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� We elaborate on the role of gut
microbiota and microbial metabolites
in the efficacy and adverse effects of
chemotherapeutics.

� We further summarize the clinical
potential of various ways to harness
gut microbiota for cancer
chemotherapy.

� The potential of gut microbiota
severing as predictive markers for
chemotherapy efficacy is discussed.

� Finally, we discuss current limitations
and suggest potential approaches to
facilitate utilization of gut microbiota
in chemotherapy.
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Background: The microbiota inhabits the epithelial surfaces of hosts, which influences physiological func-
tions from helping digest food and acquiring nutrition to regulate metabolism and shaping host immu-
nity. With the deep insight into the microbiota, an increasing amount of research reveals that it is also
involved in the initiation and progression of cancer. Intriguingly, gut microbiota can mediate the bio-
transformation of drugs, thereby altering their bioavailability, bioactivity, or toxicity.
Aim of Review: The review aims to elaborate on the role of gut microbiota and microbial metabolites in
the efficacy and adverse effects of chemotherapeutics. Furthermore, we discuss the clinical potential of
various ways to harness gut microbiota for cancer chemotherapy.
Key Scientific Concepts of Review: Recent evidence shows that gut microbiota modulates the efficacy and
toxicity of chemotherapy agents, leading to diverse host responses to chemotherapy. Thereinto, targeting
the microbiota to improve efficacy and diminish the toxicity of chemotherapeutic drugs may be a promis-
ing strategy in tumor treatment.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
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Introduction

There are around 3 � 1013 microbial cells inhabiting the epithe-
lial surfaces forming the so-called human microbiota, which con-
sists of bacteria, archaea, fungi, and viruses [1,2]. Furthermore,
organs such as the breast, liver, and pancreas that were previously
considered to be sterile, are now identified as potentially harboring
low-biomass microbial populations [3]. The microorganism load
varies from place to place. Approximately 97 % of microbial cells
are bacteria in the colon and the rest are extra-colonic bacteria
in the proximal gut, skin, lungs, etc.(2–3 %), as well as archaea
and fungi (0.1–1 %) [4]. Such high density of colonic bacteria can
help food digestion and acquire nutrition to regulate metabolism
and shape host immunity. Therefore, the colon is deemed as the
preferred site for microorganism study. With the development of
revolutionary technology of high-throughput next-generation
sequencing, metagenome and macrotranscriptome have brought
microorganism research to a new peak. Current studies reveal
the crosstalk between colorectal epithelial cells and gut micro-
biota, which is crucial to intestinal and even extraintestinal phys-
iology, especially in regulating metabolism and shaping host
immunity [5,6]. Remarkedly, the gut microbiota can impact
tumorigenesis, progression, and metastasis of cancer, which has
attracted much attention in recent years [3]. Although investigat-
ing the role of gut microbiota in cancer is just at the emerging
stage, its influence on cancer therapy will show promising clinical
potential in the coming era of precision medicine.

During the past decades, the mortality rate of cancer has dra-
matically decreased, to a great extent owing to the breakthrough
of treatment, including improved surgical outcomes as well as
increasingly efficacious multimodal chemotherapy and radiother-
apy regimens [7,8]. Though exhibiting revolutionized outcomes,
personalized therapeutic strategies like immunotherapy and tar-
geted therapy face some formidable challenges, such as high costs
and small number of benefited populations with specific biomark-
ers [9,10]. Thus, cytotoxic drugs are still the mainstay of treatment
for the majority of advanced cancer patients due to the non-
specific toxicity that presents in all cells with a high rate of replace-
ment and division [11]. The application of chemotherapy is also
limited by the severe systemic side effects and acquired drug resis-
tance [12,13]. Nonetheless, the gut microbiota can mediate the bio-
transformation of drugs, thereby altering their bioavailability,
bioactivity, or toxicity [14]. For instance, the chemopreventive
effects of aspirin on colorectal cancer (CRC) tumorigenesis could
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be reduced under a high level of Lysinibacillus sphaericus in the
gut due to its aspirin-degraded function [15]. With the concept
of pharmacomicrobiomics, the importance of gut microbiota for
drug modulation including chemotherapeutics has been gradually
recognized [16]. Here, we review the evidence that the gut micro-
biota is implicated in the efficacy and adverse effects of
chemotherapeutics (Fig. 1, Table 1). In addition, we discuss the
clinical potential of harnessing gut microbiota for cancer
chemotherapy.
Gut microbiota affects the efficacy of chemotherapy

Although manifold cytotoxic drugs have various mechanisms,
they principally exhibit anti-tumor efficacy via targeting cell divi-
sion and DNA integrity in the reproductive cancer cells [17].
Around 40 drugs are metabolized by gut microbes including
methotrexate (MTX) and irinotecan (IRT), indicating that the gut
microbiota can affect cancer response to chemotherapeutics [18].
Evidence showed an antibiotic cocktail reduced the therapeutic
effect of oxaliplatin and 5-fluorouracil (5-FU) in CRC [19,20]. Nota-
bly, reactive oxygen species induced by commensal bacteria-
dependent inflammatory response play a crucial role in maintain-
ing the cytotoxicity of oxaliplatin [19]. In contract, some bacteria
could promote chemotherapy resistance. For instance, Fusobac-
terium nucleatum (F. nucleatum) was related to CRC patients with
recurrence post chemotherapy, and it lowered the efficacy of oxali-
platin and 5-FU. Mechanistically, F. nucleatum could induce autop-
hagy activation to promote chemoresistance in a TLR4/MYD88-
dependent manner [21]. In addition, Zhang et al. found F. nucleatum
could also upregulate BIRC3 that directly inhibited the caspase cas-
cade, leading to 5-FU resistance [22]. Intriguingly, fecal microbiota
transplant (FMT) from healthy wild-type donor mice could restore
gut microbiota composition and downregulate TLRs and MyD88
after chemotherapy [23], which indicated FMT has the potential
to remodel intestinal microecology to overcome chemoresistance
in CRC.

