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Abstract

Background: Chemotherapy-induced mucositis (CIM) complicates cancer therapy and limits
maximum tolerated doses and efficacy. Rodent models do not reproducibly mimic clinical CIM, so
alternative models are needed.

Methods: CIM severity was assessed after weaned pigs were treated with doxorubicin (5 and
3.75 mg/kg) using clinical observations, laboratory parameters and gastrointestinal structure and
functions. Bovine colostrum was provided as an experimental intervention to the pigs treated
receiving the 3.75 mg/kg dose.

Results: Doxorubin at 3.75 mg/kg decreased food intake and weight gain (p < 0.05) and caused
diarrhea and vomiting that coincided with damage to the small intestine mucosa based on
histological scoring (p < 0.05). It resulted in higher serum TNF-a concentrations, increased
chloride secretion and reduced brush border membrane disaccharidase activities and carrier-
mediated glucose uptake (all p < 0.05). The gastrointestinal damage and dysfunction resemble the
clinical and laboratory features of CIM in humans; these can be partially prevented by providing
cow colostrum.

Conclusion: The weaned pig is a relevant large animal for studying CIM and evaluating existing
and experimental interventions for mucositis.
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Introduction

Many chemotherapeutic agents used for cancer therapy induce painful inflammation and
gastrointestinal (GI) tract dysfunction that can extend from the mouth to the anus [1].
Indeed, chemotherapy-induced mucositis (CIM) is among the most common toxicities of
cancer therapy. Clinical manifestations of CIM include painful ulcers in the oral cavity,
nausea, vomiting, abdominal pain, diarrhea, inflammation and ulceration throughout the Gl
tract. Patients with CIM eat less and many stop eating, have problems tolerating oral
medications and are at a higher risk of systemic infections and other complications due to
direct chemotherapeutic damage to and anorexia-induced atrophy of the Gl tract. The
adverse Gl responses to chemotherapy impose an economic burden [2], delay the therapy in
some cases and are the limiting factor in deciding the maximum tolerated dosage for many
chemotherapeutic agents, thereby limiting the efficacy of treatment. A recent Cochrane
review [3] of 131 randomized trials of agents to prevent CIM found that 10 agents provided
some protection (A/oe vera, amifostine, cryotherapy, granulocyte-colony stimulating factor,
intravenous glutamine, honey, keratinocyte growth factor, laser, polymixin/tobramycin/
amphotericin antibiotic pastille/paste and sucralfate), but none has achieved universal
acceptance and the protective effects reported were modest, which leaves room for the
development of new, more effective strategies. It may be that combinations of agents with
different mechanisms of action could provide additional protection, but studies to determine
this require careful preclinical and clinical trials to document their efficacy, which highlights
the need for animal models that accurately reflect the human disease.

The internal GI damage and dysfunction caused by chemotherapeutic agents and the efficacy
and safety of interventions for CIM are difficult to assess in humans. Of necessity,
observations of patients are limited to reports of symptoms, evaluation of the oral cavity,
assessments of general health and indirect measurements of Gl function (e.g. sugar
permeability, breath hydrogen, plasma citrulline, cytokines, blood chemistry and cultures).
By definition, supportive care dictates that clinicians minimize CIM-associated symptoms
and complications. Combined with other ethical limitations associated with having patients
as research subjects, this makes it difficult to assess the severity of CIM in clinical trials on
CIM interventions.

To date, the majority of preclinical CIM research has used rodent models, with the rat as the
dominant model [4]. Although laboratory rodent models have provided valuable insights into
the pathology of CIM and interventions, there are limitations that can lead to questions about
their clinical relevance [5]. There is a need for translational nonrodent animal models that
are compatible with clinical settings and chemotherapy regimens and amenable for
evaluating existing and experimental interventions for mucositis and that can be adopted by
investigators. The pig is increasingly recognized as a translational, large-animal model for
the human Gl tract [6] and other aspects of physiology, metabolism and disease [7]. Juvenile
pigs have been used to evaluate a surgical procedure used for patients with rectal cancer [8].
A previous report describes CIM in a porcine model using 5-fluorouracil (5FU) that is
accompanied by Gl inflammation, diarrhea and other indications of Gl epithelial disruption
and dysfunction [9]. However, this model imposed malnutrition, and the 14-day induction
period was longer than the more rapid onset of mucositis symptoms typically reported for
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humans receiving chemotherapy. A recent neonatal pig model of CIM for infants not yet
weaned [10] is based on myeloablative chemotherapy by administering a combination of
busulfan and cyclophosphamide. Though relevant to fields such as hematopoietic cell
transplantation, this has little correlative value as a preclinical model for CIM associated
with nonmyeloablative chemotherapy such as that used in common regimens for the primary
treatment of pediatric cancers.

