal permeability to technetium-
labeled diethylene-triamine-pentaacetate (Tc-99 m-DTPA)
in mice [30, 31] and to chromium-labeled ethylenediamine-
tetraacetate (*'Cr-EDTA) in humans [6, 25] but the role of
tight junctional protein expression in this process remains
uncharacterized. The data regarding the effects of oxalipl-
atin are even scarcer and to our knowledge this is the first
study to show that oxaliplatin causes a significant increase
in intestinal permeability. However, more research is needed
to elucidate the role of tight junctions behind these changes.
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The histopathological findings in our study show sig-
nificant mucosal damage expressing as villous stunting and
crypt destruction. These results are in line with previous
studies [18, 28, 32]. Overall, the histopathological altera-
tions were more pronounced in the small intestine than in
the colon, although the grading between the two sites is
not directly comparable. However, intestinal permeabil-
ity to iohexol and the change in body weight correlated
with the degree of acute colonic injury. This suggests that,
in addition to the clinical signs of CIGT, increased intes-
tinal permeability to iohexol can also reflect the extent of
chemotherapy-induced pathological changes in the colon.
This was not the case in the small intestine where iohexol
permeability did not correlate with the degree of acute
intestinal injury in the jejunum. This could be due to our
study setting where we collected all the excreted urine
in 24 h and not multiple samples during the day. There-
fore, we cannot distinguish between small intestinal and
colonic iohexol permeability and may only see the differ-
ence in the permeability of the whole intestine. Notably, in
human IBD iohexol permeability was highest in patients
with moderate-to-severe disease activity in the colon
[13]. Our histopathological findings also reveal that there
seems to be some differences in the mechanism of toxic-
ity between the studied chemotherapeutics. For example,
oxaliplatin caused more severe damage in the small intes-
tine than 5-FU and irinotecan. Irinotecan on the other hand
affected the large intestine more severely than oxaliplatin
and 5-FU, even resulting to minimal mucosal atrophy (loss
of crypts) in the colon. The irinotecan-induced colonic
damage is probably due to microbial pf-glucuronidase that
converts the glucuronidated irinotecan metabolite 7-ethyl-
10-hydroxycamptothecin (SN-38G) back to its toxic form
SN-38 [33]. SN-38 is the active metabolite of irinotecan
that is largely responsible for its toxicity. This added toxic-
ity of irinotecan could also explain why we observed the
most severe clinical signs of CIGT and increased intestinal
permeability in the irinotecan group. There were also some
differences in crypt damage between the groups. We killed
all the animals after 72 h, and at this time point jejunal
crypt damage was the most severe in the oxaliplatin group.
However, at the same time the irinotecan group expressed
extensive crypt hyperplasia. Crypt hyperplasia is usually
a follow-up reaction to crypt damage which indicates that
the most severe crypt damage happened earlier in the iri-
notecan group. This is supported by the findings of Wardill
et al. [28] who reported the most severe irinotecan-induced
jejunal crypt damage between 48 and 72 h. Interestingly,
5-FU and oxaliplatin caused significantly more leukocyte
infiltration in the jejunal lamina propria than irinotecan.
This effect was reversed in the colon where irinotecan-
induced leukocyte infiltration in the lamina propria. These
findings highlight the role of inflammatory reaction in

@ Springer

CIGT. Reports have shown that proinflammatory cytokines
contribute to the pathophysiology of CIGT [34-36] and
researchers have had some success alleviating CIGT with
immunosuppressive substances [18, 37, 38]. Given that
proinflammatory cytokines can disrupt the mucosal barrier
function and increase intestinal permeability [39], the inter-
play between the two is probably one of the key factors in
the pathophysiology of CIGT.

In conclusion, our results show that 5-FU, oxaliplatin,
and irinotecan increase in vivo intestinal permeability
to iohexol. Iohexol permeability correlated with clinical
manifestations of CIGT such as diarrhea severity and body
weight loss, and with histopathological scoring for acute
injury in the colon. Thus, measuring iohexol permeabil-
ity shows promise to potentially provide a simple marker
for objectively assessing the severity of CIGT and helping
to understand the relationship between the pathophysiol-
ogy of CIGT and intestinal permeability. However, further
research is needed to refine the methodology and validate
its usefulness for clinical applications.

