Asia-Pacific Journal of Oncology Nursing 11 (2024) 100535

Contents lists available at ScienceDirect

Asia-Pacific Journal of

ONCOLOGY
NURSING

Asia-Pacific Journal of Oncology Nursing

journal homepage: www.apjon.org

Review
Review of the microbiome and metabolic pathways associated with R
psychoneurological symptoms in children with cancer e

Caitlin I. Webster ?, Janice S. Withycombe b Jessica Sheth Bhutada “¢, Jinbing Bai

@ Nell Hodgson Woodruff School of Nursing, Emory University, Atlanta, GA, USA

Y Clemson University School of Nursing, Clemson University, Clemson, SC, USA

¢ Cancer and Blood Disease Institute, Children's Hospital Los Angeles, Los Angeles, CA, USA
d Keck School of Medicine, University of Southern California, Los Angeles, CA, USA

€ Winship Cancer Institute, Emory University, Atlanta, GA, USA

ARTICLE INFO ABSTRACT

Keywords: Children with cancer often endure a range of psychoneurological symptoms (PNS), including pain, fatigue,

Psychol?eumlogical symptoms cognitive impairment, anxiety, depressive symptoms, and sleep disturbance. Despite their prevalence, the un-

mlcrc])]bllome derlying pathophysiology of PNS remains unclear. Hypotheses suggest an interplay between the gut microbiome
etabolome

and the functional metabolome, given the immune, neurological, and inflammatory influences these processes
exert. This mini-review aims to provide a synopsis of the literature that examines the relationship between
microbiome-metabolome pathways and PNS in children with cancer, drawing insights from the adult population
when applicable. While there is limited microbiome research in the pediatric population, promising results in
adult cancer patients include an association between lower microbial diversity and compositional changes,
including decreased abundance of the beneficial microbes Fusicatenibacter, Ruminococcus, and Odoribacter, and
more PNS. In pediatric patients, associations between peptide, tryptophan, carnitine shuttle, and gut microbial
metabolism pathways and PNS outcomes were found. Utilizing multi-omics methods that combine microbiome
and metabolome analyses provide insights into the functional capacity of microbiomes and their associated mi-
crobial metabolites. In children with cancer receiving chemotherapy, increased abundances of Intestinibacter and
Megasphaera correlated with six metabolic pathways, notably carnitine shuttle and tryptophan metabolism. In-
terventions that target the underlying microbiome-metabolome pathway may be effective in reducing PNS,
including the use of pre- and probiotics, fecal microbiome transplantation, dietary modifications, and increased
physical activity. Future multi-omics research is needed to corroborate the associations between the microbiome,
metabolome, and PNS outcomes in the pediatric oncology population.

Multi-omics
Pediatric oncology

Introduction

Children with cancer experience debilitating symptoms, with pain,
fatigue, cognitive impairment, anxiety, depressive symptoms, and sleep
disturbance being amongst the most commonly reported.> These
symptoms are classified as psychoneurological symptoms (PNS), or a
cluster of symptoms hypothesized to stem from similar pathophysiologic
pathways.® Poor understanding of the underlying pathophysiology limits
the available treatment options, resulting in reduced quality of life. A
symptom cluster framework proposed by Hockenberry and Hooke out-
lined antecedents that influence PNS in children with cancer, including
person-related, environmental, and disease-related factors.” For example,
survivors of childhood brain tumors have reported higher incidence of
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PNS, specifically fatigue, cognitive impairment, and anxiety.>® Chemo-
therapy and radiotherapy are also known to influence the development of
PNS, with pediatric patients reporting higher levels of anxiety, depres-
sion, fatigue, and cognitive impairment after treatment. > Examining the
underlying physiological mechanisms of PNS, such as micro-
biome-metabolome pathways, within different cancer diagnoses over the
course of treatment can enable the development of novel interventions
that reduce symptom incidence and severity (Fig. 1).