Our objective was to develop a translational large-animal model to address a critical need for
such a model, considered relevant for patients undergoing nonmyeloablative cancer
chemotherapy. We describe model that uses newly weaned pigs with CIM induced by
doxorubicin, which is commonly used for oncology patients with hematologic and solid
tumors. The decision to use pigs was based on the recognition of Gl characteristics that are
similar to humans [6, 7], the ability to apply clinical procedures for the care of the animals
and the sampling of blood and tissues as well as the availability of pigs with a uniform and
well-characterized genetic background. The severity of CIM induced by doxorubicin was
evaluated by a combination of clinical features and direct measurements of the structural and
functional characteristics of the Gl tract. One component of the study was to evaluate the
efficacy of bovine colostrum as an intervention for reducing the severity of CIM.

Materials and Methods

Pigs and Their Care

All aspects of the research were approved by the University of Memphis Institutional
Animal Care and Use Committee. A total of 21 weaned specific pathogen-free farm pigs of a
consistent genetic lineage were obtained at approximately 28 days of age from a commercial
source. The pigs were housed individually in PolyDome Litter Saver Pig Nurseries divided
into two sections of 61 x 76 cm and located in a room maintained at 22°C (+1°C). Each pig
was provided with environmental enrichment and fed the Prime Quality Pig Starter diet (150
g, 3x daily; Cargill Animal Nutrition, Overland Park, Kans., USA). At each feeding, the pigs
were allowed access to the food for 15 min, after which the remaining food was weighed
and the intensity of feeding was recorded. Water was available ad libitum. The pigs were
weighed daily and had frequent human interactions to facilitate chemotherapy administration
and handling.

After the pigs had adapted and were eating and gaining weight (3—4 days after arrival), a
catheter (3.5-Fr single-lumen Umbili-Cath™; Utah Medical Products, Inc., Midvale, Utah,
USA) was surgically placed in the right jugular vein and exteriorized on the dorsal surface at
the base of the neck for the collection of blood and the administration of doxorubicin (Pfizer
Labs, New York, N.Y., USA). Prior to surgery, the pigs were sedated (Telazol, 3-4 mg/kg;
Fort Dodge Animal Health, Fort Dodge, lowa, USA), anesthesia was maintained using
isoflurane (2% with oxygen) and a sterile surgical field was prepared. After the surgery, the
pigs received analgesia (Carprofen®, 2-4 mg/kg i.m.; Fort Dodge Animal Health) and a
prophylactic antibiotic (Baytril®, 10 mg/kg p.o.; Bayer Animal Health). The catheters were
flushed 2-3 times daily with heparinized saline (100 units/ml).
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Administration of Doxorubicin

The pigs were allowed to recover for a minimum of 2 days after surgery or until presurgery
feeding intensity was regained before the administration of doxorubicin. The first group of
treated pigs (n = 4) received doxorubicin at 5 mg/kg (equivalent to a human dose of 100
mg/m 2) administered via the catheter over a 30-min period. All 4 animals rapidly developed
severe diarrhea, vomiting and rapid weight loss, such that euthanasia was necessary within 4
days. Further studies used pigs treated with doxorubicin (n = 7) at a dose of 3.75 mg/kg
(human dose equivalent: 75 mg/m 2). Control pigs (n = 5) were provided an equivalent
volume of saline. The feeding regimen was maintained after the administration of
doxorubicin or saline.

The Pig as a Model for Evaluation of Interventions to Reduce Mucositis

An additional 5 pigs were used to determine the suitability of the weaned pig for
investigating the efficacy and safety of interventions for CIM. The pigs were dosed with
doxorubicin at 3.75 mg/kg to induce mucositis and were provided bovine colostrum at 5
ml/kg body weight 3x daily, i.e. a total of 15 ml/kg each day, beginning the day before and
continuing after the doxorubicin had been administered. The colostrum was obtained fresh
and unprocessed from local dairies and was from the first two milkings after parturition.
Colostrum from 4 cows was pooled and frozen in 500-ml volumes until fed. The colostrum
was provided between meals using a syringe and was readily consumed by the pigs prior to
the administration of doxorubicin. Colostrum was selected as a trial intervention because of
the recognized benefits provided to the newborn intestine and the potential to alleviate the
adverse impact of doxorubicin on Gl structure and functions.

