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Secondary bile acids (SBAs), which are metabolites produced by gut microbiota,

have been implicated in both carcinogenic and anticancer processes. This review

explores the dual role of SBAs, focusing on their molecular mechanisms and

biological effects. The carcinogenic activities of SBAs include DNA damage,

promotion of oxidative stress, and modulation of signaling pathways that drive

tumorigenesis. Conversely, some SBAs exhibit anticancer properties by inducing

apoptosis, inhibiting cell proliferation, and modulating immune responses. The

article also discusses the complex interplay between SBAs and the host’s genetic

and environmental factors, highlighting potential therapeutic implications and

the need for targeted strategies to mitigate risks while harnessing beneficial

effects. A comprehensive understanding of the delicate equilibrium between the

deleterious and salutary impacts of SBAs has the potential to facilitate the

development of innovative cancer prevention and treatment methodologies.
KEYWORDS
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1 Introduction

The microbiota, encompassing the microbiome or the collective genetic material of

microorganisms, refers to the community of bacteria, viruses, fungi, and other microbes

that inhabit a given ecosystem (1). The gut microbiota plays a central role in human health,

facilitating the digestion and absorption of nutrients from food (2) and maintaining

immune homeostasis by acting as a barrier against to pathogens. Imbalances in the
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microbiota, known as dysbiosis, are associated with conditions

disease such as obesity, diabetes, inflammatory bowel disease, and

neurological disorders. Furthermore, the gut microbiota contributes

to overall gut health by producing beneficial compounds such as

short-chain fatty acids with anti-inflammatory effects (3).

The gut microbiota plays a fundamental role in the well-being

of its human host by assisting in the extraction of nutrients and

producing metabolites that regulate host metabolic processes. An

important category of these metabolites are BAs, which are

synthesized in the liver from cholesterol and are essential for the

digestion and absorption of dietary fats. Recent recognition of BAs

as signaling molecules has highlighted their influence through

receptors like the farnesoid X receptor (FXR) and the G protein-

coupled membrane receptor 5 (TGR5) on the expression of genes

involved in BA, lipid, and carbohydrate metabolism, as well as

energy expenditure and inflammation. This regulatory effect is

particularly pronounced in enterohepatic tissues but extends to

peripheral organs (4).

Microbiome, actively participates in BA metabolism,

transforming primary BAs into SBAs with distinct bioactive

properties. This microbial modification not only influences lipid

metabolism but also contributes to the broader regulation of

physiological processes. Microbes in the lower gastrointestinal

tract, particularly in the distal ileum, cecum, and colon,

contribute to the chemical diversification of BAs through three

main microbial pathways: deconjugation, dehydrogenation, and

dehydroxylation reactions. Bile salt hydrolases (BSHs), which are

prevalent in the gut microbiota, deconjugate host-derived primary

bile acids, affecting the efficiency of fat emulsification, enterohepatic

recirculation of BAs, and serum cholesterol levels. Microbial

hydroxysteroid dehydrogenases (HSDH) further oxidize and

epimerize specific hydroxyl groups on BAs, resulting in the

formation of over 20 diverse metabolites. The physiological

advantage of these microbial activities, especially BSHs, remains

unclear. It has been suggested that microbially derived SBAs play a

role in energy production, formation of less membrane-damaging

bile acid pools, and modulation of enteric pathogen virulence.

However, the impact on host health is complex, as some SBAs

can be cytotoxic, contributing to oxidative stress, membrane

damage, and colonic carcinogenesis, while others may exhibit

anti-inflammatory and protective properties. Despite their pivotal

role, much remains unknown about the specific gut microbes

involved, the microbial biological functions, and the

comprehensive impacts of SBAs on host health and disease. The

bidirectional interaction between BAs and the gut microbiota

suggests a nuanced relationship beyond digestion, potentially

implicating microbiota-derived SBAs in the intricate network of

carcinogenic and anticancer activities (5–7). There is extensive

research on the carcinogenic and anticancer roles of SBAs. In a

previous study, Zheng et al. (8) reviewed the role of deoxycholic

acid (DCA) and lithocholic acid (LCA) as two main SBAs in

inducing colon cancer. In addition, they reviewed the anti-cancer

potential of short chain fatty acids derived from dietary fibers. Also,

Yang and Qian (9) reviewed the direct and indirect role of DCA and

LCA in cancer progression as strong signal molecules with a focus

on the changes in cell cycle and signaling, as well as the inhibition of
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innate and specific immune system. In the present review, we

described the role of SBAs in induction of cancer with a focus on

DCA and LCA and anticancer role of some SBAs with an emphasis

on ursodeoxycholic acid (UDCA) and tauroursodeoxycholic

acid (TUDCA).