Apart from CRC, the gut microbiota is involved with extrain-
testinal cancers and probably contributes to paitent response to
chemotherapy. Platinum-based chemotherapy drugs are widely
used in cancer treatment, which exert a cytotoxic effect by binding
to DNA thereby impairing DNA replication. Pflug et al. found gram-
positive antibiotics decreased the efficacy of cisplatin in a clinical
setting [24]. Another common chemotherapeutics gemcitabine



Fig. 1. The role of gut microbiota in cancer chemotherapy. Gut microbiota can directly affect chemotherapy efficacy. For example, Fusobacterium nucleatum can induce
autophagy activation to promote chemoresistance in a TLR4/MYD88-dependent manner. Fusobacterium nucleatum can also upregulate BIRC3 that directly inhibits caspase
cascade, leading to chemoresistance. Akkermansia muciniphila is favorable for enhancing chemotherapy efficacy. In addition, gut microbiota can produce metabolites like
short chain fatty acids and ursodeoxycholic acid (UDCA) to improve chemotherapy efficacy. Butyrate can suppress glucose metabolism and target G-protein coupled receptor
109a-AKT signaling pathway to increase the chemotherapy efficacy, while UDCA reshapes the gut microbiota composition (increasing Faecalibacterium prausnitzii, and
decreasing Fusobacterium nucleatum) to promote chemotherapy. Urolithin A promotes cytotoxicity in cancer cells via downregulating the expressions of drug transporters like
the multidrug resistance-associated (MDR) protein family. Furthermore, Gut microbiota or microbial metabolites can reduce chemotherapy-induced toxicity including
mucositis. For instance, Bifidobacterium longum can decrease the pro-inflammatory cytokines IL-1b and IL-18 and enhance the expressions of tight-junction proteins.
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(GEM) is an antimetabolite, which is applied to pancreatic cancer,
non-small cell lung cancer, breast cancer, etc [25]. The antitumor
activity of GEM depends on its activation or degradation, where
cytidine deaminase plays a pivotal role in the degradation process
[26]. Growing evidence suggests bacteria can metabolize GEM into
inactiveted form by deamination. It was demonstrated that
Gammaproteobacteria and Mycoplasma hyorhinis could promote
GEM resistance in pancreatic cancer and breast cancer, respec-
tively [27,28]. Furthermore, the gut microbiota of breast cancer
patients with chemotherapy response was enriched with Clostridi-
ales, Bifidobacteriaceae, Turicibacteraceae, and Prevotellaceae [29].
Bawaneh et al. also found high abundance of Akkermansia mucini-
phila was favorable for enhancing the doxorubicin (DOX) efficacy
in breast cancer [30].

On the other hand, chemotherapy can influence the composi-
tion of gut microbiota. After capecitabine plus oxaliplatin treat-
ment, several changes were observed in the gut microbiota, like
an increase in pathogenic bacteria and decrease in probiotics
including Dorea, Streptococcus, Roseburia, etc [31]. Moreover, the
abundance of Firmicutes was significantly reduced after
chemotherapy [31,32]. Sougiannis et al. speculated Firmicutes could
affect the efficacy of chemotherapy owing to its capability to pro-
duce short-chain fatty acids (SCFAs) [32]. Although increasing
studies have reported alterations of gut microbiota after
chemotherapy [33,34], whether these drug-induced microbial
225
changes are directly related to chemotherapy response remain
unclear. Thus, more efforts should be made to prove the role of
these differential or chemotherapy-adapted bacteria in affecting
the response to chemotherapy.

Gut microbiota reduces chemotherapy-induced toxicity

Gastrointestinal (GI) toxicity is a dose-limited side effect of
manifold chemotherapeutics, which affects approximately 80 %
of cancer patients [35]. Pathologically, chemotherapy-induced GI
toxicity mainly refers to mucositis, resulting in infection and diar-
rhea [36]. Severe complications like bacteremia and sepsis not only
lead to chemotherapy dose reduction, treatment cessation, and
compromising remission but is also regarded as a major economic
burden for cancer patients [36]. Currently, there are few effective
medical measures to prevent and treat chemotherapy-induced GI
toxicity.

In the last decade, preclinical and clinical research verified that
chemotherapy could induce various changes in microbiome com-
position and diversity in the GI tract [32,37]. Importantly, the
decrease of commensal bacteria can impair their protective effect
against pathogenic colonization, thereby initiating a series of
inflammatory pathways [38]. Thus, an alternative solution of ame-
liorating gut microbiota composition by probiotics supplement
especially for Lactobacillus, was proposed for preventing or manag-



Table 1
Gut micriobiota and microbial metabolites affect the cancer chemotherapy.

Gut micriobiota Chemotherapy Disease Effects Mechanism Reference
Efficacy/
Toxicity

Fusobacterium nucleatum OXA and 5-FU CRC ;/- Inducing autophagy activation to promote
chemoresistance in a TLR4/MYD88-dependent
manner; Upregulating BIRC3 that directly inhibited
caspase cascade

[21,22]

Gammaproteobacteria GEM PC ;/- Metabolizing GEM into inactive form by
deamination

[27]

Mycoplasma hyorhinis GEM BRCA ;/- Metabolizing GEM into inactive form by
deamination

[28]

Akkermansia muciniphila DOX BRCA "/- NA [30]
Lactobacillus OXA and 5-FU CRC -/; Inhibiting inflammation by decreasing the

expressions of NF-jB, TNF-a, and IL-6
[39–41]

Bifidobacterium longum IRT IRT-induced diarrhea -/; Decreasing the pro-inflammatory cytokines IL-1b
and IL-18

[45]

Probiotic Mixture Slab51� PTX PTX-induced neuropathy -/; Modulating the serum proinflammatory cytokines
concentration

[47]

Lactobacillus plantarum 5-FU CRC "/- Secreting metabolites to increase the expression of
the butyrate transporter

[60]

Bacteroides vulgatus 5-FU CRC "/- Decreasing the abundance of F. nucleatum, and
more efficient capacity of DNA repair

[79]

Microbial metabolites
Butyrate 5-FU, docetaxel CRC, lung cancer "/; Inhibiting glucose metabolism by GPR109a-AKT

signaling pathway; Attenuating the inflammatory
response and maintaining the integrity of intestinal
mucosal tight junction, targeting glioma-associated
oncogene homolog 1

[58,62,95]

Urolithin A 5-FU, PTX, and cisplatin CRC "/- Downregulating the expressions of drug
transporters like multidrug resistance-associated
protein family and ATP binding cassette family

[71,72]

UDCA 5-FU CRC "/; Increasing the abundance of Faecalibacterium
prausnitzii thereby enhancing the SCFAs level, and
decreasing the abundance of Fusobacterium
nucleatum

[76,77]

Nucleosides 5-FU CRC "/- Decreasing the abundance of Fusobacterium
nucleatum, and more efficient capacity of DNA
repair

