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Abstract: Purpose: The gastrointestinal damage induced
by xenobiotics is occurring more frequently and with
greater toxicological significance than previously thought.
Although there are some pre-liminary clinical studies and
reports, there does not appear to be an extensive examina-
tion of gastrointestinal toxicity of various chemotherapeu-
tic agents in the rat. This study was undertaken to examine
the suitability of a rat model to detect the gastrointestinal
damage after administration of various anti-neoplastic
agents including etoposide, teniposide, melphalan, 5-fluo-
rouracil, methotrexate and cisplatin. Methods: Acute toxic
doses of indomethacin and chemotherapeutic agents were
administered to rats. The urinary excretion of orally
administered sucrose and °'Cr-EDTA were measured as
markers of gastroduodenal and intestinal permeability,
respectively. Cyclooxygenase-2 messenger RNA and mito-
chondrial DNA damage were measured as toxicological
endpoints. Results: Each anti-neoplastic agent examined
induced appreciable and significant dose-dependent
increase in gastrointestinal permeability that correlated
with gross toxicological and pathological changes to the
gastrointestinal tract including ulceration and bleeding.
COX-2 mRNA was upregulated > 2 fold in intestinal
mucosa with enteropathy and dose-dependent mitochon-
drial oxidative damage was apparent in gastric and intesti-
nal mucosa. After administration of each drug, the rats
presented with histological evidence of drug-induced gas-
troenteropathy, ulceration and increased cecal hemoglobin.
Conclusions: The rat appears to be a suitable model to
study gastrointestinal toxicity of chemotherapeutic agents
and non-steroidal anti-inflaimmatory drugs. Damage to
mitochondrial DNA occurs in both the gastric and intesti-
nal epithelium after the administration of these agents and
may be an important factor in the pathogenesis and resolu-
tion of gastrointestinal toxicity.
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INTRODUCTION

There are a variety of classes of chemotherapeutic agents
used effectively in anti-neoplastic chemotherapy. With
their tremendous clinical utility, there is a large arsenal of
chemotherapeutic agents available on the market, and
many more currently in clinical and pre-clinical trials. The
magnitude of use of these agents has demonstrated thera-
peutic benefits in a wide variety of cancers including gas-
trointestinal (GI) cancers from the esophagus to the large
intestine (1-3). Paradoxically, administration of chemother-
apy is well known to be associated with various side
effects, with toxicity to the GI tract being a major clinical
concern. GI toxicity is often a major cause of cancer treat-
ment-related morbidity (4). Stomatitis, the mucositis of
oral mucosa, is the best-characterized manifestation
because it results in symptoms in an area accessible to rou-
tine examination. However, mucositis may affect any part
of the GI tract. Chemotherapy induced GI toxicity is not
simply confined to the upper gastroduodenal mucosa but
also extends along the entire GI tract from the mouth to
anus and is a common limiting factor that prevents further
dose escalation (5).

The routine assessment of GI toxicity of chemotherapy is
based on the patient’s symptoms. The severity of stomati-
tis and frequency of diarrhea are the commonly used crite-
ria for grading GI toxicity. The severity of the involvement
of the oral mucosa may not reflect the extent of the
mucositis in distal locations and the frequency of diarrhea
may be affected by other factors associated with nutrition,
and/ot tumors in the GI tract. Mucositis is often painful
and can limit nutritional intake and decrease a patient’s
willingness to continue treatment. Severe mucositis may
necessitate hospitalization, enteral or parenteral nutrition,
and use of narcotics (6). Muscositis increases risks of sec-
ondary infections and may even prove a nidus for systemic
infections. Mucositis may necessitate interruption of che-
motherapy cycles or radiotherapy, which may compromise
the locoregional response. Optimal understanding and
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management of mucositis that results in maintenance of
dose-intensity could, hence, influence morbidity, treatment
efficacy, and even patient survival.

