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Abstract

Chemotherapy-induced intestinal mucositis is a severe side effect contributing to reduced quality of life and premature death
in cancer patients. Despite a high incidence, a thorough mechanistic understanding of its pathophysiology and effective sup-
portive therapies are lacking. The main objective of this rat study was to determine how 10 mg/kg doxorubicin, a common
chemotherapeutic, affected jejunal function and morphology over time (6, 24, 72, or 168 h). The secondary objective was to
determine if the type of dosing administration (intraperitoneal or intravenous) affected the severity of mucositis or plasma
exposure of the doxorubicin. Morphology, proliferation and apoptosis, and jejunal permeability of mannitol were examined
using histology, immunohistochemistry, and single-pass intestinal perfusion, respectively. Villus height was reduced by 40%
after 72 h, preceded at 24 h by a 75% decrease in proliferation and a sixfold increase in apoptosis. Villus height recovered
completely after 168 h. Mucosal permeability of mannitol decreased after 6, 24, and 168 h. There were no differences in
intestinal injury or plasma exposure after intraperitoneal or intravenous doxorubicin dosing. This study provides an insight
into the progression of chemotherapy-induced intestinal mucositis and associated cellular mucosal processes. Knowledge
from this in vivo rat model can facilitate development of preventive and supportive therapies for cancer patients.
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Introduction intestinal mucositis (CIM), which is a complex gastrointes-

tinal toxicity affecting approximately 40% of patients treated

Global cancer incidence reached 19 million in 2020 (Sung
et al. 2021). This number is expected to increase as mortal-
ity rates from stroke and cardiovascular disease decrease
in an aging population (Bray et al. 2021). Cancer is typi-
cally treated with chemotherapy, which inhibits cell growth
and division. This also severely affects rapidly proliferating
non-tumor tissue, such as myeloid and lymphoid tissues,
gonads, and intestinal mucosa (van der Zanden et al. 2020).
Damage to the latter gives rise to chemotherapy-induced
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with chemotherapeutics (Pico et al. 1998; Sonis et al. 2015;
McCullough 2017; Sougiannis et al. 2021). High-dose mye-
loablative chemotherapies such as busulfan, etoposide, and
doxorubicin (DOX) have a CIM incidence rate over 90%
(McCullough 2017; Eduardo et al. 2019). Occurrence of
severe gastrointestinal complications depends on several
factors, including the immunological status of the patient,
the type of drug, and the dosing schedule.

Doxorubicin is an anthracycline-type of chemotherapeu-
tic commonly used for treating lymphoma, and breast, gas-
tric, ovarian, sarcoma, and primary liver cancers. It induces
apoptosis and other types of programed cell death, by (a)
intercalating into nucleus DNA (thereby inhibiting biosyn-
thesis of macromolecules and disrupting topoisomerase
II-mediated DNA repair), and (b) intracellular generation
of reactive oxygen species (Gewirtz 1999; Marinello et al.
2018; Kullenberg et al. 2021). In addition, anthracyclines
are associated with mitochondrial dysfunction, which con-
tributes to the anti-cancer effect, but also affects off-target
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organs such as the heart, bone-marrow, and gastrointestinal
tract (Gewirtz 1999; Jones et al. 2021).

Adverse effects associated with CIM, such as diarrhea,
ulceration, pain, nausea, sepsis, and organ dysfunction,
reduce the quality of life and are potentially fatal for suscep-
tible cancer patients. This often necessitates dose-reduction
or discontinuation of cancer treatment, and increases health-
care costs (Dahlgren et al. 2021b; Rodrigues-Oliveira et al.
2021). Despite progress in many cancer treatments, CIM
remains a significant, common clinical challenge with a need
for safe and effective supportive treatments. A prerequisite
for better treatments is an improved understanding of the
underlying mechanisms of CIM as well as its progression
over time in preclinical models. These results can translate
to improved patient care in the future (Sonis 2009).

Chemotherapy-induced mucositis is initiated by damage
to proliferative cells in the crypts of the epithelium. This is
followed by a primary damage response characterized by
activation of pro-apoptotic and pro-inflammatory signal-
ing pathways that jointly contribute to intestinal stem cell
death (Bowen et al. 2019). These signaling pathways are
then amplified, which may lead to ulceration and tissue
inflammation. Morphologically, CIM is characterized by a
reduction in villus height, and functionally, by dysregula-
tion of the mucosal barrier and its secretory and absorptive
homeostasis (Tonneau et al. 2021). This is followed by an
increase in epithelial proliferation, differentiation, and matu-
ration, while the activated inflammatory pathways return to
baseline (Sonis et al. 2015). Recently, we reported experi-
mental results based on this in vivo rat model where villus
atrophy was determined to be similar to that observed in this
study following single-dose administration of five different
chemotherapeutics (doxorubicin, idarubicin, methotrexate,
5-fluorouracil, and irinotecan) at clinically relevant doses
and combinations. However, diarrhea was only observed for
irinotecan and idarubicin and it was concluded that small
intestinal villus atrophy itself was not predictive of diar-
rhea. These local intestinal processes will aid to investigate
other mechanisms along the intestine, as an improved under-
standing of this relationship is expected to be crucial for the
development of supportive treatments for CIM and diarrhea
induced by cancer drugs (Dahlgren et al. 2022).

