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Fasting protects against the side effects

REPORT

of irinotecan but preserves its anti-tumor effect

in Apc15lox mutant mice
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Irinotecan is a widely used topoisomerase-l-inhibitor with a very narrow therapeutic window because of its severe
toxicity. In the current study we have examined the effects of fasting prior to irinotecan treatment on toxicity and anti-
tumor activity. FabplCre;Apc’>'®/* mice, which spontaneously develop intestinal tumors, of 27 weeks of age were
randomized into 3-day fasted and ad libitum fed groups, followed by treatment with a flat-fixed high dose of irinotecan
or vehicle. Side-effects were recorded until 11 days after the start of the experiment. Tumor size, and markers for cell-
cycle activity, proliferation, angiogenesis, and senescence were measured. Fasted mice were protected against the side-
effects of irinotecan treatment. Ad libitum fed mice developed visible signs of discomfort including weight loss, lower
activity, ruffled coat, hunched-back posture, diarrhea, and leukopenia. Irinotecan reduced tumor size in fasted and ad
libitum fed groups similarly compared to untreated controls (2.4 + 0.67 mm and 2.4 £ 0.82 mm versus 3.0 = 1.05 mm
and 2.8 £+ 1.08 mm respectively, P < 0.001). Immunohistochemical analysis showed reduced proliferation, a reduced
number of vascular endothelial cells, and increased levels of senescence in tumors of both irinotecan treated groups. In
conclusion, 3 days of fasting protects against the toxic side-effects of irinotecan in a clinically relevant mouse model of
spontaneously developing colorectal cancer without affecting its anti-tumor activity. These results support fasting as a
powerful way to improve treatment of colorectal carcinoma patients.
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Introduction

Irinotecan is extensively used in first and second line treatment
for unresectable and metastatic disease of colorectal cancer.' In
1996, approval was obtained in the United States for the second-
line treatment of patients with metastatic colorectal carcinoma.
Today, irinotecan is approved as a single agent as well as in com-
bination with other drugs (i.e. oxaliplatin, and fluorouracil) for
treatment of colorectal cancer.” It is a pro-drug of the topo-
isomerase I inhibitor SN-38, and is metabolized by CYP3A into
inactive metabolites.* Irinotecan is typically known for its narrow
therapeutic window, which explains its unpredictable toxicities,
including severe myelosuppression, massive diarrhea, and in
some cases even death as a complication of other side-effects.”®
These side-effects may lead to dose reductions and early discon-
tinuation of treatment, and limit the anti-tumor activity of this
chemotherapeutic agent.”

A potentially protective intervention against these severe side-
effects is dietary restriction (DR), i.e., a reduction of caloric
intake before drug delivery. We previously showed that 3-days of
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fasting up-regulates cytoprotective and antioxidant enzymes, and
induces protection against oxidative stress.>”

While much information is obtained from studies that
revealed beneficial effects of fasting and DR using transplantable
tumor models, there is a need to perform these studies in
more clinically relevant animal models.'®'? Fabpl Cre;Apc>'/+
mice express an adenomatous polyposis coli (APC) mutant allele,
Apclslox, based on /oxP sites flanking exon 15, and a Cre-medi-
ated knockout by deletion of this exon.'” These mice are geneti-
cally predisposed to develop macroscopic adenomas in the distal
small and large intestine emerging at approximately 3 months of
age. Humans with germ-line inactivating mutations of this gene
are also predisposed to develop many adenomatous polyps in the
colon and rectum, a hereditary cancer syndrome called familial
adenomatous polyposis (FAP). In addition, 80% of the sporadic
colorectal tumors are initiated by a germ-line mutation in
APC. 14,15

To study the role of APC in prevention and treatment of colo-
rectal cancer, many inactivating mutant alleles of the mouse Apc
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Figure 1. Protective effects of fasting against side-effects of irinotecan in Apc-mutant mice. Side-
effects were monitored from the start of the fasting regimen until 11 days after the first irinotecan
injection (*). Graphs represent a total of 36 mice: 1. Ad libitum group (n = 9; males (m) n = 4,
females (f) n = 5), 2. Fasted group (n = 9; m, n = 4, f, n = 5), 3. Ad libitum group treated with irinote-
can (n=10; m,n =5, f, n = 5), and 4. Fasted group treated with irinotecan (n =8, m,n =4,f, n = 4).
(A) Effects of fasting and irinotecan treatment on body weight. Fasted (F) mice lost weight during the
fasting regimen, but gained weight during irinotecan treatment. In contrast, ad libitum (AL) fed ani-
mals lost weight during irinotecan administration. (B-E) Effects of fasting and irinotecan treatment
on activity, coat, posture, and stool. ***Indicates significant difference (P < 0.001) between ad libitum
fed animals treated with irinotecan compared to each of the other groups. (F) Effect of fasting and
irinotecan treatment on bone marrow toxicity. Number of leukocytes on day 8 after the first irinote-
can injection was significantly lower in ad libitum fed animals compared to fasted animals in the iri-
notecan treated groups. ***P < 0.001.

gene were investigated. Morbidity and mortality rates of most of

intestine as well as in the large intestine,
which makes it a relevant model to study
colorectal cancer.