Understanding the carcinogenic and anticancer activities of

microbiota-derived SBAs is crucial for unraveling the intricate

interplay between the gut microbiota and human health. This

exploration will provide insights into potential biomarkers for

screening, prognosis, prediction and evaluation of treatment

response. Moreover, the link between fat intake, BA production,

and the impact on microbiota-derived SBAs underscores their

broader implications for cancer risk and therapeutic

considerations (10).
2 Microbiota and bile acid metabolism

2.1 Overview of primary bile acids

BAs are formed in in pericentral hepatocytes by a cascade of

enzymatic processes using cholesterol as a substrate. Primary BAs,

such as cholic acid (CA) and chenodeoxycholic acid (CDCA) in

human, are synthesized in the liver by different pathways, the

neutral and acidic pathways (4) (Figure 1). Initiation of the

neutral pathway is facilitated by the enzyme Cholesterol 7a-
hydroxylase (CYP7A1). This pathway then proceeds through two

branches, namely the sterol 12a-hydroxylase (CYP8B1) and the

sterol 27-hydroxylase (CYP27A1) and formed primary BAs, CA

and CDCA, respectively. On the other hand, the acid pathway

involves the conversion of cholesterol into 27-hydroxycholesterol

by the action of CYP27A1 through a hydroxylation reaction.

Subsequently, 27-hydroxycholesterol is transformed into CDCA

by the enzyme oxysterol 7a hydroxylase (CYP7B1) (11, 12). CA and

CDCA, are conjugated to either taurine or glycine through a

covalent modification known as BAs to improve their solubility

before being secreted into the lumen of the bile duct for

concentration and storage in the gallbladder (13). Primary BAs

are responsible for emulsifying dietary fats and activating pancreatic

lipases in the small intestine (14). Primary BAs are subsequently

reabsorbed by the enterocytes and passed through the portal

circulation to the liver for reabsorption and reutilization. This

cycle is referred to as the enterohepatic circulation of BAs (15).

This cycle facilitates the reabsorption of 95% of BAs from the distal

ileum, and only 5% are excreted into feces. The liver and intestine

have a precise system for regulating the level of the bile acid pool

and preventing the harmful accumulation of BAs (16). Humans and

mice have different bile acid compositions, which are synthesized by

different mechanisms. These differences between the human and

mouse species are summarized in Figure 1 and Table 1.
2.2 Synthesis of secondary BAs

In the terminal ileum, cecum, and upper colon conjugated

primary BAs are catalyzed by intestinal bacteria to SBAs through
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various mechanisms like deconjugation, dehydroxylation,

oxidation, isopropylation, desulfurization, and esterification (9)

(Figure 1). Bacterial enzymes responsible for SBAs production are

clustered in the BA-inducible (bai) operon (17).

2.2.1 Microbial deconjugation
The process of deconjugation of primary BAs is commonly

referred to as the “initial reaction” that leads to further modification

(18). Various theories have been proposed to elucidate the

significance of deconjugation. As a result, the microbiota may

have evolved the deconjugation process as a means of controlling

BA production (19). BSHs secreted by gut bacteria, classified as EC

3.5.1.24, are involved in the deconjugation of conjugated primary

BAs and reconverts them to free primary BAs CA and CDCA (20).

The ability to deconjugate BAs is a common characteristic of both

aerobic and anaerobic bacteria found in the small and large intestine

(21). The Firmicutes and Bacteroidetes phyla are the most common

bacteria with BSHs activity (22). Gram-positive bacteria include

Clostridium, Lactobacillus, Bifidobacterium, Enterococcus, and

Listeria establish the majority of the BSHs bacteria category (23)

while the Bacteroides genus is the only group of Gram-negative

bacteria with BSHs activity (24, 25) Methanobrevibacter smithii

and Methanosphera stadtmanae from class Archaea also possess
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BSH enzymes that can degrade both taurine and glycine-bound

compounds (21). According to Jones and colleagues’ metagenomic

research, BSH-encoding genes are ubiquitous in the gut

microbiome of both bacterial and archaeal species. They also

found that 26.03% of the identified strains of human gut bacteria

possess BSHs activity (18).

2.2.2 Microbial 7-alpha-dehydroxylation
The processes of BA deconjugation and dehydroxylation are

distinct, but may be linked by regulatory pathways. Following

deconjugation by the action of BSH and the production of free

primary BAs, a multistep process known as 7-a-dehydroxylation
leads to the production of SBAs (DCA, LCA and UDCA) (26). In

the aforementioned procedure, CA is transformed into DCA, while

CDCA is transformed into LCA and UDCA. LCA, DCA are the

most abundant SBAs, and UDCA is found at lower levels in humans

(27, 28). Certain bacteria possess the ability to remove hydroxyl

groups from unattached BAs, although only a limited number

exhibit 7a-hydroxysteroid dehydrogenase (7a-HSDH) activity

(29). These bacteria are predominantly found in the phylum

Firmicutes, specifical ly Clostridium and Eubacterium .

