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Abstract

Mucositis is a common side-effect of cancer chemotherapy and radiotherapy. Features of mucositis include erythema, ulceration,
and inflammation of the gastrointestinal tract accompanied by clinical symptoms of abdominal pain and digestive disturbances.
New treatment strategies are required. Experimental evidence is accumulating showing therapeutic promise for new nutraceu-
tical agents including probiotic bacteria, probiotic-derived factors, prebiotics, and plant extracts. However, the targeted develop-
ment of new combinations of these agents (synbiotics) to combat mucositis remains largely unexplored. The current review
addresses the potential for these nutraceutical agents to reduce the severity of chemotherapy-damaged mucositis by strategically
aligning their underlying mechanism of action with features of mucositis pathogenesis. The potential for certain plant extracts to
act as prebiotics, in combination with probiotics or their derived factors, is further investigated. These unique synbiotic formula-
tions could form the basis of a new naturally sourced adjunctive approach to cancer chemotherapy.
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Cancer and Mucositis

Cancer is medically known as a malignant neoplasm that results
from abnormal unregulated cell growth." These transformed cells
can metastasize to the surrounding uninvolved tissues via the
lymphatic system or bloodstream.” Cancer types include bladder
cancer,’ lung cancer,” breast cancer,’ colon and rectal cancer,’
non-Hodgkin lymphoma,” endometrial cancer,® pancreatic can-
cer,’ kidney cancer,'? prostate cancer,!! leukemia,'? and thyroid
cancer."?

Treatment approaches for malignancies include surgery,
chemotherapy, radiation therapy, immunotherapy, and mono-
clonal antibody therapy.'*'® Chemotherapy is employed
widely in cancer management.'” However, its effectiveness is
often limited by its toxicity to other normal, healthy cells and
tissues.'” The toxicity to the digestive tract is termed mucositis.

Mucositis

Chemotherapy drugs are used to limit the proliferation of tumor
cells. However, these drugs coincidentally impair populations of
normal cells such as enterocytes.'® Mucositis is a common side-
effect of cancer chemotherapy. It causes painful inflammation
and ulceration of the mucous membranes lining the digestive
tract.'® The term alimentary mucositis describes the damage that
occurs along the entire gastrointestinal tract. Mucositis can also

affect the mouth, referred to as oral mucositis.'*?° The current
review focuses mainly on gastrointestinal mucositis.

A significant number of patients undergoing chemotherapy
(40% to 100%) experience different stages of mucositis,
depending on the dose and types of chemotherapeutic agent
employed.?'

Intestinal damage caused by chemotherapy can manifest in
several ways. For example, chemotherapy has been reported to
trigger the death of normal rapidly dividing cells, especially
those lining the gastrointestinal tract.>> Chemotherapy has also
been demonstrated to change the gut microbiota communities
in human individuals and intestinal mucin levels in rats.**~*
This damage is responsible for breaches to the intestinal
barrier, accompanied by increases in intestinal permeability
in cancer patients undergoing chemotherapy.?® Subsequently,
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chemotherapy-induced intestinal impairment provides a con-
duit for entry of pathogenic bacteria into the systemic circula-
tion, with pro-inflammatory cytokine release and associated
inflammation.?® In addition, oxidative stress contributes to fur-
ther intestinal injury.?® Considered together, damage induced
by chemotherapy may lead to intestinal dysfunction, inflamma-
tion, and an impaired immune system.>>?>

Cancer patients undergoing chemotherapy usually experience
symptoms that include abdominal distension, nausea, dysphagia,
loss of taste, reduced oral intake, weight loss, and malnutri-
tion.”>*” Moreover, patients can also experience diarrhea caused
by electrolyte imbalance, bleeding from intestinal ulcerations,
and bacterial sepsis.>*® Indeed, death may even occur.*?