While several previous studies show substantial villus
atrophy 72 h after chemotherapy in rodents (Kissow et al.
2012; Sukhotnik et al. 2014), the progression of CIM and
the link to mucosal functions such as intestinal permeability
are generally absent from these studies (Sun et al. 1998;
Dekaney et al. 2009; Kaczmarek et al. 2012). Furthermore,
the balance between mucosal proliferation and cell death and
the relationship to functional and morphological changes
need to be better understood for successful development
of supportive treatments (Sonis et al. 2015; Eduardo et al.
2019). Another issue is that in most rodent CIM studies,
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chemotherapy is delivered intraperitoneally (IP) (Sun et al.
1998; Dekaney et al. 2009; Kaczmarek et al. 2012; Kissow
et al. 2012; Sukhotnik et al. 2014). This can be problematic
when studying intestinal damage caused by chemotherapeu-
tics, which are typically delivered intravenously (IV). This
is especially so for DOX, a drug known to cause necrosis
upon contact with soft tissue (Reilly et al. 1977; Boschi and
Rostagno 2012).

The main objective of this rat in vivo study was to deter-
mine the effect of DOX on the initiation and progress of
CIM by monitoring morphological, cellular, and functional,
jejunal changes over 7 days. The secondary objective was
to compare the severity of CIM to the plasma exposure of
DOX, following IP and IV single-dose administration.

Materials and methods
Chemicals and solutions

Accustain formalin solution (10%, neutral buffered), etha-
nol, thiobutabarbital sodium (Inactin), dimethyl sulfoxide,
and phosphate buffered saline tablets (PBS, pH 7.4) were
purchased from Sigma-Aldrich (Darmstadt, Germany).
Sodium phosphate dibasic dihydrate (Na,HPO,+2H,0),
potassium dihydrogen phosphate (KH,PO,), sodium hydrox-
ide, methanol, and sodium chloride were purchased from
Merck KGaA (Darmstadt, Germany). Invitrogen RNAlater
Stabilization Solution was purchased from Fisher Scientific
(Pittsburgh, PA, USA). All solvents were HPLC-grade or
higher and water was of ultra-pure grade (Milli-Q). Doxo-
rubicin (DOX) hydrochloride was purchased from Toronto
Research Chemicals, Canada. Transferrin Ki67 antibody
(ab16667), horseradish peroxidase—-DAB (3,3’-diaminoben-
zidine) Detection IHC Kit (ab64261) and terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL)
Assay Kit—-HRP-DAB (ab206386) were purchased from
Abcam, Cambridge, UK. Doxorubicinol (DOXol) trifluoro-
acetate, as well as the internal standards (IS) °C, “H;-DOX
trifluoroacetate (DOX IS) and °C, 2H3-DOX01 trifluoroac-
etate (DOXol IS), was purchased from Alsachim (Illkirch-
Graffenstaden, France). *H-labeled mannitol was purchased
from PerkinElmer Life Sciences (Boston, MA, USA). An
isotonic (290 mOsm) phosphate-buffered (pH 6.5, 8 mM)
solution was prepared for the perfusion experiments. Osmo-
lality was determined by freezing-point decrement using a
Micro Osmometer (Model 3MO; Advanced Instruments,
Needham Heights, MA, USA). Thiobutabarbital sodium
was prepared at 500 mg/mL in deionized water. Stock solu-
tions (100 mg/mL) were prepared by dissolving DOX hydro-
chloride in dimethyl sulfoxide. The stock solution was then
diluted to 5 mg/mL in physiological saline, which was the
administered concentration. *H-mannitol was prepared at
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2.5 uCi/mL and 0.5 uCi/mL in saline for bolus dosing and
continuous infusion, respectively.

Animals

This animal study was approved by the local ethics commit-
tee for animal research (Dnr 5.8.18-06,777/2020) in Upp-
sala, Sweden. Male Wistar Han IGS rats (strain code 273)
from Charles River Co. (Germany and France) with body
weight 230-470 g (age 6-14 weeks) were used. All ani-
mals were allowed to acclimatize for at least 1 week in the
Animal Department prior to the start of the experiment and
allowed water and food ad libitum. Housing conditions were
21-22 °C at a 12-12 h light-dark cycle. Animals were evalu-
ated for general welfare twice daily by the Animal Depart-
ment staff. Exclusion/termination was based on weight loss
(>20%) and visual evaluation.

Study design

There were eight groups in this study: one saline (with 5%
DMSO) 1V control, six DOX IV, and one DOX IP. At differ-
ent time points after dosing, rats were single-pass perfused
while anesthetized (thiobutabarbital sodium IP, 180 mg/kg)
to determine jejunal mucosal permeability. Immediately
after the end of the perfusion, jejunal tissue samples were
taken for morphological, proliferative, apoptotic, immuno-
logical, and biochemical assays (see “Single-pass intestinal
perfusion and collection of samples” section).

The control group (n=6) was administered physiological
saline containing 5% DMSO (as solvent control) and evalu-
ated after 6 h. To study the time-dependent effects of DOX,
an IV dose of 10 mg/kg was selected for clinical transla-
tion (Nair and Jacob 2016). The rats were divided into four
groups (n=06) that were examined at 6, 24, 72, or 168 h post
dose.

In two groups, the impact of 2 days subsequent 10 mg/kg
DOX IV doses on intestinal toxicity were investigated; one
72 h after the first injection (double dose 1, n=3) and one
after 96 h (double dose 2, n=2). This part of the study was
terminated early due to severe side-effects.

