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Abstract

Chinese herbal medicine (CHM), with a range of pharmacological and molecular targets, has unique advantages in the
comprehensive treatment of colorectal cancer (CRC); however, its clinical application remains limited owing to undetermined anti-
CRC mechanisms. Recent studies have shown that gut microbes mediate the intestinal barrier, metabolism, and immunity, which,
in turn, affect CRC initiation, progression, and CHM therapy. Here, we summarize the mechanisms and clinical applications of the
gut microbiota involved in CRC, together with the latest studies of CHM in CRC therapy and its anti-tumor molecular basis from the
gut microbiota perspective. This review highlights the gut microbiota as a “bridge” to clarify the scientific of CHM in treating CRC.
More efforts should be focused on how the gut microbiome interacts with CHM to elucidate the mechanism of action of CHM and

provide a more applicable basis for CHM- and microbiota-related therapies for the treatment of CRC.
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Introduction

The morbidity and mortality rates of colorectal cancer
(CRC) in China continue to increase despite an overall
declining trend worldwide. In 2020, newly diagnosed
CRC cases in China accounted for 28.8% of new
global cases and CRC-related deaths accounted for
30.6% of global CRC-related deaths!'?l. In approxi-
mately 20% of the patients, the initial diagnosis is
metastatic CRC, whereas up to 50% of the patients
with localized disease eventually develop metastases!?l.
Metastatic stage IV CRC has a poor prognosis because
of its poor response to current standard therapies, indi-
cating that more effective and individualized strategies
are required™.

Chinese herbal medicine (CHM) has been used at
all stages as an effective alternative therapy for the
treatment of CRC. Clinical studies have confirmed the
unique advantages of CHM in the comprehensive treat-
ment of CRC; it enhances the efficacy of chemotherapy/
radiotherapy and targeted therapy, prevents postopera-
tive recurrence and metastasis, and reduces chemother-
apy/radiotherapy-induced adverse effects®). However,
the underlying mechanisms of action of CHM in the
prevention and treatment of CRC have not yet been
elucidated.

Recent studies have highlighted that a unique aspect
of CRC is its intimate association with the gut micro-
biota, not only focusing on the role of the gut micro-
biota in contributing to colorectal tumorigenesis and
development but also on modifying the chemotherapy
and immunotherapy responses of patients with CRCI*7,
The role of CHM in shaping the gut ecosystem has long
been established, and numerous studies have reported
that single Chinese herbs, formulas, and herbal com-
pounds can inhibit CRC development by regulating the
gut microbiotal®?. Therefore, clarifying how the gut
microbes interact with medicinal herbs is beneficial for
uncovering the mechanisms of CHM action. Increasing
clinical and preclinical evidence supports that the micro-
biota is key to innovate or optimize current therapies
for CRC; however, such issues are still far from being
addressed due to the existing microbiota-targeted lim-
itations. With the modulatory role of CHM on the gut
microbiota, potential strategies that use CHM to target
pathogenic bacteria may provide novel adjuvant ther-
apy, and thus, facilitate precise clinical management.

Herein, we aimed to review the role of gut microbi-
ota dysbiosis in the pathogenesis and treatment of CRC
and update the microbiota-involved research progress
of CHM in CRC therapy, thus illustrating the scientific
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Figure 1. Microbiota-mediated mechanisms in CRC initiation and progression. Gut pathogens perform pro-carcinogenic actions via the following
direct or indirect mechanisms: 1) generation of pro-carcinogenic metabolites; 2) secretion of genotoxins; 3) promotion of tumor inflammatory micro-
environment formation, thus activating pro-carcinogenic pathways; 4) disruption of intestinal epithelial integrity and induction of mucosal immune

dysregulation; and 5) dysregulation of gut microbiota homeostasis, wh

ich further forms a (pre-) metastatic niche. CRC: Colorectal cancer; E. coli:

Escherichia coli; IL: Interleukin; LPS: Lipopolysaccharide; TNOC: Total N-nitroso compounds.

role of CHM in CRC therapy from a gut microbiota
perspective.

Mechanistic role of gut microbiota in CRC initiation
and development

The initiation and development of CRC are complex
processes driven by both genetic and environmen-
tal factors, and approximately 60% of CRC cases are
affected by environmental factors!'’l. The gastrointes-
tinal tract contains the largest number of microbes in
the body that can be easily affected by diet, exercise,
or medication'. Microbes may play tumor-promoting
or tumor-suppressive roles, depending on the specific
tissue milieu. It is widely recognized that gut patho-
gens Fusobacterium nucleatum, Escherichia coli, and
Bacteroides fragilis can accelerate tumor initiation and
progression!'>'4, Nevertheless, probiotic symbiotes in the
gut can repair the intestinal barrier, suppress inflamma-
tion, and enhance host immune responses, thus protecting
against tumor progression'>'7l. To date, the regulation
of gut microbial changes during CRC progression and
the precise mechanisms involved in CRC development
have not been completely elucidated. It remains unclear
whether changes in the intestinal microbiome contribute

to the development of sporadic CRC or whether gut
dysbiosis may also occur following CRC formation, as
clearly observed in animal CRC carcinogenesis models!'8l.
Thus, there is a bidirectional interaction between the gut
microbiota and CRC. Nevertheless, whether pre- or post-
CRC, gut dysbiosis results in disrupted intestinal physiol-
ogy and function and explains the pathological outcomes
of CRC. In this section, we discuss the pro-tumoral
mechanisms of gut microbes in CRC. Accumulating data
have highlighted that altered gut microbiota facilitates
CRC through several mechanisms, including genotoxin
overproduction, inflammation, intestinal barrier disrup-
tion, and aberrant immunomodulation. Here, we have
updated the microbiota-associated mechanisms of CRC
carcinogenesis and progression (Figure 1).

