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Biomarkers of small intestinal mucosal
damage induced by chemotherapy: an
emerging role for the 13C sucrose
breath test
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Gastrointestinal mucosal toxicity is extremely common following cytotoxic therapies. The alimentary mucosa is particularly
susceptible to injury and dysfunction, leading to many debilitating complications. Despite much research, there is currently no
single noninvasive biomarker to defect gut injury. Several biomarkers have been investigated in the context of gastrointestinal
diseases, which may prove useful in the oncology arena. Identification of a biomarker that is easy to obtain and measure and
that accurately identifies mucosal damage would allow for improved patient diagnosis of toxicities and for personalized
treatment regimens. In this review, we highlight the effectiveness of urine and breath tests as potential clinically effective
biomarkers, with significant focus placed on the emerging role of the carbon-13 sucrose breath test ('*C SBT). The '3C SBT
provides a simple, noninvasive, and integrated measure of gut function. The '3C SBT also has the potential to monitor gut
function in the setting of cytotoxic therapy—induced mucositis, or in the assessment of the efficacy of antimucositis agents.

ucositis is a frequent, debilitating, and

dose-limiting side effect of anticancer

cytotoxic therapies' and is responsible
for adverse clinical outcomes such as increased
need for total parenteral nutrition; use of antibi-
otic therapies; risk of infection; hospitalization;
and even occasionally death.” These clinical fac-
tors require greater resource utilization, which re-
sults in significant economic burden associated
with mucositis.” Recent studies have identified
potential biomarkers of mucositis with varying
results.>* This critical review will examine the non-
invasive breath and urine tests as potential biomark-
ers for cytotoxic therapy—induced mucositis.
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Mucositis is a common but insufficiently stud-
ied complication associated with cytotoxic ther-
apy.” It affects nearly all patients receiving
hematopoietic stem cell transplant, and a consid-
erable proportion of those receiving high-dose
chemotherapy or radiotherapy treatment regi-
mens.™*° Infants are at a higher risk of developing
chemotherapy-induced mucosal toxicities.® The
reduction of cytotoxic therapy—induced mucositis
has been recognized as an important target for
improving anticancer therapies, as well as for re-
ducing the economic burden associated with an-
ticancer treatments.” An increase in the use of
multiple treatment modalities is common with
advances in curative cancer treatment regi-
mens."”” Although this yields superior anticancer
outcomes, it results in greater incidence of mu-
cositis, highlighting the need for antimucositis-
based therapies.1 The development of effective
preventive therapies has been hampered by a lack
of understanding concerning the pathobiological
mechanisms underlying cytotoxic therapy—in-
duced mucositis. A hindrance in the use of mu-
cositis biomarkers is the huge number of validated
scoring systems available. These scoring systems
are based on a combination of symptoms, tissue
appearances, and functional changes.&10 How-
ever, with such a range of subjective assessment
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systems, correlation with objective biomarkers may prove
difficult. The difficulty in obtaining intestinal biopsy
specimens to use as a clinical standard reference also
presents a challenge.

The recent recognition of the complex pathogenesis of
mucositis'' " highlights the dynamic biochemical inter-
actions concerning the cellular constituents of the mucosa
and chemotherapy agents. Chemotherapy- and radiation-
induced mucositis occurs as a result of the nonselective
nature of these cytotoxic agents, which are unable to
distinguish between the rapidly replicating cells of neo-
plastic lesions and the highly regenerative cells of the
alimentary epithelium.'* Tt was originally thought that
the clonogenic cell death of the basal layer was the direct
effect of cytotoxic therapy on the epithelium; it is now
understood that clonogenic cell death of the basal layer is
insufficient to account for the extent of mucositis that is
observed in cancer patients.! Subsequently, mucositis was
defined as the collective consequence of the direct and
indirect inhibitory effects of cytotoxic therapy on DNA
replication and mucosal cell proliferation.6