In a separate 72-h group (n=06), an IP injection of DOX
(10 mg/kg) was given to investigate if the administration
route had any effect on intestinal toxicity and the plasma
pharmacokinetics of DOX and its main metabolite DOXol.
The rats were sedated (thiobutabarbital sodium IP, 180 mg/
kg) and dosed with 10 mg/kg DOX via IV or IP (n=6 per
group). Arterial blood was sampled at 5, 10, 20, 40, 60,
120, 240, and 360 min after dosing, centrifuged (miniSpin,
Eppendorf, Hamburg, Germany) at 5000 X g for 5 min, and
the plasma collected and stored at —20 °C until analysis.

Single-pass intestinal perfusion and collection
of samples

The effect of DOX on intestinal permeability after [V and
IP dosing was examined with an intestinal single-pass per-
fusion model, as reported in detail elsewhere (Dahlgren
et al. 2021a). After intestinal surgery, *H-mannitol was
administered IV as a bolus of 0.25 pCi (0.1 mL), followed
by a continuous IV infusion at a rate of 0.5 uCi/h (1 mL/h)
throughout the experiments of 120 min. For the first 45 min
following surgery, the jejunal segment was single-pass per-
fused with phosphate-buffered perfusate solution (pH 6.5,
8 mM, 37 °C) to allow for cardiovascular, respiratory, and
intestinal stabilization prior to permeability assessment. The
length and wet tissue weight of excised jejunal segment in
each rat was determined after the experiment.

Following a 45-min stabilization period, control buffer
was perfused during 75 min. Perfusate leaving the intesti-
nal segment was collected and weighed at 15-min intervals
throughout the experiments. Blood samples (< 0.3 mL) were
drawn from the femoral artery at the start (=0 min) and at
the end (=75 min) of the perfusions. The blood samples
were centrifuged (miniSpin) at 5000 X g for 5 min within
10 min, and the plasma and perfusates were analyzed for
3H activity. The luminal single-pass perfusion rate was at
all times 0.2 mL/min throughout the study, controlled via a
peristaltic pump (Gilson Minipuls 3, Le Bel, France). The
body temperature of the animals was monitored throughout
the perfusion experiments and kept stable at 37.5+0.5 °C.

After completion of the intestinal perfusion, the rats were
dissected and samples were taken from the jejunum, both for
histology and real-time quantitative polymerase chain reac-
tion (RT-qPCR) analyses. The samples for RT-qPCR were
submerged in RNAlater (Fisher Scientific) at room tempera-
ture for approximately 30 min, and then stored at — 80 °C
until analysis. The histology samples were fixed in 10% for-
malin for 24 h, after which they were moved to 70% ethanol
and then embedded in paraffin for subsequent histological
and immuno-histological analyses.

Bioanalytical method for quantification of plasma
concentrations of DOX and DOXol

The assay for DOX and DOXol quantification was adapted
from an earlier report (Kullenberg et al. 2021). Briefly, an
ACQUITY UPLC I-Class system coupled to a TQS micro
tandem mass spectrometer (Waters Corporation, Milford,
MA, USA) was used to quantify plasma concentrations of
both DOX and its main metabolite DOXol. The chromatogra-
phy was identical to the published method (Kullenberg et al.
2021). The ionization technique was positive electrospray
and the positive capillary voltage was 1.5 kV. The desolvation
temperature was 500 °C; the cone and desolvation gas flows
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were 100 L/h and 800 L/h, respectively. The quantification
was performed in multiple reaction monitoring mode with the
transitions m/z 544 — 397 for DOX (collision energy 13 eV,
cone voltage 40 V), 546 — 399 for DOXol (collision energy
13 eV, cone voltage 30 V), 548 — 401 for DOX IS (collision
energy 13 eV, cone voltage 40 V), and 550 — 403 for DOXol
IS (collision energy 13 eV, cone voltage 30 V).

Stock solutions of analytes and isotopically labeled inter-
nal standards were prepared in methanol (1 mg/mL). From
these, working standards containing DOX and DOXol were
diluted in methanol and stored in amber vials at—20 °C. All
samples were prepared in 96-well collection plates (350 uL,
Waters Corporation) and calibration curves were constructed
in untreated (blank) rat plasma. For IP samples, 50 pL rat
plasma was spiked with 10 pL of the working standard solu-
tions. To precipitate plasma protein, chilled acetonitrile (190
pL) containing internal standards (50 nM) was added to the
IP samples before storage overnight at —20 °C. IV samples
were prepared in a similar fashion but the volumes were 100
pL rat plasma, 25 uL. working standard solution, and 375
pL acetonitrile containing internal standards (400 nM). The
following day, samples were centrifuged at 644 X g for 3 min
at 4 °C. Portions of the supernatants (50 puL for IP and 100
pL for IV samples) were transferred to a new 96-well plate
and dried in a water bath (37 °C) under a gentle stream of
nitrogen from a 3D-printed manifold. The residuals were
dissolved in mobile phase A (50 pL for IP and 100 pL for
IV) and then injected (5 pL for IP and 10 pL for IV sam-
ples) into the instrument. Linear calibration curves for DOX
were constructed between 14 and 25,425 nM (R > 0.99)
for IV samples and 12 to 4861 nM (R*>0.96) for IP sam-
ples. Linear calibration curves for DOXol were constructed
between 16 and 25,574 nM (R?>0.99) for IV samples and
14 to 4567 nM (R > 0.96) for IP samples. Consequently, the
LLOQ was 12 nM for DOX and 14 nM for DOXol.