Furthermore, both Ruminococcus and Trichospiraceae exhibit 7a-
HSDH activity, and there is a direct relationship between the
FIGURE 1

Overview of enterohepatic circulation of BAs in human and mouse. Cholesterol is converted to cholic acid (CA) and chenodeoxycholic acid (CDCA),
which are the end products in the human liver, but in the mouse liver CDCA is further metabolized by CYP2C70 to muricholic acids (MCAs). In
humans, bile acids are conjugated in the liver with glycine (G) or taurine (T) to form tauro-CA (TCA), tauro-CDCA (TCDCA), glyco-CA (GCA) and
glycolyl-CDCA (GCDCA), whereas mice use almost exclusively taurine and produce tauro-a-muricholic acid (TaMCA) and tauro-b-muricholic acid
(TbMCA). Primary bile acids are biotransformed by the gut microbiota. These reactions include deconjugation catalyzed by bile salt hydrolases (BSH),
epimerization to change the orientation of the hydroxyl groups on the steroid nucleus of the bile acids, and 7-dehydroxylation. In humans, CA is
converted to deoxycholic acid (DCA), while CDCA is converted to lithocholic acid (LCA) and ursodeoxycholic acid (UDCA), but in mice MCAs are
converted to hyodeoxycholic acid (HDCA), hyocholic acid (HCA), omega-muricholic acid (wMCA).
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TABLE 1 Diversity of known bile acids.

Source R1 R2 R3 R4 R5

Human H H OH H OH

Human H H OH H H

Mice H OH OH H H

Mice H OH H OH H

Human H H H OH H
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Type Bile acid Abbreviation Structure

Primary Cholic acid CA

Chenodeoxycholic acid CDCA

a-muricholic acid aMCA

b-muricholic acid bMCA

Ursocholic acid UCA

7-Epicholic acid 7-ECA
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TABLE 1 Continued
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Glycocholic acid GlyCA Hum

Taurocholic acid TaurCA Hum
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R1 R2 R3 R4 R5
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Type Bile acid Abbreviation Structure So

Hyocholic acid HCA

w- muricholic acid wMCA

Allolithocholic acid alloLCA h

Allodeoxycholic
acid (alloursodeoxycholic)

alloDCA h

7-epicholic acid 7-ECA Co

Isochlocic acid
(ursocholic acid)

iCA Poul

Isochenodeoxycholic acid iCDCA h
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R1 R2 R3 R4 R5
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isodeoxycholic acid iDCA hum
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abundance of Ruminococcus and the level of DCA (30). A recent

study showed that Desulfovibrionales also have 7a-HSDH activity

and that mice carrying Desulfovibrionale produced more SBAs (31).

2.2.3 Oxidation and epimerization
Other reactions of the production of SBAs are oxidation and

epimerization, which may be associated with intestinal Firmicutes

(Clostridium, Eubacterium, and Ruminococcus), Bacteroides, and

Escherichia (32).

The epimerization process occurred by the gut microbes plays

an important role in expanding the chemical diversity of SBAs. Two

distinct steps are involved in this process: a position-specific

hydroxysteroid dehydrogenase oxidizes the hydroxyl group which

can yield derivatives such as ursocholic acid, 12-epicholic acid, or

isocholic acid from CA, while epimerization of CDCA can lead to

the formation of either UDCA or isochenodeoxycholic acid (33).

The diversity within unconjugated BAs can be attributed to the

occurrence of oxidation and subsequent epimerization at all three

CA hydroxyl positions and both CDCA hydroxyl positions. The 7a-
epimerization of UDCA is facilitated by Clostridium baratii and

other unknown isolates. Studies have shown that C. baratii can

convert CDCA to UDCA, but lacks the ability to convert glyco- and

tauro-BAs, instead degrading taurCDCA prior to epimerization

(34). The production of UDCA is highly dependent on the

independent epimerization of CDCA without the involvement of

conjugation. The conversion of 7-oxo-LCA to UDCA is facilitated

by the actions of Ruminococcus gnavus, Clostridium absonum,

Stenotrophomonas maltophilia, and Collinsella aerofaciens using

either NADH or NADPH (35–37). While the primary function of

the gut microbiota is to reduce BAs oxidized at a single position, it

also has the potential to reduce BAs oxidized at two or three

positions. Other members of the Coriobacteriaceae family,

including C. aerofaciens, E. lenta, and Lancefieldella parvula, have

also shown comparable patterns of non-target hydroxyl oxidation.