The clinical symptoms of mucositis are not directly life
threatening in most cases. The introduction of multiple
treatment modalities has resulted in more severe mucosi-
tis, with alimentary tract (AT) damage becoming more
frequcnt.l’15 Patients with intestinal mucositis may expe-
rience symptoms including—but not limited to—nausea,
vomiting, abdominal bloating, cramping, diarrhea, and
rectal bleeding.l’7’16 In more severe cases, mucositis can
result in bacterial translocation and sepsis.” Subsequent
dose limitations, parenteral nutrition, and extended hos-
pital stay yield a reduced quality of life for the patient and
an increased economic burden.” The gastrointestinal tract
(GIT) distal to the oral cavity is largely inaccessible,
making it difficult to assess. This highlights the need for
an effective, noninvasive biomarker to detect GIT dam-
age, enabling a tailored anticancer treatment regimen to
be developed.

According to the National Cancer Institute, a bio-
marker can be defined as “a biological molecule found in
blood, other body fluids, or tissues that is a sign of a
normal or abnormal process, or of a condition or disease.
A biomarker may be used to see how well the body
responds to a treatment for a disease or condition”.'” In
the search for a gastrointestinal toxicity biomarker, inves-
tigators have proposed that the biomarker be easy to
access or administer by the clinician, and be able to act
independently of both the patient’s medication and his or
her individual lifestyle requirements.18 Thus, according to
these suggestions, the most likely source of gastrointesti-
nal biomarkers would be in the patient’s blood, saliva, or
feces, as these can be easily collected in quick succession
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on multiple occasions.” However, expired “breath” and
the so-called “breath tests” may be the silver bullet in the
search for biomarkers of gastrointestinal toxicity. This
review will critically analyze urine and breath tests as
potential clinically effective biomarkers in terms of their
sensitivity, applicability, cost, and ability to preserve pa-
tient comfort and health, thus reducing hospital stays.
Significant focus will be placed on the emerging role of
the carbon-13 sucrose breath test (**C SBT) as the bio-
marker with the greatest potential for clinical use. The
metabolic background and characteristics of the >C SBT
will be discussed in detail, with an emphasis on its supe-
riority in terms of clinical application and mucositis mon-
itoring in patients undergoing cytotoxic therapy.

Candidate biomarkers of mucosal damage

Mucositis has been substantially assessed in the literature;
however, methodology and results are confined predom-
inantly to oral mucositis,>17 ! primarily because of the
relative accessibility of the oral cavity. The inaccessibility
of the gut distal to the oral cavity has rendered that region
of the AT difficult to objectively assess in its entirety. In
addition to the isolation of the intestine, the pathogenesis
of intestinal mucositis differs significantly from that of
oral mucositis in terms of the onset of pain and ulcer-
ation.” The onset of oral mucositis is not an effective
predictor of intestinal mucositis.™’

Conventional techniques that determine GIT func-
tion—such as the very early Crosby capsule, endoscopy,
sigmoidoscopy, and colonoscopy—were advances into
monitoring the health of the bowel.*?? Although endos-
copy and colonoscopy are used widely in clinical settings
to aid the diagnosis of AT conditions, they lack the ability
to assess the intestine in its entirety, as only the proximal
portions of each region can be routinely assessed.* These
techniques have taken time to become established within
oncology treatment settings because of their perceived
risks with respect to invasive procedures during postche-
motherapy neutropenia and thrombocy’copenia.23 In spite
of evidence indicating that these conventional procedures
are safe and effective in postchemotherapy patients,23’24
the current clinical standard technique for assessing the
integrity of the intestine remains the bowel biopsy.4 Bi-
opsies, however, have a number of inadequacies regarding
assessment of bowel function; namely, the procedure is
confined to the proximal portions, is painful and expen-
sive, requires sedation, and provides an indication of
health only in the portion of the bowel that is biopsied.25

Although cytotoxic therapy—induced mucositis is un-
likely to be expressed or quantified by a single parameter,
a single biomarker for intestinal mucositis would be
highly beneficial. Furthermore, biomarkers that not only

www.SupportiveOncology.net



Wardill and Bowen et al

determine the presence of mucositis but also act as a
predictor of injury or damage resolution would be highly
valuable clinically. Such a biomarker would allow for
improved patient monitoring; the formation of a tailored,
personalized, treatment regimen; and possible early re-
lease from the hospital.® Ideally, such an assay would be
tissue specific, would display a dose-response relationship,
would be easily accessible in clinical practice, and would
be independent of experimental conditions, medication,
and nutritional status.”?® In addition, the marker would
preferably be noninvasive in order to preserve patient
comfort and reduce hospital stays and economic impact.”