The microbiome is a collection of microorganisms that assemble into
communities across different body sites, including the skin, oral cavity,
and gastrointestinal tract.® The diversity and composition of microbial
communities plays a crucial role in human health. For example, a healthy
gut microbiome consists of symbiotic microbes (e.g., Bacteroidota [new
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Fig. 1. Framework of symptom clusters in children and adolescents adapted from Hockenberry and Hooke (2007). Citation: https://doi.org/10.1016/j.soncn.2007.0

1.001.

name of Bacteroidetes], Bacillota [new name of Firmicutes], Actino-
mycetota [new name of Actinobacteria], and Pseudomonadota [new name
of Proteobacteria]) and high diversity,>”® maintaining homeostasis
within the host. A dysbiotic, or unbalanced, gut microbiome is charac-
terized by lower overall diversity and the presence of pathogenic mi-
crobes, modulating many components of the host's physiological
processes, including inflammatory and immune pathways.” These de-
viations from healthy biological processes cause the host to be more
susceptible to diseases like autoimmune disorders, Alzheimer’s disease,
and cancer.>”»

The metabolites that derive from the microbiome provide insight into
the functional mechanisms of the microbes and how these biological
mechanisms influence cancer outcomes. The use of metabolomics tech-
niques has been increasing rapidly in the field of oncology and symptom
science.'® These analyses can be conducted using samples from various
origins, such as stool, urine, cerebrospinal fluid (CSF), and blood. 1%
Metabolites from these samples can then be mapped to specific metabolic
pathways. Previous work has suggested the potential effects of metabo-
lites and their associated pathways on cancer occurrence and prognosis,
treatment efficacy, and treatment-related complications (e.g., PNS and
congestive heart failure [CHF]).b!? However, metabolomic analyses are
underutilized within the pediatric oncology population.

The underlying pathophysiology of PNS remains a relevant research
topic, with recent studies outlining the influence of the microbiome on
the central and peripheral nervous system via bidirectional pathways,
such as the microbiome-gut-brain (MGB) axis.!® Metabolites are pro-
posed to serve as the communication channel between these two en-
tities.! For example, short-chain fatty acids (SCFAs) are metabolites
produced by the fermentation of dietary fibers by bacteria in the gut.’
Tryptophan, an amino acid primarily obtained from dietary sources, also
connects the microbiome and brain by regulating intestinal homeostasis
and neuronal function. This mini-review aims to provide a synopsis of the
microbiome and metabolome literature to aid in understanding the
functional mechanisms of theses underlying pathways and how they in-
fluence PNS outcomes in pediatric oncology patients. Due to limited
literature conducted in the pediatric oncology population, some evidence
from the adult population is described to foster the development of future
hypotheses and research. Table 1 provides definitions for important
terms discussed in this article.

The microbiome

The interplay between the microbiome and cancer treatments

The microbiome of pediatric oncology patients is a dynamic com-
munity that has the potential to influence treatment efficacy. Dysbiotic
changes in the gut may exist pre-cancer,’” though the origin of this initial
dysbiosis remains unclear. Hypotheses predict that this imbalance may
be a cause of cancer development due to the microbiome's potential
carcinogenetic effects or is a consequence of cancer-related inflammatory
processes.'* Emerging evidence in adults with cancer suggests

Table 1
Microbiome and metabolome glossary.
Term Definition
Psychoneurological Symptoms that often co-occur and have similar potential
symptoms underlying causal pathways. Examples include pain,
fatigue, sleep disturbance, anxiety, depressive
symptoms, and cognitive dysfunction.
Microbiome A community of microorganisms (bacteria, viruses, and

fungi) that reside in different parts of the human body,
such as the skin, gastrointestinal tract, oral cavity, and
vagina.

A description of the microorganisms that form the
microbiome. Compositional components include
microbial abundance and diversity metrics (alpha and
beta diversity).

The quantity or proportion (relative abundance) of a
specific microorganism that resides in the microbiome.
Measurement of microbial species diversity within a
given sample or microbial site.

Measurement of dissimilarity (or similarity) of species
diversity between two or more samples or microbial
sites.

Microbial composition

Microbial abundance
Alpha diversity

Beta diversity

Metabolome The collection of small molecules (metabolites) and their
interactions within a specific biological system or
sample.

Metabolites Small molecules that are substrates, intermediates, or
products of metabolic reactions that regulate various
physiological functions within a cell or organism.