Some members did not oxidize DCA at both C3 and C12, while all

strains capable of modifying DCA were found to oxidize at both

positions (38). This suggests that oxidation is a potential method for

microbes to detoxify BAs. As amphipathicity decreases, oxidized

BAs gradually lose their ability to act as detergents, protecting DNA

and membranes from damage (19).
3 Types of secondary bile acids
produced by microbiota

More than 50 types of SBAs, produced by microbes, can be

found in human feces. However, the most common ones are DCA

and LCA. There are other SBAs which are derivates LCA and DCA,

including, Glycodeoxycholic acid (GDCA), Glycolithocholic acid

(GLCA), Glycoursodeoxycholic acid (GUDCA), Taurodeoxycholic

acid (TDCA), Taurolithocholic acid (TLCA), TUDCA,

Hyodeoxycholic acid (HDCA), and UDCA. Among them, DCA

and GDCA have the highest levels of serum SBAs (7). In human

feces, although DCA and LCA are predominate (39). Unabsorbed

SBAs are excreted from the body in the feces (40). DCA is capable of
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being absorbed again in the colon, returned to the liver, and

reintroduced into the bile acid pool within the body. LCA is less

absorbed in the colon and is mostly excreted in the feces rather than

returning to the bile acid pool. The potential diversity of the human

conjugated BA pool can be enhanced 5 times by restricting the bile

acid backbone to only those conjugated by the host (CA and

CDCA) and limiting the conjugated amino acids to those

naturally found in humans.
4 Factors influencing the composition
and levels of secondary bile acids

Fecal BA levels can be influenced by a number of dietary factors,

including total energy intake, type and amount of dietary fat, and

dietary fiber. In addition to diet, physical activity may play a role in

modifying BA concentrations, providing insight into why exercise is

associated with a lower risk of colon cancer (41, 42). Results from a

basic model indicated that greater levels of physical activity are

associated with lower concentrations of fecal BAs, and this

association becomes more robust as the duration of physical activity

increases (41).

High-fat diets lead to increased primary BA release, resulting in

higher concentrations of SBAs in the colon compared to low-fat or

normal-fat diets (43). In another study, a diet high in milk-derived

saturated fat was associated with an increase in taurine-conjugated

BAs, which promote the growth of potentially harmful bacteria in the

gut microbiome (44). It is evident that colonic BAs have a significant

impact on the composition of the gut microbiome (8). There is a

dynamic interplay betweenhostBAs and the gutmicrobial population.

For example, when rats were given CA at mM concentrations

(equivalent to a high-fat diet), their microbiota composition at the

phylum level was significantly altered, with an increase in Firmicutes

andadecrease inBacteroidetes. Thishighlights the significant influence

of colonic BAs on the composition of the gut microbiome. Several

studies conducted in human populations, including those focused on

colorectal cancer (CRC) patients, have shown that a high-fat diet leads

to increased levels of SBAs in feces, primarily DCA and LCA (45, 46).

In addition, the potential of BAs to act as tumor promoters has been

investigated in a mouse model by a variety of experimental methods,

including pretreatment, co-administration, or post-treatment with

carcinogens (47). A high-fat diet is linked to numerous digestive

diseases and tumors. It may also accelerate the development of

cancer through inflammation and metabolic changes. A high-fat diet

can alter the composition of BAs inmice, particularly taurocholic acid

(TCA) and TUDCA, which may lead to an increased incidence of

Barrett’s esophagus and esophageal cancer in these animals (48).

Research has shown that a high-fat diet can lead to a marked

increase in the retention of hydrophobic BAs in the liver, which is

closely linked to changes in the gut microbiota. In addition, the

production and transport of bile acids in the liver are disrupted,

resulting in the release of several inflammatory cytokines and

significant bile acid accumulation, which may contribute to the

development of liver cancer (49). One study showed that healthy

rural Africans, who have a very low incidence of CRC at less than 5
Frontiers in Oncology 09
cases per 100,000 and eat a low-fat, high-fiber diet, have lower levels of