Sugar permeability test

The permeability of the small intestine has been used to
indicate barrier function in a relatively noninvasive fash-
ion. In a healthy GIT, disaccharides do not cross the
mucosa to any appreciable extent.”” Methods utilizing
differential absorption of monosaccharide and disaccha-
ride in the small intestine, such as L-rhamnose and lac-
tulose, were first implemented to assess sugar permeability
in celiac patients with villous attrophy.28 The sugar per-
meability test measures urinary excretion of orally admin-
istered nonmetabolizable sugars, and as such assesses the
function of the small intestine.”>?’ The dual-permeability
test using L-rhamnose and lactulose determines small
bowel surface area and enterocyte tight junction concen-
tration, 1respectively.29 Several studies have shown relative
success in correlating high-dose chemotherapy effects
(enteropathy and permeability of tight junctions) and
altered monosaccharide and  disaccharide urine
concentrations.”” ! All the studies we reviewed that as-
sessed the efficacy of the sugar permeability tests pro-
duced positive results, highlighting the modified perme-
ability of the proximal small bowel in response to
chemotherapy-induced mucositis. However, the draw-
backs of the sugar permeability test include the need to
collect urine over an extended period of time, as well as a
requirement for highly-specialized equipment to analyze
results.?’

More recently, sucrose has been used to detect small
intestine permeability. Sucrose is a disaccharide molecule
composed of fructose and glucose. As a result of the
actions of sucrase, a brush border enzyme, the sucrose
molecule is destroyed, enabling digestion of its monosac-
charide derivatives. The absorption of intact sucrose im-
plies damage to the epithelium of the proximal small
bowel;?” thus, increased sucrose permeability should, the-
oretically, reflect the presence of AT damage to the prox-
imal small bowel. Sutherland and colleagues showed that
gastric ulcers and severe gastritis were detected by sucrose
permeability, as assessed by urine sample.27 The sucrose
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permeability test does not provide an alternative to tech-
niques such as endoscopy; however, it may present a
clinically useful technique to identify patients who would
benefit from endoscopy, and thus may facilitate early
detection of mucosal damage. Although the sucrose per-
meability test is useful in the assessment of barrier func-
tion, it lacks the ability to provide a sensitive indication of
the absorptive capacity of the small intestine, as it was
unable to reliably detect mild mucosal damage.”’

For the sugar permeability test to be considered effi-
cacious, not only does the insensitivity of the test need to
be addressed, but also research must be extended to
chemotherapy-induced mucosal damage and not be con-
fined to gastritis and other inflammatory GIT diseases.
Additionally, although a urine sample may be an advance
on the repeated blood tests needed to assess plasma
citrulline,>* 5-hour urine collection from cancer pa-
tients is tiresome and often problematic.4 These reasons
reinforce the need for a simple, reliable, and noninvasive
assay for the detection of intestinal mucosal damage.

Hydrogen breath test

The hydrogen breath (H,) test is based on the principle
that an unhealthy or damaged small bowel will malabsorb
ingested sugar substrates. This technique allows an im-
paired small bowel (or one lacking specific transporters) to
be detected by the increased concentration of hydrogen
expelled in the breath, a consequence of the increased
luminal substrate of the malabsorbed sugar component.4
After the intact macronutrient passes through the small
intestine, it reaches the colon where the substrate is me-
tabolized by hydrogen-producing bacteria.** Hydrogen
then enters the venous circulation and is transported to
the lungs, allowing it to be expired.