Clinical Observations

Each pig was observed a minimum of 3 times each day after the administration of
doxorubicin for general health status, behavior and interactions with the care staff, and
vomiting frequency and stool consistency [assessed on a Likert scale from 0 (normal) to 3
(severe diarrhea)] were recorded. Food consumption (intensity of feeding and quantity eaten
in grams) and body weight were measured daily for each pig.

Blood samples were collected in EDTA tubes immediately prior to euthanasia. The plasma
was frozen (-70°C) until being used to measure cytokine and endotoxin concentrations.

Necropsy and Tissue Collection

The pigs stopped eating and drinking within 3—4 days, so the latest point at which necropsy
was performed was 5 days after doxorubicin administration. Pigs received palliative care
(100 ml of lactated Ringers via the catheter twice daily) after cessation of eating or when
diarrhea was severe. The animals were euthanized (Euthasol, 1 ml/4.5 kg; Virbac Animal
Health, Fort Worth, Tex., USA) 12-24 h after the start of palliative care.

The mouth was examined for lesions, and tissues with lesions were removed and placed in
10% neutral buffered formalin. The entire Gl tract was exposed and the location of
externally visible lesions was recorded. A segment of esophagus (1-2 cm) immediately
distal to the pharynx was removed and placed in neutral buffered formalin. The stomach was
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opened, the interior was observed and a full-thickness patch (1-2 cm 2) from the greater
curvature was fixed in formalin. The small intestine was removed, the associated
mesenteries were cut and the length from the pyloric sphincter to the ileocolonic junction
was measured in a relaxed state. Intact segments of 15-20 cm were removed from the
proximal, mid and distal thirds of the small intestine (fig. 1). From each of these regions, a
segment (1-2 cm) was fixed in formalin, another segment (57 cm) was flash-frozen in
liquid nitrogen and stored at =70°C, and the remainder of the segment was placed in chilled
(2-4°C) mammalian Ringers and transferred to the laboratory for in vitro studies. Segments
of 1-2 cm were removed from the proximal, mid and distal colon and fixed in formalin.

Histologic Evaluation

The full-thickness, formalin-fixed tissues of the small intestine and colon were embedded in
paraffin, sectioned (5 um) and stained with hematoxylin and eosin for histopathology by a
veterinary pathologist who was blinded to the treatment groups. The tissues were scored
using a system that was originally developed, validated and previously published for GVHD
(graft-versus-host disease) [11], using a Likert scale from 0 (normal tissue) to 5 (extreme
damage). The tissues of the small intestine were evaluated for villus atrophy, inflammation
and crypt necrosis and regeneration. Colon tissues were scored based on crypt loss,
inflammation, crypt regeneration and crypt abscess/apoptosis following patterns previously
published for GVHD [11].

Epithelial Functions

A portion of the proximal small intestine was used for Ussing chamber measurements of
electrogenic chloride secretion. Briefly, duplicate tissues were stripped of the seromuscular
layers and mounted in Ussing chambers; the apical and basolateral sides were then
preexposed to indomethacin to reduce inflammatory responses, followed by amiloride to
inhibit the epithelial sodium channels, and tetraethylammonium to inhibit potassium
channels. After a stable baseline was achieved, forskolin was added to the apical side to
stimulate chloride secretion via intracellular cyclic adenosine monophosphate signaling and
activation of the cystic fibrosis transmembrane regulator (CFTR). Resulting changes in the
short-circuit current (Isc) were recorded and considered as representative of CFTR-mediated
Cl secretion. An additional segment was exposed to 25 mM adenosine as a secondary
inducer of CFTR-mediated chloride secretion [12]. Additional segments from the proximal,
mid and distal small intestine were used to measure in vitro accumulation of D-glucose [13].
Specifically, 1-cm sleeves of everted intestine from each region were exposed to mammalian
Ringers with either the saturating concentration of 50 mM D-glucose or tracer (0.0002 mM).
Glucose accumulation by the tissues was quantified using tracer concentrations of [14C] D-
glucose. Glucose associated with the adherent tissue fluid and absorbed passively,
independent of transporters, was corrected for by adding tracer levels of the [3H] L-glucose.
Calculated rates of carrier-mediated glucose uptake were normalized to tissue mass and
length.