Producing carcinogenic metabolites

The interplay between diet and the gut microbiota has
long been studied. Dietary components fermented by the
gut microbiota not only fuel bacterial metabolism, but
also regulate molecular events in the colonic mucosa.
However, when this ecological balance is disturbed,
the metabolites produced by the gut microbes may
have genotoxic and pro-carcinogenic effects!'’l. Certain
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bacteria, including E. coli, Enterobacteriaceae, and
Clostridium, can produce metabolites such as amines,
ammonia, hydrogen sulfide, indoles, and phenols, all
of which are associated with CRCP’., Excessive intake
of red or processed meat produces carcinogens, such as
N-nitroso compounds and hydrogen sulfide, through the
metabolism of specific bacterial?!l. A high-fat diet signifi-
cantly increases the risk of CRC, which is closely linked
to abnormal bile acid (BA) metabolism caused by dis-
turbances in the gut ecosystem!??. Studies have shown
that deoxycholic acid (DCA) can induce oxidative DNA
damage in vitro and promote intestinal tumor forma-
tion in vivo'*’l. Another example is trimethylamine, pro-
duced by gut microbes, which is N-oxidized in the liver
by flavin-containing monooxygenase to trimethylamine
N-oxide and contributes to several genetic pathways
associated with colon cancer?¥,

Generating genotoxins

Emerging studies have reported that the gut microbiota
is involved in the pathogenesis and development of CRC
by producing genotoxins, such as colibactin-producing
polyketide synthase (pks)+ E. coli®2% enterotoxi-
genic Bacteroides fragilis (ETBF)?", and Enterococcus
faecalis®®. Potential E. coli strains generate cytolethal-
distending toxins and colicin, both of which can engender
inter-strand crosslinks and induce double-stranded DNA
breaks in intestinal epithelial cells, further aggravating
CRC in animal studies®*°!, In susceptible azoxymethane
(AOM)-treated 1110~ mice, pks + E. coli monocoloni-
zation promotes invasive adenocarcinoma by inducing
DNA damagel%. Recently, additional genotoxins have
been identified; for example, Campylobacter jejuni
induces DNA damage in Apc”™* mice via the genotoxic
action of cdtBP. Cao et al.’? identified a distinctive
family of DNA damage-inducing genotoxins (termed
indolimines) produced by Morganella morganii that
exacerbated the tumor burden in gnotobiotic mice. Using
the Cancer Microbiome database, researchers found that
M. morganii is enriched in colon and rectal adenocarci-
nomas, suggesting that genotoxic indolimines from M.
morganii may play a role in intestinal tumorigenesis in
humans®?l. Overall, these studies have extended the spec-
trum of microbiota-derived genotoxins involved in the
development of CRC.

Altering tumor cell function and phenotype

Gut pathogens are also directly involved in tumor cell
survival and invasion. E nucleatum and its stimulated
cytokines/chemokines [eg, interleukin (IL)-8, IL-21, and
CXCL1] have been shown to promote CRC cell prolif-
eration and invasion®*-¢. F nucleatum—infected tumor
cells release exosomes that facilitate the migration of
non-infected cells and promote tumor metastasis®’.
Peptostreptococcus anaerobius was reported to directly
interact with tumor cells via a,/B, integrin through its
surface protein putative cell wall binding repeat 2 and
activate cellular PI3K/Akt pathway activation, leading
to increased cell proliferation®®. Adhesin FadA from
E nucleatum activates the E-cadherin/B-catenin path-
way, inducing epithelial-mesenchymal transition in
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CRC cellst®*#1, Another pathogen, ETBF, was found to
enhance CRC cell stemness by enhancing the expression
of the core stemness transcription factor Nanog homeo-
box wia upregulation of JmjC-domain-containing his-
tone demethylase 2B expression in a Toll-like receptor
(TLR)4-dependent manner*?, The above evidence illus-
trates the promotive role of pathogens in tumor cell pro-
liferation, invasion, and/or migration.

Eliciting tumor-promotive inflammation

Inflammation is a well-known hallmark of cancer and
has an unanticipated paradoxical effect of enhancing
tumorigenesis and progression!*. It is well established
that microbe-associated molecular patterns and TLRs
play important roles in initializing inflammation and
promoting carcinogenesis**. TLR4 is the main media-
tor of responses to the gram-negative bacterial cell wall
component, lipopolysaccharide (LPS). TLR4 activation
appears to promote the development of colitis-associated
cancer by mechanisms including enhanced cyclooxy-
genase 2 (COX-2) expression and increased epidermal
growth factor receptor signaling!*l, and enhanced IL-6,
granulocyte-macrophage  colony-stimulating  factor
(GM-CSF), IL-11, CCL3, S100A8, and S100A9 expres-
sion in gut tumors, resulting in a loss of homeostasis that
drives a pro-neoplastic inflammatory environment!*’l,

E nucleatum as a driver of intestinal inflammation and
carcinogenesis has been found toactivate the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B)
pathway through TLR4 and promote the production of
proinflammatory cytokines (IL-8, IL-6,1L-17, and COX-
2)B6461 - Additionally, E nucleatum activates the autoph-
agy pathway and induces CRC chemoresistance through
TLR4 and MyD88 innate immune signaling'*’. Moreover,
E nucleatum activates the inflammation-associated reg-
ulator, caspase activation, and recruitment domain 3
and promotes intestinal cancer metastasis'*!l. B. fragilis
targets the colonic epithelium STAT3/IL-17 signaling to
induce a multi-step inflammatory cascade that activates
the NF-xB pathway to promote intestinal carcinogene-
sis in ApcM™ mice®), Inflammasomes are another key
factor in inflammation-related CRC that mainly con-
tributes to the occurrence of CRC by regulating inflam-
matory cytokinesP®. Hu et al.b" observed aberrant
inflammasome-induced microbiota in mice lacking the
nucleotide-binding and oligomerization domain (NOD)-
like receptor family pyrin domain containing 6 inflam-
masome feature, exacerbating inflammation-induced

CRC.

