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Abstract

Purpose: The microbiome-gut-brain (MGB) axis provides a dynamic model to understand
associations between the gut microbiota and psychoneurological comorbidities. The role of the
MGB axis in cancer treatment-related psychoneurological symptoms (PNS) remains unknown.
The purpose of this study was to conduct a systematic review of the existing literature to identify
the influence of the gut microbiota on cancer and cancer treatment-related PNS and toxicities
mediated by the MGB axis.

Methods: We searched the databases of PubMed, Embase, and Web of Science from their earliest
records to October 2019. All studies identified in the database searches were screened by title and
abstract, followed by a review of the full texts. The Johns Hopkins Nursing Evidence-Based
Practice Model was adopted to assess the evidence levels and qualities; the Joanna Briggs Institute
critical appraisal tools were used to assess the methodological quality and the possibility of bias
for each included study. All the study findings were combined, synthesized, and presented through
narrative format.

Results: Six studies were included in this systematic review. These studies primarily focused on
cancer survivorship while receiving chemotherapy, and they were conducted between 2016 and
2019. The gut microbiome was assessed via fecal samples, which were analyzed using 16S rRNA
sequencing approaches. With small-scale studies, the gut microbiota was associated with cancer
treatment-related PNS, including fatigue, anxiety, depression, sleep disturbance, cognitive
impairment, and chemotherapy-induced peripheral neuropathy. A higher relative abundance of
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Bacteroides was associated with a higher level of fear of cancer recurrence but a higher relative
abundance of Lachnospiraceae.g and Ruminococcus was associated with a lower level in fear of
cancer recurrence. Changes in fatigue interference were associated with the frequency of genera
Faecalibacterium and Prevotella, and changes in anxiety were associated with the frequency of
genera Coprococcus and Bacteroides.

Conclusions: The gut microbiota showed significant associations with cancer treatment-related
PNS. Recent work regarding the MGB axis in cancer psychoneurological toxicities focused
primarily on individual toxicity and symptoms in cancer survivors with chemotherapy exposure.
Associations between the gut microbiota and PNS should be further studied in cancer populations
across different ages, cancer types, and treatment modalities.

Keywords

Cancer; microbiome-gut-brain axis; gut microbiota; psychoneurological symptoms; treatment
modality; treatment toxicity

Introduction

The human gut hosts tens of trillions of microbial cells, representing 500 bacterial species on
average.12 The gut microbiome, defined as the collection of all genomes of microbes in the
human gastrointestinal (G1) tract,3 plays a critical role in human health and disease.2* A
dysbiotic gut microbiota (i.e., loss of keystone taxa, loss of diversity, shifts in metabolic
capacity, or blooms of pathogens®®) is not only associated with carcinogenesis and
interference with cancer chemotherapeutic metabolism,”=9 but it is also a potential
biomarker of toxicities associated with cancer treatment including chemotherapy, radiation
therapy, and immunotherapy.10-11 Based on clinically identified symptom clusters,12
disruption to the host microbiota has been suggested to contribute to psychoneurological
symptoms (PNS), which is defined as a cluster of symptoms including pain, fatigue, anxiety,
depression, sleep disturbance, and cognitive dysfunction.11:13 Experiencing continuous and
severe symptoms can lead to delays in cancer treatments, a decrease in tumor response, and
a reduction in a patient’s quality of life.14

Recent discovery of the bidirectional signaling network in the microbiome-gut-brain axis
(MGB)15 provides a dynamic model to study associations between the gut microbiota and
cancer treatment-related PNS and toxicities. Current studies on the MGB axis suggest that
the gut microbiota could affect the development of toxicities and PNS through neural (e.g.,
vagus and spinal), immune (e.g., proinflammatory cytokines), endocrine and metabolic (e.g.,
short-chain fatty acids), and neurotransmitter pathways (e.g., gamma-aminobutyric acid and
serotonin).16:17 Specifically, common cancer chemotherapy protocols containing drugs such
as 5-Fluorouracil, irinotecan, methotrexate, and etoposide can cause decreased commensal
microbes and increased opportunistic pathogens, 1418 in turn exacerbating treatment
toxicities and PNS.1920 Using preclinical animal models, studies suggest that the gut
microbiota is associated with PNS including cancer-related pain,21-22 fatigue and exercise
capacity,23 depression,24:25 and cognitive dysfunction.23.26 Until recently, the MGB axis in
cancer has been primarily studied in animal models but is rarely studied in human
populations.