In this study we examined the effects
of fasting before administration of a high
dose irinotecan on the occurrence of
side-effects, and number and size of
tumors in this conditional Apc-mutant
mouse model for colorectal carcinoma.
In addition, we performed immunohis-
tochemistry on tumor tissue to compare
the anti-tumor activity of irinotecan in
fasted and ad libitum fed animals.

Results

Adverse side-effects in irinotecan
treated Apc-mutant mice

During the first 3 days of the experi-
ment, animals in the fasting group were
withheld from food, and had ad libitum
access to water. Bodyweight was pre-
sented as a relative percentage of the
starting weight. Weight loss was 22.5 £+
3.0% during fasting relative to the ani-
mals starting weight in both fasting
groups. The ad libitum fed groups gained
2.3 £ 1.9% body weight during this
period. Directly after the first irinotecan
injection, fasted mice were fed ad libitum
again. In the ad libitum fed group, mice
showed weight loss following the first iri-
notecan injection, and at the end of the
experiment they had lost 22.1 & 3.7% of
their starting weight. In contrast, the
fasted mice gained weight following the
first injection and at the end of the exper-
iment their weight had returned to base-
line levels (94.8 £ 3.5% of their starting
weight) (Fig. 1a). From day 3 after the
first irinotecan injection, mice in the ad
libitum fed group were less active (P <
0.001) and showed a ruffled coat com-
pared with fasted mice treated with irino-
tecan and untreated controls (P <
0.001). Furthermore, ad libitum fed mice
treated with irinotecan had a hunched-
back posture (P < 0.001) and suffered
from diarrhea from day 3 after the first
injection, whereas this was not observed

these models were high at a rather young age."®'” An advantage in fasted mice treated with irinotecan and untreated controls
of the conditional Apc-mutant mouse model discussed here is the (P < 0.001) (Fig. 1b—e). Eight days after the first irinotecan
slow onset of tumor development, mimicking the growth of a  injection the number of leukocytes was determined to measure

spontaneously developing tumor in a more mature mouse model.  bone marrow toxicity. Among the mice receiving irinotecan, the

Furthermore, this model accounts for neoplasia in the small  ad libitum fed group showed a significant reduction in leukocyte
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numbers compared to fasted animals (3.4 =+ 0.6*10%/mL vs.
6.6 + 0.710%mlL, P < 0.001) (Fig. 1f). There was no signifi-
cant difference between the control groups. Thus, fasted mice
treated with irinotecan did not show signs of toxicity whereas all

ad libitum fed mice did.

Number and size of intestinal tumors

At the end of the experiment the entire gastrointestinal tract
from each mouse was removed, and the small and large intestine
were opened for tumor enumeration. The average number of
tumors was 17% lower in the irinotecan-treated groups com-
pared to controls. There were 16.4 £ 3.1 and 17.3 % 3.3 tumors
per mouse in the ad libitum and fasted group without irinotecan
treatment, whereas the ad libitum and fasted group with irinote-
can treatment mice had 14.0 £ 3.6 and 14.6 £ 2.5 intestinal
tumors, respectively (Fig. 2a). Interestingly, the size of the
tumors showed a significant difference between irinotecan treated
and control groups. Tumor size of ad libitum fed and fasted con-
trol groups was 2.8 £ 1.08 mm (range: 0.8 mm — 6.5 mm) and
3.0 = 1.05 mm (range: 1.0 mm — 6.0 mm) respectively, while
tumor size in irinotecan treated groups was 2.4 = 0.82 mm
(range: 1.0 mm — 4.8 mm) and 2.4 £ 0.67 mm (range: 1.0 mm
~ 43 mm) (P < 0.001) (Fig. 2b).