Acknowledgments This study was supported by the Cancer Society
of Finland, Finska Likareséllskapet, and by the Foundation of Clinical
Chemistry Research. We would like to thank Sari Laakkonen, Paivi
Leinikka, Hanne Salmenkari, Aino Siltari, and Alessandro Accardi for
their skillful assistance with the animal work. We are most grateful
to Kaisa Aaltonen, Kirsi Laukkanen, and Professor Satu Sankari for
their valuable help and expertise with the technical analyses.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Andreyev HIN, Davidson SE, Gillespie C et al (2012) Practice
guidance on the management of acute and chronic gastrointes-
tinal problems arising as a result of treatment for cancer. Gut
61:179-192. doi: 10.1136/gutjnl-2011-300563

2. Wardill HR, Bowen JM (2013) Chemotherapy-induced mucosal
barrier dysfunction: an updated review on the role of intesti-
nal tight junctions. Curr Opin Support Palliat Care 7:155-161.
doi:10.1097/SPC.0b013e32835f3e8c

3. Sonis ST (2004) The pathobiology of mucositis. Nat Rev Cancer
4:277-284. doi:10.1038/nrc1318

4. Keefe DM, Cummins AG, Dale BM et al (1997) Effect of high-
dose chemotherapy on intestinal permeability in humans. Clin
Sci Lond Engl 92:385-389


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1136/gutjnl-2011-300563
http://dx.doi.org/10.1097/SPC.0b013e32835f3e8c
http://dx.doi.org/10.1038/nrc1318

Cancer Chemother Pharmacol (2016) 78:863-874

873

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Russo F, Linsalata M, Clemente C et al (2013) The effects
of fluorouracil, epirubicin, and cyclophosphamide (FEC60)
on the intestinal barrier function and gut peptides in breast
cancer patients: an observational study. BMC Cancer 13:56.
doi:10.1186/1471-2407-13-56

Choi K, Lee SS, Oh SJ et al (2007) The effect of oral glutamine
on  5-fluorouracil/leucovorin-induced  mucositis/stomatitis
assessed by intestinal permeability test. Clin Nutr Edinb Scotl
26:57-62. doi:10.1016/j.cInu.2006.07.003

Melichar B, Hyspler R, Dragounova E et al (2007) Gastrointes-
tinal permeability in ovarian cancer and breast cancer patients
treated with paclitaxel and platinum. BMC Cancer 7:155.
doi:10.1186/1471-2407-7-155

Groschwitz KR, Hogan SP (2009) Intestinal barrier function:
molecular regulation and disease pathogenesis. J Allergy Clin
Immunol 124:3-20. doi:10.1016/j.jaci.2009.05.038

Arrieta MC, Bistritz L, Meddings JB (2006) Alterations in
intestinal permeability. Gut 55:1512-1520. doi:10.1136/
gut.2005.085373

Frias R, Ouwehand AC, Jaakkola U-M et al (2014) An in vivo
permeability test protocol using iohexol to reduce and refine the
use of laboratory rats in intestinal damage assessment. Scand J
Lab Anim Sci 40:1-6

Halme L, Turunen U, Tuominen J et al (2000) Comparison of
iohexol and lactulose-mannitol tests as markers of disease activ-
ity in patients with inflammatory bowel disease. Scand J Clin
Lab Invest 60:695-701

Halme L, Edgren J, von Smitten K, Linden H (1993) Increased
urinary excretion of iohexol after enteral administration in
patients with ileal Crohn’s disease. A new test for disease activ-
ity. Acta Radiol Stockh Swed 34:237-241

Halme L, Edgren J, Turpeinen U et al (1997) Urinary excretion
of iohexol as a marker of disease activity in patients with inflam-
matory bowel disease. Scand J Gastroenterol 32:148-152

Frias R, Strube K, Ternes W et al (2012) Comparison of 51 chro-
mium-labeled ethylenediamine tetra-acetic acid and iohexol as
blood markers for intestinal permeability testing in Beagle dogs.
Vet J Lond Engl 192:123-125. doi:10.1016/j.tvjl.2011.04.024
Andersen R, Laerum F (1995) Intestinal permeability measure-
ments—a new application for water soluble contrast media? Acta
Radiol Suppl 399:247-252

Fasano A (2012) Intestinal permeability and its regulation by
zonulin: diagnostic and therapeutic implications. Clin Gastroen-
terol Hepatol Off Clin Pract ] Am Gastroenterol Assoc 10:1096—
1100. doi:10.1016/j.cgh.2012.08.012

Cool JC, Dyer JL, Xian CJ et al (2005) Pre-treatment with
insulin-like growth factor-I partially ameliorates 5-fluorouracil-
induced intestinal mucositis in rats. Growth Horm IGF Res Off J
Growth Horm Res Soc Int IGF Res Soc 15:72-82. doi:10.1016/j.
ghir.2004.12.002