Support Care Cancer. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song and Bai

Page 3

Cancer treatment such as chemotherapy, radiation therapy, and immunotherapy can interrupt
the gut microbiota and the MGB axis. Studies in adult populations have documented
alterations of the gut microbiota during chemotherapy and shown that patients’ gut
microbiota was significantly dysbiotic during and after chemotherapy. They specifically
noted decreases in the abundance of healthy gut microbes including Bacteroides,
Bifidobacteria, and Clostridium cluster IV and X/Va, however increases in pathological
microbes such as Enterobacteriaceae were noted.18.27.28 Similar findings were reported in
childhood cancer.14:29 Multiple studies have found a marked reduction in the number of
anaerobic bacteria (i.e., Bacteroides, Clostridium cluster XI\Va, Faecalibacterium, and
Bifidobacterium) present in childrens’ gut microbiota following chemotherapy, whereas the
number of Enterococcus was drastically increased during chemotherapy.14:29 These
perturbations of the gut microbiota may potentially heighten cancer treatment toxicity,
increase PNS, and decrease treatment efficacy.30 These early-stage findings require further
investigation in larger samples controlling for a variety of confounding factors such as
demographics, treatment regimens, use of antibiotics and probiotics, and diet and lifestyle
behaviors. Current evidence does not definitively show whether cancer and its related
treatments cause changes to the gut microbiota composition and function, thereby affecting
the MGB axis in cancer patients.2:30

Studies on the MGB axis suggest a link between the gut microbiota and PNS primarily in
preclinical models. Compared with specific pathogen free mice, lack of the gut microbiota
could lead to exaggerated responses in anxiety (e.g., elevated adrenocorticotropic hormone
and corticosterone in plasma and reduced brain-derived neurotrophic factor expression in the
cortex and hippocampus)26:31:32 and cognitive dysfunction (e.g., working and reference
memory assessed by using novel object test and T-maze) in germ-free (GF) mice.28
Interestingly, infected mice receiving daily combined probiotics (L. rhamnosus + L.
helveticus) could reverse their memory dysfunction.28 The gut microbiota may link to these
behavioral changes via adjusting the hypothalamic-pituitary-adrenal axis3! and
neurochemical changes in amygdala and hippocampus.26:32 Additinally, the absence of
commensal gut microbes can lead to lower inflammatory hypernociception associated with
reduced tissue inflammation in GF mice.?! Regarding the impact of cancer treatment on the
MGB axis, current studies have focused on preclinical models. Specifically, irinotecan-
induced gut microbiota alterations may influence chemotherapy-induced pain via toll-like
receptor (TLR) 4 signaling;33 paclitaxel chemotherapy concurrently leads to altered gut
microbiota, increased fatigue and decreased cognitive performance,343° as well as
chemotherapy induced peripheral neuropathy38 in mice. Specific pathways associated with
the GMB axis such as neuroinflammation343% and intestinal barrier integrity3® may lead to
chemotherapy-induced behavioral comorbidities. For example, elevated cytokines (e.g.,
IL-2, IFN-a, and TNFa) and cytokine-based treatments in humans are linked to the
development of depression, anxiety, cognitive dysfunction, and fatigue.37-38 Additionally,
the intestinal barrier impairment can increase the intestinal permeability and the
translocation of the gut microbes, which may lead to an immune response contributing to
PNS.3940 Although these preclinical studies provide evidence of the presence of the MGB
axis and specific pathways within the MGB, further data are required to confirm causative
relationships between the microbiota and PNS.
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Recent studies have been more focused on investigating the gut microbiota in cancer
patients; however, the specifics of the MGB axis in cancer and cancer treatment-related
symptoms are still unknown. A more complete understanding of the MGB axis in cancer,
cancer treatment-related toxicities, and PNS could potentially help identify the biological
mechanisms of treatment-related symptoms and toxicities, and this may provide
opportunities to design personalized interventions for patients with cancer. The purpose of
the present study was to conduct a systematic review of the existing literature to identify the
influence of the gut microbiota on PNS outcomes mediated by the MGB axis. We
hypothesized that alterations of the gut microbiota would be associated with cancer
treatment-related PNS and toxicities, which would be mediated by pathways of the MGB
axis.