Untargeted An analytical approach that aims to comprehensively

metabolomics detect and quantify metabolites within a sample due to

limited prior knowledge; often used as an exploratory
tool.

An analytical approach that aims to quantify specific
types of metabolites within a sample based on known
relevant metabolic pathways or physiological processes.
A sequence of chemical reactions that produce new
molecules (synthesis) or breakdown complex molecules
(degradation).

Targeted metabolomics

Metabolomic pathway

microbiome diversity and composition correlate with short- and
long-term treatment response, specifically infection rates.'” Additionally,
the abundance of Fusobacterium nucleatum was associated with poor
treatment outcomes in patients with colorectal cancer receiving chemo-
therapy. Evidence also suggests this association between microbial
composition and immunotherapy response, with higher abundances of
beneficial microbes (e.g., Ruminococcacae, Akkermansia muciniphila, and
Bifidobacteria) correlating with better responses to immune checkpoint
inhibitors.'® Microbes may affect treatment efficacy through nutrient
competition, toxin secretion, or modulation of host immunity.'® How-
ever, the impact of microbial effects on treatment efficacy pathways are
underexplored in pediatric cancer, limiting definitive conclusions on
baseline microbiome-treatment interactions.

Cancer treatments influence the microbiome's composition via in-
flammatory, metabolic, and dietary pathways.'!® Chemotherapy,
radiotherapy, and immunotherapy have been found to reduce microbial
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diversity and alter community composition by favoring pathogenic mi-
crobes. For example, children with acute myeloid leukemia and acute
lymphoblastic leukemia (ALL) receiving chemotherapy showed re-
ductions in diversity when compared to healthy controls.”'” Composi-
tional changes were also present, with significant reductions in
Lachnospiraceae, Roseburia, Bifidobacteria, Lactobacillus, and Escherichia
coli and an increased abundance of Bacteroides. These microbial changes
often persist beyond treatment. Adolescents and young adult Hodgkin's
lymphoma survivors were found to have sustained lower diversity within
the gut microbiome, with reduced abundances of Actinobacteria Collin-
sella compared to twin controls.'® These treatment-induced gut microbial
changes have lasting implications, particularly on symptom burden.

The microbiome and psychoneurological symptoms

Several physiological pathways through which the microbiome in-
fluences the incidence and severity of PNS in patients with cancer have
been proposed. Cancer treatments may increase gut permeability,'”
permitting microbes to migrate across the intestinal mucosa into systemic
circulation, inducing PNS via the modulation of neuroimmune modula-
tors.”! Preliminary investigations into these potential causal pathways
have begun by examining how microbial diversity and composition in-
fluence PNS in adults with cancer.

Significant associations between the diversity and composition of the
gut microbiome and PNS in adult cancer have been discovered. Table 2
outlines significant microbes associated with PNS in this population. In a
longitudinal study by Barandouzi et al.,”° women with gynecological
cancers exhibited lower reports of the PNS cluster post-treatment when
they had higher alpha diversity. Similarly, beta diversity of the gut
microbiome was associated with cognitive impairment in women with
breast cancer undergoing chemotherapy treatment, although the direc-
tionality of this relationship was not reported.21 Moreover, reductions in
bacteria possibly related to anti-inflammatory processes (e.g., Fusicate-
nibacter, Ruminococcus, and Odoribacter) were observed in women who
reported higher PNS,?%?! supporting the hypothesis of potential micro-
biome-derived inflammatory pathways. When examining relationships
between microbial composition and PNS in adult patients with
advanced cancer, an increased abundance of Eubacterium halli and a
decreased abundance of Cosenzaea were associated with more fatigue.?>
(Table 2).

Research corroborating the associations between the microbiome and
PNS clusters in the pediatric oncology population is sparce. One pilot
study examined these associations within young adult (18-39 years)
cancer survivors.”® In this younger population, higher alpha diversity
was associated with lower depressive interference and higher cognitive
function. Lower abundances of Lachnospiraceae, Ruminococcaceae, and
Intestinibacter were associated with increased PNS. Notably, decreased
abundance of Lachnospiraceae was also associated with higher cognitive
function, highlighting the importance of understanding the bacterial
taxa's underlying functional and metabolic characteristics.