BAs and 7a-dehydroxylating bacteria in their feces than healthy

African Americans. The latter group, which consumes a high-fat,

low-fiber diet, has the highest rate of CRC in the contiguous United

States, with an incidence of 65 cases per 100,000 (50). Importantly, the

tumor-promoting effects of the altered gut microbiota influenced by a

high-fat diet orDCA, alongwith thehost’s genetic predisposition,were

transferable when the fecal microbiota was transplanted into K-ras or

ApcMin/+mice fed a standard diet. This suggests that dietary fats and

BAs have a lasting effect on the composition and function of the gut

microbiota in relation to colon tumor development (51, 52). The

increase in colonic DCA and LCA levels leads to apoptosis primarily

through the stimulation of intrinsic apoptotic pathways, including

mitochondrial oxidative stress, reactive oxygen species (ROS),

cytochrome C, and cytosolic caspases (8). The increased incidence of

fecal BA and CRC in European and American populations can be

attributed to their high-fat, high-protein diets, whileAsian andAfrican

populations, whose diets are lower in fat and protein and higher in

cellulose, have lower rates of these conditions (53). In all these groups,

the concentrationoffecal BAand the prevalence ofCRCare elevated in

meat eaters compared to vegetarians. Several studies have shown that

the concentrations of DCA, LCA, UDCA and other indicators in the

feces of CRC patients were higher than those of the normal control

group, while the levels of primary BAs (CA, CDCA) were not different

from those of the normal control group (53).
5 Carcinogenic activities of
microbiota-derived secondary
bile acids

Recent studies have begun to unravel the carcinogenic role

played by microbiota-derived SBAs within the gastrointestinal tract.

These microbial metabolites, which are derived from the

modification of primary BAs by gut bacteria, have long been

recognized for their physiological functions. However, emerging

evidence suggests that SBAs exhibiting the potential to contribute to

carcinogenesis which is a complex process involving multiple

mechanisms (Table 2). The mechanism of the carcinogenic effects

of SBAs in the development of CRC is shown in Figure 2B.
5.1 Oxidative stress and DNA damage

One carcinogenic effect of microbiota-derived SBAs is their role

in promoting DNA damage and mutations. Several studies have

demonstrated that these BAs can induce direct DNA damage by

activating various plasma membrane enzymes, including

phospholipase A2 (PLA2) and NADPH oxidase, leading to the

generation of reactive oxygen species (ROS), DNA breaks, and

mutations (54, 64–66). Genomic instability is mainly characterized

by the emergence of heteroploidy, intrachromosomal instability,

and gene point mutations. The elevated risk of CRC is associated

with defective DNA repair in response to oxidative damage induced

by DCA. Furthermore, an increased concentration of LCA has the
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potential to cause DNA molecule destruction and hinder the

function of DNA repair enzymes (53).
5.2 Dysregulation of programmed
cell death

SBAs possess the capability to trigger cell death via both

nonspecific detergent effects and receptor-mediated interactions.
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Increased DCA and LCA predominantly induce apoptosis by

activating the intrinsic apoptotic pathway. This pathway involves

the stimulation of mitochondrial oxidative stress, the generation of

ROS, the release of cytochrome C (cytC), and the activation of

cytosolic caspases (67). Studies indicated that SBAs may elicit varied

cellular responses based on their concentrations. This has led to the

possibility that the epithelial cells lining the intestinal tract could

develop resistance to apoptosis (45). The persistent exposure of the

colonic epithelium to elevated concentrations of SBAs, such as
TABLE 2 The carcinogenic effect of SBAs.

Cancer type Metabolite Effect Reference

Colorectal cancer DCA

LCA

- Cause miRNA dysfunction and promoting tumor formation, a-1 protein and caspase activation, induce
proliferation and DNA damage, upregulated expression of c-fos and cox-2
- ROS production which results in resistance to apoptotic cell death, increased cell proliferation, induces IL-
8 expression

(11, 54–56)

(53, 57)

Esophageal cancer DCA - DNA damage, antiapoptotic effect by NFkB activation (58)

Gastric cancer DCA
LCA
TLCA

- Stimulation the normal gastric epithelial cells of the rat Upregulated the expression of CDX2 and MUC2 by
activating FXR
- Promotes the proliferation of normal gastric epithelial cells (GES-1) through activation of the IL-6/JAK1/
STAT3 pathway

(59)

Hepatocellular
carcinoma

DCA
LCA

- Activation of FXR and TGR5 signaling (60, 61)

Pancreatic cancer DCA - EGFR/Ras/MAPK activation, upregulated expression of cox-2 and AP-1, PKC activation (62, 63)
FIGURE 2

The dual roles of SBAs in colon cells: anticancer and cancer-promoting effects. (A) Anticancer effects of SBAs in colorectal cancer (CRC): LCA
inhibits inflammatory signals and activates p53, which binds to MDM4 and MDM2, thereby preventing cell proliferation. DCA induces the expression
of apoptosis-related genes (GADD153, AP-1, and C/EBP), key regulators of the cell cycle and apoptosis. UDCA suppresses c-Myc expression,
promotes endocytosis and degradation of EGFR, and blocks PI3K, MAPK, or cAMP pathways to induce apoptosis. Partially inhibits DCA-induced
apoptosis by disrupting the EGFR/Raf-1/ERK signaling pathway. Both UDCA and TUDCA inhibit interleukin b1, NF-kB, and AP-1 activation.
(B) Cancer-promoting effects of SBAs in CRC development: DCA and LCA are major pathogenic factors that activate signaling pathways such as
PI3K-AKT, NF-kB, NADH/NADPH oxidase, and PLA2, leading to ROS generation, DNA damage, and inflammatory responses. LCA: activates Erk1/2,
which suppresses STAT3 phosphorylation, inducing IL-8 and miRNA-21 expression, thereby contributing to tumor progression.
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DCA, could facilitate the selective growth of apoptosis-resistant cells,