IP and IV rat plasma samples of unknown concentra-
tion were treated exactly as the calibration samples, except
that the added methanol did not contain any spiked DOX
or DOXol. The selectivity was demonstrated using matrix
blanks injected randomly throughout the sample runs. The
data were processed using a linear curve fit (weighting fac-
tor of 1/X) of the peak area ratio (analyte:internal standard)
as a function of the analyte concentration. All the collected
data were processed using TargetLynx as part of MassLynx
V4.1 (Waters Corporation). Quality control (QC) samples of
DOX and DOXol at 250, 5000, and 25,000 nM were within
15% of the nominal value.

Immunohistochemical and morphological analysis
of excised jejunal samples

Formalin-fixed, paraffin-embedded tissue blocks were sec-
tioned using a microtome at a thickness of 5 um. Jejunal
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tissue slides were then deparaffinized and stained with hema-
toxylin and eosin, according to standard practice, then dehy-
drated and mounted. Images were acquired using a Zeiss
Axio Vert microscope equipped with a Zeiss Axiocam 208
color camera and Zeiss A-Plan 5% /0,25 Phl objective. The
Zeiss Zen Blue 4.3 software was used to save and transfer
the pictures. To evaluate the overall morphology and intesti-
nal damage, villus height and crypt depth were measured on
hematoxylin—eosin-stained slides, using Fiji ImageJ (Fig. 1).

To detect cell proliferation, immunohistochemistry was
performed using antibody and the horseradish peroxi-
dase-DAB Detection IHC kit, following manufacturer’s
guidelines (supplementary information A). In short, slides
were deparaffinized, washed in PBS with Tween-20 and
endogenous peroxidase activity was blocked using hydrogen
peroxide. A DIVA-decloaking chamber was used to retrieve
crosslinked antigens and non-specific background staining
was blocked using the kit’s protein block solution. Primary
Ki67 antibody was added in a 1:1000 dilution of PBS-Tween
and incubated for 1 h at 37 °C. Slides were subsequently
incubated for 10 min with biotinylated goat anti-rabbit anti-
bodies and streptavidin peroxidase at room temperature.
Finally, DAB was added and applied to the jejunum tissue
for 2 min and rinsed. Washing in between steps was done
with PBS. Finally, slides were counterstained with hema-
toxilin, dehydrated, and mounted.

To detect apoptosis, the samples were stained with a
TUNEL assay kit according to the manufacturer’s instruc-
tions. Cells stained with the TUNEL assay are not specifi-
cally undergoing apoptosis, but rather programmed cell
death in general (Gavrieli et al. 1992; Mirzayans and Murray
2020). However, in this study, we refer to the stained cells as
apoptotic in concurrence with previous studies (Keefe et al.
2000; Gibson et al. 2003; Al-Dasooqi et al. 2011). Images
were acquired using a Zeiss Axio Vert microscope equipped
with a Zeiss Axiocam 208 color camera and Zeiss A-Plan
10x /0,25 Phl objective. The Zeiss Zen Blue 4.3 software
was used to save and transfer the pictures. The images were
processed using in an ImageJ macro to automatically quan-
tify the amount of DAB staining (supplementary information
B and C). For TUNEL staining, the images were processed
using ImagelJ to quantify the number of stained cells per
crypt by manually counting the number of stained cells in
the crypt region per captured image and dividing by the
number of crypts detected in the same image.

mRNA-expression via real-time quantitative
polymerase chain reaction (RT-qPCR)

Five milligrams of intestinal tissue from each rat was homog-
enized in 350 uL. TRK Lysis buffer (15131GF24, Omega
Bio-tek, Inc., Norcross, Georgia, USA), using syringes. The
E.Z.N.A. Total RNA Kit Il isolation kit (R6834-02, Omega
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Fig. 1 a-f Effect of time,
administration route, and single
or double doses of doxorubicin
(DOX, 10 mg/kg) on villi height
and crypt depth. Two example
images are shown: a from a
control animal and b at 72 h
after DOX injection. Villus
height is in (¢) and (e), and
crypt depth is in (d) and (f).
The effect of time after a single
IV dose of DOX is seen in (¢)
and (d), while e and f show
effects of different administra-
tion routes (IV and IP) and
number of DOX doses (one or

two). All DOX was given via IV V'"‘:::;'ght 5k Cry[()t'::)epth
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Bio-tek, Inc., Norcross, Georgia, USA) was subsequently
used to isolate RNA, following the manufacturer’s guide-
lines. All centrifugations were performed at 10,000 X g.
Quality and quantity of RNA was evaluated using nan-
odrop, by measuring the absorbance ratio at both 260/280
and 230/260 nm and reading the full absorption spectrum.
To generate complementary DNA, the SORXN SuperScript
IV VILOMaster Mix (10,459,604, Thermo Fisher Scien-
tific, Waltham, MA, USA) was used and applied according
to the manufacturer’s protocol. Four microliters of master
mix from the kit, 1 pL nuclease-free water, and 15 pL of

diluted RNA samples were added to each well and incubated
at 46 °C for 20 min in a Thermal Cycler Range (Techne
Prime, Bibby Scientific, Staffordshire, UK). Primers were
designed using ncbi-Primer Blast and ordered from Thermo
Fisher Scientific (Table S2). A Fast SYBR Green Master
Mix (Ref: 4,385,612, Applied Biosystems by 10,459,604,
Thermo Fisher Scientific) was used according to the manu-
facturer’s guidelines. Quantification of gene expression was
done using QuantStudio 5 (Applied Biosystems by Thermo
Fisher Scientific). Normalization of mRNA-expression
was performed with GAPDH and beta-actin as reference
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genes. The average CT-value of the two or three technical
duplicates for each sample was calculated to determine fold
change using the delta-delta-CT approach.