[79]

Aberrations: 5-FU, 5- fluorouracil; BRCA, breast cancer; CRC, colorectal cancer; DOX, doxorubicin; NA, not acquired; PC, pancreatic cancer; GEM, gemcitabine; IRT, irinotecan;
OXA, Oxaliplatin; PTX, paclitaxel.
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ing chemotherapy-induced mucositis, and has achieved initial suc-
cess in alleviating intestinal damage. In CRC, oral administration
Lactobacillus rhamnosus or Lactobacillus casei variety rhamnosus
could reduce the severity of diarrhea and intestinal mucositis
induced by oxaliplatin and 5-FU via downregulating the expres-
sions of NF-jB, TNF-a, and IL-6 [39,40]. Lactobacillus supplementa-
tion also prevented cisplatin-induced cardiotoxicity via
inflammation inhibition [41]. According to clinical guidelines, IRT
is the first-line chemotherapy for advanced CRC patients. Never-
theless, the primary limitation of IRT is its associated complication
of diarrhea, especially late-onset diarrhea, which may result in sig-
nificant dehydration, electrolyte imbalance, and nutritional defi-
ciencies. IRT is transformed into its active form SN38, which is
also regarded as the reason for late-onset diarrhea [42,43]. The
key to reducing the side effects of IRT is to decrease the concentra-
tion of SN38 in the GI tract. A meta-analysis suggested that probi-
otics may be beneficial in preventing IRT-induced diarrhea,
especially for grade � 2 diarrhea [44]. For instance, selenium-
enriched Bifidobacterium longum could be considered a promising
therapeutic agent for IRT-induced diarrhea, as it could reduce the
pro-inflammatory cytokines IL-1b and IL-18 and upregulate the
expressions of tight-junction proteins occludin and ZO-1 [45].

In addition to intestinal toxicity, the gut microbiota is associ-
ated with chemotherapy-induced nerve injury. Peripheral neuro-
pathic pain is often caused by paclitaxel (PTX) or platinum
compounds. Neurons and glial cells are susceptible to
chemotherapeutics-triggered inflammatory factors that are well-
known starters of nociceptive pain in neuropathy [46]. Cuozzo
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et al. found that oral probiotic treatment can prevent PTX-
induced neuropathy through increasing the expression of opioid
and cannabinoid receptors in the spinal cord, reducing nerve fiber
damage in the paws, and modulating the serum proinflammatory
cytokines concentration [47]. Furthermore, a randomized con-
trolled trial reported probiotics supplements could mitigate
chemotherapy-related cognitive impairment by attenuating
synapse injury, oxidative stress, and glial activation in the central
nervous system [48].

It is noteworthy to pinpoint that antibiotics are frequently used
for preventing chemotherapy-associated infection in clinic prac-
tice. Given the pivotal role of gut microbiota, whether the use of
antibiotics for infection could generate other side effects such as
neuropathic pain or diarrhea remains unknown. Thus, it is neces-
sary to assess the pros and cons of antibiotics, and treatment
strategies specifically targeting gut microbes should be considered.
Microbial metabolites in cancer chemotherapy

The gut microbiota synthesizes manifold metabolites or bioac-
tive compounds, which play an important role in prompting nor-
mal physiology or diseases. These metabolites are generated
from exogenous undigested dietary components and host or
microorganisms-derived endogenous compounds via anaerobic
fermentation [6]. They contain lipids, organic acids, amino acids,
proteins, and peptides, etc. Microbial metabolic products can easily
access the single layer of intestinal epithelial cells to interact with
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host cells, and thus affect cancer pathogenesis, progression, and
response to therapies [49].

SCFAs are one of the most common metabolites derived from
the anaerobic fermentation of dietary fibers [50]. SCFAs are com-
posed of acetate, propionate, and butyrate, and it is well-
established that SCFAs principally exert extraordinary anti-tumor
activity [51]. Acetate production pathways are widely distributed
among bacterial groups, while pathways for propionate production
appear more highly conserved and are distributed across relatively
a few bacterial genera including Lachnospiraceae and Ruminococcus
[52,53]. So far, butyrate is the most widely studied SCFA. Several
clinical studies found the reduction of fecal butyrate level was cor-
related with colon tumorigenesis, which is mainly fermented by
Clostridium, Roseburia, and Eubacterium [54,55]. Recently, the role
of butyrate in cancer chemotherapy has been demonstrated. The
level of butyrate was significantly higher in CRC chemotherapy
responders, probably having potential as a predictor of chemother-
apy response [56]. Moreover, butyrate may serve as a potential
chemosensitizer. Increased glucose uptake and enhanced glycoly-
sis have been identified as hallmarks of cancer cells, and thus sup-
pression of glycolysis is regarded as an emerging and powerful
approach to cancer treatment [57]. Butyrate could inhibit glucose
metabolism to increase the efficacy of 5-FU in CRC via G-protein
coupled receptor 109a-AKT signaling pathway [58]. Intriguingly,
niacin could also activate G-protein coupled receptor 109a to sup-
press colonic inflammation and carcinogenesis, while whether nia-
cin has the capacity to promote chemotherapy efficacy remains
unknown [59]. Furthermore, Lactobacillus plantarum-derived
metabolites could increase the expression of sodium-coupled
monocarboxylate transporter 1, a major butyrate transporter,
thereby re-sensitizing CRC cells to 5-FU [60]. In pancreatic ductal
adenocarcinoma, butyrate enhanced GEM-induced apoptosis of
cancer cells and protected the integrity of intestinal mucosa by
decreasing the abundance of pro-inflammatory microorganisms.
Remarkably, butyrate could ameliorate some markers of kidney
and liver damage caused by chemotherapy or cancer itself [61].
Similarly, butyrate and docetaxel additively inhibited the prolifer-
ation and promoted apoptosis in lung cancer via targeting glioma-
associated oncogene homolog 1 [62]. These studies highlighted the
predictive, therapeutic, and toxicity-reduced role of butyrate in
cancer chemotherapy. Notably, there is an intriguing phenomenon
that butyrate has opposing effects on the proliferation of normal
versus cancerous colon cells, which is termed the butyrate para-
dox: butyrate facilitates the aberrant proliferation of colon epithe-
lial cells at low concentration while suppressing cancerous colon
cells at relatively high concentration [63]. Donohoe et al. found
the Warburg effect may account for the butyrate paradox. In nor-
mal colon epithelial cells, butyrate functions as the primary fuel
for cell metabolism, while in the cancer cells, glucose replaces
butyrate as the major energy source owing to the Warburg effect.
Thus, butyrate accumulates at a higher dose and functions as a his-
tone deacetylases inhibitor, resulting in its anticancer properties
[64]. Nevertheless, controversial findings on the role of butyrate
in CRC still exist: butyrate could promote carcinogenesis even at
a high concentration, making it difficult to explain the butyrate
paradox simply by the difference in butyrate concentrations
[65,66]. Such opposing conclusion emphasizes the importance of
concentration and duration of butyrate administration in research,
particularly in future clinical trials. In addition, several studies
found other SCFAs except butyrate are also significantly differenti-
ated between patients who received chemotherapy or not [56,67].
However, the role and mechanism of these SCFAs in chemotherapy
are yet to be investigated.