The activities of the brush border membrane (BBM) disaccharidases, lactase and maltase,
were determined using the flash-frozen segments of the proximal, mid and distal small
intestine. The BBM was isolated using a CaCl, precipitation approach [14], and the
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associated activities of lactase (EC 3.2.1.23) and maltase (3.2.1.20) were determined using
lactose and maltose as substrates and by measuring the release of glucose. Protein content
was measured by the Coomassie Blue method (Bio-Rad Laboratories, Hercules, Calif.,
USA) with bovine serum albumin as the standard. Enzyme activities [micromoles of
substrate hydrolyzed per minute (1U)] were normalized to protein content.

Blood Biomarkers

Plasma samples from blood collected at necropsy were used to measure concentrations of
inflammatory cytokines (IL-6, TNF-a) and anti-inflammatory cytokines (I1L-10) using
enzyme-linked immunosorbent assays (ELISA; R&D Systems) and following the
manufacturer’s instructions. Endotoxin (e.g. lipopolysaccharide) concentrations were
measured as an indicator of intestinal epithelial integrity and using a commercial kit
(QCL-1000; Lonza, Walkersville, Md., USA)

Statistical Analysis

Results

Values are presented as means and standard errors. Significance between groups was
assessed with the 2-tailed Student test, with p < 0.05 considered significant.

Food Consumption, Body Weight Gain and General Health after Administration of

Doxorubicin

Control pigs continued to eat aggressively throughout the experiment, whereas pigs that
received doxorubicin at 3.75 and 5 mg/kg had decreased their food intake within 24 h, with
the decrease becoming more pronounced each day (fig. 2). Within 24 h, the treated pigs lost
interest in enrichment, interacted less with caretakers and became lethargic, whereas the
control pigs remained active and interactive. Vomiting was first seen 24 h after the dosage
and became severe on day 3, by which time food consumption was <20% of the
preadministration intake. Vomiting declined with cessation of feeding and thus was not seen
after day 4. Similarly, diarrhea developed soon after the administration of doxorubicin, and
particularly after day 2, with profuse watery diarrhea occurring thereafter in all treated
animals until necropsy on day 5. Vomiting was not seen in any of the control pigs and stool
consistency remained firm. Corresponding with these observations, the control pigs gained
body weight, whereas the treated pigs lost weight (fig. 3), exhibited signs of wasting by day
4 (prominence of bony processes associated with the pelvis, scapula and spine and reduced
abdominal adipose tissue and muscle tone). At necropsy, they had lost 5-20% of their body
mass at the start of chemotherapy. The decline in food consumption, the weight loss and the
clinical symptoms were more pronounced in the pigs treated with the higher (5 mg/kg) dose
of doxorubicin. Providing colostrum to pigs treated with 3.75 mg/kg initially reduced food
consumption. The colostrum did not reduce the magnitude of weight loss.

Histopathology

The jejunum and proximal colon of the pigs receiving 3.75 mg/kg of doxorubicin had a
disrupted morphology and structural integrity that was evident externally (fig. 4, 5).
Microscopic examination of the control pigs did not reveal any evidence of structural or
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cellular alterations or any significant histological changes. Evaluation of the tissues based on
a validated scoring system for GVHD confirmed that doxorubicin induced damage to the
mucosa in the mid small intestine and the colon (fig. 6). Control pigs provided with saline
vehicle had minimal or no signs of damage in the small intestine and colon. Interestingly,
colostrum consumption reduced the damage in the small intestine of pigs that received 3.75
mg/kg of doxorubicin but did not protect the colon. The reasons for the regional differences
in colostrum responses are unknown and are an area of ongoing investigation.

Chloride Secretion

Addition of forskolin stimulated increases in Isc among the controls and the treated pigs.
However, pigs receiving doxorubicin at 5 mg/kg had significantly higher chloride secretion
relative to the other groups (fig. 7). The exposure of tissues from the proximal intestine to
adenosine monophosphate also elicited an increase in Isc, with the magnitude of response
3.4-fold and 2.7-fold higher in tissue from pigs that received 5 and 3.75 mg/kg doxorubicin,
respectively, compared to tissue from the controls (p < 0.05). The response to adenosine
monophosphate was not evaluated for the pigs that received colostrum.

Carrier-Mediated Glucose Uptake

Accumulation of p-glucose by intact tissues at the saturating concentration of 50 mM and at
a tracer concentration (0.006 mM) was reduced in all three regions of the pigs treated with
doxorubicin at 3.75 mg/kg (fig. 8). At the 50-mM concentration, the provision of colostrum
did not result in a marked increase in uptake; at the tracer concentration, it resulted in
uptakes that were comparable to those measured in the controls.