In recent years, there have been considerable advances in
the understanding of the pharmacological and molecular
mechanisms involved in the pathogenesis of GI toxicity
particularly of non-steroidal anti-inflammatory (NSAID)
induced GI damage (7-8). The early disruption of the
intestinal barrier, before pronounced histological changes
are evident, is of interest because it may provide patho-
physiologic information concerning the early phase of the
mucosal injury induced by NSAIDs and cytotoxic drugs
(9). Although there is now awareness of non-prostaglandin
dependent mechanisms of NSAID effects and side effects
in the GI tract including inhibition of oxidative phospho-
rylation in mitochondria (10-11), the importance of
NSAID PG)
remains. It is generally believed, however, that GI toxicity
is ascribed mainly to NSAID-induced inhibition of PG
synthesis. The inhibition of PG synthesis causes loss of

inhibition of prostaglandin synthesis

epithelial cell integrity within the GI tract, and it is respon-
sible for the beneficial effects of NSAIDs. In addition,
studies also have demonstrated that GI inflammation is
associated with oxidative stress, which appears to be a crit-
ical mediator of injury after administration of various
xenobiotics. Oxidative stress is of substantial clinical
importance not only because oxidants are common in
inflammation, but also, because they can lead to mucosal
barrier hyperpermeability and, in turn, lead to the initiation
and/ot pertubation of mucosal inflimmation and injury

(11).

Interestingly, the mechanisms involved in the sequence of
events leading to GI toxicity of chemotherapeutic agents
as well as the temporal aspects are not fully known. How-
ever, they may share some common pathogenic mecha-
nisms with NSAIDs. Knowledge about the primary
factors initiating this injury could be of great importance
in the search for protective strategies against GI toxicity
due to cytotoxic therapy.

As the intestinal epithelium has a rapid cell turnover, it is
vulnerable to chemotherapy. From limited clinical studies,
it appears that reduction in mucosal barrier integrity is
apparent with chemotherapeutic agents from a variety of
classes of chemotherapy (12-16). Interestingly, the time
course of these permeability changes has not been studied,
which makes comparative studies between different che-

motherapeutic agents difficult. In addition, the influence
of circulating drug concentration has not been considered.
Morphological changes in the mucosa post-chemotherapy
may affect function acutely. These involve changes in the
regulation on the tight junction between adjacent entero-
cytes. Intestinal permeability may be a morphological cot-
relate of the eatly disruption of the intestinal barrier (12-
16). Luminal aggressive factors such as immmunoreactive
antigens and endotoxin are thus allowed access to the
mucosa and can lead to the initiation or continuation of
the inflammatory process and mucosal damage. Distur-
bance of enterocytes may also impair the ability to combat
free oxygen radicals that are partly responsible for cell
damage induced by chemotherapy. Mitochondrial oxida-
tive damage to intestinal enterocytes may precede these
permeability changes and be further perturbed by the
inflammatory insult. This may be important for the transi-
tion from the inactive to active (flare up) phases of inflam-
mation in which intestinal oxidants and pro-inflammatory
molecules periodically create a vicious cycle that leads to
sustained oxidative stress, increased permeability, inflam-
mation, and tissue damage.

Substantial efforts have been made to develop non-inva-
sive methods of detecting GI side effects. Methods based
upon measurement of the GI permeability probes have
been found to site-specifically measure gastrointestinal
permeability in basic and clinical studies (9, 17-20). Most
of the work carried out has been upon exposure to
NSAIDs, where there is a significant increase in the uri-
nary excretion of non-invasive probes, such as sucrose and
JICr-EDTA, indicating increased permeability and tissue
damage to the gastroduodenum and small intestine,
respectively. We have previously tested and confirmed the
suitability of the rat as an animal model of GI permeability
using both *'Cr-EDTA and sucrose. Sucrose is a specific
marker of the upper GI tract (gastroduodenum) whereas
JIC-EDTA is used as a marker of small intestinal damage.
(9) These methods are non-invasive, reproducible and,
together they provide a convenient assessment of the
entire GI tract (17-18). Direct measurements of GI toxic-
ity (e.g, ulceration), throughout the GI tract correlates
with increased GI permeability (21). Permeability tests are
convenient, sensitive and non-invasive markers of gas-
trointestinal damage.

Given the apparent parallels between the occurrence of GI
adverse effects in rats and humans with NSAIDs it is of
interest to examine whether GI permeability and mito-
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chondrial DNA changes can also be induced in the rat
after chemotherapy. The aim of this study is to examine
the suitability of the rat as a model for further investigating
chemotherapy-induced GI damage using various biomark-
ers endpoints including GI permeability probes, mito-
chondrial DNA and COX-2 mRNA.

MATERIALS AND METHODS
Chemicals

Indomethacin, etoposide, teniposide, sucrose, sucrose
assay kit, hemoglobin assay kit, melphalan, 5-fluorouracil,
methotrexate, cisplatin and methylcellulose were pur-
chased from Sigma Chemicals (St. Louis, MO, USA). >'Ct-
EDTA was purchased from NEN Life Sciences Products
(Boston, MA, USA). RNeasy® Mini Kit 50 was obtained
from Qiagen Inc (Stanford, CA, USA).