Search Strategy

Based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines,*! a systematic review was conducted by searching three databases:
PubMed, Embase, and Web of Science. A string of key terms used to search these databases
included: microbiota; gut-brain-axis; gut microbiome; cancer; radiation therapy;
chemotherapy; gastrointestinal microbiome; cognitive function; central nervous system;
depression; and anxiety (Supplement Table 1). All databases were searched from their
earliest records to October 2019. All search results were filtered by language (English only).
The literature search process was overseen by a health science librarian from a large
research university in Atlanta, Georgia.

Study Selection

All articles identified from the database searches were initially screened by title and abstract
by the primary author (BS) and subsequently confirmed by another author (JB). The full
texts were then retrieved and independently reviewed by two reviewers (BS and JB) to
determine study eligibility. Ambiguous studies were discussed and reviewed by both authors
(BS and JB). Eligibility critera for articles to be included in this study are as follows: 1)
study of the gut microbiome in patients receiving cancer treatments (e.g., chemotherapy,
radiation therapy, or immunotherapy); 2) primary focus on the MGB axis associated with
cancer and cancer treatment; and 3) were published in English. Articles were excluded from
this study if they were 1) not associated with cancer treatment; 2) not associated with MGB
axis; and 3) conference abstracts without available full texts or unpublished reports. When
multiple studies with similar results were found to be authored by the same research team,
only the most recent publication was included in this review. A secondary search of
reference lists was conducted to decrease the likelihood of omitting eligible papers from this
review.

Data Extraction

A standardized extraction form was used to extract data from eligible studies. The extracted
information from each study included: 1) information about the studies using the Johns
Hopkins evidence level and quality guide (e.g., study design, sample size); 2) participant
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information (e.g., demographics and clinical information); 3) inclusion and exclusion
criteria; 4) variables and measures; 5) data analysis strategies; and 6) research findings. All
data were extracted by the first author (BS), and a second author (JB) confirmed data
accuracy.

Assessment of Methodological Quality

The Johns Hopkins Nursing Evidence-Based Practice Model42 was adopted to assess the
evidence levels and qualities. The evidence levels include five levels (1, I1, 111, 1V, and V).
Each level is subdivided into three quality levels: high quality, good quality, or low quality/
major flaws. Two students, trained to use the Johns Hopkins Nursing Evidence-Based
Practice Model, assessed the evidence level and quality for each study.

To evaluate the research evidence, the Joanna Briggs Institute (JBI) critical appraisal tools*3
were used to assess the methodological quality of each study. Additionally, JBI tools were
used to determine the possibility of bias in the areas of study design, data collection, and
data analysis for each study. All studies included in this systematic review were subjected to
rigorous appraisal by one team member (BS). These results were used to synthesize and
interpret our findings. The JBI critical appraisal tools were developed by the JBI and its
researchers, and these tools are widely used to evaluate a variety of study designs. In this
study, the JBI appraisal tools associated with systematic review, cross-sectional, and
longitudinal study designs were utilized. For each critical appraisal checklist, every item was
evaluated as yes, no, unclear, or not applicable.

Data Synthesis and Analysis

Results

All study results were merged and presented in tables and figures using narrative format.

Literature Search

We initially identified 512 reports for possible inclusion in this systematic review by
searching three databases: PubMed (n = 492), Embase (n = 12), and Web of Science (n = 8).
After reviewing the articles’ titles and abstracts, two duplicate articles and other irrelevant
reports (n = 472) were removed, resulting in 38 reports requiring further review based on the
full texts. Only four studies met the inclusion criteria after excluding reports not associated
with cancer (n = 11) or the MGB axis (n = 17); further, we removed protocol or conference
abstracts (n = 4) and studies of animal models (n = 2). The secondary literature search (by
reference lists) and a registered PubMed update identified two additional studies. Finally, six
studies were included in this systematic review (Figure 1).

Study Characteristics and Sampling

Among these six included studies, two were cross-sectional studies,**4> one longitudinal
study,?® and three literature review and synthesis studies (Table 1).47-4 Of the three data-
based articles, two studies focused on cancer survivors**46 and one study focused on
women with ovarian cancer.#> The sample size of included studies varied from 1246 to
158.4° These studies were conducted by researchers from the USA (n = 3),4546:48 Australia
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(n=1),4" Japan (n = 1),** and China (n = 1).4° All studies were conducted between 2016
and 2019.