Inducing intestinal barrier dysfunction and immune
dysregulation

The intestinal epithelium, mucus, and immunological
and microbial components form a physical barrier cru-
cial for preserving gut homeostasis and the crosstalk
between bacteria and immune cellst?l. Clinical evidence
has demonstrated an altered microbial composition
and a dysfunctional gut barrier manifested by epithe-
lial hyperpermeability and high enrichment of mucosa-
associated bacteria in patients with inflammatory bowel
disease and patients with CRCP¥¢l. Strain-specific
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bacterial internalization and intracellular survival (such
as Escherichia, Staphylococcus, and Bacteroides) may
act as initial triggers that evoke damage to the intesti-
nal barrier, leading to the infiltration of commensal bac-
teria, which in turn activates immune cells and induces
tumor-promoting inflammation®7..

B. fragilis and F. nucleatum can induce mucosal perme-
ability, rapidly, and prolonged activation of STAT3 sig-
naling in colonic immune and epithelial cells, leading to
a Th17 immune response in the colonic mucosal*%-%,
Furthermore, the complex relationship between dysbiosis
and immune regulation may facilitate an immunosuppres-
sive milieu that eventually maintains tumor cell survival
and immune escape in CRCU!. For example, in ApcMin+
mice, E nucleatum increases tumor multiplicity and
selectively recruits immunosuppressive tumor-infiltrating
myeloid cells, which can promote tumor progression!®’],
The Fap2 protein of E nucleatum can directly interact with
the immune inhibitory receptor T cell immunoglobulin and
ITIM domain, leading to the inhibition of NK cell cytotox-
icity!®l. P. anaerobius can also expand tumor-infiltrating
immune cell populations such as myeloid-derived sup-
pressor cells (MDSCs), tumor-associated macrophages,
and tumor-associated neutrophils, which are associated
with chronic inflammation and tumor progression!®l,
Microbial dysbiosis also contributes to colon tumor sus-
ceptibility and reduces anti-tumor immunity by stimulat-
ing CD8* T cells to promote chronic inflammation and
early T cell exhaustion!®?. Thus, the gut microbiota can
regulate CRC onset and development through immu-
nomodulation, but the “immuno-oncology-microbiome
axis” warrants further study.

Promoting pre-metastatic niche formation

Microbiota inevitably participate in the development of
CRC metastasis, as evidenced by the presence of micro-
biota in metastatic liver or lung organs in patients with
CRC, although the underlying mechanisms are not fully
understood. Recent studies have highlighted that bacteria
can modify the microenvironment and local immune pro-
file at a metastatic site, forming a (pre-) metastatic niche
that favors distant metastases!®>*. E nucleatum facili-
tates liver metastasis of CRC through mechanisms includ-
ing reprogramming of the tumor microenvironment by
inducing M2 macrophage polarization'®, modulating
hepatic immune response featuring an accumulation of
MDSCs and Tregs, and a reduction of NK and Th17 cells
in the liver!®®. In another study, Bertocchi et al.l”! found
that E. coli disrupts the gut vascular barrier, inducing
bacterial dissemination to the liver, thus initiating the
recruitment of immunosuppressive cells and boosting the
formation of a pre-metastatic niche. These results high-
light the potential of early microbiota-targeted therapy in
preventing the metastatic spread of CRC.

Advances of intestinal microbiome in clinical
applications

Early diagnosis and prognosis prediction

Since a specific microbial signature in CRC has been
reported in the past decade, its important role in clinical
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translational applications has emerged as a new area of
microbiome research. Nejman et al.[®! detected distinct
intratumoral microbiomes among more than 30 cancer
types, proposing their applicability to blood-based diag-
nostics and providing imaging evidence of the intratu-
moral spatial distribution and intracellular localization
of these microbes in seven cancer types, including colon
cancer. Wu et al.l[®! compared fecal microbiota profiles
among healthy subjects, and patients with colorectal
adenoma and adenocarcinoma to screen and validate
adenoma-specific markers across multiple populations,
which would benefit the early diagnosis and treatment
of CRC. Liang et al. searched for the diagnostic utility
of bacterial marker candidates and found that a com-
bination of four bacterial markers (increased F. nuclea-
tum, Roseburia intestinalis, one undefined species, and
decreased Bacteroides clarus) had good diagnostic value
(sensitivity, 92.8%; specificity, 81.5%) for CRC in com-
bination with fecal immunochemical assays!””. Another
study developed an oral and fecal microbiota-based
classifier that could improve the diagnostic sensitivity
of individuals with CRC and adenomas compared to
healthy controls”!. To explore the prognostic value of
dysbiosis and CRC, Wei et al.”?l used 16S rRNA gene
sequencing to determine differences in microbiota
among tumor tissues with different prognoses and found
that high abundances of E nucleatum and B. fragilis were
independent indicators of poor patient survival, whereas
Faecalibacterium prausnitzii was more abundant in the
survival group. A large cohort study by Mima et al.[’
also demonstrated that the amount of F nucleatum in
CRC tissues was associated with shorter survival and
may potentially serve as a prognostic biomarker. These
studies suggest that intestinal flora, in combination with
other non-invasive techniques, could be a beneficial tool
for the early diagnosis and prognosis of CRC.