The metabolome

The metabolome as a diagnostic and prognostic biomarker

Metabolic profiles have emerged as promising diagnostic and prog-
nostic biomarkers for childhood cancer outcomes and treatment com-
plications. For example, metabolites that may aid in the diagnosis of
osteosarcoma include glutamic acid and lactic acid, while the presence of
lung metastasis correlated with 5-aminopentanamide.?* In childhood
brain tumors, elevated levels of myo-inositol, taurine, and glutamine
tissue metabolites have been proposed as potential diagnostic biomarkers
for ependymomas, medulloblastoma, and pilocytic astrocytomas,
respectively.?> Metabolites also play a role in the development of
treatment-related complications. Anthracyclines, a standard chemo-
therapy amongst childhood cancers, are known to increase the risk of
late-onset CHF in cancer survivors. Metabolomic analyses revealed that
lower carnitine levels were associated with poor cardiac function in this
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Table 2
Significant microbes associated with PNS in the identified oncology literature.

PNS Significant microbes (abundance)

s.Eubacterium hallii (1)*
g.Cosenzaea (1)**
g.Faecalibacterium (NR)'®
g.Prevotella (NR)"®
g.Coprococcus (NR)'?
g.Bacteroides (NR)'
f.Lachnospiraceae (1)**
g.0doribacter (1)*'
f.Erysipelotrichaceae (1
g.Clostridium (1)*'
g.Intestinibacter (1)
f.Lachnospiraceae (1)**
f.Ruminococcaceae (1)**
g.Intestinibacter (1)**
p-Tenericutes (1)*!
g.Atopobium (1)*°
g.Parvimonas (1)*°
g.Corynebacterium (1
g.Gardnerella (1)*°
g.Mageibacillus (1)*°
g.Howardella (1)*°
g.Shuttleworthia (1)*°
g.Megasphaera (1)*°
g.Gardnerella (1)*°
g.Fusicatenibacter (|
g.Ruminococcus (1)*°
g.Akkermansia (1)*°

g.Gallicola (1)*°

g.Frisingicoccus (1)*°
g.Negativicoccus (1)*°
g.Fusicatenibacter (1)*°
g.Lachnospiraceae NK4A136 (O
g.Ruminococcus (1)*°

g.Tyzzerella (1)*°

g.Anaerostipes (1)*°

g.CAG.56 (1)*°
g.Parasutterella (1

Increased fatigue

Increased anxiety

Increased cognitive impairment
)21

Decreased cognitive impairment
Increased depressive functional interference

Decreased depressive symptoms
Increased PNS cluster

)2()

)2()

Decreased PNS cluster

)2()

f, family; g, genus; NR, not reported; p, phylum; PNS, psychoneurological
symptoms; s, species.

Table 3
Significant metabolic pathways associated with PNS in the identified pediatric
oncology literature.

PNS Significant metabolic pathways

Xenobiotics metabolism® '°

Microbial gut flora metabolism® '°
Tryptophan metabolism™® *+'°

Drug metabolism (cytochrome P450)° !
Peptide metabolism” !

Amino acid metabolism
b 11

Fatigue

b 11

Nucleotide metabolism
Lipid metabolism” '*
Carbohydrate metabolism
Pain De novo fatty acid biosynthesis® !
Fatty acid metabolism® *
Linoleate metabolism*® *
Fatty acid activation® *
Omega-3 fatty acid metabolism® *
Bile acid biosynthesis® !
Glycerophospholipid metabolism® *
Glycerophospholipid metabolism® *
Phosphatidylinositol phosphate metabolism®
Sialic acid metabolism® !
Tryptophan metabolism® !
Limonene and pinene degradation®
Phoshatidylinositol phosphate metabolism®
Tryptophan metabolism® '
Carnitine shuttle® !

b 11

Anxiety
1

Depressive symptoms !