The impact of doxorubicin was also evident from estimates of the glucose-absorptive
capacities of the entire small intestine, calculated as the product of glucose uptake per unit
of intestine x estimated total intestinal mass (data not presented). Specifically, the
combination of lower small intestine mass and reduced rates of uptake per unit of intestine
caused by doxorubicin resulted in total glucose uptake capacities being only 25% of those
estimated for the control pigs (p < 0.05). The provision of colostrum to the treated pigs
improved glucose uptake capacities, with the benefit more apparent at tracer concentration.

BBM Disaccharidases

Administration of doxorubicin reduced lactase activity in the proximal and mid regions
compared to those regions in the control pigs, and more so at 5 mg/kg. The impact on lactase
activity was not appreciable in the distal region due to activity already being low. Provision
of colostrum partially restored lactase activity in the proximal and distal regions, and
actually increased activity in the distal segment compared to the vehicle-control pigs.
Maltase activity was higher than lactase activity, which is as expected in weaned pigs.
Similar to lactase activity, doxorubicin reduced maltase activity in the proximal and mid
region, more so at the 5 mg/kg dose than at the 3.75 mg/kg dose, but with the impact also
obvious in the distal small intestine. Colostrum increased maltase activity in the mid and
distal regions of the treated pigs, but not in the proximal region (fig. 9).
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The diminished BBM carbohydrase activities after the administration of doxorubicin
combined with the atrophy of the intestine diminished the total intestinal capacity to
hydrolyze disaccharides. Conversely, the recovery of BBM carbohydrase activities and
intestinal mass associated with the provision of colostrum improved the capacity of the
small intestine to digest lactose and maltose.

Blood Biomarkers

At necropsy, the pigs dosed with 3.75 mg/kg doxorubicin had higher plasma concentrations
of TNF-a than the control pigs (fig. 10), but levels of IL-6 and the anti-inflammatory
cytokine IL-10 did not differ between the groups. Provision of colostrum reduced the level
of TNF-a, but did not affect the level of IL-6 and IL-10. Endotoxin levels for the vehicle-
control pigs were significantly lower than those for treated pigs (fig. 11). Provision of
colostrum did not reduce circulating levels of endotoxin.

Discussion

Administration of doxorubicin to recently weaned pigs at a dose mimicking those commonly
encountered in pediatric cancer chemotherapy elicits G disturbances and dysfunctions that
are similar to those of pediatric oncology patients suffering from CIM. The dose equivalent
of 75 mg/m? (3.75 mg/kg) is similar to the doxorubicin doses used for non-Hodgkin
lymphomas and higher than those used for leukemias and most solid tumors, so any agent
that protects against mucositis caused at this dose should effectively prevent CIM at lower
doses [15]. The extreme toxicity evoked by administering 5 mg/kg (equivalent to a human
dose of 100 mg/m 2, higher than the dose in any regimen used) is also consistent with the
adverse reactions that limit high-dose clinical regimens. The alterations in the structure and
the compromised functions of the intestine are similar to reports on laboratory rodents
treated with chemotherapeutic agents known to cause mucositis [5, 16] including
doxorubicin [17]. The following sections compare and contrast our findings for the weaned-
pig model of doxorubicin-induced CIM with reports on rodents, two other pig models of
CIM and pediatric oncology patients.

Clinical Symptoms

Among human subjects, nausea, vomiting and diarrhea are listed as the first, third and eighth
most distressing consequences of chemotherapy, respectively [18]. Although the oral pain
caused by mucositis is ranked much lower, the associated disturbances of the Gl epithelium
that occur with oral mucositis contribute to nausea, vomiting, diarrhea and anorexia.

Although nausea is difficult to quantify directly in animal models, the rapid reduction in
food consumption that preceded the onset of vomiting and diarrhea after administering the
doxorubicin suggests that the pigs experienced a rapid onset of nausea, causing their
disinterest in eating and reduced desire to interact with the caretakers. This is similar to the
acute phase of food disinterest and lethargy suffered by some pediatric patients receiving
chemotherapy [19]. The later onset of diarrhea and vomiting observed in the weaned pigs is
similar to the delayed GI symptoms that occur in humans on chemotherapeutic regimens.
Rodents develop diarrhea within hours of administration of mucositis-inducing

Chemotherapy. Author manuscript; available in PMC 2020 December 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Martin et al.