Adjuvant therapy

Emerging evidence suggests that microbes can influence
the therapeutic efficacy of anti-tumor drugs. For exam-
ple, the gut microbiota has been shown to affect host
responses to chemotherapy by influencing drug efficacy,
promoting chemoresistance, and mediating chemothera-
peutic toxicity and side effects. Different strategies of gut
microbiota modulation, including probiotics, prebiotics,
postbiotics, antibiotics, and fecal microbiota transplan-
tation (FMT) can synergistically treat CRC by restoring
microbial dysbiosis and maintaining intestinal micro-
bial balance”. Although this evidence comes mainly
from preclinical studies, some clinical translational
trials employing microbiota modulation approaches
have been initiated and are now under recruit-
ment. Notably, the combined use of gut microbiota-
modulated strategies in patients with CRC in clinical
trials has been shown to alleviate treatment-induced
side effects (NCT014109551, NCT01839721"],
NCT02313519071 and NCT03782428["%). To date, there
have been no reports of microbiota-based modulations
regarding beneficial clinical efficacy outcomes such as
progression-free survival (PFS) and overall survival (OS).
Some studies are still recruiting, which are assessing the
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survival of patients (NCT05279677, NCT04729322,
NCT05570942, and NCT04682665); these are expected
to aid in finding more precise and effective intervention
for CRC treatment. Meanwhile, new techniques based
on genetically modified bacteria have emerged. Chung
et al.”’! genetically modified the lactic acid bacterium
Pediococcus pentosaceus engineered to deliver anti-
cancer drugs, and found that this strain was effective
in suppressing colorectal carcinogenesis. Conversely,
pathogenic bacteria, such as E nucleatum, are associated
with chemoresistance to 5-fluorouracil (5-FU) in CRC®L,
The intratumor bacterium Mycoplasma hyorbinis was
also found to induce gemcitabine resistance in a CRC
mouse model, whereas a gemcitabine-antibiotic cipro-
floxacin combination therapy abrogated resistance and
potentiated treatment efficacy!®!l.

The gut microbiome can also influence the response
to immunotherapy in CRC. In the MC38 colon cancer
model, the anti-tumor effect of CTLA-4 blockade was
dependent on distinct Bacteroides species. Specific T-cell
responses against Bacteroides thetaiotaomicron and
B. fragilis were correlated with the efficacy of CTLA-4
blockadel®?!. In microsatellite stability (MSS)-type CRC
tumor-bearing mouse models, Prevotella_sp._CAG:485
and Akkermansia, were shown to maintain the normal
immunotherapy response to PD-1 antibody®!. Mager
et al.® found that intestinal Bifidobacterium pseudo-
longum may be associated with an enhanced immuno-
therapy response by producing the metabolite inosine,
which is dependent on the T cell expression of the ade-
nosine A,, receptor. Isolation of a consortium of 11
bacterial strains from healthy human donor feces also
enhanced the therapeutic efficacy of immunotherapy in
CRC tumor models by inducing interferon-y-producing
CD8* T cells in the intestine which required CD103* den-
dritic cells and major histocompatibility complex class Ia
molecules®. As one of the most common products of
the gut microbiota, Song et al.® found that LPS was
enriched in CRC tissues in situ and was associated with
poor responses to anti-PD-L1 therapy. Using an engi-
neered LPS trap system to block LPS inside the tumor
significantly relieved the immunosuppressive microenvi-
ronment and boosted anti-PD-L1 mAb therapy against
CRC tumor!®l. Collectively, these studies highlight the
importance and promising prospects of microbial-based
adjuvant therapies for CRC.

Application of CHM in comprehensive treatment
of CRC

As an integral part of the comprehensive treatment of
CRC, combining Western medicine with CHM in a col-
laboratively positive manner could be effective in treat-
ing tumors, as revealed by increased clinical effectiveness,
enhanced immunity, improved quality of life, and pro-
longed survival time in patients with CRCE38l. Xu et
al.®” conducted a prospective cohort study in eight med-
ical centers in China and found that a longer duration of
CHM use was associated with improved disease-free sur-
vival and OS among postoperative stage II and III CRC
survivors. Another study investigating the efficacy of
integrated Chinese and Western medicine (IM) compared
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to Western medicine alone in the treatment of metastatic
CRC found that IM prolonged the survival of patients
with metastatic CRC (ChiCTR-IOR-17010497)P,
Liu et al.®" performed a randomized, controlled, and
double-blind trial and showed that Huangci Granule
(Ligustrum lucidum, 15g; Cistanche deserticola, 12g;
snakeberry, 15g; edible tulip, 15g; Salvia miltiorrhiza
Bge, 15¢g; and Fruit of Fiverleaf Akebia, 9g) combined
with chemotherapy and cetuximab or bevacizumab can
prolong the PFS of metastatic CRC, improve the quality
of life, reduce adverse reactions, and have good safety
(ChiCTR-IOR-16008843). Moreover, patients with
metastatic CRC after failure of conventional second or
above lines treatment can benefit from the treatment of
Jianpi Bushen Jiedu Decoction (Radix pseudostellar-
iae, 30g; Atractylodis macrocephalae Rhizoma, 10g;
Poria cocos, 10g; Radix glycyrrbizae, 6g; Ligustrum
lucidum Ait, 10g; Eclipta prostrata L., 10g; Gastrodia
elata Blume, 10g; Uncaria rhynchophylla (Miq.) Jacks,
10g; Hedyotis diffusa Willd, 15 g; and Rhizoma Smilacis
glabrae, 15 g) combined with low-dose apatinib and S-1
(ChiCTR1900022673)2. To go further, well-designed
large-scale randomized controlled clinical trials will
favor the development of evidence-based guidelines for
using CHM in CRC treatment.