Although this clinically utilized and harmless test is an
improvement on alternative invasive tests, it is hampered
by its inability to provide a simple measure of intestinal
damage, as it provides a gauge only of the absorptive
capabilities of the small intestine. Additionally, the H,
test relies heavily on the existence of a family of
hydrogen-producing bacteria of the large bowel; these
bacteria are absent in approximately 20% of the
populaltion.“’36 Cancer patients are often prescribed an-
tibiotics that play a role in the falling levels of hydrogen-
producing bacteria as part of a colonic microbi-
ota.**33738% A final inadequacy of the H, test is the
subjectivity and variability in gut flora, which weakens its
reputation as a potentially effective biomarker for
chemotherapy-induced mucosal damage. Tooley and col-
leagues argued that changes in diet can significantly alter
the integrity and profile of gut flora.* As a result, the test
may yield potential false-negative results. It has been
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suggested that a negative H, test may result from shifts in
bacteria profiles and types (eg, methanogen-producing
bacteria).*

13C sucrose breath test

Koetse and colleagues concluded that using the combined
13C-lactose *CO,/H, test provided superior results com-
pared with the H, test alone in determining gastrointes-
tinal damage.*® It was also determined that the use of the
13C lactose test alone lacked the capabilities to be a
suitable marker of epithelial damage in the small bowel, as
80% of nonwhites showed lactase inadequacies in relation
to age.”**” On the other hand, sucrase is a relatively stable
enzyme with similar levels throughout an individual’s
life,** and only 0.2% of the human population have su-
crase deficiencies,””*” suggesting that a test utilizing *C
sucrose would prove to be reliable in the detection of
mucosal damage of the small bowel.

The *C SBT is based on the principles that form the
basis of the sugar permeability tests. The *C SBT relies
on the detection of *CO, in the breath, following an oral
dose of a suitable sugar substrate.’® In a healthy GIT, this
substrate (sucrose) is cleaved into its monosaccharide con-
stituents via the actions of sucrase, a brush border enzyme
of the small intestine.®'® The products are metabolized
by the liver and expired in the breath. Mucositis involving
the small bowel is known to cause villous atrophy and
reduced surface area of the GIT,® which consequently
yields diminished sucrase activity. Therefore, it can be
deduced that reductions in *CO, in expired breath re-
flect reductions in sucrase activity, and hence reflect the
extent of intestinal damage.

The development of the *C SBT occurred initially in
animal models of mucositis, primarily to validate the
biomarker, and then to test the efficacy of antimucositis
agen’fs.“’lf”29 This second outcome is important for the
translation of agents into the clinical arena. This novel
breath test was first implemented in 2004 by Pelton and
colleagues to assess small intestinal sucrase activity in
male Sprague Dawley rats.*' In this study, mucosal dam-
age was instigated via 3 daily subcutaneous injections of
methotrexate (MTX), an active chemotherapy agent that
disrupts normal DNA synthesis via the inhibition of spe-
cific enzymes (eg, dihyfrofolate reductase) that are neces-
sary for maintaining GIT integrity.*” The MTX-treated
rats showed significant impairment in *CO, exhalation,
indicating diminished sucrase activity in the small bowel,
7 days after the treatment.*' The study reported signifi-
cant correlations (R° = 0.92) with histologic and bio-
chemical (in vitro) measurements of GIT damage and
sucrase activity, respectively.41 This objectively indicates a
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strong correlation between levels of expired *CO, and
mucosal damage of the small intestine induced by MTX.
Another study by the same group demonstrated that
calcium folinate ingestion was an effective preventative or
limiting factor in mucositis development. The 13C SBT
was successfully applied, following MTX-induced mu-
cositis in the rat.** Strong correlations (R* = 0.89) were
evident between expired *CO, and the levels of mucosal
damage and sucrase activity, as defined histologically and
biochemically. More importantly, in terms of clinical ap-
plication, the ingestion of calcium folinate prior to MTX
administration completely prevented the onset of MTX-
induced intestinal mucositis.** Therefore, this study dem-
onstrated that the *C SBT not only is a technique that
monitors mucosal damage during cytotoxic therapy, but
also has further applications in the screening of potential
preventive agents that are targeted at minimizing the
adverse effects of chemotherapy, such as mucositis.**
Although the previous 2 studies revealed significant
findings addressing chemotherapy-induced mucositis,
they were limited to just the single chemotherapy agent,
MTX.**” More recently, the >C SBT was successfully
applied by Howarth and colleagues to reflect mucosal
injury induced by a variety of chemotherapy 2Lgents.16
Following a methodology similar to that of previous stud-
ies,"*? the investigators evaluated the 13C SBT as an
indicator for small bowel injury and dysfunction, utilizing
a rat model of chemotherapy-induced mucositis. The
chemotherapeutic agents utilized to induce mucosa dam-
age included MTX, 5-fluorouracil (5-FU), cyclophospha-
mide, etoposide, doxorubicin, irinotecan, and a combined
therapy to reflect combination therapies employed in
modern anticancer regimens.16 The C SBT results re-
flected the time course of damage and repair. The inves-
tigators found a high degree of accordance between *C
SBT results and the more invasive biochemical and his-
tologic measures of GIT damage (R* = 0.82). The use of
a variety of chemotherapy agents is what set this study
apart from past studies, and supported the application of
the *C SBT to a number of chemotherapy agents, not
only antimetabolites (eg, MTX). More importantly, the
use of different classes of chemotherapy agents allowed
the sensitivity of the 13C SBT to be addressed, as different
classes of chemotherapy agents induced varied degrees of
mucosal damage.16 In this study, for example, irinotecan
induced lower than expected damage to the mucosa of the
small intestine. The more invasive histologic and bio-
chemical tests were able to detect these changes, and—
impressively—these alterations were reflected by the *C
SBT. This indicates that the *C SBT is capable of