Polyphenolic metabolites are other crucial products of the gut
microbiota and have the capability to repair damaged DNA and
inhibit colon pathogens [68]. Mechanistically, they can regulate
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DNA synthesis to inhibit the inflammatory cascade, and activate
luminal detoxification enzymes to exert the anti-tumor function.
However, only several bacterial species (e.g., Bifidobacterium, Lacto-
bacillus, Bacteroides, Eubacterium.) that can catalyze the metabo-
lism of phenolics have been identified so far with a huge
interpersonal difference [69]. Urolithins metabolized from ellagic
acid can suppress the proliferation and migration of tumor cells
in multiple ways, including downregulating COX-2, matrix
metalloproteinase-9, and the Wnt pathway [70]. There is increas-
ing evidence to support the role of urolithin A (UroA) in
chemotherapy. UroA increased the antitumor effects of PTX as well
as cisplatin in esophageal carcinoma cells and 5-FU in CRC, respec-
tively [71,72]. Mechanistically, UroA promoted cytotoxicity in can-
cer cells via downregulating the expressions of drug transporters
like multidrug resistance-associated protein family and ATP bind-
ing cassette family [72,73].

Bile acids entering the colon undergo complex biotransforma-
tion performed by gut bacteria, resulting in the formation of sec-
ondary bile acids that can influence cancer chemotherapy [74].
Generally, ursodeoxycholic acid (UDCA) is one of the secondary
bile acids with a tumor-suppressing role, which is supposed to
exert chemotherapy-promoting function in recent years. Two key
enzymes (7a-HSDH and 7b-HSDH) that are involved in the biosyn-
thesis of UDCA are encoded by several intestinal bacteria such as
Clostridium, Eubacterium, Bacteroides, Escherichia coli, and
Eggerthella lenta [75]. Long-term UDCA treatment was related to
an enrichment of Faecalibacterium prausnitzii, a bacterium known
to mitigate 5-FU-induced mucositis [76,77]. In addition, UDCA
treatment could decrease the abundance of F. nucleatum [76],
which may enhance the chemotherapy efficacy indirectly. The
gut microbiota represents a bridge between UDCA bioactivity
and chemotherapy-promoting effects, while direct effect and
mechanism of UDCA on cancer chemotherapy should be further
explored.

Chemotherapy can eradicate cancer cells and control their pro-
liferation by damaging their DNA. Thus, acquiring nucleotides for
repairing damaged DNA may account for the occurrence of
chemoresistance in tumor cells [78]. Recently, Teng et al. reported
Bacteroides vulgatus-mediated nucleotide biosynthesis contributed
the chemoresistance in CRC patients. Subsequent functional vali-
dation unveiled that exogenous supplementation of nucleosides
or oral gavage of B. vulgatus increased the survival of CRC cells from
5-FU treatment via enhancing capacity of DNA repair [79].

Despite being a relatively new field, research about metabolites
seems quite knockout. For instance, a growing number of metabo-
lites have been identified to show outstanding efficacy against can-
cer in recent years, such as indole and indole-3-acetic acid, while
deoxycholic acid and polyamines exert the opposite effect
[51,80,81]. The research direction of metabolites has gradually
changed from the charactierzation of overall metabolomic changes
in patients to in-depth investigation on precise mechanisms of
specific metabolites in cancer pathogenesis and therapies. Based
on the current findings from basic research, clinical application
of microbial metabolites in predicting chemotherapy efficacy and
modulating response to chemotherapy is highly anticipated, yet
more clinical trials with large cohort are still needed for
verification.
Optimizing chemotherapy via the microbiota and metabolites

Given the significance of gut microbes and their metabolites in
chemotherapy, more and more strategies for targeting the gut
microbiota have been developed. Here, we summarize several
ways to optimize chemotherapy through the modulation of micro-
biota and metabolites (Fig. 2, Table 2).



Fig. 2. The way to optimize chemotherapy via the microbiota and metabolites. Dietary interventions, targeted use of antibiotics, probiotics, prebiotics, synbiotics, FMT,
engineered bacteria, and bacteriophages are the main strategies to harness gut microbiota for cancer chemotherapy. Dietary interventions: FMD, KD, and a diet rich in fiber
can increase the level of SCFAs to enhance the efficiency and lower the toxicity of chemotherapy. Targeted use of antibiotics: antibiotics with a spectrum narrow enough to
target a specific chemoresistance-associated bacterial species may induce favorable efficacy. Probiotics, prebiotics, and synbiotics: probiotics can release SCFAs (mainly),
exopolysaccharides or other peculiar proteins to enhance the efficiency and lower the toxicity of chemotherapy. Prebiotics can increase the abundance of SCFAs-produced gut
microbiota to optimize chemotherapy. FMT: FMT can mitigate chemotherapeutics-induced mucositis. Engineered bacteria: Bacteria can be modified to target tumor cells
precisely, and even can be conjugated with nanocarriers loaded with chemotherapeutics to optimize chemotherapy. Bacteriophages: Phages can target a specific
chemoresistance-associated bacterial species and can be also modified with chemotherapeutics-loaded nanocarriers to induce favorable chemotherapy efficacy.
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Dietary intervention

An imbalanced diet may induce carcinogenesis, as it can alter
the gut microbiota by skewing the abundance of specific species
and metabolites [82]. For instance, western high-fat diet was corre-
lated with CRC recurrence as well as the collagenolytic activity of
Enterococcus faecalis and Proteus mirabilis [83]. Dietary fiber, fat
and protein have relatively distinct but huge effects on microbiota
composition and diversity. Short-term dietary interventions could
reshape the gut microbiota, yet the changes could be revserved
once returning to the original long-term diet [84]. Thus, dietary
interventions are crucial for the development of CRC, and there
has been much interests in investigating their effects in
chemotherapy. It was reported that the Warburg effect promotes
drug resistance via maintaining cancer stem cell status and facili-
tating epithelial-mesenchymal transition [85], emphasizing the
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importance of modulating energy metabolism through dietary
intervention to overcome chemoresistance.