consequently increasing the mutation rate (68–70). The activation of

the Nuclear factor kappa B (NF-kB) transcription factor is a crucial

survivalmechanism that inhibits apoptosis byup-regulatingXIAPand

Bcl-XL. Numerous studies have highlighted bile acid-induced NF-kB
activation in hepatocytes, colorectal cells, and esophageal cells,

potentially contributing to the development of cancer (58, 69, 71).

Another signaling pathway associated with activated NF-kB is the

production of pro-inflammatory cytokines such as TNF, IL-1b and IL-
6. The IL-1b subsequently signals either in an autocrine or paracrine

manner to activate the phosphatidylinositol 3-kinase (PI3K)- mouse

double minute 2 homolog (MDM2) pathway, causing suppression of

p53 function. Reduced p53 activity leads to a decrease in apoptosis,

alongside the increased survival of damaged DNA cells, and could

possibly facilitate the growth of CRC (72, 73).Moreover, IL-6 not only

stimulates the Janus kinase (JAK)-signal transducer and activator of

transcription 3 (STAT3) pathway, but also promotes the steps leading

up to the development of hepatocellular carcinoma. This particular

pathway decreases apoptosis and supports the progression of cancer

cells (74).
5.2 Bile acid receptor-mediated
signaling pathways

SBAs can act as ligands for nuclear receptors, such as FXR,

pregnane X receptor (PXR), membrane TGR5 receptor, constitutive

androstane receptor (CAR), and vitamin D receptor (VDR) (9, 75).

With the activation of each receptor resulting in the induction of

signaling pathways with various physiological functions, such as

proliferation, mitosis, and apoptosis (76). Among the various

receptors, there has been extensive research on the activation of FXR

andTGR5byBAs.TheFXR-mediated signalingpathways are involved

inBAmetabolism(9, 77) and the regulationof inflammatory responses

(78). Conducted studies indicate the role of FXR in both hepatic (79)

and intestinal cancer (80) preventing BA-induced cytotoxicity by

sustaining BA concentrations in the physiological range (78). The

absence of FXRmight be associated with a tumorigenic phenotype; in

an animal study, the development of hepatocellular carcinoma had

been observed in FXR knockoutmice (79). Another receptor is TGR5,

which is involved in the regulation of glucose metabolism and energy

homeostasis which is represented in the gastrointestinal tract (81).

Yang et al. indicated the role of TGR5 activation in the mechanism of

BA-induced human hepatocyte apoptosis. In a hepatocyte cell line,

TGR5 stimulation was found to promote c-Jun N-terminal kinases

(JNK) activation and reduce the formation of the JNK-caspase-8

complex. This, in turn, facilitates caspase-8 recruitment to the death-

inducing signaling complex (DISC), triggering apoptosis signaling.

These findings suggest that TGR5 may contribute to the genesis and

progression of liver diseases by inducing apoptosis in hepatocytes and,

consequently, play a role in liver carcinogenesis (82).

The EGFR signaling axis is also crucial for regulating colonic

epithelial cell proliferation, apoptosis, and survival, contributing

significantly to cellular homeostasis. Two main EGFR pathways, the

mitogen-activated protease pathway (Ras/Raf/MEK/ERK/MAPK)

and PI3K pathway, are recognized (83). DCA activates the EGFR
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signaling pathway in colonic epithelial cells, with two proposed