detecting milder forms of intestinal damage, demonstrating
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TABLE Strengths and weaknesses of key noninvasive tests for the detection of cytotoxic therapy—induced gut

toxicity (mucositis)

Strengths Weaknesses

Sugar
Permeability
Test

Hydrogen Breath
Test

'3C Sucrose
Breath Test

® Noninvasive.

® Assesses barrier function of the small intestine.

® Facilitates early defection of mucosal damage.

o Clinically useful in identification of patients who
would benefit from further investigation (eg
endoscopy).

® Noninvasive.

® Assesses small bowel function.
o Clinically applied.

® Minimal patient risk.

o Simple breath test.

o Cost effective.

® Based on sucrase, a highly stable enzyme
present in 99.8% of population.

® Assesses both function/integrity and absorptive
capacity of small intestine.

® Detects time course of both damage and repair.

® Detects mild forms of toxicity (sensitivity).
® Successful in vivo application with various

® No alternative to invasive techniques.

@ Indirect measure of small intestine damage; does
not clearly describe functionality of small intestine.

® Tiresome, problematic regular urine collection.

® Relatively nonspecific.

o Reflects only absorptive capacity of the small bowel.

@ Relies on the existence of hydrogen-producing
bacteria of the large bowel (absent in 20% of the
population).

o Risk of false negatives from antibiotic interference or
variability of the gut microflora.

o Clinical assessment limited to certain populations.

® Frequency of breath tests may be problematic for
patients.

® Highly specialized equipment required.

® Lacks investigation for radiotherapy- and
myeloablative therapy-induced gut toxicity.

® Relies on hepatic and respiratory function (hepatic
function often compromised following cytotoxic
therapies).

chemotherapeutic agents.
o Clinical application.
® Monitoring and screening potential.

its superiority as a potential biomarker for cytotoxic
therapy—induced mucosal damage.

Recently, Tooley and colleagues conducted the nonin-
vasive 1°C SBT in rates at 3 time points—prior to tumor
inoculation, prior to MTX administration and prior to
sacrifice—to monitor gut function in the setting of cyto-
toxic-therapy—induced intestinal mucositis.** In addition
to significantly decreased body weight, sucrase and my-
eloperoxidase activity, and tumor progression, the results
indicated that MTX-treated rats also had significantly
lower SBT levels.