Numerous studies suggested that fasting or fasting-mimicking
diet (FMD) before or during chemotherapy could reduce adverse
effects and enhance the efficacy of chemotherapeutics [86]. Fasting
or FMD therapies are supported by a crucial hypothesis that nor-
mal and tumor cells have distinct stress resistance. In general, nor-
mal cells downregulate proliferation-associated genes under
starved condition, which impels them to turn into a self-
sustained status and protect them from chemotherapy-induced
toxicity, while tumor cells do not have such features [87]. Several
microbes have been frequently found to be correlated with fasting
interventions. Faecalibacterium including F. prausnitzii enrichment
can produce abundant SCFAs, which contribute to chemotherapy
efficacy. Roseburia, Butyricoccus, Coprococcus, and other genera
with major SCFA producers, display similar patterns after fasting



Table 2
Optimizing chemotherapy via the microbiota and metabolites.

Methods Microbiota composition alteration Mechanism Application Reference

Diet interventions
Fasting-mimicking diet Faecalibacterium, Roseburia, Butyricoccus,

and Coprococcus "
Reshaping the gut microbiota and
increasing the production of SCFAs

Efficacy" and
Toxicity;

[88]

Ketogenic diet Akkermansia, Roseburia, and
Ruminococcaceae ", Proteobacteria ;

Reshaping the gut microbiota and
increasing the production of SCFAs

Efficacy" and
Toxicity;

[91]

High fiber diet Faecalibacterium, Roseburia, and
Bifidobacterium", E. coli;

Reshaping the gut microbiota and
increasing the production of SCFAs

Efficacy" and
Toxicity;

[94–96]

Probiotics, prebiotics, and synbiotics
Probiotics (L. plantarum S2, L. pentosus S3, L.

rhamnosus 14E4)
NA Releasing butyrate, exopolysaccharides,

and other peculiar proteins
Efficacy" and
Toxicity;

[98]

Flavonoids Bifidobacterium, Lactobacillus, and
Roseburia", Escherichia-Shigella,
Streptococcus and Enterococcus;

Increasing the abundance of probiotics
and SCFAs, repairing the integrity of the
intestinal barrier

Efficacy" and
Toxicity;

[106,107]

Dihydromyricetin Prevotella, Lactobacillus and Segmented
filamentous", Fusobacterium;

Reshaping the gut microbiota and
decreased the concentration of IL-17

Efficacy" [108]

Poria cocos polysaccharides Bacteroides acidifaciens, Bacteroides
intestinihominis, Butyricicoccus
pullicaecorum, and the genera Lactobacillus,
Bifidobacterium, Eubacterium", Alistipes
finegoldii, Alistipes massiliensis, and
Alistipes putredinis ;

Modulating intestinal inflammation,
improving the gut epithelial barrier

Toxicity; [110]

Targeted use of antibiotics Blautia; (overuse of antibiotics) Deceasing the concentration of SCFAs
(overuse of antibiotics)

Efficacy" [115]

Fecal microbiota transplantation Lachnospiraceae and Roseburia" Reshaping the gut microbiota Toxicity; [126,127]
Engineered bacteria NA Delivering chemotherapeutics Efficacy" [131–133]
Phage therapy Fusobacterium nucleatum; Specifically targeting chemoresistance-

associated bacteria and their biofilms
Efficacy" [137]

Aberrations: NA, not acquired; SCFAs. short chain fat acids.
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[88]. Despite there has been indirect evidence showing that mod-
ulating the gut microbiota through fasting could affect the
chemotherapy efficacy, fasting or FMD is indeed promising strat-
egy as adjuvant of chemotherapy. However, considering almost
all fasting-based interventions are difficult to adhere to for most
people, FMD approach may have better compliance as patients
can maintain their regular diet between cycles, or alternatively
choosing complementary dietary approaches during the refeeding
period. Remarkably, FMD does not lead to severe weight loss and
show no detrimental effects on the immune and endocrine
systems.

Ketogenic diet (KD) imitates the metabolic state of fasting
through physiologically raising the level of ketone bodies. KD is a
diet with high fat, adequate protein, and low carbohydrate, which
exerts the function mainly by reducing the insulin level and gener-
ally does not lead to weight or micronutrient loss [89]. Zorn et al.
found that KD reduced chemotherapy-induced toxicities and
enhanced patient tolerance to chemotherapy [90]. The enrichment
of Akkermansia, Roseburia, and Ruminococcaceae was observed in
patients receiving KD, of which these bacteria are well-known
SCFA producers and negatively correlated with CRC [91]. However,
the mechanistic role of the microbiota in mediating anti-tumor
effects or enhancing the chemotherapy efficacy of KD has so far
not been investigated. Although KD showed promising results as
a combined treatment, two phase I clinical trials both pinpointed
that it remains a tough challenge on how to enhance the diet com-
pliance of patients [92,93].

Considering the protective role of SCFAs in the GI tract, a diet
rich in fiber such as Mediterranean diet has been brought to the
forefront, which prompts the gut microbiota to generate more
SCFAs [94]. Preclinical studies showed dietary fiber improved the
efficacy and lowered the toxicity of IRT in CRC by increasing buty-
rate production [95]. Mediterranean diet could also increase the
abundance of probiotics including Roseburia, Bifidobacterium, Fae-
calibacterium, etc.[96], highlighting that Mediterranean diet can
maintain a favorable intestinal microecological environment even
in cancer chemotherapy. Nonetheless, there are deficient clinical
229
studies to further validate the efficacy, compliance, and safety of
these nonpharmacological approaches.