Determination of blood-to-lumen jejunal mucosal
3H-mannitol clearance

Luminal perfusion solutions leaving the segment and blood
plasma samples (at t=0 and t=75) were mixed with an
appropriate scintillation cocktail (Pico-Fluor Plus, Perkin
Elmer Life Sciences, Boston, MA, USA) and analyzed for
3H activity (cpm) in a liquid scintillation analyzer (Tri-Carb
2910 TR, Perkin Elmer Life Sciences, Boston, MA, USA). A
linear regression analysis of the plasma samples was made to
calculate a corresponding plasma value for each time point
at which a perfusate sample was taken. The blood-to-lumen
clearance (CL) of *H-mannitol was calculated using Eq. (1):

C erfusate * Qin

CcL= -2 * 100 1
Cplasma * Myjssue ( )
where Cpefygaie A Cpjagm, are the activities (cpm/mL) in the

perfusate and plasma, respectively, Q;, is the flow rate (mL/
min) into the segment, and my; . is the weight of the perfused
tissue. CL is expressed as mL/min/100 g wet tissue weight
(Nylander et al. 1989). The blood-to-lumen clearance in Eq. 1
represents the small intestinal barrier function (permeability)
(Nylander et al. 1991; Krugliak et al. 1994). The average CL for
each rat over all time points was then calculated.

Non-compartmental analysis of pharmacokinetic
data

The PK parameters for DOX were calculated from the
plasma concentration—time profile of DOX by a non-com-
partmental analysis (NCA) method using the ncappc 0.30
package in R 4.1.0; see supplementary information D and
supplementary Table S1. The area under the plasma concen-
tration—time curve (AUC__¢) to the last measured concen-
tration was calculated by using the linear trapezoidal rule for
the positive or zero local slopes (increasing concentration
or at the peak), while the log-linear approximation method
was used to estimate of the area under a curve at the negative
local slope (decreasing concentration). The half-life (t,,)
was estimated using the terminal rate constant obtained by
log-linear regression analysis of the last three concentra-
tion—time points. Volume of distribution (V) was estimated
based on AUC.

Statistical analysis

The statistical data analysis was performed with an ANOVA
analysis with Siddk’s multiple comparisons post hoc test,
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and comparisons with p < 0.05 were considered significant.
The difference in t;,, V4, and AUC_¢, from the NCA of the
two administration routes were compared using a student’s
t-test. All comparisons were tested for normality of residuals
and equality of group variance with the tests Shapiro—Wilk
and Brown—Forsythe, respectively. If the group variance was
not equal, the regular ANOVA analysis was replaced with
a Brown—Forsythe ANOVA test with a Dunnet T3 post hoc
test. If a non-normal distribution was indicated, the non-
parametric Kruskal-Wallis test with Dunn’s multiple com-
parisons post hoc test was used.

All statistical tests and graphs were performed in Graph-
Pad Prism 9.0.0 (GraphPad Software, San Diego, CA, USA).

Results
Mucosal morphology

The effects of DOX on mean villus height and crypt depth
in the jejunum, as well as example images, are shown in
Fig. la—f. The villus height following a single IV dose
of DOX (10 mg/kg) was reduced from 475+ 80 pm to
293 +£49 pm (p <0.005) at 72 h. The villus height recov-
ered to 448 +29 um at 168 h after DOX IV dosing (Fig. 1c¢).
There was no clear effect on crypt depth for any time point
in any dosing group (Fig. 1d).

No differences in villus height or crypt depth were found
between DOX IV and IP dosing at 72 h, nor between the
single or double IV doses (Fig. 1e—f). Due to high mortality
during anesthesia in the two dosing schedules with consecu-
tive dosing, these were aborted before these groups were
completed (n=3 and 2, double doses 1 and 2, respectively).

Proliferation and programmed cell death
(apoptosis)

Staining with Ki67 antibodies revealed that the degree of
proliferation in the crypts decreased. As seen in the exam-
ple images, the control (Fig. 2a) has more DAB staining
than the 24 h sample (Fig. 2b). This was also seen in the
quantification, where percent staining was decreased by
75% (p <0.005) 24 h after DOX IV dosing, and then recov-
ered compared to baseline at 72 and 168 h (Fig. 2c). There
was an opposite trend for apoptosis with the TUNEL stain-
ing, where the control (Fig. 3a) had less staining than the
24-h sample (Fig. 3b). This is also seen in the quantifica-
tion, where the number of stained cells per crypt was six
times higher (p <0.05) at 24 h after DOX dosing, and again
recovered compared to baseline at 72 and 168 h (Fig. 3c).
No significant differences in proliferation or apoptosis were
between IV and IP dosing, nor between the single or double
IV doses (Figs. 2d and 3d).
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Fig.2 a-d Proliferation, a)
detected with Ki67 staining, in

jejunum samples after dosing
of doxorubicin (DOX, 10 mg/
kg). Two examples of tissue
images are shown: a control
animal, and b 24 h after DOX
injection. The effect of time
after a single IV dose of DOX
is seen in (c), while d shows
effects of different administra-
tion routes (IV and IP) and
number of DOX doses (one or
two). All DOX was given via
IV unless otherwise specified.
Each symbol (circles, squares,
and triangles) represents the
average value from a single
animal, and the black line
signifies the group average.
The statistical data analysis was
performed with an ANOVA
analysis with Sidak’s multiple
comparisons post hoc test,

and comparisons with p <0.05
were considered significant,
indicated by a star (p <0.05) or
two stars (p <0.01). Scale bars
are 100 pm

Plasma concentration-time profile

The plasma concentration—time profile of DOX and its main
metabolite DOXol following a single dose IV or IP (10 mg/
kg) are displayed in Fig. 4a and b, and the calculated phar-
macokinetic parameters of DOX in Table 1. There were no
differences in plasma AUC, 4, t; 5, or V4 (p>0.05), for the
two administration routes.