A subsequent study conducted by Yazbeck and col-
leagues assessed the applicability of the SBT to monitor
gut function in response to an antimucositis agent (pali-
fermin).** Results showed reduced *C SBT values in
5-FU-treated rats, compared with untreated controls
(P < .05), which suggested that the "*C SBT can monitor
the function of the gut in the setting of cytotoxic therapy—
induced mucositis. These results also highlighted the abil-
ity of the 13C SBT to monitor the ability of antimucositis
agents to modify the functional capacity of the intestine in
rats with intestinal mucositis.

The C SBT has recently been applied to pediatric
cancer patients in a clinical setting.45 Although this study
was somewhat limited by a relatively small sample size
containing only children, it was able to verify the success-
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ful application of the 13C SBT, with findings indicating
that for the first time, it was possible to noninvasively
detect and monitor chemotherapy-induced mucosal in-
jury. In addition, the investigation highlighted the sensi-
tivity of the 13C SBT, with the test’s detection of the
onset of intestinal mucositis before clinically observable
disease was ]‘:)res«f:nt.“5 Larger randomized clinical studies
are now warranted in both the pediatric and adult cancer
setting to confirm these encouraging findings.

The successful clinical application of the *C SBT
suggests that it has significant potential as a noninvasive
biomarker to detect and monitor mucosal damage of the
AT in cancer patients undergoing chemotherapy regi-
mens (Table). This test is cost effective, easy to admin-
ister, and well-tolerated by patients. However, although
the 3C SBT has shown promise as a potential biomarker,
it does have some limitations that need to be addressed in
future studies. One of the major drawbacks is the time
frame for the test, with patients required to have their
breath collected every 15 minutes for 2 hours on multiple
testing occasions. Secondly, highly specialized equipment
(an isotope ratio mass spectrometer) is required for anal-
ysis of the samples (Table). #1424

A further significant limitation is that the underlying
mechanism by which the 13C SBT detects chemotherapy-

induced mucositis relies heavily on both respiratory and
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hepatic function. It has been well documented that cyto-
toxic therapies are associated with a high prevalence of
heptaxocity including chemotherapy-associated liver in-
jury resulting in adverse outcomes including toxic hepa-
titis,*® hepatic steatosis and steato-hepatitis;*’ (McBride
and colleagues, unpublished data, 2012); therefore, an
assessment of liver function would be required for the *C
SBT to be applied universally. However, there currently
are no preventive or treatment options for chemotherapy-
associated hepatotoxicity, and little research exists on the
underlying pathobiological mechanisms.*® Likewise, be-
cause respiratory function is highly variable within pa-
tients, both hepatic and respiratory dysfunction may play
a role in the applicability of the test.*®

These caveats need to be addressed before the *C
SBT could be fully implemented as an effective clinically
relevant biomarker (Table). In addition, to be widely
accepted into the oncologic arena, it requires further pre-
clinical and clinical research in different study populations
including adults, in hematologic cancers,
radiotherapy-induced gut toxicity.

and in

Conclusion

This review has provided a critical analysis of breath and
urine biomarkers for cytotoxic therapy-induced mucosal
damage. Although it is unlikely that such damage is to be
expressed by a single parameter, the >C SBT is emerging
as the most effective quantitative marker of mucosal dam-
age. The *C SBT has been successfully applied to a
variety of experimental and clinical settings, highlighting
its sensitivity and ability to detect and monitor small
bowel function as affected by different classes of chemo-
therapy agents.*"*** The **C SBT provides an easy and
cost-effective means of detecting mucosal damage, as well
as providing an early indication of intestinal injury.* The
13C SBT has proved to be a suitable technique for the
assessment of the stages of mucosal damage and its se-
verity, perhaps allowing for therapeutic intervention to
form more effective chemotherapy regimens. Addition-
ally, the 13C SBT has been used to monitor small bowel
function in the presence of a range of developing an-
timucositis agents such as calcium folinate. For these
reasons, we propose that the 3C SBT is a promising
candidate biomarker of small bowel function, and can
be applied in clinical practice for the examination of
mucositis that develops in patients who are undergoing
cytotoxic therapy.
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