Probiotics, prebiotics, and synbiotics

Probiotics are living microbes capable of conducing health ben-
efits to the host with adequate intake [97]. Currently, the role of
probiotics in enhancing chemotherapy efficacy is gaining an
increasing amount of attention. Doublier et al. found three putative
food-derived probiotics (L. plantarum S2, L. pentosus S3, L. rhamno-
sus 14E4) increase the effect of DOX in CRC cells by releasing buty-
rate, exopolysaccharides, and other peculiar proteins [98]. On the
contrary, probiotic mixture supplementation failed to exert syner-
gistic function with FOLFOX chemotherapy [99]. There is a percep-
tion that probiotics need to face acidic gastric juice, diverse
digestive enzymes, and bile salts when going through the GI tract,
accompanied by the changes of live microorganisms to unknown
compounds, leading to the loss of some beneficial functions
[100,101].

Prebiotics refer to substrates that are selectively utilized by host
microorganisms to confer health benefits. The most common pre-
biotics include fructooligosaccharides, galactooligosaccharides,
and inulin [102]. In addition to the anticancer effect, inulin and
oligofructose significantly augmented the efficacy of six frequently
used cytotoxic agents in cancer therapy without any supplemen-
tary risk [103,104]. Flavonoids are a group of polyphenolic com-
pounds which occur widely in plants, and are substantial
consumed in human diet [105]. The fruit of the date palm and
Astragalus mongholicus Bunge-Curcuma aromatica Salisb contains
significant amount of flavonoids that could significantly elevate
the fecal contents of SCFAs and increase the abundance of probi-
otics, such as Bifidobacterium, Lactobacillus, and Roseburia, which
may potentially enhance chemotherapy efficacy [106,107]. Dihy-
dromyricetin, a natural flavonol, enhanced IRT efficacy by lowering
the abundance of gut Fusobacterium [108]. Similarly, L-fucose ame-
liorated the pro-carcinogenic property of F. nucleatum in CRC, yet
its synergistic effect with chemotherapy has not been clarified
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[109]. Moreover, Poria cocos polysaccharides could improve thera-
peutic outcome of 5-FU in CRC by easing the cytotoxic effect of 5-
FU and stimulating the growth of probiotic bacteria (e.g., Bac-
teroides acidifaciens, Bacteroides intestinihominis, Butyricicoccus pul-
licaecorum, Lactobacillus, Bifidobacterium, Eubacterium) [110].
Evidence showed that ginseng polysaccharides could reshape the
gut microbiota with increased abundance of Parabacteroides dista-
sonis and Bacteroides vulgatus to sensitize the response to PD-1
inhibitors [111]. Notably, although the importance of gut micro-
biota in mediating chemotherapy response has been emphasized,
the specific role of each bacterial species plays still needs more
investigation. In addition to being utilized by gut microbes to pro-
duce beneficial metabolites, prebiotics are deemed as a crucial
component of some specific delivery systems to maintain stability,
enhance efficacy, and reduce side effects of chemotherapeutics. For
example, inulin and DOX conjugate were developed to improve
cancer therapy with increased cytotoxicity, which could be attrib-
uted to stronger binding to DNA, easier access into cells, and larger
molecular size to prevent efflux pumps from removing the conju-
gate from tumor cells [112].

Although synbiotics (a combination of prebiotics and probi-
otics) have not been investigated in potentiating chemotherapy
efficacy, several randomized controlled trials demonstrated their
potential for reducing adverse events in patients receiving neoad-
juvant chemotherapy. Administration of synbiotics could lower the
ratio of neutropenia, lymphopenia, diarrhea, and bacteremia in
esophageal cancer patients during neoadjuvant chemotherapy
[113,114]. Besides its synergistic effect, future research may focus
on developing newer or personalized combination of synbiotics to
target various cancer types that have different changes in the gut
microbiota.

Targeted use of antibiotics

As aforementioned, broad-spectrum antibiotics have a detri-
mental effect on chemotherapy. Clinical studies revealed that over-
use of antibiotics is related to poor prognosis in lung, liver, head
and neck cancer patients who received chemotherapy [115–117].
However, Mohindroo et al. reported opposite results that the
administration of antibiotics prolongs the overall survival and
progression-free survival in pancreatic ductal adenocarcinoma
[118]. It was speculated that the contrary outcome is attributed
to the depletion of chemoresistance-associated bacteria. Ahmed
et al. discovered that, whereas broad-spectrum antibiotics impair
the efficacy of immune checkpoint inhibitors, narrow-spectrum
antibiotics have no affects and even effectively reduce the inci-
dence of side effects [119]. Thus, narrow-spectrum antibiotics that
target specific chemoresistance-associated bacterial species may
induce favorable efficacy. In addition, the duration of antibiotic
administration is also critical. Using narrow-spectrum selective
oral antibiotics one month or as soon as feasible before treatment
could reduce disturbance to the gut microbiota and avoid unpleas-
ant side effect and infection associated with surgery and other
therapies [120]. Furthermore, chemotherapy can enhance the
emergence of antibiotic-resistant pathogenic bacteria [121,122],
and induce damage to the intestinal barrier, further aggravating
infection due to microbial translocation to the bloodstream. Con-
sidering this issue, modifying enzyme inhibitors, membrane per-
meabilizers, and efflux pump inhibitors are now being used as
remedies [120]. In general, antibiotic use is a double-edged sword.
Under the premise of not affecting chemotherapy efficacy, how to
optimize antibiotic use to prevent infection remains ambiguous
and unresolved. Based on current findings, it is advocated for
rational selection of narrow-spectrum antibiotics with early and
appropriate use, as well as the use of appropriate antidotes to pro-
tect the intestinal barrier, suppress inflammation, and reduce col-
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onization of harmful microorganisms, thereby facilitating CRC
treatment with improved patient outcomes.

Fecal microbiota transplantation

FMT aims to treat diseases through microbiota alteration by
transferring the completedly stable gut microbiota from healthy
donors into the recipient patients to reestablish enteric dysbacte-
riosis and deal with symptoms [123]. Compared to probiotics,
FMT transfers the whole microbial community rather than just a
few species. Different from regular medicinal therapy, FMT usually
only induces mild, transient, and self-limited gastrointestinal com-
plaints. Nevertheless, two possible FMT-related deaths probably
due to the inappropriate position of nasojejunal catheter, still con-
cern the clinicians and patients [124]. Substitutionally, the FMT
capsule seems to be more safe and feasible with no severe adverse
effects or death [125]. To date, FMT has received FDA approval as a
clinical treatment for recurrent Clostridium difficile infection, but its
efficacy in chemotherapy modulation is yet to be tested. In preclin-
ical research, Santana et al. andWardill et al. found autologous FMT
could significantly mitigate MTX- and 5-FU-induced mucositis,
respectively, suggesting FMT may be critical in reducing
chemotherapy-associated side effects through increasing the abun-
dance of Lachnospiraceae and Roseburia [126,127]. However, there
is deficient clinical evidence supporting the application of FMT in
improving chemotherapy efficacy. Furthermore, identifying the
critical microbial components among FMT materials that elicit
chemotherapy responses is a key direction of FMT research. Due
to its unclear influence on cancer survival, extensive clinical inves-
tigation is necessary prior to the wide application FMT as a strategy
to impcfor cancer therapy [8,128].