Changes in body weight

Body weight was unaffected in all rats that received a single
IV or IP dose of DOX (Fig. 5a and b). However, after the two
consecutive IV doses 24 h apart, animals evaluated at 96 h
after dosing had lost 16% of their body weight compared to
baseline (p <0.005) (Fig. 5b).

Permeability

The intestinal clearance of *H-mannitol from blood-to-lumen
(i.e., permeability) was reduced 60% at both 6 and 24 h after
DOX IV dosing, compared to the controls (p <0.005). The
intestinal clearance then recovered to baseline levels at 72 h,
only to be reduced by 70% at 168 h post DOX dose (Fig. 6a).
No significant differences in permeability were determined
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between IV and IP dosing at 72 h, nor between the single or
double IV doses (Fig. 6b).

mRNA expression of marker proteins

The mRNA-Ievels of one anti-inflammatory marker (IL10)
and five tight-junction markers (zonula occludens 1 (ZO-1)
and claudin 1, 2, 3, and 12) were investigated by RT-qPCR
(Fig. 7a—f). Doxorubicin had no clear effect on the expres-
sion on any of these markers.

Discussion

In this in vivo study, we investigated how small intestinal
CIM developed over time following a single DOX IV dose.
CIM was assayed for functional and morphological changes
in the rat jejunum. We also investigated if the administra-
tion route (IV vs. IP) of DOX affected any of the measured
parameters. We found that peak villus atrophy occurred at
72 h, preceded by a distinct decrease of proliferation and an
increase in apoptosis at 24 h after DOX dosing. There was
no difference between the IV and IP dosing on villus height
reduction and total plasma exposure (AUC_¢,) of DOX.
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Fig.3 a—d Number of TUNEL
stained cells in jejunum ;
samples, representing apop-
tosis, after dosing of doxoru- %
bicin (DOX, 10 mg/kg). Two
example images, are shown:

a control animal, and b 24 h
after DOX injection. The effect
of apoptosis over time after a
single IV dose of DOX is seen
in (c¢), while d shows effects of
different administration routes
(IV and IP) and number of
DOX doses (one or two). All
DOX was given via IV unless
otherwise specified. Each
symbol (circles, squares, and
triangles) represents the average
value from a single animal,

and the black line signifies the
group average. The statistical
data analysis was performed
with a Kruskal-Wallis test with
Dunn’s multiple comparisons
post hoc test, and comparisons
with p <0.05 were consid-

ered significant, indicated by

a star (p <0.05) or two stars
(p<0.01). Scale bars are

100 pm

Fig.4 a-b Mean (+SD) of
plasma concentration—time
curves for doxorubicin (DOX,
red) and doxorubicinol (DOXol,
orange). DOX (10 mg/kg) was
administered as a single dose
(10 mg/kg); a intravenous (IV)
and b intraperitoneal (IP) dur-
ing 6 h (n=6 rats). Dashed lines
denote lowest limit of quantifi-
cation in the analysis
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Table 1 Mean (+SD) area under the curve (AUC ¢ ,), volume of dis-
tribution (V), and half-time (t,,,) of doxorubicin (DOX, 10 mg/kg)
following a single dose injection by IV or IP. The statistical analy-
sis was performed with a student’s z-test between IV and IP for each
parameter, and none of the differences were significant

Intravenous (IV) Intraperitoneal (IP)

AUC,, 4}, (nM*min) 76+14 99+53
V4 (L/kg) 50+9 44+30
t;, (min) 200+40 200+80
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Chemotherapy-induced villus atrophy is a key morpho-
logical effect that can be used for determining the degree of
off-target intestinal toxicity (Kaczmarek et al. 2012; Boe-
ing et al. 2021). As such, it is highly relevant to identify an
optimal time point for evaluation of protective interventions.
In this study, the small intestinal villus height was reduced
by 30 to 40% at 72 h after all types of DOX dosing (IV vs.
IP and single vs. double dosing). This corroborates previ-
ous rodent data, where a 30 to 50% reduction is observed



Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:247-260

255

a)

10+

|
E

Change in
Body Weight (%)

3

1

201—
»

& »
00 © L) ,\‘L \éb

Fig.5 a-b Changes in body weight after doxorubicin (DOX) doses.
Changes over time after a single IV dose of DOX is seen in (a),
while b shows effects of different administration routes (IV and IP)
and number of DOX doses (one or two). All DOX was given via IV
unless otherwise specified. Each symbol (circles, squares, and trian-
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Fig.6 a-b Jejunal clearance of.*H-mannitol was used to reflect
mainly paracellular permeability from blood to the single-pass-per-
fused jejunal segment at different time points after one or two doses
of doxorubicin (DOX, 10 mg/kg). Changes over time after a single IV
dose of DOX is seen in (a), while b shows effects of different admin-
istration routes (IV and IP) and number of DOX doses (one or two).
All DOX was given via IV unless otherwise specified. Each symbol

72 h after 5-fluorouracil (400 mg/kg) or DOX (10 mg/kg)
dosing (Kaczmarek et al. 2012; Kissow et al. 2012). Alto-
gether, these results indicated that the most extensive intes-
tinal injury — as determined by morphological change —
occurred after 72 h in rodents.