1

PNS cluster

PNS, psychoneurological symptoms.
@ Metabolic pathway found in urine sample.
b Metabolic pathway found in cerebrospinal fluid sample.
¢ Metabolic pathway found in blood sample.
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population.'? Carnitine is an essential metabolite for energy production
in the myocardium, with healthy cardiac myocytes containing high levels
of the metabolite. These findings provide potential metabolic pathways
from which future diagnostic and prevention strategies may be devel-
oped to reduce the incidence and severity of late-onset CHF in patients
who receive anthracyclines.

The metabolome and psychoneurological symptoms

Metabolomic analyses offer insights into the physiological processes
underlying PNS in pediatric cancer patients. Table 3 highlights key meta-
bolic pathways linked to PNS. Initial examinations into this relationship
utilized untargeted metabolomic analyses, offering a broader, more
comprehensive approach to exploring metabolites and metabolic path-
ways.'? In CSF analyses of children with ALL, untargeted metabolomic an-
alyses revealed eight metabolites and five metabolic pathways related to
fatigue, including amino acid (e.g., 3-methoxytyrosine, dimethylglycine),
lipid (e.g., myo-inositol, dimethylmalonic acid), carbohydrate (e.g. ribitol),
nucleotide (e.g., allantoin), and peptide (e.g., gamma-Glutamylglutamine)
metabolism.!! A significant negative correlation between gamma-gluta-
mylglutamine and fatigue aligns with its potential role in maintaining amino
acid balance within the brain and regulating neurotransmitter passage across
the blood-brain barrier. Tryptophan is another metabolite associated with
neurotransmitter processes, specifically the production of serotonin and
melatonin.”®?’ Untargeted blood metabolomic analyses in children under-
going chemotherapy revealed associations between tryptophan (e.g.,
indole-3-acetaldehyde, L-kynurenine) and carnitine shuttle metabolic
pathways (e.g., stearoylcarnitine, dihomo-gamma-linolenyl carnitine) with
the PNS cluster." Examination of specific symptoms within the PNS cluster
revealed that the tryptophan pathway was also associated with fatigue and
anxiety, whereas fatty acid and bile acid biosynthesis pathways were asso-
ciated with pain. Notably, bile acids influence microbial signaling in the gut,
alluding to the potential interplay between the microbiome, metabolites, and
PNS within the pediatric oncology population. Targeted metabolic analyses
in childhood cancer survivors and those undergoing cancer therapy found
similar associations between urinary metabolites, the microbiome, and
PNS.? Results revealed associations between indole-3-lactic acid, acetohy-
droxamic acid, and trimethylamine-N-oxide and self-reported fatigue. These
metabolites are mapped to tryptophan, drug and environmental exposure
(xenobiotic metabolism), and gut microbial metabolic pathways, respec-
tively. The recurrence of microbial-related metabolic pathways underscores
the importance of further investigating the microbiome-metabolite interplay
in PNS among pediatric cancer patients.

Microbiome-metabolome pathways

Multi-omic methods, specifically investigating microbiome-meta
bolome pathways, provide nuanced insights into potential mechanisms un-
derlying health outcomes in the pediatric oncology field. For example, bile
acid and amino acid metabolites were linked to gut dysbiosis in pediatric
patients pre-hematopoietic cell transplantation (HCT).?® Bile acid metabo-
lites, along with dysbiotic gut microbiome, are potential biomarkers for
graft-versus-host disease, a serious and life-threatening complication of HCT.
Fecal microbiome-metabolome pathways are also altered in pediatric gli-
oma patients and murine models, specifically decreased levels of 5-hydrox-
yindoleacetic acid (5-HIAA) and SCFAs (e.g., propionate, butyrate, and
acetate) after tumor growth.?® Shifts in gut microbial abundance, such as
increased Verrucomicrobia, Akkermansia, and Bacteroides, and deceased Fir-
micutes, were associated with 5-HIAA level changes, indicating potential
communication channels between the microbiome and metabolites.
Furthermore, 5-HIAA levels may indirectly influence brain functioning via
its precursor serotonin, which crosses the blood-brain barrier. SCFAs serve
as another metabolic communication channel between the microbiome and
brain. Primarily produced from bacterial metabolic activity in the gut, SCFAs
play a vital role in modulating neurotransmitters, influencing host immune
response, reducing inflammation, and maintaining the integrity of the
blood-brain barrier.’’ These correlations between the microbiome,
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metabolome, and brain health support the hypothesized physiological
communication channels proposed in the MGB axis.