Antitumor effect of irinotecan

We examined whether fasting changed the effects of irinote-
can on the cell cycle, cellular proliferation, induction of senes-
cence, and angiogenesis by immunohistochemistry on 4
randomly chosen tumors per intestinal tract. Cyclin D1, a
marker that indicates the G1/S-phase of the cell cycle and that is
often seen overexpressed in tumors, showed a significantly lower
expression in irinotecan treated animals compared to controls
(P < 0.01) (Fig. 3a). This corresponded with a significantly
lower expression of the mitosis marker pHiston H3 in irinotecan
treated animals (P < 0.001) (Fig. 3b). Ki-67, the proliferation
marker that is present in all active phases of the cell cycle was also
significantly lower expressed in both irinotecan treated groups
(P < 0.01) (Fig. 3c¢). Expression of the cyclin dependent kinase
inhibitor (CDKI) p21, indicating senescence and S/G2-phase
arrest, was significantly up-regulated in both irinotecan treated
groups (P < 0.05) (Fig. 3d). CD146, present on vascular endo-
thelial cells and a marker for angiogenesis, showed significantly
lower expression in both treated groups (? < 0.01) (Fig. 3e).
There were no significant differences between irinotecan treated
ad libitum fed and fasted animals. Collectively these data show
that irinotecan treatment significantly inhibited tumor cell prolif-
eration, and has a comparable anti-tumor effect in both ad /ibi-
tum fed-, and fasted mice.

Discussion

The experiments presented here show that 3-days of fasting
prior to treatment with a high dose of the chemotherapeutic
agent irinotecan protects against its side-effects in an Apc-mutant
mouse model that spontaneously develops intestinal tumors. We
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Figure 2. Number and size of intestinal tumors. Tumors from the gastro-
intestinal tract were counted and measured under a dissection micro-
scope. (A) Number of intestinal tumors per mouse. In the irinotecan
treated groups, ad libitum (AL) fed and fasted (F) mice had respectively
14.0 + 3.6 and 14.6 + 2.5 tumors per intestine. In control groups, ad libi-
tum (AL) fed and fasted (F) mice had respectively 164 + 3.1and 17.3 £
3.3 tumors per intestine. (B) Size of all intestinal tumors. Tumor size in iri-
notecan treated mice was 2.4 =+ 0.82 mm in fasted, and 2.4 £ 0.67 mm
in ad libitum fed and fasted mice respectively. In control groups this was

2.8 £ 1.08 mmand 3.0 £ 1.05 mm (P < 0.001).

Cell Cycle

observed a similar reduction in tumor size in fasted and ad /ibi-
tum fed irinotecan treated groups compared to controls. Further-
more, we found a significant decrease in cell cycle activity,
proliferation, and angiogenesis, while senescence was increased in
both fasted and ad libitum fed irinotecan treated groups, indicat-
ing that fasting does not affect the ant-tumor activity of
irinotecan.

To our knowledge, this is the first study that shows beneficial
effects of fasting on chemotherapy toxicity in a mouse model that
spontaneously develops colorectal cancer. In support of these
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Figure 3. Anti-tumor effect of irinotecan. (A-C) Irinotecan treatment significantly inhibited tumor cell prolifer-
ation as shown by differential expression of Cyclin D1, pHiston H3, and Ki-67. (D) This corresponded with an
upregulation of the CDKI p21. (E) CD146, a marker for endothelial cells, was significantly down-regulated in
irinotecan treated animals. Representative photomicrographs of irinotecan treated (middle panels) and con-
trol (right panels) tumor specimens (magnification 200x). *P < 0.05, **P < 0.01, ***P < 0.001.

fasting on chemotherapy treat-
ment as well. Mice injected with
neuroblastoma cells and subse-
quently fasted for 48 hours were
protected against side-effects of
etoposide, while anti-tumor activ-
ity was preserved.11 In previous
studies, tumor-cells or tissues
were  placed  subcutaneously,
whereas in the current study we
used an Apc-mutant mouse model
that mimics spontaneous intesti-
nal tumor formation.'”> Sponta-
neously developing tumor models
are needed to better develop strat-
egies to control malignant cell
growth, including chemotherapy
treatment. In this regard, the
Ap™M™F mouse model is one of
the most studied models of intes-
tinal tumorigenesis in which
tumor growth is suppressed by
different anticancer agents.”>?