Animals

Male Sprague-Dawley rats (175-195 g) were obtained from
Chatles River Laboratories (Wilmington, MA, USA). They
were housed in individual metabolic cages with wire mesh
tloors allowing separate quantitative collection of urine
and feces. Animals were fed a standard rat chow and
allowed free access to food and water for the duration of
the experiment. Ethics approval for animal experiments
was obtained from Washington State University.

Drugs, 'Cr-EDTA, sucrose, dosing and assay

All drugs and placebos were in the form of a suspension
(2% methylcellulose/0.5 mL water) and were administered
orally to rats (n = 5/group) using an 18 gauge 5 cm curved
feeding needle attached to a 1 mlL syringe. Dosages of
NSAIDs and chemotherapeutic agents were all based on a
toxic range of doses previously demonstrated to induce
gastrointestinal toxicity in animal studies. (22-32)

The effect on sucrose permeability was examined 1 hour
post-dose while the effects on >!Cr-EDTA were examined
24 hours post-dose.’'Cr-EDTA relative permeability was
determined by calculating the radioactivity present in urine
samples as a percentage of the administered dose as previ-
ously described (17). Sucrose concentration was measured
using a commercially available assay kit (Sigma Chemicals,
St. Louis Mo. USA) utilizing a UV-VIS spectrophotometer
at 340 nm and relative permeability determined by calcu-
lating the concentration (amount) in urine as a percentage
of the administered dose (18). Cecal hemoglobin concen-

trations were measured using a commercially available kit
(Sigma Chemicals, St. Louis Mo. USA) at 530 nm and con-
centration calculated directly from a standard curve.

Quantitative Real-Time RT-PCR

Total cellular RNA was isolated from gastric and intestinal
tissue with evidence of macroscopic ulceration using the
RNeasy Mini, RNA isolation kit from Qiagen (Valencia,
CA, USA) per the manufacturer's protocol. Total RNA
was eluted from the matrix with 35 pl. of RNase-free
water. Residual genomic DNA was removed by incubating
the RNA solution with 15 units of RNase-free DNase I in
2 mM MgCl, for 10 min at 37°C, followed by 5 min at
90°C to inactivate the DNase. DNase-treated RNA solu-
tion (25 pl) was reverse-transcribed to cDNA as previ-
ously described. (33) The amount of COX-2 mRNA
relative to the 18s tfRNA endogenous control was deter-
mined using real-time, quantitative PCR.

The PCR was performed in the Perkin-Elmer Applied
Biosystems GeneAmp 5700 Sequence Detection System
(Foster City, CA, USA) using the SYBR green PCR kit as
recommended by the manufacturer. Briefly, the reaction
medium contained 2.5 uL of the 10x SYBR green buffer, 1
mM dA, dG, dC and dUTP, 2 mM MgCl,, 0.25 units of
uracil N-glycosylase, 0.625 units of Amplitaq Gold DNA
polymerase, 250 nM of the forward and reverse primer,
(Table 1) 5 uL. of a 1:10 dilution of the cDNA and water to
25 L.

Table 1: Primer sequences for RT-PCR.(12)

Gene Sequence (5' to 3')

Direction  NT

Cyclooxygenase-2 ~TGGGATGACGAGCGACTGT Sense 19

Cyclooxygenase-2 =~ CAGAGGCAATGCGGTTCGG Anti-sense 19
18s rRNA AGACGGGTGAGACAGCTGCACCTTTTC Sense 27
18s rRNA CGAGAGCATCAAGTGCAGGCATTAGAG Anti-sense 28

The reactions were performed in the MicroAmp 96-well
plate capped with MicroAmp optical caps (Perkin-Elmer
Applied Biosystems, Foster City, CA, USA). The reactions
wete incubated at 50°C for 2 min to activate the uracil N'-
glycosylase and then for 10 min at 95°C to inactivate the
uracil N'-glycosylase and activate the Amplitaq Gold poly-
merase. The reactions were performed for 40 cycles of 15
sec at 95°C, 30 sec at 55°C and 30 sec at 72°C.