Microbiome-metabolome pathways and psychoneurological symptoms

Limited research has investigated associations between micro-
biome-metabolome pathways and PNS in the pediatric oncology popula-
tion. However, insights can be gathered from the adult population. In adult
rectal cancer patients, associations between gut microbiome-metabolome
pathways and PNS, specifically fatigue and depressive symptoms, have been
demonstrated following chemotherapy and radiation therapy.>*>? High
levels of fatigue correlated with more abundant Eubacterium, Streptococcus,
Adlercreutzia, and Actinomyces.>° Meanwhile, increased depressive symp-
toms were correlated with higher levels of Gemella, Bacillales Family XI,
Actinomyces, Streptococcus, Lactococcus, Weissella, and Leuconostocaceae, and
decreased levels of Coprobacter, Intestinibacter, Intestimonas, Lachnospiraceae,
Phascolarctobacterium, Ruminiclostridium, Ruminococcaceae (UCG-005 and
uncultured), Tyzzerella, and Parasutterella.>' Rectal cancer patients exhibiting
high co-occurrence of fatigue and depressive symptoms demonstrated
higher abundances of Ezakiella, Clostridium sensu stricto, Porphyromonas,
Barnesiella, Coriobacteriales Incertae Sedis, Synergistiaceae, Echerichia-Shigella,
and Turicibacter, whereas low co-occurrence reports demonstrated increased
abundances of Enterococcus and Lachnospiraceae.*> Metabolic functional
pathways were predicted using the MetaCyc database based on microbial
abundances, with seven pathways correlating with fatigue, 14 with
depressive symptoms, and eight with the co-occurrence of fatigue and
depressive symptoms.>*>? Notable relationships between functional path-
ways and PNS include the correlation between sucrose degradation associ-
ated with fatigue, biosynthesis pathways and depressive symptoms, and
L-tryptophan and PNS co-occurrence. As previously highlighted, tryptophan
plays a vital role in the production of serotonin and has been linked to dis-
orders associated with serotonin shifts, such as depression and insomnia,
suggesting potential implications for future PNS interventions.>?

Despite providing insights into preliminary associations between the
microbiome, metabolic activity, and PNS, predictive functional pathway
methods have limitations. These methods rely on an assumption of po-
tential metabolic activity within the microbiome and do not capture
actual metabolic data that can be analyzed using targeted or untargeted
metabolomic approaches.

One recent study examined these associations in children with cancer
undergoing chemotherapy using an untargeted, multi-omics approach.*
Prior to cycle two of chemotherapy, decreased abundance of Lactoba-
cillus, Bifidobacterium, and Roseburia in the gut correlated with increased
PNS clusters. Associated metabolic pathways included carnitine shuttle,
fatty acid metabolism and activation, and tryptophan metabolism.
Following chemotherapy completion, decreased abundances of Intestini-
bacter and Megasphaera were associated with increased PNS clusters,
which were linked to six metabolic pathways including aspartate and
asparagine metabolism, carnitine shuttle, and tryptophan metabolism.
The identification of these PNS pathways provides potential physiolog-
ical targets for future interventions in the pediatric oncology population.
Due to small sample size, future multi-omics studies are necessary to
validate these findings, including in other pediatric oncology populations
and contexts.

Challenges

Microbiome, metabolome, and multi-omics research in the pediatric
oncology population presents study design, analysis, and generalizability
challenges. The influence of cancer on microbial and metabolic processes
makes obtaining baseline profiles difficult, obscuring the impact of pre-
cancer profiles on future health outcomes. To address this challenge,
healthy controls are often used. Cost constraints drive challenges like
small sample sizes and cross-sectional designs, limiting causal inferences.
Some sequencing techniques, like 16S rRNA, offer limited genus-level
information of microbes, missing important species-level details.'* The
vast amount of available biological data also presents a challenge,
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yielding unidentified microbes and metabolites with unknown functional
characteristics.>* Lastly, inter- and intraindividual variations further
limit the generalizability, hindering the ability to draw causal conclu-
sions due to the difficulty in capturing an exhaustive list of confounding
factors,'* such as antibiotic use, age, gender, environmental exposure,
genetics, dietary habits, and neighborhood social determinants of health.
Cancer-specific confounders that add to this challenge of generalizability
include diagnosis (e.g., cancer type and staging) and associated treatment
modalities (e.g., steroids, chemotherapy, radiotherapy, and surgery),
which cause differing risks for mucosal disruption. Research that exam-
ines microbiome-metabolome pathways in pediatric populations with a
singular cancer type and stage can adjust for these cancer-specific
confounders.