Engineered bacteria

Efficient and safe drug delivery has always been a challenge in
medicine. In most cases, chemotherapy fails to entirely eradicate
tumor cells in a hypoxic microenvironment. Therefore, precise
delivery of antitumor drugs or tumor suppressor genes to the
anaerobic microenvironment in tumors via a targeted delivery sys-
tem has been considered as one of the most clinically prospective
cancer therapies with rapid development [129]. Although tradi-
tional synthetic nanocarriers can theoretically target tumor tissues,
they have been gradually replaced by several biomaterials like exo-
somes or bacteria, due to their biotoxicity and poor biocompatibil-
ity [130]. E. coli Nissle 1917 (EcN) is one of the most commonly
used bioengineered bacteria for drug delivery. Xie et al. constructed
acid-lable EcN to conjugate with DOX based on the pH difference
between tumor and normal tissues, which successfully enhanced
the efficicency of drug absorption in tumor cells. Moreover, this
conjugate could also lead to a higher DOX accumulation in tumors,
compared to the commonly used nanocarriers [131]. In addition,
Singh et al. developed nanoparticles containing 5-FU coated with
prebiotics and probiotics, and such delivery system could allow
5-FU release only in the colon, thereby maintaining the integrity
of gut microbiota simultaneously [132]. Intriguingly, Clostridium
butyricum spores conjugated with GEM-loaded nanoparticles could
migrate upstream into pancreatic tumors through the gut-
pancreas axis, which increased threefold of intratumoral GEM
accumulation compared to nanoparticles without C. butyricum
spores conjugation [133].

Importantly, the colonization and growth of probiotics in the GI
tract are often hampered because of the digestive processes. There-
fore, it is urged to develop probiotic delivery system harboring
improved mucoadhesive capability, enhanced intestinal coloniza-
tion, high oral bioavailability, and superior resistance to the acidic
gastric environment. The safety of engineered probiotics should
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also be comprehensively assessed in clinical trials. The desirable
cost-effectiveness and available technology for mass production
should be taken into consideration. Novel oral delivery systems
of probiotics via different mechanisms have been well summarized
in other reviews [134].
Phage therapy

Phages are bacterial viruses widespread in the biosphere and
able to modify or destroy bacteria [135]. A growing number of pre-
clinical and clinical evidence has shown their therapeutic capabil-
ity to tackle manifold infectious diseases, especially to target
multidrug-resistant bacteria [136]. It is also a budding therapeutic
approach for targeting the gut microbiota to overcome chemoresis-
tance. For example, a novel dextran nanoparticle loaded with IRT
could be linked to the phages that target F. nucleatum to augment
the efficacy of IRT and simultaneously reduce side effects of the
nanoparticle [137]. Bacteria attached to host cell surfaces are likely
to enmesh into biofilms, which could play a crucial role in tumori-
genesis and drug resistance. So far, no drugs can specifically target
bacterial biofilms, while phages have shown potent ability to dis-
rupt the structure of bacterial community in biofilms [138]. F.
nucleatum could secrete amyloid-like adhesin to form biofilm and
enhance its pathogenicity [139]. Additionally, compared with bio-
film bacteria, the non-adherent ones tend to produce higher level
of butyrate, indicating biofilm is able to influence host metabolism
[140]. Thus, targeting biofilm by phages is a novel strategy to over-
come bacteria-induced chemoresistance. Recently, Kabwe et al.
identified a novel bacteriophage FNU1 that could disrupt F. nuclea-
tum biofilm formation [141]. However, the lack of sophisticated
regulatory framework and high-quality clinical trial data have
restricted the development of phage therapy. Moreover, most clin-
ical investigation on phage therapy in infectious diseases are
accompanied by antibiotics use, thus the therapeutic and adverse
effects of phage monotherapy remain unclear [136]. Given the
detrimental effect of broad-spectrum antibiotics in cancer treat-
ment, phage therapy that precisely target specific bacteria may
have potential in reducing chemoresistance. Thus, it is ideal to
define the core pathobionts that contribute to chemoresistance,
thereby facilitating the development of an optimized cocktail of
phages to eliminate these pathobionts. Nevertheless, more transla-
tional research is necessary before its clinical application, espe-
cially to evaluate the safety and efficacy of phage therapy.
Gut microbiota serves as predictive markers for chemotherapy
efficacy

Given the crucial role of gut microbiota in cancer, enormous
efforts have been invested to identify signature microbes for diag-
nosis and prognosis in patient stools, owing to the ease of collec-
tion, non-invasiveness, and repetability of fecal samples.
Currently, numerous studies have investigated the diagnostic
capability of gut microbiota in different cancer types [142–144],
and some diagnostic models with microbial biomarkers for CRC
could reach an area under the curve (AUC) of 0.96 [145]. Moreover,
the signature of gut microbiota can also be applied to predict ther-
apeutic outcomes such as immunotherapy and chemotherapy.
‘‘Random forest” is one of the most common methods in identify-
ing microbial biomarkers and predicting chemotherapy response
[146]. Li et al. identified a low abundance of Roseburia faecis pre-
dicted poor response to chemotherapy in GI cancer with an AUC
of 0.818. Additionally, butyrate-producing bacteria such as Rose-
buria and Dorea were highly enriched in chemotherapy responders
with robust predictive ability [56,147]. The gut microbiota also
exhibits satisfactory predictive potential in other cancer types,
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including esophageal squamous cell carcinoma and breast cancer
[148,149]. For instance, the abundance of F. nucleatum was related
to poor response to chemotherapy in patients with esophageal
squamous cell carcinoma [149]. As aforementioned, F. nucleatum
can induce chemoresistance, hence targeting these pathogenic bac-
teria may yield potential to improve chemotherapy response.