The data generated by real-time PCR were plotted as the
Rn fluorescence signal versus the cycle number. The
Applied Biosystems, Inc. (ABI) 5700 sequence detection
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system software from Perkin Elmer calculates the ARn
using the equation ARn = (Rn+) — (Rn-), where Rn+ is
the fluorescence signal of the product at any given time
and Rn- is the fluorescence signal of the baseline emission
during cycles 3 to 15. An arbitrary threshold was set at the
midpoint of the log AR versus cycle number plot. The C,
value is defined as the cycle number at which the AR|
crosses this arbitrary threshold. The amount of COX-2
cDNA relative to the 18s RNA endogenous control was

2AACE hethod as

determined using a modification of the
described in the ABI user bulletin number 2. The amount
of COX-2 mRNA relative to 18sSRNSA was calculated

equal to 224t where AC, = Ccoxs — Cogerrna (33)- (

Mitochondrial and Nuclear DNA

A quantitative polymerase chain reaction (QPCR) tech-
nique was developed based on the work of Van Houten ez
al. (34-35) Damage in mitochondrial DNA (mt DNA) can
be assessed without the need for isolation of mitochondria
or mitochondrial DNA. Gene specific DNA damage pro-
vides more insight into the role played by oxidative stress
in disease and mitochondrial DNA damage is an excellent
biomarker of oxidative stress in epithelial cells. (Table 2)

Table 2: Primer sequences for rat QPCR.(34-35)

Amplicon
Gene Clusterin
Sequence (5' to 3") Direction Length
(TRPM-2)
(base pairs)

5781 IAGACGGGTGAGACAGCTGCACCTTTTC | Sense 125kb
18314 ICGAGAGCATCAAGTGCAGCGATTAGAG |Anti-sens 12.5 kb
13559 IAAAATCCCCGCAAACAATGACCACCC Sense 13.4 kb
10633 IGCGAATAAGAGTGGGATGGAGCCAA  |Anti-sen: 13.4 kb
14678 ICCTCCCATTCATTATCGCCGCCCTTGC | Sense 235 bp
14885 GTCTGGGTCTCCTAGTAGGTCTGGGAA [Anti-sense 235 bp

DNA was isolated using Qiagen® genomic tip and
genomic DNA buffer set kit for mammalian DNA extrac-
tions (Valencia, CA, USA). DNA quantitation utilized the
PicoGreen® dsDNA  Quantitation Kit (Molecular
Probes, Eugene, OR, USA). Picogreen® was used to
quantify dsDNA fragment. QPCR involved the use of
GeneAmp XL PCR kit (Applied Biosystems, Branchburg,
NJ, USA) and dNTPs (Pharmacia, Peapack, NJ, USA).
Primers were based on sequences already optimized by
Van Houten. (34-35) After fluorescent readings for all
samples are taken using a CytoFluor fluorescence multi-
well plate reader Series 4000 (Applied Biosystems,
Framingham, MMA, USA) and subtracted from the no
template controls relative amplification is calculated.

Statistical analysis

Differences between two means were determined by Stu-
dent unpaired t-test. Differences between more than two
means were determined by one-way ANOVA followed by
Duncan’s multiple range test at 00 0.05.

RESULTS

All of the chemotherapeutic agents tested increased gas-
troduodenal permeability as measured by sucrose excre-
tion from baseline controls. The sucrose excretion in urine
also appears to be dose-dependent for 5-fluorouracil
between 200 and 400 mg/kg. The NSAID indomethacin
at doses of 10-20 mg/kg significantly increased gas-
trodudenal permeability as measured by sucrose excretion
in urine. (Figure 1)

12
10

6

“Sucrose Excretion in Urine

Figure 1: Urinary excretion of sucrose after
administration of single doses of indomethacin and
chemotherapeutic agents to rats. (N=5, Mean+/- SEM).

The chemotherapeutic agents tested all increased intestinal
permeability from baseline controls. The excretion of *'Ct-
EDTA in urine also appears to be dose-dependent for 5-
fluorouracil between 200 and 400 mg/kg. Indomethacin at
a dose of 10 or 20 mg/kg significantly increased intestinal
permeability as measured by *'Cr-EDTA excretion in
urine. (Figure 2)
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Figure 2: Urinary excretion of °!Cr-EDTA after
administration of single doses of indomethacin and
chemotherapeutic agents to rats. (N=5, Mean+/- SEM).
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All of the chemotherapeutic agents tested also increased
cecal hemoglobin from baseline controls. Indomethacin at
a dose of 10 mg/kg significantly increased gastrointestinal
bleeding as measured by cecal hemoglobin. (Figure 3)
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Figure 3: Cecal hemoglobin level after administration of
single doses of NSAIDs and chemotherapeutic agents to
rats. (N=5, Mean+/- SEM).