Therapeutic interventions

Potential interventions targeting microbial and metabolic pathways
for PNS treatment include nutritional supplements, fecal microbiome
transplantation (FMT), and lifestyle modifications. Prebiotics and pro-
biotics have been shown to alleviate symptoms of depression, anxiety,
and fatigue in colorectal cancer patients by fostering the growth of
symbiotic microbes through undigestible fiber supplementation and
instillation of live, healthy microorganisms (e.g., Lactobacillus and Bifi-
dobacterium infantis) that restore the gut microbiome.’ FMTs also aim to
restore the disrupted microbiome by utilizing healthy fecal donors, but
its use in immunocompromised patients causes concern for bacterial
translocation and associated infections.®° Dietary changes and exercise
promotion have dual effects on the microbiome and metabolome, serving
as potential treatments for PNS. Eating kimchi, yogurts, and fiber-rich
foods has been shown to increase levels of beneficial microbes.”>"
Additionally, ingesting more dietary carbohydrates that undergo bacte-
rial fermentation in the gut can increase metabolic levels of SCFAs.>"
Physical activity increases microbial diversity and reduces inflammation
and oxidative stress.>® Notably, physical activity has been linked to im-
provements in fatigue of childhood cancer survivors and children un-
dergoing cancer treatments.'® Future research must examine the
feasibility and effects of these interventions on PNS outcomes in various
pediatric oncology diagnoses and treatment contexts.

Future implications

Current research highlights numerous microbiome-metabolome
pathways linked to PNS, paving the way for future hypotheses and
clinical applications. While most studies have focused on the gut
microbiome, there's a pressing need to explore potential interactions
involving other microbial sites, specifically the oral microbiome due the
hypothesized oral-microbiome-brain axis.” Additionally, most micro-
biome and metabolome research has been conducted in the adult pop-
ulation. Research within the pediatric population is imperative due to
differing microbial compositions based on age and developmental stage.
Nurses play a pivotal role in translating research findings into clinical
practice. Recognizing the significance of microbiome-metabolome
pathways in PNS pathophysiology is essential for delivering quality
nursing care. Nurses can evaluate individual risk factors for microbiome
dysbiosis and associated PNS, providing early intervention strategies and
suggesting treatment options through patient and family education on
self-care strategies, such as pre- and probiotics, dietary adjustments, and
increased physical activity.

Conclusions

The intricate nature of PNS in pediatric oncology patients underscores
the significance of exploring the interplay between the microbiome,
metabolome, and cancer treatments. Emerging research highlights the
influence that microbial dysbiosis and metabolic shifts have on the
incidence and severity of PNS. Due to the absence of literature that
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examines associations between the microbiome and PNS in pediatric
patients, inferences must be drawn from the adult oncology population.
For example, lower microbial diversity and compositional changes have
been associated with an increase in PNS in young adult cancer survi-
vors.?® In pediatric patients, peptide, tryptophan, carnitine shuttle, and
gut microbial metabolism pathways have been associated with PNS
outcomes.'*!! One multi-omics study in children with cancer con-
nected compositional differences in the microbiome before and after
chemotherapy to metabolic pathways, notably carnitine shuttle and
tryptophan metabolism.>> These microbiome-metabolome pathways
were associated with an increase in the PNS cluster. Findings from these
studies support the hypothesized MGB axis and offer potential avenues
for targeted interventions. Future research must add to the existing evi-
dence by integrating multi-omics approaches within various microbial
sites, oncologic diagnoses, and age groups, thus advancing our under-
standing of PNS and aiding in the development of effective interventions
that enhance quality of life in pediatric oncology patients.
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