Applications of gut microbiota to predict chemotherapy-
associated toxicity have received attention recently. For instance,
patients with lower bacterial diversity and a higher Firmicutes/Bac-
teroidetes ratio were likely to develop diarrhea after pelvic radio-
therapy [150]. The gut microbiota could also predict the risk of
immune-associated diarrhea in lung cancer patients [151]. How-
ever, no specific bacteria have been correlated with
chemotherapy-induced toxicity, yet a study identified intestinal
bacterial b-glucuronidase as a promising biomarker to predict
IRT-induced diarrhea severity [152]. Targeting intestinal bacterial
b-glucuronidase could reduce intestinal exposure to SN-38 and
epithelial damage, meanwhile facilitating clinicians to identify
appropriate patients to receive IRT treatment and allow accurate
dosage adjustment. Of note, there is currently no approved intesti-
nal b-glucuronidase inhibitor for clinical use [153]. Additionally,
microbial metabolites such as butyrate can also reduce the toxicity
induced by chemotherapeutics, with ideal diagnostic accuracy in
CRC [154]. Hence, microbial metabolites may be potential
biomarkers for predicting chemotherapy efficacy or
chemotherapy-associated toxicity, after extensive clinical
validation.
Future directions

The recent advance in microbial profiling technology has revo-
lutionized our knowledge of the gut microbiota. As aforemen-
tioned, the gut microbiota is closely associated with
chemotherapy response, and studies have demonstrated its clinical
significance in predicting chemotherapy efficacy. However, to date
there are still many unsolved issues. Apart from bacteria, human
gut microbiota also comprises of other microbes including archaea,
fungi, and viruses. Although enormous efforts have been invested
on bacteria, the role of gut non-bacterial microbes is largely
unknown. Unfortunately, due to their low abundance in compar-
ison to bacteria, most genomes of these non-bacterial components
are uncharacterized, which together form the so-called ‘‘dark mat-
ter” of the gut microbiota [155]. As a result, the function of these
non-bacterial microbes in human health and disease remains elu-
sive, not to mention to depict their role in chemotherapy. Recently,
increasing research has been conducted to explore the alteration of
these non-bacterial microbes in CRC [156,157]. With a more com-
prehensive picture of the gut microbiota, we would have deeper
insights into gut microbes from different kingdoms, and their cor-
relation with cancer chemotherapy.

Another unclear aspect is the spatial heterogeneity of gut
microbiota. It is widely accepted that the composition of micro-
biota is distinct in different body regions [158]. A classic example
is the microbial disparity between right-sided and left-sided CRC
[159]. Moreover, microbes that are present inside the tumors were
also found to be heterogenous [160], leading to differential interac-
tions with host cells in the tumor microenvironment. In general,
spatial heterogeneity in microbiota could lead to the inaccuracy
of research, yet there is currently a lack of studies focusing on
the variation of microbial community. More efforts are suggested
to reveal the spital organization of microbial niches using novel
technology, including multi-site sampling, single cancer cell-
associated microbial profiling, or multiplexed spatial imaging
[161]. In addition, intratumoral heterogeneity in host genetic back-
ground is known to induce chemotherapy resistance [162]. Mean-
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while, whether microbial heterogeneity inside the tumors could
impact chemotherapy response needs to be further investigated.

It is noteworthy to highlight that the composition of fecal
microbiota was found to be distinct from that of the mucosal
microbiota [163,164]. Therefore, it is unsatisfactory to use fecal
microbiota to reflect the whole landscape of gut microbiota. Inves-
tigating the role and mechanism of the intratumoural microbiota
in chemotherapy is also critical to demonstrate the relationship
between gut microbiota and chemotherapy.
Conclusion and perspective

In the past few years, the research on gut microbiota has
opened a new era for chemotherapy as well as other cancer treat-
ments. There is accumulated evidence supporting the remarkable
potential of targeting gut microbiota or microbial metabolites to
enhance the safety and efficacy of chemotherapy, thereby improv-
ing survival of cancer patients. As such, increasing studies have
begun to investigate approaches that directly modulate the gut
microbiota as adjuvants of chemotherapeutics. However, given
the wide spectrum of chemotherapy-related microbes reported
among studies, it remains challenging to identify a universal and
effective approach to modifying the gut microbiota in different
patients. Additionally, the gut microbiota is highly susceptible to
endogenous (e.g., host genetic background) and exogenous (e.g.,
environmental factors including diet, use of antibiotics, or even
chemotherapeutic drugs) alterations. Further research should con-
sider the interplay between microbiota and these host-related fac-
tors, thereby enhancing the efficacy of microbiota-targeting
approaches that aim to enhance chemotherapy response.

For microbial metabolites, the quantitative contribution of
metabolites should be considered prior to clinical application.
Apart from metabolite fluxes, transit, absorption, and distribution
of metabolites should also be premeditated. Although some
metabolites like flavonoids have shown promising results in pre-
clinical animal studies, they have poor bioavailability, making
them hard to achieve optimal efficacy in human patients. Thus,
how to enhance the bioavailability and efficacy of metabolites
has been a tough challenge. To date, microemulsions, microencap-
sulation, and nano-delivery systems are proposed to improve the
absorption of metabolites with poor bioavailability [105]. Notably,
preclinical and clinical studies of long-term toxicity, pharmacoki-
netics, and molecular action of metabolites are still warranted,
which are critical before their commercial application in the drug
industry.

To date, most studies tend to provide a single snapshot of the
gut microbiota before and after disease or treatment, as well as
focusing on the function of a single bacteria. As a consequence,
the dynamic changes in microbiota and intermicrobial perturba-
tions during such a long course of treatment could be omitted.
More longitudinal investigations are therefore recommended to
fully uncover the microbial changes over the course of interven-
tion. Another major problem is the disparity between clinical
observations and clinical interventions stratifying the microbiota.
Gut microbiota alteration may induce sepsis or immune dysfunc-
tion in patients, which could postpone the approval of
microbiota-targeting therapeutic strategies to enter clinical trials.
It is also noteworthy to pinpoint that current interventional studies
are mostly performed in animal models, which could only partially
mimic the human microbiota. Hence, the safety and efficiency of
microbiota-targeting interventions must be ensured before their
clinical applications.

In summary, although the field of therapeutic intervention
through targeting gut microbes or microbial metabolites is still
primitive, the resilience, stability, and sensitivity of gut microbiota
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have enabled researchers to utilize various microbial components
as biomarkers or therapeutic targets. Approaches that modulate
the gut microbiota are therefore very likely to become one of the
next frontiers for precision and personalized medicine for cancer
chemotherapy.
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