Pathogenesis of Mucositis

To reduce the severity of mucositis, it is important to under-
stand the pathophysiology of this condition. Sonis®® in 2004
summarized the 5 stages of chemotherapy-induced mucositis.
Briefly, the first stage is an “initiation phase,” associated with
an increased level of reactive oxygen species and DNA damage
to intestinal cells and tissues. The second stage is the “upregu-
lation and message generation phase” characterized by the
production of cell transcription factors such as nuclear factor
k-light-chain-enhancer of activated B cells. Together with
apoptosis, the mucosa becomes more friable and the patient
begins to feel pain. The third stage is the “signaling and ampli-
fication phase.” During this stage, levels of tumor necrosis fac-
tor-o are increased, together with increased levels of nuclear
factor k-light-chain-enhancer of activated B cells, resulting in
further cell apoptosis and tissue injury beneath the mucosal
surface. This is followed by the “ulceration and inflammation
phase,” which is associated with bacterial colonization and the
production of pro-inflammatory cytokines such as interleukin-1
and tumor necrosis factor-o. Together this can result in
bacteremia, sepsis, and breached mucosa integrity. The final
stage is a healing phase, whereby the intestinal epithelium
begins to recover and the normal homeostasis is restored in
the gut microbiota.>’

Treatment of Mucositis

Interest in studying oral mucositis has grown steadily?’-%;

however, in contrast, research into treatments for gastrointest-
inal mucositis has received less attention. To date, treatment
approaches for gastrointestinal mucositis have mainly focused
on the identification of agents with the potential to protect the
mucosa and promote the repair process, without compromising
the cytotoxic effects of chemotherapy. Several growth factors
such as milk growth factors and insulin-like growth factor-
1283132 have exhibited the potential to promote differentiation
and proliferation of epithelial cells affected by chemotherapy.
Moreover, new nutraceuticals have recently been tested in
experimental models for their effects against mucositis. These
include probiotic preparations such as VSL#3,> Streptococcus
thermophilus,>* Lactobacillus spp., and Escherichia coli Nissle

1917°° together with prebiotics such as fructo-oligosaccharide.*®
Moreover, recently, probiotic-derived factors have begun to
show promise at preventing mucositis in vivo and in vitro.**>’
In addition, there are now early indications that antioxidant and
anti-inflammatory constituents in plant extracts, such as
Iberogast®® and grape seed extract,*® and animal-sourced oils,
such as Lyprinol*® and Emu oil,*' could have utility in
preventing mucositis.

In this review, certain probiotic strains, probiotic-derived
factors, and plant extracts will be explored for their potential
to ameliorate mucositis. The different nature and origins of
these agents would suggest that the severity of mucositis could
be reduced through different pathways. Thus, the strategy of
using strategically defined combinations of these nutraceuti-
cals, such as combinations of probiotics/probiotic-derived
factors and plant extracts, could be more effective than the
individual agents in protection from mucositis.

Probiotics and Mucositis

Probiotics are living microorganisms that, when administered
in a sufficient amount, confer health benefits to the host.** Lac-
tobacillus and bifidobacterium genera have been found to be
the most effective probiotics. Lactococcus, streptococcus, and
enterococcus species, as well as some nonpathogenic strains of
Escherichia coli and some bacilli and yeast strains, may also
meet this definition.*’

The beneficial properties of probiotics have been studied over
decades. It is believed that probiotics have the potential to main-
tain a healthy gut microbiota, and most importantly reduce the
severity of certain disorders, which include gastrointestinal dis-
eases such as inflammatory bowel disease, diabetes, and atopic
diseases.***° Indeed, Escherichia coli Nissle 1917 has been pre-
scribed widely for the treatment of inflammatory bowel disease
in some countries, including Germany.*’

The mechanisms of probiotic action have been summarized
by Howarth in 2010.® Briefly, certain probiotics have the abil-
ity to adhere to the intestinal-lumen interface, compete with
pathogens for nutrients and binding sites, enhance mucosal bar-
rier function, modulate cell kinetics by adjusting the prolifera-
tion to apoptosis ratio, and promote innate and adaptive
immune responses. Based on these features, it is possible to
speculate that probiotics, especially some newfound probiotic
strains, could hold the potential to reduce gut damage from
chemotherapy administration.

Prisciandaro et al reviewed evidence supporting the use of
probiotics for the potential prevention and treatment of
chemotherapy-induced mucositis.*’ The current review extends
this strategy to include recently identified probiotics and the
added potential for these bacteria to be more effective when admi-
nistered in combination with certain antioxidant plant extracts.