Studies included in this analysis primarily focused on chemotherapy exposure or cancer
survivorship.#4-49 Al three data-based papers focused on women’s cancers including
breast*446 and ovarian cancers.*® These studies described the role of the MGB axis in
various cancer treatment-related outcomes including neuroimmunological changes,*’ Gl
symptoms (e.g., nausea),*® chemotherapy-induced peripheral neuropathy,*® and
psychosocial and behavioral outcomes (e.g., fear, anxiety and depression).4446:48 To
evaluate the MGB axis, the gut microbiome was examined via fecal samples.#4:46 All fecal
samples were processed using Illumina MiSeq DNA sequencing of the 16S rRNA gene. All
gut microbiota data were analyzed using the Quantitative Insights Into Microbial Ecology
pipeline (QIIME).44:46

Study Quality Assessment

Based on the Johns Hopkins evidence level and quality guide, the overall level of the studies
included: level /// (n = 3)*~46 and level V/(n = 3).47-49 Al three data-based studies were
level 111 and three literature review and synthesis studies were level V. Of the included
studies, 3 were high quality studies and 3 were good quality studies (Table 2). The JBI
critical appraisal showed acceptable methodological quality for the included studies
(Supplement Table 2).

Pathways Associated with the MGB Axis

Three studies reviewed the pathways associated with the MGB axis in chemotherapy (Table
3).47-49 Chemotherapy influences the MGB axis by altering gut microbiota composition and
function; disrupting the balance between beneficial and detrimental gut microbes; negatively
affecting the gut lining; impairing the enteric nervous system; and activating neuroimmune
and pain signaling responses.4”-4° Specifically, chemotherapy exposure activates
enteroendocrine Cells (EECs) such as secretion of peptide YY (PYY), neuropeptide Y
(NPY), glucagon-like peptide 1 (GLP-1), and 5-hydroxytryptamine (5-HT) receptors and
related neurotransmitters.® These neurotransmitters can enter the brain via peripheral
circulation, 749 and the brain can also regulate the permeability of the intestinal barrier (also
called “leaky gut”) and the distribution of gut microbiota.4’~4°

Associations between the MGB Axis and Psychoneurological Outcomes

Table 4 displays associations between the MGB axis and psychoneurological outcomes.
Among breast cancer survivors who have undergone chemotherapy, fear of cancer
recurrence was measured by the Concerns About Recurrence Scale.** A higher relative
abundance of the bacterial phylum Bacteroidetes and genera Bacteroides was associated
with more fear of cancer recurrence. Additionally, a higher alpha-diversity (Shannon index)
and a higher relative abundance of bacterial phylum Firmicutes and genera
Lachnospiraceae.g and Ruminococcus were associated with less fear of cancer recurrence.*4

Paulsen et al.#6 examined associations between the gut microbiota composition and
alterations in psychosocial outcomes among breast cancer survivors. Survivors’ anxiety and
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depression were assessed using Hospital Anxiety and Depression Scale; fatigue intensity and
interference using Fatigue Symptom Inventory; and sleep quality using Pittsburgh Sleep
Quality Index. An increase in fatigue interference was associated with an increased alpha-
diversity, and an increase/no change in depression showed a trend association with alpha-
diversity changes. Conversely, changes in anxiety, fatigue intensity, and sleep dysfunction
were not associated with alpha-diversity changes.*6 Bacterial beta-diversity was reported
using weighted and unweighted UniFrac distance matrices. Among breast cancer survivors,
differences were found in anxiety and fatigue interference, while sleep dysfunction and
fatigue intensity showed trends toward significance using weighted UniFrac distance
matrices. No differences in depression were found for weighted and unweighted UniFrac
distance matrices. The fatigue interference change from baseline to 3-month follow up was
associated with the frequency of genera Faecalibacterium and Prevotella, the anxiety change
from baseline to 3-month follow up was associated with the frequency of genera
Coprococcus and Bacteroides.*® The gut microbiota may contribute to chemotherapy-
induced peripheral neuropathy through the immune-nervous-endocrine axis.*?