However, the imbalance in apoptosis and proliferation that
precedes villus atrophy naturally occurs at earlier time points
than the villus atrophy described above (Gehart and Clevers
2019). We showed that Ki67, a proliferation marker, rapidly
declined at 24 h after DOX IV dosing. Ki67 levels returned
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gles) represents the average value from a single animal, and the black
line signifies the group average. The statistical data analysis was per-
formed with a Kruskal-Wallis test with Dunn’s multiple comparisons
post hoc test, and comparisons with p <0.05 were considered signifi-
cant, indicated by a star (p <0.05) or two stars (p <0.01)
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(circles, squares, and triangles) represents the average value from a
single animal, and the black line signifies the group average. The sta-
tistical data analysis was performed with an ANOVA analysis with
Sidak’s multiple comparisons post hoc test, and comparisons with
p<0.05 were considered significant, indicated by a star (p <0.05) or
two stars (p <0.01)

to baseline at 72 h, which agreed with a previous irinotecan
(IP, 200 mg/kg) rat study (Al-Dasooqi et al. 2011). However,
later time points also showed a 50% increase of Ki67-stained
cells over baseline at 96 h, without fully returning to baseline
at 144 h. Combined, this suggests that supportive interven-
tions relying on increased proliferation should ideally be most
active 24-48 h after chemotherapy.

In addition to increased proliferation, villus atrophy can
be reduced by inhibiting epithelial apoptosis. Our study
showed that the average number of apoptotic cells per crypt
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Fig.7 a—f Change in expression of the six genes IL10 (a), ZO-1 (b),
claudin-12 (¢), claudin-1 (d), claudin 2 (e), and claudin-3 (f) in jejun-
jal tissue at four time points following doxorubicin dosing (DOX,
10 mg/kg 1V), as determined by RT-gPCR. Each circles represents
the average value from a single animal, and the black line signifies

increased at 24 h post DOX dose, with a non-significant
increase of similar magnitude at 6 h; the latter increase
possibly reflects a strong inter-individual variability in the
onset of apoptosis. While Dekaney et al. (2009) report that
DOX mainly causes apoptosis in cells taking positions 3—6
in the crypts, thus belonging to a subset of stem cells that
are more prone to cytostatic damage (Dekaney et al. 2009),
the method used in this study did not allow for such detailed
analysis. Our data corroborate another DOX rat study that
reports the highest degree of apoptosis to be at 6 and 24 h
after dosing (Kaczmarek et al. 2012). Patient duodenal
biopsy data also report a tenfold increase in apoptosis 1 day
after standard chemotherapy (Keefe et al. 2000). Together,
these data show that apoptosis occurs rapidly after chemo-
therapy dosing and clearly precedes any visual morphologi-
cal damages. Any anti-apoptotic supportive treatment should
thus focus on the first 24 h after dosing.

Data from human cancer patients (Keefe et al. 2000) and
our animal in vivo study indicate that an increase in apopto-
sis and a decrease in proliferation occur before villus atro-
phy, while apoptosis and proliferation are back to baseline
when villus atrophy is most pronounced. The return to vil-
lus height baseline after 168 h is thus most likely related to

@ Springer

the group average. Data are presented as fold change. The statistical
data analysis was performed with a Kruskal-Wallis test with Dunn’s
multiple comparisons post hoc test, and none of the differences were
significant

an increased proliferation occurring after the peak in villus
height reduction (Al-Dasooqi et al. 2011). Another possi-
ble explanation is that cell death and shedding of villus tip
enterocytes is reduced in the recovery phase. This mecha-
nism has been suggested by others, at least for goblet cells
(Verburg et al. 2000). A deeper understanding of the relevant
mechanisms and when they occur will be beneficial for the
development of supportive treatments that rely on reduced
apoptosis and/or increased proliferation.

While previous CIM studies thoroughly investigate mech-
anisms involved in its development (Sonis 1998; Logan et al.
2009), there is seldom a direct link to functional intestinal
processes. One hallmark function of a healthy mucosa is its
ability to absorb fluid and nutrients while restricting passage
of harmful xenobiotics, viruses, and bacteria (Schoultz and
Keita 2020). Intestinal barrier function is often evaluated
using low-permeability markers of various sizes, such as
mannitol (182 Da) and fluorescein isothiocyanate-dextrans
(FITC-dextrans) (>4 kDa) (Bjarnason et al. 2004). We
showed that the proximal small intestinal permeability to
the paracellular marker mannitol was reduced at 6, 24, and
168 h after DOX IV dosing. Likewise, there was a down-
ward trend 72 h after IP dosing, concurring with previous IP
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DOX data from our group (Cano-Cebrian et al. 2022). This
is likely related to an immediate sealing of tight-junction
complexes, a common mechanism of the intestinal mucosa
(Chelakkot et al. 2018) to uphold the barrier function and
avoid an uncontrolled “leaky gut” (Camilleri 2019). For
instance, tight-junction proteins redistribute to maintain
barrier integrity after TNF-induced apoptosis (Marchiando
etal. 2011).