In the present study we used
fasting as a pre-conditioning
method to protect against the
side-effects of irinotecan. Previ-
ously, we reported that 3-days of
fasting increases stress-resistance,
including upregulation of the
Nrf2 pathway, which is involved
in the protection against oxidative
stress.®?* In contrast to the up-
regulation of protective pathways
by normal cells, it is thought that
cancer cells are unable to obtain a
protected state by dietary restric-
tion. This phenomenon is called
differential ~stress  sensitization
(DSS) and is based on the fact
that cancer cells have acquired a
number of mutations that pro-
gressively decrease their ability to
adapt to diet restriction.>

A key finding in this study is
that 3-day fasted Ape-mutant
mice do not show any signs of
toxicity in response to a very high
dose irinotecan while the and-
tumor response is still present.
Using immunohistochemistry, we

observations, others have shown that long term dietary-restricted ~ found no significant differences between ad /libitum fed- and

. . . . 18-21
rodents are more resistant agamst a variety of toxic agents.

fasted animals in both the irinotecan treated groups as well as the

We showed that beneficial effects seen after long-term dietary  control groups, indicating that the effects of irinotecan are unim-
restriction, can also be induced rapidly using a 3-day fasting regi-  paired in fasted animals. Phosphorylation of Histone H3 at ser-
men.® Others have observed the beneficial effects of short-term  ine 10 rtakes place during mitosis of the cell.?® The reduced
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expression of pHiston H3 in tumors of irinotecan treated mice
indicates that mitosis is suppressed. Cyclin D1 regulates the pro-
gression of cells into the proliferative stage.”” Both fasted and a4
libitum fed irinotecan treated animals showed a similarly reduced
expression of cyclin D1. Ki-67, a widely used proliferation
marker, confirmed the anti-proliferative effect of irinotecan in all
treated animals.

Due to irinotecan induced DNA damage, the p53/p21 path-
way is activated and subsequently arrests cells from division and
causes cellular senescence.”®*” We evaluated the expression of
p21 as a senescence marker, and showed that irinotecan treated
tumors express significantly higher levels of p21 compared to
controls. The expression of CD146, a marker present on vascular
endothelial cells, was significantly reduced in tumors from irino-
tecan treated mice. The effects of irinotecan on vascular endothe-
lial cells remain largely unknown. Irinotecan decreases hypoxia
inducible factor law accumulation in tumors, which may inhibit
tumor angiogenesis.”® These findings support our observation
that irinotecan reduces CD146 expression and thus angiogenesis.

We investigated both male and female FabplCre;ApclSIOX/Jr
mice. The number of male and female mice was evenly distrib-
uted between the different groups, and we observed no differen-
ces in side-effects, number and size of tumors, and anti-tumor
effect of irinotecan between genders. The only difference was
seen in bodyweight; at the start of the experiment, at 27 weeks of
age, male mice were on average 30% heavier. Therefore, body-
weight is presented as a relative percentage of the starting weight.
Several studies have compared gender differences in the Apc™™/+
model. The small molecule compound SHetA2 significantly
reduced incidence and size of intestinal polyps, both in males
and females.”” In contrast, in a dietary study using the retinoid-
x-receptor agonist bexarotene, a greater reduction of intestinal
tumors was found in male mice compared to female mice.”’ The
observation that we did not find differences between genders
could be attributed to the fact that we administered a flat-fixed
dose to all mice, based on the bodyweight of male mice. Thus,
female mice received a higher concentration irinotecan relative to
their bodyweight, but are known to be less susceptible to the tox-
icity induced by irinotecan.’?

Based on existing evidence from in vitro and in vivo experi-
ments, fasting has a great potential to be implemented in clinical
cancer patients. Although the introduction of fasting remains
challenging, a study with self-reported patients showed a decrease
in side-effects and an increase in subjective well-being after che-
motherapy treatment.”> Therefore, randomized controlled clini-
cal trials are needed to validate the beneficial effects of fasting in
a clinical setting.

In conclusion, fasting significantly prevented the occurrence
of side-effects of irinotecan in a genetic mouse model that spon-
taneously develops intestinal neoplasms through an inactivating
mutation of the Apc gene. Irinotecan significantly reduced tumor
size and proliferation in fasted and ad libitum fed animals, indi-
cating that fasting does not abrogate the anti-tumor response.
These results support fasting before irinotecan treatment as a
powerful way to improve treatment for colorectal carcinoma
patients.
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Materials and Methods

Animals

FabplCre;Apcl5lox/+ mice (n = 36) with a C57Bl/6 back-
ground were generated, bred, and maintained under pathogen-
free conditions at a licensed biomedical animal facility, Erasmus
University Medical Center, Rotterdam, the Netherlands, as pre-
viously reported."® During 27 weeks they were housed in indi-
vidually ventilated cages (n = 3-4 animals per cage) where
standard laboratory conditions were maintained, i.e. temperature
~22°C, humidity ~50%, and a 12 h light/12 h dark cycle. Dur-
ing this period, there were no visible signs of disease in the stud-
ied animals. All mice had free access to water and food (Special
Diet Services, Witham, UK) unless mentioned otherwise. Previ-
ously we have shown that after 27 weeks of age, intestinal tumors
were macroscopically present. Mice were divided into 4 groups;
1. Ad libitum group (n = 9; males (m) n = 4, females (f) n = 5),
2. Fasted group (n = 95 m, n =4, f, n = 5), 3. Ad libitum group
with irinotecan treatment (n = 10; m, n = 5, f, n = 5), and 4.
Fasted group with irinotecan treatment (n = 8; m,n =4, f,n =
4). The experimental protocol was approved by the Animal
Experiments Committee under the Dutch National Experiments
on Animals Act, and complied with the 1986 directive 86/
609/gc of the Council of Europe.