Competition With Pathogens for Binding Sites

It has been reported that mucin binding proteins can be identi-
fied from probiotics such as Bifidobacteria bifidium species
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and Lactococcus lactis ssp. lactis BGKP1, contributing to bind-
ing properties in vivo and in vitro.’>*! In addition, a few Lac-
tobacillus spp. and Bifidobacterium spp. were found to inhibit
the growth of certain intestinal pathogens, including Escheri-
chia coli and Salmonella spp., in laboratory experiments.”*>>
Probiotics may therefore compete with pathogens for binding
sites and nutrients, potentially decreasing the likelihood of
pathogen infection and secondary infections associated with
chemotherapy.

Probiotic Versus Microbiota

Chemotherapy tends to alter the composition of the microbiota
toward a more pathogenic community. For example, decreases
of Clostridium spp., Lactobacillus spp., and Streptococcus spp.
and an increase in Escherichia spp. were found in the jejunum
of 5-fluorouracil-injected rats.** Administration of probiotics
(Bifidobacteria and Lactobacillus), for 7 days after elective
laparoscopic radical surgery for colorectal cancer, significantly
modified the fecal microbiota by increasing numbers of Bifido-
bacterium, Lactobacillus, and Enterococcus and decreasing
Escherichia coli and Staphylococcus aureus.> Thus, certain
probiotics could potentially restore and normalize the
chemotherapy-affected gut microbiota.

Maintenance of the Gut Barrier

Breach of the intestinal barrier has always been a serious issue
for cancer patients undergoing chemotherapy.?® Disturbed
mucin secretion, goblet cell production, and enterocyte tight
junction proteins amplify the risk of bacterial infection and
translocation into surrounding tissues.”**° Some probiotic
strains such as Lactobacillus plantarum spp., and the probiotic
mixture VSL#3, have demonstrated capacities to modulate
tight junction proteins such as occludin, zonula, occludens-1,
claudin-1, claudin-2, claudin-4, junction adhesion molecule-
A, and F-actin, which are important in building the physical
connections between epithelial cells for normal gut permeabil-
ity.”>>7 VSL#3 increased expression of the epithelial tight
junction protein, occludin, and downregulated expression of
claudin-2, which attenuated increased gut permeability in mice
with experimentally induced Crohn’s disease.”® Moreover, cer-
tain probiotics have the ability to maintain intestinal mucin lev-
els, which may be influenced by chemotherapy.

The capacity for probiotic strains such as Lactobacillus spp.
and Clostridium tyrobutyricum to adjust mucin secretion could
therefore play a pivotal role in restoring microbiota composi-
tion and mucosal immunity in chemotherapy-treated
patients.”®*° Furthermore, certain probiotics have the potential
to modulate cell kinetics by adjusting homeostasis between
apoptosis and proliferation. For example, Lactobacillus rham-
nosus regulated cellular proliferation and migration and
mitogen-activated protein kinase pathways, responsible for cell
proliferation, differentiation, and cy‘foprotection.él’(’2 In con-
trast, some other probiotic mixtures such as kefir were found
to reduce the incidence of apoptosis in heart tissues by

controlling the activities of pro-apoptotic proteins such as Bax,
bad, cytochrome ¢, and caspase-3 in ovalbumin-treated rats.®?
Considered together, an imbalance in the ratio of enterocyte
apoptosis to proliferation, induced by chemotherapy, could
potentially be restored by the intake of certain probiotics.

Probiotics and Immunity

Administration of certain probiotics can enhance innate immu-
nity by increasing numbers and activities of immune cells and
mediating inflammation.*® In addition, probiotics may improve
adaptive immune function by modulation of antigen-specific
antibodies.”® For example, numbers of circulating natural killer
cells and immature T cell subsets increased in elderly individ-
uals ingesting Lactobacillus delbrueckii subsp. bulgaricus
8481 for 6 months.*> Moreover, the immune risk phenotype,
characterized by an inverted CD4/CDS ratio, an increase of
CD8+4CD28™!" T cells, and cytomegalovirus infection was also
amplified in the same study.**** Furthermore, administration
of Clostridium tyrobutyricum depressed expression of pro-
inflammatory cytokines such as tumor necrosis factor-o. and
interleukin-18 in the descending colon of dextran sodium
sulfate—treated mice.’® Similar results have also been described
in cytokine-mediated gastrointestinal diseases,®> alcohol-
induced inflammation,’®®” and even chemotherapy-induced
mucositis.>* Besides, administration of probiotics (Jinshuangqji
tablets) for 7 days significantly improved levels of IgA, IgG,
IgM, interelukin-2, and CD4+ in the serum of colorectal cancer
patients, demonstrating the capacity for probiotics to modulate
adaptive immunity.>*

Probiotic-Derived Factors

Probiotic-derived factors are proteins or other molecules
released from living probiotics, with the potential to confer
health benefits to the host. Investigation of these factors could
be used to achieve therapeutic benefits while avoiding risks
related to the administration of live bacteria.*® Identification
of specific probiotic-derived factors also provides an opportu-
nity to better understand mechanisms of probiotic action.