The basic principle of traditional Chinese medicine
(TCM) in treating CRC is based on syndrome differ-
entiation and specific treatment. By analyzing the pre-
scription patterns of Chinese herb medicine, Lin et al.l?!
found that Atractylodes macrocephala (Baizhu) and
Poria (Fuling) were the most commonly prescribed sin-
gle herbs identified through analysis of medical records,
with the function of nourishing gi and eliminating
dampness. With the in-depth exploration of the biologi-
cal basis of TCM syndrome, gut microbiota has attracted
more attention to study its connection between differen-
tial TCM syndrome classification. Wang et al.®” inves-
tigated the distribution of gut microbiota between two
CRC syndromes called Deficiency of vital gi and excess
of pathogenic toxins and found that the compositions of
the microbiota in two syndromes were significantly dif-
ferent. This study suggests that the gut microbiota may
present a new approach for TCM syndrome differentia-
tion, classification, and treatment system.

Microbiota-related anti-tumoral mechanisms of CHM

Due to the complex component, CHM has a range of
pharmacological and molecular targets which are associ-
ated with its anti-cancer mechanisms. Numerous studies
reported the effects of CHM against CRC are mediated by
regulating gut microbiota (Table 1). FMT experiments in
germ-free mice have clearly demonstrated the protective
role of CHM-manipulated gut microbiota in preventing
CRC tumorigenesis®!. Multiple mechanisms, including
the inhibition of inflammation, regulation of intestinal
immune homeostasis, and strengthening of the intestinal
barrier (Figure 2), have been reported to be associated
with the intricate interactions between CHM and the gut
microbiota. Thus, an in-depth study of the precise mech-
anisms underlying the multiple targets of CHM will pro-
vide fundamental evidence for its use in CRC treatment.
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Effects and mechanisms of CHM on gut microbiota in treating CRC

Diseases/
animal
CHM Gut microbial alterations Associated mechanisms models Ref
Formulas
PZH Increased abundance of probiotics Pseudobutyrivibrio Restoring gut barrier function; AOM/DSS and  [94]
Xxylanivorans and Eubacterium limosum; depleted pathogenic  suppressing oncogenic and Apc™+ mice
bacteria Aeromonas veronii, Campylobacter jejuni, Collinsella  proinflammatory pathways.
aerofaciens, and Peptoniphilus harei.
GAD Increased abundance of Bacteroides, Akkermansia, and Enhancing anti-tumor immunity; reducing  CRC patients [95]
Prevotella; decreased abundance of Megamonas and inflammation; protecting intestinal barrier
Veillonella. function.
XYS Increased abundances of Bacteroidetes and Proteobacteria; Protected the intestinal barrier; corrected ~ CRS with CRC ~ [96]
reduced abundance of Firmicutes. gut dysbiosis. xenografted
mice
XCHT Increased abundances of, Anaerostipes and unclassified, Anti-depression; modulating gut CRC patients [97]
reduced abundances of Alistips, Blautia, Corprobacillus, dysbiosis; suppressing the TLR4/MyD88/  and CRS
Corynebacterim, Eubacterium, Escherishia-Shigella, NF-xB signaling pathway. with CRC
Megamonas, Parabacteroides, and unclassified xenografted
Ruminococcaceae. mice
SND Increased beneficial bacteria Lactobacillus, Bacillus Regulating intestinal immunity, protecting ~ AOM/DSS [98]
coagulans, Akkermansia muciniphila, and Bifidobacterium; the colonic mucosal barrier. mice
reduced pathogenic bacteria Bacteroides fragilis and
Sulphate-reducing bacteria.
YYFZBJS Increased probiotic genera Bifidobacterium and Modulating the function of regulatory T Apc™™+ mice [99]
Prevotellaceae; reduced Lactobacillus and Dubosiella. cells.
XLP Enrichment of beneficial bacteria, particularly Akkermansia, Reducing fecal DCA; suppressing AOM/DSS [100]
Parabacteroides, and UBA1819; lower levels of activation of TLR4/MyD88 pathway; mice exposed
Muribaculaceae and Lactobacillus. ameliorating inflammation; maintaining to HFD
mucosal barrier integrity; restoring
metabolic dysfunction
Monomers
Apple Increased level of Lactobacillus and decreased level of Increasing the intestinal microbiota AOM/DSS [101]
polysaccharides — Fusobacteriunt, decreased abundance of Firmicutes and diversity; reducing the infiltration of mice
increased abundance of Bacteroides. colonic immune cells and alleviating
colonic inflammation; inhibiting the
activation of classical Wnt pathway in
colon tissues.
Triterpenoid Deduced the sulfate-reducing bacteria; boosted the beneficial — Improving the intestinal epithelial barrier; ~ Apc™* mice  [102]
saponins microbes reversing the host’s inflammatory
phenotype; alleviating intestinal
inflammatory gut environment.
Berberine Suppressed pathogenic species, such as £ Changing composition of gut microbiota; ~ AOM/DSS [103]
Erysipelotrichaceae, Alistipes; elevated some SCFA-producing  increasing SCFAs metabolism. mice
bacteria, including Alloprevotella, Flavonifractor, and
Oscillibacter.
Echinacosides  Attenuated pro-carcinogenic or proinflammatory bacteria Facilitating butyrate-producing gut Intrasplenic [104]
Bilophila, Alloprevotella, Prevotellaceae_UCG-001, bacteria; downregulating PI3K/AKT injection-
Parabacteroides, and Escherichia-Shigella; recovered signaling and EMT. induced liver
SCFA-producing bacteria Faecalibacterium, Parasutterella, metastatic
Bifidobacterium, Blautia, Parvibacter, Lactobacillus, CRC mice
Dubosiella, Akkermansia, and Coriobacteriaceae_UCG-002.
Alisol B Reduced expansion of pathogenic bacteria, such as Attenuating the production of AOM/DSS [105]
23-acetate Klebsiella, Citrobacter, and Akkermansia; increased growth inflammation-related cytokines; droving mice
of bacteria including Bacteroides, Lactobacillus, and the gut microbiota in CAC mice toward
Alloprevotella. normal; suppressing inflammatory
signaling pathway; maintaining intestinal
integrity and functionality.
(Continued)
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(Continued)
Diseases/
animal
CHM Gut microbial alterations Associated mechanisms models Ref
Resveratrol Increased Ruminococcus, Akkermansia, Dehalobacterium, Preventing early onset of inflammation; AOM/DSS [106]
Anerostipes, Anaeroplasma, Blautia, and Clostridium; increasing anti-inflammatory T cell mice
decreased Oscillospira and Desulfovibrio. response; suppressing inflammatory T
cell response.
Kaempferol Colonized by SCFA and lactic acid-producing bacteria; lower ~ Modulating the BA signaling and gut Apc™™+ mice  [107]