Blood Work

Page 9

chemotherapeutic agents. Rodents differ from both pigs and humans by being unable to
vomit.

The weight loss and wasting observed in the pigs corresponds well with the loss of body
weight among patients with CIM. Hence, the weaned-pig model provides opportunities to
evaluate nutritional support regimens to reduce weight loss or accelerate weight recovery. As
the objective of our study was to determine the extent of the GI damage and dysfunction
associated with doxorubicin-induced CIM, and not actually the recovery from CIM,
parenteral nutrition was not provided to the pigs. The placement of central lines in weaned
pigs, which we have demonstrated here as being feasible, will allow future studies to
improve nutritional support to reduce weight loss and accelerate recovery.

Increases in proinflammatory cytokines have been explored as an indicator of mucositis in
response to different chemotherapeutic agents [20]. The majority of studies have examined
responses at the tissue level. Our aim was to determine if changes in proinflammatory or
anti-inflammatory cytokines that have been implicated in CIM could be detected in blood
samples. The higher concentration of TNF-a measured in the treated pigs 5 days after
administering 3.75 mg/kg doxorubicin is consistent with reports of increased levels after
treating patients [21] and mice [20] with doxorubicin. The lower TNF-a concentration
measured in the pigs treated at 5 mg/kg may have been caused by the shorter period between
administration and necropsy (3—4 vs. 5 days, respectively). The lack of difference between
control and treated pigs in the level of IL-6 may reflect the use of doxorubicin, which may
not elicit changes, or else the changes may have occurred prior to necropsy. Alternatively,
changes that do occur at the tissue level may not produce enough IL-6 to be detectable
systemically.

The higher circulating concentrations of endotoxin in treated pigs are indicative of increased
mucosal permeability, sometimes referred to as ‘“mucosal barrier injury’ [22]. The disruption
of the GI epithelium allows normally excluded solutes and bacteria to gain access to the
systemic circulation. The higher endotoxin levels measured in the pigs treated with
doxorubicin is indicative of mucosal barrier injury. Evaluation of mucosal barrier injury of
patients subjected to myeloablative regimens and using the indigestible sugars lactulose and
rhamnose as permeability markers has revealed that damage can be prolonged [23].

Tissue Responses

The histopathology findings correspond with findings and localization of damage throughout
the GI tract caused by the administration of doxorubicin in rodent models [16]. Based on
human studies, the mucositis was expected to develop within 5-10 days of doxorubicin
administration; the observations in weaned pigs are consistent with this timing.

At the functional level, administration of chemotherapy induces rapid changes in patterns of
gene expression by Gl tissues that can be detected as early as 1 h and may persist for days.
The affected genes are associated with multiple cellular functions and pathways, and are
predicted to contribute to mucositis [24]. The wide diversity of affected cell functions
explains why chemotherapy-associated diarrhea is considered to have multiple causes and
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involve multiple mechanisms [25]. The combination of decreased digestion and absorption
of solutes, increased electrolyte and fluid secretion and lower tight-junction integrity
permeability that we measured are consistent with events associated with other pathologic
conditions causing malabsorptive diarrhea [26].

The increased chloride secretion in the proximal small intestine after administration of 5
mg/kg of doxorubicin would contribute to increased electrolyte and fluid losses and is
consistent with the rapid onset of severe diarrhea suffered by this group of pigs, and leading
to early severe wasting and the need for euthanasia. The increased chloride secretion is at
least partly explained by increased recruitment of CFTR to the apical member in response to
doxorubicin [27]. This pathway of CFTR activation may have been exacerbated at 5 mg/kg
by increased localized production of the inflammatory cytokines IL-1p and TNF-a. [28],
even though systemic concentrations were not elevated at 3.75 mg/kg. Measurements of
chloride secretion in distal regions of the Gl tract would be required to determine the
magnitude and clinical relevance of increased secretion of electrolytes and fluids.