Competition With Pathogens

Bacteriocins, such as reuterin and other proteinaceous mole-
cules, have been shown to inhibit the adhesion and viability
of known enteric pathogens.**®® Lactobacillus acidophilus
ATCC 4356 releases a proteinaceous molecule that inhibited
the activity of 8 of the human Campylobacter jejuni strains
affecting Caco-2 cells.*” Moreover, other strains of Lactobacil-
lus spp. produced non-lactic acid molecules in their cell-free
cultured supernatants, which were responsible for killing activ-
ity against pathogenic Salmonella enterica serovar Typhimur-
ium SL1344.7%7" Together, these probiotic-derived factors
both restricted the activity and killed certain pathogens, thereby
decreasing the likelihood of infection, potentially reducing
bacterial invasion caused by chemotherapy.
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Maintenance of the Gut Barrier

Modulation of the mucus layer, tight junctions, and gut perme-
ability by probiotic-derived factors play an important role in
the maintenance of gut integrity. These factors could therefore
potentially ameliorate the gut damage induced by chemother-
apy.*® Administration of Lactobacillus rhamnosus supernatants
to alcohol-treated mice altered intestinal tight junction proteins
by increasing ileum mRNA levels of claudin-1.°7 Moreover,
mRNA levels of intestinal trefoil factor, P-glycoprotein, and
cathelin-related antimicrobial peptide were also restored by
Lactobacillus rhamnosus supernatant pretreatment.®” In addi-
tion, Lactobacillus rhamnosus supernatants prevented barrier
dysfunction of Caco-2 cell monolayers, induced by alcohol.”
Certain proteinaceous factors extracted from Clostridium
butyridium CGMCCO0313-1 have been reported to augment the
expression of A20 in HT-29 cells, which is important in the
maintenance of barrier function.”> Together, these in vitro
results demonstrate the potential for probiotic-derived factors
to maintain the intestinal barrier following chemotherapy-
induced gut damage in vivo and in vitro.

Cell Kinetics

Two novel proteins, p75 (75 kDa) and p40 (40 kDa), released
from Lactobacillus rhamnosus, have been reported to promote
the propagation of epithelial cells and prevent apoptosis of
epithelial cells induced by tumor necrosis factor-o.>> More-
over, a recent study by Lebeer et al found that p75, renamed
as Mspl, secreted by Lactobacillus rhamnosus, is an O-glyco-
sylated protein.”* Glycosylation of Mspl plays an important
role in communication between the microbe and the host.”*
In addition, Prisciandaro et al recently reported that superna-
tants from Lactobacillus rhamnosus and Escherichia coli
Nissle 1917 significantly decreased caspase 3/7 activity after a
challenge by the chemotherapy antimetabolite, 5-fluorouracil,
in the IEC-6 cell line, showing their potential ability to prevent
or inhibit enterocyte apoptosis induced by chemotherapy.>”

Immunity

Probiotic-derived factors have been shown to influence
pathogen-induced or oxidative stimuli-induced inflammation.
Several metabolites (<3000 Da), released from Bifidobacter-
ium breve and Streptococcus thermophilus, have demonstrated
the ability to inhibit tumor necrosis factor-o. secretion from
lipopolysaccharide-affected peripheral blood mononuclear
cells or the THP-1 cell line.”” In addition, these factors
(metabolites) were reported to suppress lipopolysaccharide-
FITC (a fluorescent marker by flow cytometry) binding to
THP-1 cells and also to inhibit nuclear factor-xB activation.
Moreover, Lactobacillus reuteri—formed biofilms have been
shown to decrease tumor necrosis factor production in
lipopolysaccharide-activated monocytoid cells.”® Caco-2 cells
pretreated with spent culture supernatants of Lactobacillus
plantarum 2142 for 1 hour decreased interleukin-8 synthesis

and, in addition, induced expression of Heat-shock protein
(Hsp) 70.”” More recently, probiotic Lactobacillus paracasei
CNCM 1-4034 cell-free supernatants reduced pro-inflamm
atory tumor necrosis factor-o. and chemokine MCP-1 in human
dendritic cells challenged with enteropathogenic Salmonella.”
Interestingly, these supernatants produced similar beneficial
effects to their living “parent” probiotic, Lactobacillus para-
casei CNCM 1-4034.