abundances of potential pathogens such as Anaerostipes,

Desulfovibrio, Helicobacter, Lachnospira, Marvinbryantia,

Oscillibacter, Roseburia, and Ruminococcus

microbiota homeostasis; restoring the
damaged intestinal barrier.

AOM: Azoxymethane; BA: Bile acid; CAC: Colitis-associated cancer; CDCA: Chenodesoxycholic acid; CHM: Chinese herbal medicine; CRC: Colorectal cancer; CRS: Chronic restraint stress; DCA:
Deoxycholic acid; DSS: Dextran sodium sulfate; EMT: Epithelial-mesenchymal transition; GQD: Gegen Qinlian Decoction; HFD: High-fat diet; NF-xB: Nuclear factor kappa-light-chain-enhancer of activated
B cells; PZH: Pien Tze Huang; SCFA: Short-chain fatty acid; SND: Sini Decoction; XCHT: Xiaochaihu decotion; XLP: Xianglian pill; XYS: Xiaoyao power; YYFZBJS: Yiyi Fuzi Baijiang san.

Regulating gut microbiota structure and metabolic function

Chinese herbal compounds, single medicinal materials,
and monomer components can directly affect the com-
position of the gut microbiota, thus adjusting the balance
of flora to treat CRCP!. Based on AOM/dextran sodium
sulfate (DSS)-induced CRC, researchers found that apple
polysaccharides can increase intestinal flora diversity and
inhibit colorectal carcinogenesis!'®!, In a ApcM™* mouse
model, triterpenoid saponins promoted the growth of
beneficial bacteria such as Bifidobacteria, Lactobacilli,
Bacteroides acidifaciens, and Xylanomycetes, while
inhibiting the growth of cancer-promoting bacteria
(Aeromonas and Helicobacter pylori)'®?). In particular,
in CRC patients with psychiatric disorders, CHM for
treating depression also exerts anti-cancer effects by
modulating gut dysbiosis. Xiaoyao powder (Angelica sin-
ensis, 10g, Paeonia lactiflora, 10g; Bupleuri Radix, 10g;
Atractylodis Macrocephalae Rhizoma, 10g; Glycyrrbizae
Radix, 6g; Poria 10g; Zingiberis Rhizoma Recens, 8g;
and Menthae Haplocalycis Herba, 6g),a CHM prescrip-
tion for treating depression, was shown to suppress tumor
growth by regulating the abundance of Bacteroides,
Lactobacillus, Desulfovibrio, and Rikenellaceae in CRC
xenografted mice handled with chronic restraint stress
(CRS)P?. Xiaochaihu decoction (Radix bupleuri, 30g;
Radix scutellariae 9g; Radix glycyrrhizae, 9g; Radix
codonopsis, 9g; Rhizoma pinelliae, 9 g; Rhizoma zingib-
eris recens, 9g; and Fructus jujubae, 10g) exhibited both
tumor-suppressive and anti-depressive effect in patients
with  CRS-associated CRC (ChiCTR1900027373)
and mice, which was mediated by the gut microbi-
ota (reduced abundances of Parabacteroides, Blautia,
and Ruminococcaceae), and the underlying mechanism
involves in downregulation of TLR4/MyD88/NF-«B sig-
naling®’l. In addition to altering the structure of the gut
flora, CHM mediates the metabolism of the gut micro-
biota. Chen et al.'®! found that berberine significantly
upregulated the abundance of short-chain fatty acid
(SCFA)-acid-producing bacteria and significantly reduced
the occurrence of intestinal tumors in mice. Echinacoside,
a dominant phenylethanoid glycoside identified in huangci
granules, also benefited the SCFA-producing microbiota
with a high butyrate-producing capability to inhibit CRC
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liver metastasis!'®!l. The Xianglian pill (Coptis chinensis
Franch, Euodia rutaecarpa Benth, and Aucklandia lappa
Decne) was shown to effectively inhibit high-fat diet-
associated colorectal tumorigenesis by remodeling the gut
microbiota and restoring metabolic BA dysfunction with
reduced DCA levels!'®l, as DCA has been associated with
CRC growth'%l, Kaempferol attenuated the tumor bur-
den in ApcM™* mice by modulating BA signaling and gut
microbiota homeostasis by increasing the abundance of
beneficial bacteria (SCFA and lactic acid—producing bac-
teria) and decreasing the abundance of pathogenic bacte-
rial""”l, To date, most of the current studies are limited to
the observation of changes in intestinal flora before and
after drug administration; the causal relationship verifica-
tion and the specific molecular mechanism still need more
in-depth studies.