Discussion

The MGB axis,?® including the central nervous system (CNS), the enteric and autonomic
nervous system, the neuro-endocrine system (e.g., serotonin), the neuro-immune pathways
(e.g., proinflammatory cytokines), and the gut microbiota,>%:51 provides a signaling network
to study associations between the gut microbiota and psychoneurological outcomes in cancer
patients. A dysbiotic gut microbiota is associated with the development of PNS in non-
cancer3 and adult cancer populations.10:27.21.25.26 |n this study, six studies were
systematically reviewed to describe the role of the MGB axis in cancer and treatment-related
psychoneurological outcomes. Few studies have focused on the MGB axis in cancer and
cancer treatment-related outcomes, and these studies have primarily focused on female
cancer patients receiving chemotherapy.

Multiple studies suggest that a dysbiotic gut microbiota is associated with PNS in cancer
patients receiving chemotherapy.4448:52 |n this review, chemotherapy-induced nausea
showed correlations, not only with Gl symptoms (e.g., abdominal bloating, bowel
disturbances, vomiting), but also with other symptoms that may be linked to the MGB axis
(e.g., fatigue, sleep disturbance, memory problems, and mood swings).*® Furthermore, gut
microbiota alpha-diversity (based on the Shannon index) was significantly associated with
patient-reported PNS such as fear of cancer relapse,** fatigue interference, and depression.46
The beta-diversity of the gut microbiota further suggested the gut microbiota associates with
improvement of fatigue and sleep disturbance over time (from baseline to 3-month follow
up) for breast cancer survivors.#® Different taxa associated with PNS were reported by
Okubo et al** and Paulsen et al.*8 Specifically, a higher relative abundance of Bacteroides
was associated with a higher fear of cancer recurrence (measured by the Concerns About
Recurrence Scale), while a higher relative abundance of Lachnospiraceae.g and
Ruminococcus was associated with a lower fear of cancer recurrence.** The change in
fatigue interference from baseline to 3-month follow up was associated with the frequency
of genera Faecalibacterium and Prevotella, the change in anxiety was associated with the
frequency of genera Coprococcus and Bacteroides.*® However, the direction of these
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associations were not reported. These small-scale studies corroborated the role of the gut
microbiota in PNS via the MGB axis.>%5! As a unknown but promsing field, several large-
scale studies are currently undergoing for young adult cancer surviors (18-39 year old)3
and children (7-17 year old) with solid tumors®*. These ongoing studies would further
confirm the role of the gut microbiota in the PNS and treatment toxicities (e.g.,
chemotherapy) mediated by the MGB axis.

The MGB axis plays a critical role in determining cancer’s psychoneurological outcomes
and treatment toxicities. Multiple pathways have been examined in the MGB axis, however
these pathways have primarily been studied in preclinical models. The peripheral immune
system is one of the most relevant pathways between the Gl tract and the brain during
chemotherapy.#8 Cancer treatments (e.g., chemotherapy and immunotherapy) can lead to a
reduction in microbial diversity as represented by a change in the Shannon index;*4:46
additionally, treatments can cause a reduction in species (e.g., L. rhamnosusand L.
acidophilus)®® associated with anti-inflammatory activities, which can induce intestinal
inflammation and permeability. Cancer treatment also leads to increased peripheral
inflammation, neuroinflammation, and impaired CNS function.*8 Specifically, in
chemotherapy-induced peripheral neuropathy, a dysbiotic gut microbiota activates
inflammatory cells (e.g., T lymphocytes and macrophages), glial cells (e.g., astrocytes,
microglia, and Schwann cells), and cell surface receptors (e.g., TLRs and PD-1), thereby
inducing the production of pro- and anti-inflammatory cytokines or chemokines, all of
which may contribute to the development of psychoneurological outcomes. Therefore, the
immune-nervous-endocrine axis*® was conceptualized to strengthen the understanding of the
MGB axis in cancer treatment-related PNS and toxicities.