The decrease in the BBM activities of lactase and maltase and rate of glucose uptake are
consistent with the disruption of tissue architecture, and are comparable to that reported for
juvenile pigs treated with 5FU [9] and neonatal pigs subjected to myeloablative therapy [10].
Sucrase activity also decreases when rats are treated with doxorubicin [16, 17] and other
chemotherapeutic agents, including 5FU [29], methotrexate, etoposide, irinotecan or
cyclophosphamide [16]. The decline in the BBM enzymes has been attributed to the increase
in inflammatory cytokines that reduce the expression of sucrase-isomaltase [30] and P-
glycoprotein, an inducible plasma membrane drug efflux molecule which, when induced,
enhances efflux of doxorubicin from within cells [31]. The lower sucrase activity associated
with chemotherapy is the basis for the sucrose breath test developed for evaluating mucosal
damage in pediatric patients undergoing chemotherapy [32]. The sucrose breath test has
been validated for the pig [33], providing another clinically relevant diagnostic tool for
assessing the severity of mucositis.

The decline in glucose uptake after the administration of doxorubicin was expected and is in
agreement with the doxorubicin-induced decline in absorption of the matrix
metalloproteinase inhibitor COL-3 [34]. The more pronounced decline in glucose uptake
when measured at tracer concentration suggests doxorubicin induces a decline in transporter
abundance per unit (length or mass) of intestine. However, administration of
chemotherapeutic agents does not cause a universal decline in nutrient absorption. For
example, glucose accumulation by BBM vesicles prepared from the intestines of rats is
actually higher after treatment with 5FU, but is lower when rats are treated with
methotrexate [35]; this parallels the decreased glucose uptake by pigs treated with
doxorubicin. The contrasting response of glucose uptake to different chemotherapeutic
agents, despite the common presence of mucosal damage and lower activities of BBM
enzymes, is not fully understood. Contrasting findings have also been reported for amino
acid absorption. Expression of several different amino acid and nutrient transporters
decreases after rats are treated with 5FU [36], whereas children undergoing chemotherapy
and with verified mucositis do not exhibit a decline in leucine systemic availability, an
indicator of intestinal absorption [37]. These differences may be explained by the use of
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different chemotherapeutic agents and approaches for estimating amino acid absorption.
Interestingly, absorption of peptides via the proton-coupled transporter PEPT1 is enhanced
by 5FU [36].

Interventions for CIM

Although the nausea, vomiting and some other GI issues (e.g. diarrhea and constipation)
associated with chemotherapy can be controlled, there is a need to identify interventions that
will reduce the severity of mucositis and thereby permit higher and more effective
chemotherapeutic dosage regimens. Although several interventions can reduce the incidence
and severity of CIM (e.g. keratinocyte growth factor 1, palifermin) [38], once mucositis
occurs, there are no specific therapies to shorten its duration. Supportive care measures can
decrease the morbidity associated with mucositis, including the prevention of superinfection,
the reduction of inflammation and nutritional support to reduce the wasting caused by Gl
dysfunction and a reduced caloric intake [39, 40]. Although glucagon-like peptide 2 and
other growth factors have been investigated and have shown promise for oral mucositis,
these are still experimental [41].

Colostrum as an Intervention for CIM

A critical shortcoming for guiding clinical decisions about interventions for mucositis has
been the lack of relevant preclinical evidence about the efficacy and safety of treatments
[42]. Our preliminary evaluation further validates the pig as a relevant model to assess
existing and experimental interventions for mucositis. The reduced severity of mucositis in
the small intestine among the pigs receiving colostrum is promising, though the concomitant
lack of protection provided to the colon requires further investigation.

Our interest in colostrum as a test intervention was based on the protection provided to
preterm pigs that were at risk of necrotizing enterocolitis [43] as well as against the Gl
damage caused by nonsteroidal anti-inflammatory drugs [44] and on the potential use of the
peptide growth factors in colostrum for the treatment of various Gl disorders such as
inflammatory bowel disease [45]. Previous studies have shown how the components of
colostrum and milk, alone or in combination with other bioactive molecules, reduce the
severity of mucositis [46—-48]. The unprocessed bovine colostrum provided to the pigs is a
complex solution of relatively undefined composition. As a result, the identity of the
bioactive fractions that provide protection against mucosal injury or enhance mucosal repair
remains unknown.

Future Efforts

There is a need to better understand how chemotherapy-induced changes in the Gl
microbiome contribute to mucositis [49-51]. Of particular interest is the definition of the
mechanisms and pathways leading to the mucosal inflammation associated with mucosal
injury such as that seen in CIM. Although receptor-mediated responses to bacterial antigens
have been implicated in mucositis [52], sterile inflammation occurs with doxorubicin [53].
The activation of NF-xB by chemotherapy and subsequent proinflammatory cytokine
production has been implicated in mucositis [20, 53], as have chemotherapy-induced
upregulation of the cyclooxygenase pathway and the production of proinflammatory
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prostaglandins [54]. However, therapeutic agents that target these pathways have not yet
been translated into clinical care, partly because of the lack of a relevant animal model for
preclinical trials. Biomarkers for the changes in the microbiome and the associated host
responses to chemotherapy may address the need for additional noninvasive indicators of the
severity of mucositis [31, 55].