Protecting intestinal mucosal barrier

CHM, which improves intestinal barrier integrity, has
been widely investigated and can affect the intesti-
nal flora. Sini decoction (SND; Aconitum carmichaelii
Debx, 103g; Glycyrrbiza wuralensis Fisch, 385g; and
Zingiber officinale Roscoe, 512g), a classic CHM pre-
scription, upregulates the expression of occludin in the
colonic mucosal layer, indicating that SND can restrain
CRC development by protecting the intestinal barrier!®®.
Indole compounds (derived from herbal extracts or bio-
synthesized from intestinal microbiota) have been shown
to act as ligands for the aryl hydrocarbon receptor,
which could induce antimicrobial peptide and tight junc-
tion molecule production, suggesting a role for indole
compounds in the mucosal healing process!'”. Alisol
B 23-acetate, a natural tetracyclic triterpenoid found
in Alismatis rhizome, ameliorates AOM/DSS-induced
inflammation by modulating the composition of the gut
microbiota and upregulating the expression of mucin-2
and tight junction proteins to improve the intestinal
barrier!'®!. Flower buds, such as Sophorae japonica and
Lonicerae Japonicae also significantly upregulate the
expression of extracellular tight junction protein com-
plexes in the gut epithelial barrier, which is associated
with changes in the gut microbiome!''?l,
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Figure 2. Gut microbiota-based anti-CRC mechanisms of CHM. The anti-CRC mechanisms of CHM from gut microbiota mainly include the fol-
lowing: 1) inhibition of pathogens or promotion of probiotics to restore gut microbiota homeostasis; 2) upregulation of anti-carcinogenic metabolites
such as SCFAs; 3) promotion of intestinal mucus layer formation and intestinal barrier repair; 4) modulation of intestinal immune homeostasis; and 5)
bioconversion into new active pharmaceutical ingredients that exert stronger anti-cancer effects. CHM: Chinese herbal medicine; CRC: Colorectal
cancer; IL: Interleukin; SCFA: Short-chain fatty acid; TGF: Transforming growth factor.

Modulating intestinal immune homeostasis

In the AOM/DSS model, resveratrol treatment atten-
uated CRC development by causing an increase in
anti-inflammatory Tregs and a decrease in proinflam-
matory Th1l and Th17 cells, which are associated
with an altered gut microbiome and SCFA produc-
tion"%!, Baicalin also maintains the Th17/Treg bal-
ance in the colon tissue and regulates oxidative stress
and inflammation-induced apoptosis by affecting the
intestinal flora and BA metabolism!"'"l, Furthermore,
treatment with baicalin alleviates the tumor immuno-
suppressive milieu by decreasing PD-L1 expression,
reducing MDSCs populations, and inducing CD4* and
CD8* T cells in tumor models, thus improving anti-
tumor immunity!''?!. In addition to its protective role in
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the intestinal barrier, SND upregulates CD8* T lympho-
cytes in the colonic mucosal layer, inhibits CD4* T cells
in intestinal cancer tissues, and significantly reduces
intestinal pathogenic bacteria (B. fragilis and sulfate-
reducing bacteria)®®. Yiyi Fuzi Baijiang san (Coix seed,
10g; Radix Aconiti Lateralis, 2 g; and Patrinia villosa,
5 g) treatment blocked tumor initiation and progression
in ApcMiv* mice by regulating their natural gut flora,
including B. fragilis and Lachnospiraceae. In turn, the
reshaped gut microbiota reduces immunosuppressive
Tregs in the intestinal lymphatic and mesenteric lymph
nodes?!. Despite these research endeavors, the deep
and complex relationships among CHM, microbiota,
and immune regulation in CRC are still obscure and
remain important research areas in the future.
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Biotransforming into bioactive compound by gut microbiota

The interaction between gut microbes and CHM is
complex and bidirectional; gut microbiome composi-
tion and function can be influenced by CHM, and vice
versa, gut microbiota can also directly interfere with
the absorption and metabolism of TCM and affect its
pharmacological activities!. Specific metabolic enzymes
produced by the intestinal flora can transform the struc-
ture of a drug and alter its bioavailability, bioactivity,
or toxicity'3!, thereby producing new active pharmaceu-
tical ingredients that exert stronger anti-cancer effects.
Ferulic acid, a hydroxycinnamic acid abundant in TCM,
can be biotransformed to 4-vinylguaiacol (2-methoxy-4-
vinylphenol) by the intestinal microflora; 4-vinylguaiacol
exhibits significantly enhanced anti-tumor activity in
chemotherapy-resistant colon cancer cells!''*. Baicalin,
the main constituent of the Chinese herb Scutellaria bai-
calensi, is bioconverted into baicalein by the intestinal
microbiota. In the ApcM™* mouse model, intestinal bac-
teria can rapidly convert baicalin into baicalein, which
has stronger bioactive effects than baicalin, significantly
inhibits intestinal inflammation, and induces apopto-
sis in tumor cells!'’’!. As the main ingredient of ginseng
species, Ginsenoside Rb1 can be biotransformed into
compound K (CK) by the gut microbiota, and the lat-
ter exerts stronger potential for cancer chemoprevention
and anti-inflammatory effects!''®l. Panax notoginseng
saponins (PNS) can also be biotransformed to ginseno-
side CK by the gut microbiota, and studies have shown
that PNS inhibits the progression of CRC owing to its
regulation of the microbiome balance and the microbial
bioconverted product ginsenoside CK"'”1, Therefore, the
biotransformation of CHM into bioactive compounds
by the gut microbiota may offer new avenues for the
treatment of CRC.

CHM-microbiota interactions in combined
anti-CRC therapy

The combined use of CHM and Western therapy (such
as chemotherapy and immunotherapy) in treating CRC
has been established to reduce the adverse effects and
enhance the efficacy of Western therapy. However, the
mechanism of how combined use of CHM boosts the
effectiveness of Western therapy remains undetermined.
Here, we provide such evidence from the interaction
between CHM and gut microbiota.