The gut microbiota is associated with psychoneurological outcomes in cancer, including
anxiety, depression, cognitive impairment, sleep disturbance, and peripheral neuropathy.
44,46-49 These outcomes may be caused by the gut microbiota increasing neuroinflammation
and psychoneurological behaviors via activating a peripheral immune response during
chemotherapy.#8 Further, a dysbiotic gut microbiota could activate inflammatory cells, glial
cells, and cell surface receptors.#8:49 Activations of these cells and cell receptors could
induce the secretion of pro- and anti-inflammatory cytokines, which could bind to related
receptors on nociceptors to change the excitability threshold, membrane potential, and other
properties of ion channels.*® The gut microbiota could communicate with the brain via
endocrine and neuroinflammation pathways, however, the fastest way for the microbiota to
influence the brain is through hijacking vagus nerve.56:57 To date, vagus nerve pathway has
not been well examined during cancer treatment and therefore is preceived as a potential
mechanism in the MGB axis dysregulation.” Current mechanistic studies have primarily
focused on rodent models. More work is needed to understand the role of specific pathways
(e.g., neuroinflammation, vagus nerve, and blood brain barriers) involved in the MGB axis
in cancer treatment-related toxicitites and symptoms among human populations. In addition,
cancer treatments can disrupt the gut barrier and allow lipopolysaccharide (LPS) to leak into
the blood stream (“leaking gut”®3:58) which can cause systemic inflammation with
subsequent activation of sickness behaviors (e.g., lethargy, depression, reduced social
exploration, appetite loss, sleepiness, hyperalgesia, and confusion®9-60). Further
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confirmation of the “leaking gut” and its relevant mechanisms leading to PNS and sickness
behaviors are particularly in need.

Understanding the pathways of the MGB axis can help identify innovative therapies for PNS
and can improve treatment-related outcomes in cancer. Recent work points to promising
interventions using prebiotics (i.e., nondigestible ingredients that support beneficial bacterial
growth), probiotics (i.e., live microorganisms that provide health benefits by improving or
restoring the gut flora), synbiotics (i.e., the combinations of probiotics and prebiotics), or
fecal microbiota transplantation (FMT).48 Among patients with cancer, most of current work
supported the preventive effect of probiotics on chemotherapy®L:62 or radiation-related®3.64
diarrheab®66 and other side effects.57:68 Use of probiotics could help maintain the integrity
of intestinal barrier, activate cyto-protective pathways, reduce reactive oxygen species, and
replace pathogenic bacteria.89 Following these preliminary studies, clinical practice
guidelines have been published to advocate the use of Lactobacillus-related probiotics to
prevent chemotherapy- or radiation-related diarrhea in patients with pelvic malignancies.”®
However, interventions targeting at PNS or the MGB axis are still in its infancy.48.71 Only
one study demonstrated that L. rhamnosus and L. acidophilus treatments reduced symptoms
of depression, anxiety, and fatigue in colorectal cancer survivors who had received
chemotherapy.#8 Furthermore, current clinical trials involving probiotics are limited by small
sample sizes and differing combinations of probiotic strains and dosages, making
meaningful comparisons between studies difficult. Prebiotic supplementation and FMT are
even less studied than probiotic treatments.#8 All of these innovative treatments require
further investigation in cancer populations.

This study has several limitations. Due to only a few studies meeting our inclusion criteria,
three review articles were included in this study. These review articles provided critical
information to understand the pathways involved in the MGB axis. Additionally, this study
only included studies published in English and may miss publications in other languagues.
Lastly, this study only focuses on clinical studies. Future work should synthesize findings
from both preclinical and clinical work to promote the knowledge translations between the
bench and the bedside. With respect to the small sample size and restrictive inclusion criteria
for these included studies (i.e., breast cancer and gynecological cancers), further
investigation of the relationships between the MGB axis and treatment-related
psychoneurological toxicities is warranted in diverse and large cancer populations. Future
work should evaluate the effects of diverse cancer treatments such as chemotherapy;,
radiation therapy, and immunotherapy on the MGB axis and treatment-related PNS and
toxicities.

Conclusions

The MGB axis provides a promising biological network for understanding associations
between the gut microbiota and psychoneurological outcomes. Few studies have focused on
the MGB axis and its affect on PNS, including fatigue, anxiety, depression, sleep
disturbance, and cognition, in cancer populations. Current work on the MGB axis in cancer
treatment-related outcomes primarily focuses on individual symptoms in cancer survivors
who have undergone chemotherapy. A systematic evaluation of the links between the gut
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microbiota and PNS should include investigating cancer populations across different ages,
different cancer types, and different treatment modalities. Further investigation of therapies
such as prebiotics, probiotics, synbiotics, and FMT is needed, particularly in cancer
populations.
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