Probiotic-derived factors from Bifidobacterium bifidum
LMG13195 could be a potential immunoregulator in vitro.
These soluble factors, after being previously cocultured with
HT29 cells, enhanced numbers of CD4"CD25"2" cells expres-
sing chemokine receptor Treg markers in human peripheral
blood mononuclear cells.” Probiotic-derived factors could
therefore exert similar effects to their parent probiotic counter-
parts by modulating immune cells to reduce inflammation and
restore immunity affected by chemotherapy.

Prebiotics

Prebiotics are indigestible compounds that “selectively stimu-
late the growth and/or activity of microbial species in the gut
microbiota and confer health benefits to the host.”*° Prebiotics
must be neither hydrolyzed nor absorbed in the proximal
gastrointestinal tract, must be selectively fermented by one or
a limited number of beneficial bacteria in the intestine, and
be able to alter the colonic microbiota toward a healthier
composition.®*®#! Prebiotic compounds include inulin,®* a plant
derived fructan; lactulose®’; galacto-oligosaccharide84; and
fructo-oligosaccharide.® Other compounds studied for their
prebiotic potential include arabinoxylan-oligosaccharides,®®
chito-oligosaccharides,®” epilactose,*® germinated barley food-
stuff,®” mannan-oligosaccharides,” sialyl-oligosaccharides,’’
xylo-oligosaccharides,”” and p-1,4-mannobiose.”

The potential role of prebiotics in mucositis treatment has
recently (2012) been reviewed comprehensively by Wang
et al.” Briefly, prebiotics have the ability to modulate probiotic
bacteria by selective colonization of the intestinal microbiota,
thereby decreasing chemotherapy-induced intestinal dysbiosis.
Prebiotics could therefore maintain homeostasis of the gut
microbiota following induction of mucositis. Moreover, certain
prebiotics play an important role in the digestion and absorp-
tion of nutrients in the gut’> and modulate intestinal barrier
function through effects on mucin expression®® and modifica-
tion of mucosal immune responses.’’ Prebiotics could therefore
become new nutraceuticals in terms of the amelioration of
mucositis. Howarth recently proposed the importance of
inflammasomes in mediating inflammation by prebiotics.
However, further studies are required to determine the underly-
ing mechanism of prebiotic action in the prevention and/or
treatment of mucositis.”®

Plant Extracts and Their Active Constituents

Many natural plant extracts have demonstrated medicinal uses
at inhibiting the viability of pathogens.’® These include Cat’s
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Table 1.
Compounds.

Classification and Chemical Structure of Phenolic

Classification Chemical Structure

Plant Example

Phenolic compounds

(Simple phenols)

Flavonoids and many others

(Flavonoids)

Flavonols (ketone group)

(Flavonols; ketone group)

o

(Flavanols; non-ketone group)

Flavanols (non-ketone group)

Proanthocyanidins
(high-molecular-weight polymers)

(Proanthocyannidins)
Free radical scavenging
Antioxidant
Antibacterial and antiviral

Anti-inflammatory
Anti-carcinogenic

Anti-allergenic

Vasodilatory

Adapted from Fine AM. Oligomeric proanthocyanidin complexes: history,
structure, and phytopharmaceutical applications. Altern Med Rev. 2000;5:144-151.

claw (Uncaria tomentosa), Maca (Lepidium meyenii), and
Dragon’s blood (Crofon lechleri). However, in this review,
we focus on the potential of readily accessible plant extracts,
such as grape seed extract and Iberogast (and their commonly
shared active constituents), to reduce the severity of gastroin-
testinal mucositis.

Phenolic compounds or polyphenols are widely distributed
in the plant regime.'®’ They are characterized by the presence
of multiple phenol structures. Flavonoids are one type of phe-
nolic compounds, which can be classified into flavonols,

flavanols, and many others. Flavonol comprises a ketone group
(RC(=0)R"); flavanol or flavan-3-ols (catechins) belong to the
flavonoid classification and are structurally similar to flavonol,
but they are in the non-ketone group (Table 1)."°!