Enhancing chemotherapeutic efficacy

Combining CHM and conventional chemotherapy in
CRC treatment shows to significantly enhance che-
motherapeutic efficacy. Co-administration of resver-
atrol was shown to enhance the efficacy of 5-FU, and
moreover, overcome drug resistance via various mech-
anisms, including regulation of cell cycle distribution,
oxidant, apoptosis, anti-inflammatory effects!''$-120],
Accumulating studies report that resveratrol has a pos-
itive effect on gut barrier integrity, microbial composi-
tion, and its metabolites?!l, indicating gut microbiota
might be a potential mechanism for the enhanced che-
motherapeutic efficacy by resveratrol. Gegen Qinlian
decoction (GQD, Radix Puerariae, 20g; Scutellariae
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Radix, 12 g; Coptidis, Rhizoma, 12.g; and liquorice, 8 g)
also shows to reverse chemoresistance of oxaliplatin in
CRC as evidenced with reduced volume of tumor xeno-
grafts in nude mice, and adjusted intestinal flora with
decreased Firmicutes/Bacteroidetes ratio!'??l, Lang et
al."%! constructed a capecitabine-loaded nanoparticle
using the prebiotic xylan-stearic acid conjugate (SCXN)
for CRC treatment in CT26 tumor-bearing mouse
model, and showed that SCXN enhances the anti-tumor
effect of capecitabine, facilitates probiotics prolifera-
tion and SCFAs production. These data suggest that
prebiotics-based nanoparticle delivery may be a promis-
ing CRC treatment by combining gut microbiota modu-
lation and chemotherapy.

Enhancing immunotherapeutic efficacy

Immune checkpoint inhibitors (ICIs) have offered prom-
ising approaches for tumor treatment. Researchers indi-
cate that CHM can work synergistically with ICIs to
boost drug sensitization. The combination of GQD and
anti-PD-1 antibodies effectively inhibited the growth
of CT26 transplanted tumors, significantly enriched
intestinal probiotics, increased the proportion of CD8*
T cells in peripheral blood and tumor tissues, demon-
strating the potential of CHM application to enhance
tumor immunotherapy through the modulation of
intestinal flora®!. Since gut microbiota can influence
ICIs therapeutic efficiency, GQD may boost the anti-tu-
mor efficacy of PD-1 by modification gut microbiome.
Changweiqing decoction (CWQ, Astragalus mongholi-
cus, 30g; Codonopsis pilosula, 15 g; Atractylodes, 15 g;
Polyporus umbellatus, 24g; Coix seed, 30g; Fructus
akebiae, 24 g; Sargentgloryvine, 30g; Wild grapevine,
30g) can enhance the anti-tumor effect of PD-1 inhibi-
tor therapy by regulating the immune microenvironment
and gut microbiota. CWQ increased the abundance of
Akkermansia, which was found to be positively cor-
related with the proportion of infiltrated CD8*PD-1+,
CD8*, and CD3* T cells, thus, CWQ may modulate
the TME by modifying the gut microbiota and conse-
quently enhance the anti-tumor effect of PD-1 inhibitor
therapy!?4,

Reducing side effects

Despite having been widely used in clinics, chemother-
apy may cause severe toxicity such as myelosuppression,
nausea, vomiting, diarrhea, and peripheral neuropa-
thy!'?*), CHM has been shown to alleviate chemothera-
peutic toxicity. Carboxymethylated pachyman (CMP) in
combination with 5-FU could reverse intestinal shorten-
ing and alleviate 5-FU-induced colon injury. CMP coun-
teracted the intestinal microflora disorders produced
by 5-FU with an increased proportion of Bacteroidetes,
Lactobacilli, butyric acid— and acetic acid-producing
bacteria, and restoring the intestinal flora diversity!!2®l,
Berberine and dehydrodiisoeugenol (DDIE) showed
to mitigate irinotecan-induced intestinal mucositis by
improving mucosal barrier function, decreasing both
bacterial p-glucuronidase (GUS) activity and GUS-
producing bacteria, without impairing the anti-CRC
efficacy of irinotecan!"?1281, Therefore, by controlling
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gut microbiota, CHM can reduce the side effects, paving
a way for developing CHM-based strategies to reduce
drug toxicity.

Conclusions and perspectives

With emerging omics technologies such as metage-
nomics and metabolomics, the role and mechanism of
intestinal flora in the development of CRC and in the
diagnostic/therapeutic clinical application of CRC have
been revealed. As an important method for compre-
hensive treatment of CRC, CHM has been proven to
exert anti-tumor effects by acting on the intestinal flora.
However, most studies on the regulation of intestinal
flora in the prevention and treatment of CRC by CHM
remain phenomenal, and limitations, such as large het-
erogeneity, low comparability, and poor reproducibil-
ity among different studies, still exist. To this end, we
propose relevant research recommendations in the fol-
lowing aspects: 1) based on epidemiological research,
multi-omics techniques should be combined to sys-
tematically describe the characteristics of the intestinal
flora in diverse types of TCM syndromes, thus benefit-
ing the exploration of the biological basis of TCM syn-
dromes in CRC and facilitating precision treatment with
CHM; 2) regarding CHM clinical trials, large samples
and multicenter, prospective clinical trials are needed
to clarify the association between specific flora and the
efficacy of CHM, thus promoting evidence-based clin-
ical use of CHM in CRC therapy; and 3) research on
the underlying mechanisms of intestinal flora-mediated
anti-tumor effects should be directed at the level of a
single strain using engineered bacteria, germ-free, and
gene-modified animals. In addition, the pivotal targets of
tumor-promoting or tumor-suppressive processes should
be elucidated. Comprehensive research on how the gut
microbiome interacts with CHM will facilitate interven-
tions using CHM and microbiota-modulated strategies
for CRC treatment to achieve greater clinical efficacy.
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