Wang X, Gao J, Qian L et al (2015) Exogenous IL-1Ra attenu-
ates intestinal mucositis induced by oxaliplatin and 5-fluoroura-
cil through suppression of p53-dependent apoptosis. Anticancer
Drugs 26:35-45. doi:10.1097/CAD.0000000000000142

Gibson RJ, Bowen JM, Alvarez E et al (2007) Establishment
of a single-dose irinotecan model of gastrointestinal mucositis.
Chemotherapy 53:360-369. doi:10.1159/000107458

Gibson RJ, Bowen JM, Inglis MRB et al (2003) Irinotecan
causes severe small intestinal damage, as well as colonic dam-
age, in the rat with implanted breast cancer. J Gastroenterol
Hepatol 18:1095-1100

Day MIJ, Bilzer T, Mansell J et al (2008) Histopathological
standards for the diagnosis of gastrointestinal inflammation in
endoscopic biopsy samples from the dog and cat: a report from
the World Small Animal Veterinary Association Gastrointestinal

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Standardization Group. J Comp Pathol 138(Suppl 1):S1-S43.
doi:10.1016/j.jcpa.2008.01.001

Fazeny-Dorner B, Veitl M, Wenzel C et al (2002) Alterations
in intestinal permeability following the intensified polydrug-
chemotherapy IFADIC (ifosfamide, Adriamycin, dacarbazine).
Cancer Chemother Pharmacol 49:294-298. doi:10.1007/
s00280-001-0414-2

Daniele B, Secondulfo M, De Vivo R et al (2001) Effect of
chemotherapy with 5-fluorouracil on intestinal permeability and
absorption in patients with advanced colorectal cancer. J Clin
Gastroenterol 32:228-230

Melichar B, Dvordk J, Krcmova L et al (2008) Intestinal perme-
ability and vitamin A absorption in patients with chemotherapy-
induced diarrhea. Am J Clin Oncol 31:580-584. doi:10.1097/
COC.0b013e318174dbb9

Daniele B, Secondulfo M, De Vivo R et al (2001) Effect of
chemotherapy with 5-fluorouracil on intestinal permeability and
absorption in patients with advanced colorectal cancer. J Clin
Gastroenterol 32:228-230

Turner JR (2009) Intestinal mucosal barrier function in health
and disease. Nat Rev Immunol 9:799-809. doi:10.1038/nri2653
Sapone A, de Magistris L, Pietzak M et al (2006) Zonulin upreg-
ulation is associated with increased gut permeability in subjects
with type 1 diabetes and their relatives. Diabetes 55:1443-1449
Wardill HR, Bowen JM, Al-Dasooqi N et al (2014) Irinotecan
disrupts tight junction proteins within the gut. Cancer Biol Ther
15:236-244. doi:10.4161/cbt.27222

Nakao T, Kurita N, Komatsu M et al (2012) Irinotecan injures
tight junction and causes bacterial translocation in rat. J Surg Res
173:341-347. doi:10.1016/j.jss.2010.10.003

de Generoso SV, Rodrigues NM, Trindade LM et al (2015) Die-
tary supplementation with omega-3 fatty acid attenuates 5-fluo-
rouracil induced mucositis in mice. Lipids Health Dis 14:54.
doi:10.1186/s12944-015-0052-z

Maioli TU, de Melo Silva B, Dias MN et al (2014) Pretreat-
ment with Saccharomyces boulardii does not prevent the experi-
mental mucositis in Swiss mice. J Negat Results Biomed 13:6.
doi:10.1186/1477-5751-13-6

Justino PFC, Melo LFM, Nogueira AF et al (2015) Regulatory
role of Lactobacillus acidophilus on inflammation and gastric
dysmotility in intestinal mucositis induced by 5-fluorouracil in
mice. Cancer Chemother Pharmacol 75:559-567. doi:10.1007/
$00280-014-2663-x

Takasuna K, Hagiwara T, Hirohashi M et al (1998) Inhibition of
intestinal microflora beta-glucuronidase modifies the distribu-
tion of the active metabolite of the antitumor agent, irinotecan
hydrochloride (CPT-11) in rats. Cancer Chemother Pharmacol
42:280-286

Logan RM, Stringer AM, Bowen JM et al (2007) The role of
pro-inflammatory cytokines in cancer treatment-induced ali-
mentary tract mucositis: pathobiology, animal models and
cytotoxic drugs. Cancer Treat Rev 33:448-460. doi:10.1016/j.
ctrv.2007.03.001