In chemical structure, single-molecule flavan-3-ol adds
hydroxyls (-OH) becoming catechin or its isomer, epicatechin.
Procyanidins, members of the proanthocyanidins, are concen-
trated polymers formed from the monomers catechin and epica-
techin.'® Therefore, catechin trimers become oligomeric
proanthocyanidin complexes and higher order polymers
become anthocyanidins (Table 1).'%2

The most significant effect of procyanidins/proanthocyani-
dins is that they possess reactive oxygen species free radical
scavenging ability. This results from antioxidant activities in
many plant-sourced extracts including grape seed extract, Cat’s
Claw, Maca, and Dragon’s Blood.'%1% The antioxidant abil-
ity of plant extracts against reactive oxygen species is eluci-
dated in the following sections.

Effects of Active Constituents of Plant Extracts on
Reactive Oxygen Species

Reactive oxygen species are chemically reactive molecules
(free radicals) containing oxygen such as oxygen ions and per-
oxides. Oxidative stress plays an important role in the patho-
genesis of disorders, which include rheumatoid arthritis,
asthma, psoriasis, and contact dermatitis.'® Chemotherapy
generates reactive oxygen species, which can initiate a series
of biological actions.?’ For example, reactive oxygen species
induce neutrophil infiltration and pro-inflammatory cytokine
production, such as tumor necrosis factor-o.. Increased tumor
necrosis factor-o in the submucosa activates and amplifies tran-
scription factors such as nuclear factor-kB. This is thought to
induce cell apoptosis, leading to breakdown of the intestinal
epithelial monolayer, intestinal barrier damage, pathogen inva-
sion, and clinical manifestations of mucositis.?%*'°71%® Further-
more, reactive oxygen species potentially reacts with
macromolecules of the gut mucosa, such as lipids, proteins, and
nucleic acid, and causes lipid peroxidation, which has a role in
destruction of the intestinal epithelium.**'% Therefore, over-
production of reactive oxygen species plays an important role
in the pathogenesis of chemotherapy-induced gut damage.

Many studies have reported the antioxidative properties of
phenolic compounds. Phenolic substances such as procyanidins
interact with the polar head group of phospholipids in cell
membranes to exert their antioxidant effects.''® Verstraeten
et al''! showed that dimer and trimer procyanidins protected
the bilayer from oxidant-induced stress by interacting with
membrane phospholipids. Facino et al''? reported that a
procyanidin-enriched diet fed to rats was associated with
increased antioxidant activity in the plasma and reduced
cardiac damage. Similar results were obtained by Busserolles
et al,'"® who fed rats procyanidin-rich extracts for 8 weeks.
Plasma antioxidant capacity was higher in rats than those fed
the control diet, indicating the antioxidant effect of plasma
procyanidins in vivo.'"?
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Malondialdehyde level is a presumptive marker for lipid
peroxidation that results from lipid-free radical interaction.'%®
Kalin et al reported the ability of proanthocyanidins to decrease
malondialdehyde levels.'®® This has also been demonstrated by
Gulgun et al,'®” who showed that proanthocyanidins decreased
mucosal damage and oxidant stress from the chemotherapy
drug methotrexate through decreasing lipid peroxidation. Addi-
tionally, proanthocyanidins significantly inhibited toxicity
from cancer chemotherapeutic drugs (Idarubicin and 4-hydro-
xyperoxycyclophosphamide) through increased expression of
the anti-apoptotic protein, Bcl-2."'* Furthermore, Kalin
et al'®® concluded that proanthocyanidins decreased the induc-
tion of adhesion molecules such as ICAM-1, VCAM-1, and
E-selectin, which are responsible for damage to the vascular
endothelium.