Our study exposed weaned pigs to a single dose of doxorubicin. Additional studies are
needed to examine the impact of multiple doses and interactions with other drugs as well as
to understand potentially confounding variables like age and sex. Other toxicities associated
with chemotherapy, such as the cardiotoxicity of doxorubicin [56], can also be explored
using the pig model.
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Fig. 1.
Locations of sections (red) removed from the small intestine for histology and measurements

of functions.
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Fig. 2.

Food consumption expressed as a percentage of the amount consumed at baseline, i.e. the
day before the administration of 3.75 mg/kg doxorubicin (DOX), doxorubicin and colostrum
(DOX + C) or saline (\Vehicle). *p < 0.05, significantly different compared to controls.
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Change in body weight relative to the day of the administration of 3.75 mg/kg doxorubicin
(DOX; n = 7), doxorubicin and colostrum (DOX + C; n = 5) or saline (\Vehicle; n=5). *
Indicates that a significant difference was detected relative to controls.
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Fig. 4.

a An external photograph of the colon of a pig treated with 3.75 mg/kg doxorubicin shows
some of the pustules (arrows). Internal photographs of the small intestine of doxorubicin-
treated pigs show focal spots of inflammation (b) and a larger patch of inflammation (c)
with tissue damage.
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Fig. 5.

Photomicrographs of tissues from the jejunum (a) and proximal colon (c) of a control pig,

and the jejunum (b) and proximal colon (d) of a pig treated with 3.75 mg/kg doxorubicin.

Note the reduced villus height and the disrupted morphology and structural integrity caused

by the doxorubicin. HE.
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Fig. 6.

Histopathology scores for the small intestine (a) and colon (b) of pigs 5 days after
administering saline (Mehicle; n = 5), 3.75 mg/kg doxorubicin (DOX; n = 7) or doxorubicin
with colostrum provided as an intervention (DOX + C; n = 5).
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Fig. 7.
Isc for proximal small intestine tissues from pigs receiving saline (Vehicle), 5 mg/kg

doxorubicin (DOX 5; n = 4), 3.75 mg/kg doxorubicin (DOX 3.75; n = 7) or 3.75 mg/kg
doxorubicin with colostrum provided as an intervention (DOX 3.75 + C; n = 5). * Indicates
that a significant difference was detected relative to controls.
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Rates of p-glucose accumulation by proximal, mid and distal small intestine exposed to 50-
mM (a) and tracer (0.006 mM; b) concentrations of D-glucose. Tissues were harvested 5
days after administering saline (Vehicle; n = 5), 3.75 mg/kg doxorubicin (DOX; n=7) or
doxorubicin with colostrum provided as an intervention (DOX + C; n = 5). * Indicates that a
significant difference was detected relative to controls.
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Page 24

Activities of lactase (a) and maltase (b) associated with the BBM fraction isolated from the
proximal, mid and distal small intestines harvested from pigs 5 days after administering
saline (Vehicle; n = 5), doxorubicin at 5 mg/kg (DOX 5; n = 4), at 3.75 mg/kg (DOX 3.75; n
=7) or at 3.75 mg/kg with colostrum provided as an intervention (DOX 3.75 + C; n=5). *
Indicates that a significant difference was detected relative to controls.
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Fig. 10.
Concentrations of TNF-a. measured in serum 5 days after the administration of saline

(Vehicle; n = 5), doxorubicin at 5 mg/kg (DOX 5; n = 4), at 3.75 mg/kg (DOX 3.75; n = 7)
or at 3.75 mg/kg with colostrum as an intervention (DOX 3.75 + C; n = 5) to pigs. *
Indicates that a significant difference was detected relative to controls.
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Fig. 11.

Concentrations of lipopolysaccharide measured in serum 5 days after the administration of
saline (\ehicle; n = 5), doxorubicin at 5 mg/kg (DOX 5; n = 4), at 3.75 mg/kg (DOX 3.75; n
=7) or at 3.75 mg/kg with colostrum as an intervention (DOX 3.75 + C; n = 5) to pigs.*
Indicates that a significant difference was detected relative to controls.
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