Using the Ussing chamber model, Cray et al. have looked
at transmembrane flux of FITC-labeled dextrans after DOX
exposure to T84 cell monolayers (human colorectal carci-
noma) and excised murine jejunal segments. DOX increased
the jejunal flux of the 4 kDa dextran in the mouse segments
and increased the flux of the 4, 10, and 20 kDa dextrans in
the T84 cell monolayer (Cray et al. 2020). This is likely
explained by the inability of in vitro systems to utilize the
neuroendocrine in vivo feedback response necessary for
tight-junction sealing (Hollander and Kaunitz 2020). In vitro
systems are thus more sensitive to various chemical chal-
lenges than in vivo models, as exemplified by the surfactant
sodium dodecyl sulfate which has been demonstrated to be
more potent in vitro than in vivo (Dahlgren et al. 2019).

The different results from in vitro and in vivo models may
also be related to the choice of permeability probe. Smaller
markers (e.g., mannitol) are assumed to be transported
across the whole villus axis in charge- and size-selective
paracellular pores, while larger ones (FITC-dextrans) uti-
lize the charge- and size-nonselective leak pathway in the
basal epithelial layer (Fihn et al. 2000; Buckley and Turner
2018). As such, DOX may increase the permeability only
of large probes via the leak pathway. Furthermore, the mice
in the Cray et al. study were treated with 20 mg/kg DOX,
whereas the T-84 monolayers were exposed to 40 pg/mL,
a concentration over 100-fold higher than the average 6 h
plasma concentration determined in our study, and 10 times
higher than reported T84 ICs, values (Jiménez-Lopez et al.
2020). Thus, there may be strong dose-dependent differ-
ences in the in vitro and in vivo models with regard to their
ability to uphold a functioning mucosal barrier. This high-
lights the strength of in vivo models for evaluating mucosal
functions that rely on the complete neuroendocrine physi-
ological feedback system for full performance. This is fur-
ther supported by the absence of any effects from DOX
on the intestinal permeability of a small marker probe in
human cancer patients (Parrilli et al. 1989), in line with the
results observed in our rat in vivo study. Still, the difference
between in vitro and in vivo methods and the potential role
of the protective sealing-off principles in relationship to CIM
need further study.

In our study, we could not detect any changes in the
mRNA-expression of the tight-junction markers ZO-1 and
claudin 1, 2, 3, and 12 following DOX dosing. ZO-1 and
other tight-junction proteins contribute to tight-junction

barrier function, but neither is essential for basal intestinal
epithelial function in vivo (Kuo et al. 2022). The absence
of changes in expression may be because RNA transcrip-
tion of tight-junction proteins has a limited effect on epithe-
lial paracellular permeability (Raleigh et al. 2011; Wardill
et al. 2014). It is also possible that CIM-induced changes
to the intestinal mucosa are disguised by submucosa, mus-
cularis externa, and serosa tissues that were present in our
samples. If possible, RNA experiments should use the iso-
lated mucosa or crypts from the tissue. It also needs to be
noted that these data merely reflect transcriptional changes
in mRNA-expression of TJP and further analyses are thus
needed to assess if protein expression or location of junc-
tional complexes is altered. Our future research regarding
cancer drug challenges to the intestinal epithelium will con-
tinue to use complementary in vivo and in vitro approaches,
such as intestinal organoids, to examine the unresolved
issues of tight junction physiology (Kuo et al. 2022; Rodri-
gues et al. 2022).

Preclinical CIM animal models typically use IP injec-
tions (Sun et al. 1998; Dekaney et al. 2009; Kaczmarek et al.
2012; Kissow et al. 2012; Sukhotnik et al. 2014), whereas
the main clinical route is IV. Thus, IP injections may pos-
sibly cause more extensive intestinal injury due to local drug
exposure in the peritoneum. Therefore, we examined if the
administration route per se affected jejunal CIM and the
plasma pharmacokinetics of DOX. We showed that there
was an equal response in villus atrophy, apoptosis, prolifera-
tion, and body weight loss, as well as in plasma exposure of
DOX for both the IV and IP dosing of the same DOX dose.
Overall, our data suggest that local drug exposure in the
peritoneum following IP dosing did not increase intestinal
toxicity more than what was seen with IV. Rather, systemic
exposure seems to be the critical factor for CIM, at least for
DOX. Together, this strengthens the relevance of IP dosing
in rodent CIM studies. It offers a robust and rapid approach
for drug dosing that gives comparable systemic exposure
while avoiding any direct, local GI toxicity.

This in vivo study in rats clearly demonstrated time-
dependent toxic effects of a single dose of DOX. Villus
height was reduced 3 days after DOX dosing, and the intes-
tinal mucosa recovered by day 7. The villus height reduc-
tion was preceded by increased apoptosis and decreased
proliferation. There was no difference between IV and IP
dosing in their effects on various parameters or the plasma
pharmacokinetics of DOX. In contrast with in vitro data
from the literature, our in vivo model clearly showed that the
presence of a neuroendocrine feedback system is crucial for
understanding of intestinal barrier function and its dynamic
response to tissue challenges such as chemotherapeutics.
Furthermore, the choice and combination of permeability
markers is important in elucidating precise mechanisms
by which intestinal permeability changes. The long-term
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objective is to use this in vivo model of chemotherapy-
induced intestinal mucositis as an experimental tool in the
translational development of novel supportive therapies.
Based on the experiences in this study, we conclude that the
dose of doxorubicin should be at least 10 mg/kg and be given
by the IP route as a single dose.
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