Procyanidins/proanthocyanidins also exert anti-inflammatory
and anti-ulcerogenic effects.>*'%’ Bak et al''® showed that pro-
cyanidins from wild grape seeds exhibit a chemopreventive
character, due to an increase in nuclear factor E2—related factor
expression. Nuclear factor E2-related factor is related to the
antioxidant response element, which mediates expression of
phase II detoxifying/antioxidant enzymes, such as NAD(P)H:
quinone oxidoreductase-1 (NQOI) and heme oxygenase-1
(HO-1). These enzymes play a vital role in cell protection and
cancer prevention. Furthermore, it is believed that proanthocya-
nidins exert an antithrombotic effect and can improve mucosal
blood flow, which may contribute to antiulcer effects.'® In an
in vivo study, proanthocyanidins exerted antiulcer effects on the
gastric mucosa, through significantly inhibiting myeloperoxi-
dase activities (as an inflammatory indicator) and stimulating
superoxide dismutase activities (as an antioxidative indicator)
in rats."'® It was reported that proanthocyanidin decreased leuko-
cyte infiltration and tumor necrosis factor-a. and interleukin-1
(pro-inflammatory factors), CINC-1 (an important mediator that
promotes migration of neutrophils), and nitrite levels in the
pleural exudation, which occurred after a carrageen-induced
acute inflammatory reaction in rats."'” These results further sup-
ported the anti-inflammatory effects of proanthocyandins.

In summary, phenolic compounds possess antioxidant, anti-
inflammatory, and anti-ulcerogenic properties. These proper-
ties of procyanidins/proanthocyanidins are partly contributed
by their free-radical scavenging characteristics, modulating
apoptotic regulatory genes such as bcl-2 and p53, thereby influ-
encing the production of pro-inflammatory factors such as
tumor necrosis factor-o. and interleukin-1p.'"%'"*  Plant
extracts, which contain these active constituents, could there-
fore be of benefit in treating or preventing mucositis.

Plant Extracts and Intestinal Mucositis

Very few studies have tested the effects of plant extracts on
mucositis. Cheah et al*” studied the potential for grape seed
extract to protect the rat intestine from 5-fluorouracil-induced
intestinal damage in vitro and in vivo. These investigators
reported that grape seed extract had the ability to restore
IEC-6 cell viability following damage by 5-fluorouracil,

indicating that grape seed extract was partially effective against
this chemotherapy drug in vitro. Additionally, grape seed
extract showed the ability to reduce 5-fluorouracil-induced
intestinal myeloperoxidase activity, an indicator of inflamma-
tion. Furthermore, grape seed extract was found to remain
active in the large bowel.>* Moreover, Gulgun et al showed
promising results for proanthocyanidins in improving
methotrexate-induced intestinal damage in rats.'® Proantho-
cyanidins reduced methotrexate-induced inflammation and
associated ulceration and normalized the activities of superox-
ide dismutase and glutathione peroxidase. This indicated that
proanthocyanidins amplified the defense system against oxida-
tive stress and also decreased lipid peroxidation following
methotrexate-induced damage.'®’

Iberogast, also known as STWS5, is a mixture of 9 different
herbal extracts containing bitter candytuft (Iberis amara),
angelica root (Angelicae radix), milk thistle fruit (Cardui mar-
iae fructus), celandine herb (Chelidonii herba), caraway fruit
(Carvi fructus), liquorice root (Liquiritiae radix), peppermint
herb (Menthae piperitae folium), balm leaf (Melissae folium),
and chamomile flower (Matricariae flos)."'® Tberogast modu-
lates gastrointestinal motility and restricts gastric acid produc-
tion. It also possesses anti-inflammatory, antioxidative, and
free radical-inhibiting properties. The active compounds in
Iberogast, especially flavonoids, are believed to contribute to
its pharmacological properties in the therapy of several gastro-
intestinal conditions such as functional dyspepsia and irritable
bowel syndrome.''® Indeed, recently, Iberogast has been tested
for its therapeutic efficacies on 5-fluorouracil-induced mucosi-
tis in rats.*® Iberogast improved the histopathological features
of mucosa, which were damaged by 5-fluorouracil injection.
Villus height and crypt depth were increased significantly in
Iberogast-fed rats treated with 5-fluorouracil.*® However, other
indicators of mucositis were unaffected by Iberogast in
5-fluorouracil-treated rats.*® These results indicate that Ibero-
gast may possess the potential to reduce the severity of
chemotherapy-induced mucositis; however, further studies on
dose and frequency of administration are warranted.