mechanisms: stimulation of epidermal growth factor production and

release, enhancing receptor activity, and interference with cell

membrane structure, activating the receptor. Studies show that DCA

induces tyrosine phosphorylation, activating the EGFR pathway in a

ligand-dependentmanner. This activation involves the Ras/Raf/MEK/

ERK/MAPK pathway, leading to AP-1 activation, which mediates cell

proliferation and differentiation. Additionally, DCA activates the

PI3K/Akt/i-b/NF-B pathway, influencing downstream targets such

as the caspase family andNF-B transcription factor, thus regulating cell

proliferation and apoptosis (84).
5.3 Dysbiosis of gut microbiota

Another cancer-inducing mechanism of BAs is their role in

dysbiosis, referring to a modification in the composition of gut

microbiota characterized by a decrease in beneficial bacteria and an

overgrowth of opportunistic pathogens (85). Experiments have

indicated that the elevation of SBAs, particularly DCA, might

change the composition of gut microbiota (86, 87) due to their

potential antibiotic activity (88). Moreover, DCA has been shown to

promote the growth of opportunistic pathogens within the gut

microbiota. These include bacteria such as Shigella, Desulforvibrio,

Ruminococcus, and Dorea. The overgrowth of these opportunistic

pathogens has been implicated in the development of CRC (9). A

review article has suggested that certain bacteria, which become

prevalent after dysbiosis, may have carcinogenic properties. An

example is Streptococcus bovis, which can thrive in the presence of

elevated colonic SBAs. In approximately half of the patients

diagnosed with S. bovis infections, an incidence of adenoma or

CRC has been observed (89). Another outcome of dysbiosis is the

production of DNA-damaging agents by certain bacteria. For

instance, Enterococcus faecalis produces superoxide, leading to the

generation of hydrogen peroxide, which can induce DNA damage

in colonic epithelial cells (27). BAs, by activating the FXR, can also

induce the expression and secretion of inducible nitric oxide

synthase and interleukin-18. This action inhibits the proliferation

of intestinal bacteria. Studies have revealed a notable rise in

Firmicutes and a reduction in Bacteroidetes in the intestinal tract

of mice with dysfunctional FXR genes, attributable to heightened

bile acid secretion in the absence of a functional FXR receptor. This

implies that BAs impact the composition of intestinal flora via the

FXR signaling pathway (53).
6 Experimental evidence supporting
the carcinogenic activities of
secondary bile acids

6.1 Animal studies implicating microbiota-
derived secondary bile acids in
cancer development

The carcinogenic effect of SBAs, DCA, was first suggested by

cook et al. in, 1939 (90). Since then, animal studies have provided
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compelling evidence that microbiota-derived SBAs, principally

DCA, play a significant role in the development and progression

of gastrointestinal system cancers (46). In a study conducted by

Prasad et al. the prolonged exposure (10 month) of mice models to a

DCA diet, led to the development of colonic tumors compared to

mice fed a standard diet without DCA. Their findings align with

clinical observations of CRC, suggesting a direct link between

increased levels of DCA and carcinogenesis (91). In Hayashi et al.

experiment, fecal samples of rat models with and without colon

cancer were analyzed. In the colon cancer rats, the percentage of

DCA was higher than the control rats, supporting the role of DCA

as a promoter in colon carcinogenesis (92). In a study by Cao et al.,

two groups of Apcmin/+ mice were provided with either sterile water

or 0.2% DCA, and another group of Apcmin/+ (Multiple intestinal

neoplasia) mice was administrated with a cocktail of antibiotics to

deplete gut microbiota. In Apcmin/+ mice, DCA induced tumor

growth, and in mice depleted of gut microbiota by antibiotic

supplementation, inflammation was decreased, implicating the

role of DCA and gut dysbiosis in intestinal carcinogenesis (52).

Moreover, animal studies have concluded that high-fat diets for rats

lead to an increased level of fecal bile acid, resulting in higher

tumorigenesis (93, 94). Although animal studies have provided

valuable evidence of the role of SBAs in cancer development, further

research is required to fully elucidate the underlying mechanisms.
6.2 Epidemiological studies linking
increased secondary bile acid levels to
cancer risk

Epidemiological studies are crucial to prove the findings

observed in animal models and to identify potential therapeutic

targets for cancer prevention. Several factors are involved in CRC

development, including environmental factors such as diet (high

amount of fat and low amount of fiber) (93, 95–99) and genetic

predisposition (100, 101). The probable carcinogenic role of dietary

fat is the synthesis of BAs in the liver, which enhances the

absorption of lipids in the small intestine and is subjected to

enterohepatic circulation (102). In the colon, gut microbiota

biologically transforms entered BAs, resulting in the formation of

SBAs with tumor-promoting activity (102). In Ou et al.’s study, the

influence of diet on CRC risk in African Americans with a high risk

and in rural native Africans with a low risk of colon cancer was

examined. The data provide evidence that SBAs production was

higher in African Americans than in Africans, which might be

attributed to differences in diet, with African Americans consuming

more dietary meat and fat and less food containing fiber (50).