Logan RM, Stringer AM, Bowen JM et al (2009) Is the patho-
biology of chemotherapy-induced alimentary tract mucosi-
tis influenced by the type of mucotoxic drug administered?
Cancer Chemother Pharmacol 63:239-251. doi:10.1007/
500280-008-0732-8

Melo MLP, Brito GAC, Soares RC et al (2008) Role of cytokines
(TNF-alpha, IL-1beta and KC) in the pathogenesis of CPT-
11-induced intestinal mucositis in mice: effect of pentoxifylline
and thalidomide. Cancer Chemother Pharmacol 61:775-784.
doi:10.1007/s00280-007-0534-4

Kojouharov BM, Brackett CM, Veith JM et al. (2014) Toll-like
receptor-5 agonist Entolimod broadens the therapeutic window

@ Springer


http://dx.doi.org/10.1186/1471-2407-13-56
http://dx.doi.org/10.1016/j.clnu.2006.07.003
http://dx.doi.org/10.1186/1471-2407-7-155
http://dx.doi.org/10.1016/j.jaci.2009.05.038
http://dx.doi.org/10.1136/gut.2005.085373
http://dx.doi.org/10.1136/gut.2005.085373
http://dx.doi.org/10.1016/j.tvjl.2011.04.024
http://dx.doi.org/10.1016/j.cgh.2012.08.012
http://dx.doi.org/10.1016/j.ghir.2004.12.002
http://dx.doi.org/10.1016/j.ghir.2004.12.002
http://dx.doi.org/10.1097/CAD.0000000000000142
http://dx.doi.org/10.1159/000107458
http://dx.doi.org/10.1016/j.jcpa.2008.01.001
http://dx.doi.org/10.1007/s00280-001-0414-2
http://dx.doi.org/10.1007/s00280-001-0414-2
http://dx.doi.org/10.1097/COC.0b013e318174dbb9
http://dx.doi.org/10.1097/COC.0b013e318174dbb9
http://dx.doi.org/10.1038/nri2653
http://dx.doi.org/10.4161/cbt.27222
http://dx.doi.org/10.1016/j.jss.2010.10.003
http://dx.doi.org/10.1186/s12944-015-0052-z
http://dx.doi.org/10.1186/1477-5751-13-6
http://dx.doi.org/10.1007/s00280-014-2663-x
http://dx.doi.org/10.1007/s00280-014-2663-x
http://dx.doi.org/10.1016/j.ctrv.2007.03.001
http://dx.doi.org/10.1016/j.ctrv.2007.03.001
http://dx.doi.org/10.1007/s00280-008-0732-8
http://dx.doi.org/10.1007/s00280-008-0732-8
http://dx.doi.org/10.1007/s00280-007-0534-4

874 Cancer Chemother Pharmacol (2016) 78:863-874

of 5-fluorouracil by reducing its toxicity to normal tissues in 39. Suzuki T (2013) Regulation of intestinal epithelial perme-
mice. Oncotarget 5:802-814. doi:10.18632/oncotarget.1773 ability by tight junctions. Cell Mol Life Sci CMLS 70:631-659.
38. Lima-Jainior RCP, Freitas HC, Wong DVT et al (2014) Targeted doi:10.1007/s00018-012-1070-x

inhibition of IL-18 attenuates irinotecan-induced intestinal
mucositis in mice. Br J Pharmacol 171:2335-2350. doi:10.1111/
bph.12584

@ Springer


http://dx.doi.org/10.18632/oncotarget.1773
http://dx.doi.org/10.1111/bph.12584
http://dx.doi.org/10.1111/bph.12584
http://dx.doi.org/10.1007/s00018-012-1070-x

	Intestinal permeability to iohexol as an in vivo marker of chemotherapy-induced gastrointestinal toxicity in Sprague–Dawley rats
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Ethical statement
	Animals
	Experimental protocol
	Drug administrations
	Diarrhea assessment
	Blood sampling
	Measurement of intestinal permeability
	Analysis of iohexol
	Tissue collection
	Analysis of serum zonulin
	Histological analysis
	Data analysis

	Results
	Drug response
	Permeability to iohexol
	Correlations between diarrhea scores, body weight change, and permeability to iohexol
	Serum zonulin
	Histological analysis
	Correlations between permeability to iohexol, histological scores, and body weight change

	Discussion
	Acknowledgments 
	References