Other plant extracts such as glycolipid extracts from spi-
nach, which comprise high levels of glycoglycerolipids, have
revealed antioxidative and anti-inflammatory effects in the 5-
fluorouracil setting in vivo and in vitro. Mucosal injury, such
as villous atrophy and misaligned crypts in the jejunum of rats
affected by 5-fluorouracil, were ameliorated significantly in
rats fed glycolipid extracts.''® Moreover, glycolipid extracts
reduced mRNA expression of inflammatory cytokines such
as interleukin-loe and tumor necrosis factor-oo caused by 5-
fluorouracil injection in the same group of rats. In addition, the
active constituents of spinach extract, such as monogalactosyl-
diacylglycerol and diglactosyl-diacylglycerol, inhibited the
production of reactive oxygen species in phorbol ester chal-
lenged Caco-2 cells.'" Furthermore, following 5-fluorouracil
administration, hamsters fed Eriobotrya japonica seed extract
showed no epithelial tissue defects or bacterial infections at the
local site of mucositis in the oral cavity.'?° Plasma lipid perox-
ide levels were also decreased significantly in the same
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group.'?® Moreover, in a clinical trial, the severity of radi-
ation-induced mucositis was attenuated in patients, as mea-
sured by significantly decreased serum interleukin-6 levels,
following gargling and ingestion of indigowood root (Isatis
indigotica Fort.)."!

In summary, certain plant extracts such as grape seed extract
and Iberogast have revealed anti-inflammatory and antioxidant
effects on chemotherapy-induced mucositis. These plant
extracts could be a potential new prophylactic treatment strat-
egy for intestinal mucositis,>® although further research is
required. Further studies should focus on identifying the bioac-
tive constituents involved together with the identification of
further, as yet untested plant extracts.

Combinations of Probiotics/Probiotic-
Derived Factors and Plant Extracts

Synbiotics are defined as strategically-identified symbiotic
combinations of probiotics and prebiotics. Synbiotics may be
exhibit greater potency compared to the sum of each individual
agent. Shimizu et al recently elucidated the importance of syn-
biotics in the maintenance of gut health and treatment of criti-
cal illnesses such as septic complications.'** Fermented milk
supplemented with 2 probiotic strains, Bifidobacterium lactis
Bi-07 and Lactobacillus acidophilus NCFM, and a prebiotic,
isomaltooligosaccharide, administered to healthy adults and
mice improved intestinal health as indicated by increases in
fecal bifidobacteria and lactobacilli and decreases in enteroba-
cilli.'*® Humoral and cell-mediated immunity have also been
improved by the same tested synbiotics in mice.'**> The combi-
nation of Lactobacillus acidophilus and ginger extract
improved ulcer index, mucus secretion, oxidative stress, and
histopathological parameters, when compared with the individ-
ual agents, in a gastric ulcer setting in rats.'**

Very few studies have described the effects of synbiotics on
reducing the severity of mucositis. Smith et al tested the com-
bination of Lactobacillus fermentum BR11 and the prebiotic,
fructo-oligosaccharide, in 5-fluorouracil-injected rats.*® These
investigators found that Lactobacillus fermentum BRI11 par-
tially reduced the inflammation caused by 5-fluorouracil in the
small intestine in rats. However, the combination did not
provide additional therapeutic benefit for mucositis. Further
studies are required to test the effects of combinations of differ-
ent probiotics and prebiotics on reducing the severity of
mucositis.

The prebiotic potential of virtually all plant extracts identi-
fied to date remains essentially unexplored. New nutraceuti-
cals, including probiotics, probiotic factors, prebiotics, and
plant extracts, hold the potential to decrease gut damage
through different mechanisms, thereby increasing the likeli-
hood of achieving clinically measurable net benefit. For exam-
ple, certain probiotics could combat mucositis through effects
on bacterial composition in the bowel whereas certain plant
extracts would likely be more potent at counteracting oxidative
stress created by chemotherapy. Therefore, indicated combina-
tions of probiotics (or probiotic factors) and plant extracts

could potentially reduce the severity of mucositis to a greater
extent than each of the agents used independently, thereby
potentially achieving measurable clinical improvement.

As the majority of prebiotics are derived from plants, future
studies could focus on determining the prebiotic properties of a
wider range of plant extracts. Future challenges will include
mechanisms to identify specific combinations of probiotics and
prebiotics that exert synergistic benefits in mucositis treatment.
Determining dosing regimens, frequency of administration, the
specific bioactive factors involved, and their associated
pharmacodynamics will represent further challenges before
these promising new nutraceutical formulations can be recom-
mended for mucositis treatment.
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