The RT-PCR of COX-2 mRNA in intestinal tissue demon-
strated a 2-fold increase in up regulation of this inflamma-
tory gene after administration of both indomethacin and
5-fluorouracil. (Figure 4)

Fold Increase of Cox-2/18SrRNA

Indomethacin 10 mokg 5-Fluorour: racil 400 mghg

Figure 4: COX-2 mRNA gene expression in rat intestinal
tissue after administration of single doses of
indomethacin and chemotherapeutic agents. (N=5,
Mean+/- SEM).

Mitochondrial DNA damage was apparent in gastric and
intestinal tissue. Dose-dependent mitochondrial DNA
damage was induced by indomethacin in the stomach. Cis-
platin also induced mitochondrial oxidative DNA damage.

(Figure 5)

Lesions /10 Kb
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Inclomethacin 10 mgihg Indommethacin 20 kg Cisplatin 100 mgig

Figure 5: Mitochondrial DNA damage in rat gastric tissue
after administration of single doses of indomethacin and
cisplatin. (N=5, Mean+/- SEM).

Treatment with both indomethacin and 5-fluorouracil also
caused mitochondrial oxidative damage in the intestine.
No nuclear DNA damage was detected by any agent
tested. (Figure 6)
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Figure 6: Mitochondrial DNA damage in rat intestinal
tissue after administration of single doses of
indomethacin and 5-fluorouracil. (N=5, Mean+/- SEM).

DiscussION

The rat appears to be a suitable model for examining gas-
trointestinal permeability to chemotherapeutic agents at
toxic doses. Similar to our previous findings in the rat with
NSAIDs the toxic response in the rat to chemotherapy
from various classes is dose-dependent.(17-18) Sucrose
excretion in urine effectively detected gastroduodenal pet-
meability and is a surrogate marker of gastroduodenal
damage whereas >'Ct-EDTA excretion in urine reflected
small intestinal permeability and correlated with enteropa-
thy. The present study utilized a commercially available
assay kit for sucrose detection in urine as opposed to pre-
vious report (18) where indomethacin at 10 mg/kg did not
reach statistical significance.

It has been previously demonstrated that NSAIDs inhibit
mitochondrial oxidative phosphorylation and that this may
precede changes in gastrointestinal permeability.(36-37)
The current results (Figures 5 and 6) confirm that mito-
chondrial damage is an eatly event in the pathogenesis of
gastric toxicity due to both NSAIDs and cisplatin. This
damage is specific to the mitochondria rather than nuclear
cellular DNA and parallels the results previously demon-
strated with cisplatin in leukemia cells (38). Interestingly,
significant mitochondrial damage occurs without nuclear
DNA damage. This may be a consequence of the lack of a
compact nucleosome structure as compared with the
nuclear DNA, limited mitochondrial repair pathways, as
well as the proximity of the mitochondrial DNA to the
main source of reactive oxygen species generated. (34-35)
More work is needed to understand the molecular events
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underlying the susceptibility of the mitochondrial DNA to
oxidative damage. A sequela of these early events of gas-
trointestinal permeability is the up regulation of COX-2 in
the intestine (39). Our results also confirm up-regulation
of COX-2 mRNA is evident in indomethacin and 5-fluo-
rouracil enteropathy. When macroscopic damage to the
intestine is evident, damage to mitochondrial DNA also
appeared to be present. The pathogenic time course and
specific sequence of events leading to these toxic insults
requires further study.

An increasing body of knowledge of chemotherapeutic
related side-effects in the literature suggests the impor-
tance of determining gastrointestinal integrity following
drug treatment and in various diseases.(9,20,40) Given the
well documented changes in gastrointestinal permeability
and the involvement of mitochondria and oxidative stress
in the gastrointestinal tract, using the rat as a model to
study gastrointestinal chemotherapeutic side-effects may
help us in understanding the mechanism of action of anti-
neoplastic drugs in producing GI abnormalities. The rat
appears to be a suitable animal model to study these GI
disturbances as it responds in a similar fashion to the
changes described in humans. Further studies are ongoing
in our laboratory to examine in detail the pathogenic
sequences involved in the process of gastrointestinal dam-
age between drug, dose and concentration required to
elicit these effects.
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