Fasting

The two ad libitum fed groups were allowed unrestricted
access to food. Before the start of the experiment, all mice were
transferred to a clean cage and the 2 fasted groups were withheld
food for 3 days starting at 4:00 PM and were fed ad libitum again
3 days later at 10:00 AM. All animals were given continuous
access to water. No mortality occurred during fasting.

Chemotherapy

Irinotecan, HCl-trihydrate 20 mg/mL (Hospira, Benelux) was
diluted in sodium chloride 0.9% (Braun, Melsungen, Germany)
to a final volume of 200 L per injection, and was given intraper-
itoneally. The optimal cumulative drug dose (400 mg/kg) was
determined in a pilot experiment and defined as the concentra-
tion that induces severe toxicity without causing mortality (data
not shown). All animals received the same amount of irinotecan,
called a flat-fixed dose, based on the average weight of ad libitum
fed male mice, which was 25 gram. In the ad libitum fed group
as well as in the fasted group mice received 167 pL irinotecan
supplemented with 33 L sodium chloride 0.9% per injection.

Experimental setup

All mice in the irinotecan treated groups received a cumulative
flat-fixed dose of 400 mg/kg irinotecan. On days 1,3 and 5 after
fasting, mice received 133 mg/kg irinotecan. The control groups
received vehicle (sodium chloride 0.9%). Following the first iri-
notecan injection mice were weighed and inspected daily for
adverse side effects by a mouse wellbeing-score protocol adapted
from ‘the guidelines for welfare of animals in experimental neo-
plasia research’ (1988: United Kingdom Co-ordinating Commit-
tee on Cancer Research, UKCCCR). Assessing wellbeing by one
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researcher took 10 minutes per cage with 4 mice. Side-effects
were scored independently by 2 experienced researchers. Mouse
cages were removed from racks and placed on a bench to facilitate
visualization of the mice, but cages were not opened at any point
during the scoring process, except for the determination of the
stool consistency at the end of the process. Mouse activity level
was scored according to the amount each mouse moved in its
cage. A score of 2 indicates that an animal moved around the
cage normally. A score of 1 indicates that an animal was moving
slowly or less frequently and with an altered gait. A score of 0
indicated that an animal was not moving and was taking no
more than 5 steps. The appearance of the coat was scored accord-
ing to the smoothness. A score of 2 indicated a healthy, smooth
uninterrupted coat. A score of 1 indicated a slightly fluffy coat. A
score of 0 indicated a severe fluffy coat with evident parts of visi-
ble skin. Posture was scored as follows; A score of 2 indicated a
normal body posture. A score of 1 indicated a moderately
hunched posture. A score of 0 indicated a severely hunched pos-
ture. Severity of diarrhea was assessed according to the stool con-
sistency score (0: normal, 1: loose stool, 2: loose/some diarrhea,
3: diarrhea, 4: severe watery diarrhea).>* Before every stool con-
sistency measurement clean white tissues were placed at the bot-
tom of the cage to allow determination of the consistency of the
stool. Results are expressed as mean £ SD. Leukocyte numbers
were determined on day 8 after the first irinotecan injection with
a Z series Coulter Counter (Beckman Coulter, Woerden, The
Netherlands). Ten days after the first irinotecan injection mice
were sacrificed by exsanguination.

Determination of tumor burden

Directly after sacrificing the animals, the entire gastrointesti-
nal tract was removed for dissection but the stomach, duodenum
and cecum were omitted from the analysis because of their low
tumor incidence. The intestinal tract was opened along the ceph-
alocaudal axis, flushed with phosphate-buffered saline (PBS), cut
into 5 segments of approximately equal lengths, and spread out
flat on filter paper. These preparations were fixed overnight at
4°C in 10% phosphate-buffered formalin and thereafter stored
in 70% EtOH until further analysis. Tumor enumeration was
performed using a dissecting microscope. Diameter of each
tumor was determined using an ocular micrometer that allows
precise measurements with a resolution of 0.1 mm. The smallest
detected tumor was 0.8 mm. All tcumors were scored by 2 experi-
enced researchers blinded to the treatment.
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