Ocvirk et al. assessed the dietary intake of Alaska Natives (AN) with

the highest recorded incidence of CRC and Rural Africans (RA)

with the lowest CRC risk in healthy middle-aged volunteers. The

results support the hypothesis in which the low-fiber, high-fat diet

of AN people and exposure to carcinogens derived from diet or

environment are associated with a tumor-promoting activity

reflected by the high rates of adenomatous polyps in AN people

(103). Also, it is stated that the levels of Fecal BA in fecal samples of
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American and European patients with CRC are significantly higher

because of the diet with a high amount of fat and protein than that

in Asian and African populations whose diet is less fat and protein

and contains more fiber (53, 104). The carcinogenic role of elevated

SBAs in animal studies was mentioned earlier. Moreover, several

human studies have demonstrated similar results among patients

with colon cancer (105–110). In a case-control study conducted by

Loftfield et al., the serum of cases collected more than 30 years

before CRC diagnosis, and the concentrations of 15 BAs were

measured. The results showed that among women, SBAs (DCA,

GDCA, GLCA, TDCA) were strongly related to an increased risk of

CRC. Although no statistically significant associations were

detected for BA amounts among men (111). In another case-

control study by Imray et al., the fecal bile acid profiles of

patients with CRC, polyps, and controls were compared. The

results indicated that patients with polyps and CRC had higher

total SBAs compared to control subjects (105).
7 Specific types of cancer associated
with microbiota-derived secondary
bile acids

The potential carcinogenic role of SBAs, such as DCA and LCA,

has been studied primarily in the context of gastrointestinal cancers,

particularly CRC (112). Although, Other studies have implicated

the role of BAs in the development of other gastrointestinal tract

malignancies, including Barrett’s metaplasia of the esophagus,

pancreas, small intestine, gastric and stomach (27, 76) (Table 1).
7.1 Colorectal cancer

CRC is considered as one the most prevalent and deadly

malignancies worldwide (113), urging a detailed investigation

about its multifactorial origins. There have been several

epidemiological studies which have indicated the association

between increased levels of SBAs in colon cancer (103, 105, 106,

111). The presence of elevated levels of DCA, in particular, has been

associated with an increased risk of colorectal adenomas and

carcinomas through DNA damage, inflammation, and promotion

of cell proliferation (76) (Figure 2B).
7.2 Pancreatic cancer

The association of BAs in pancreatic cancer development have

been demonstrated by several studies (114, 115). Previous studies

suggested the over expression of cyclooxy-genase-2 (COX-2) in

patients with pancreatic adenocarcinoma (116, 117) and in other

experiment by Tucker et al. they observed the induction of COX-2

by BAs such as DCA in human pancreatic cancer cell lines (118).

These findings indicate a probable role of BAs in the pathogenesis of

pancreatic cancer.
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7.3 Gastric cancer

The role of SBAs in gastric cancer is an area of ongoing

research, and the relationship is complex. While some studies

suggest potential links between bile acids and gastric cancer, the

mechanisms involved are not fully understood. In a study by

Kuwahara et al., BA reflux was suggested to be a risk factor for

gastric cancer (119). In an animal study, the modified BA

metabolism led to Iron deficiency which promote H. pylori–

induced inflammation and gastric carcinogenesis in mice (120).
7.4 Small intestine cancer

The role of SBAs in small intestine cancer is an area that has

received relatively less attention compared to their roles in

colorectal or pancreatic cancer. Small intestine cancer is a rare

malignancy, and the specific mechanisms underlying its

development are not as well-understood. However, in an

epidemiological study, the majority of small intestinal

adenocarcinomas are detected in the duodenum, where BA

secretions enter the small intestine. This finding indicated that

BAs may have the carcinogenic role in small intestine. Prolonged

exposure to high concentrations of BAs may contribute to

inflammation or other changes in the small intestine, potentially

influencing cancer development (121).
7.5 Barrett’s esophagus adenocarcinoma

Barrett’s esophagus is a condition in which the normal

squamous epithelial lining of the lower esophagus is replaced by

metaplastic columnar epithelium, primarily due to chronic

gastroesophageal reflux disease (GERD). Barrett’s esophagus is a

known risk factor for the development of esophageal

adenocarcinoma. SBAs can be involved in Barrett’s esophagus

adenocarcinoma development by induction of oxidative DNA

damage and oxidative stress, apoptosis and mutation (58).

Clinical studies have suggested the role of esophageal BA

exposure by indicating their presence in the esophagi of patients

with Barrett’s esophagus adenocarcinoma (122, 123).
7.6 Hepatocellular carcinoma

In recent years, the incidence of hepatocellular carcinoma

(HCC) is rapidly elevating. According to clinical studies, the

alteration of BA profiles has been observed in patients with HCC

and in vitro human cellular models. In addition, animal studies

indicated that BA may affect the hepatocytes. In mice lacking FXR,

there is a notable accumulation of BAs, leading to a high incidence

of spontaneous HCC. In human in vitro models, data on BAs in

HCC pathogenesis are intricate but suggest a potential role.

Physiological doses of obeticholic acid (OCA) and CDCA in

Huh-7 and Hep3B cell models promote epithelial-mesenchymal
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transition (EMT) through TGF-Beta expression. EMT involves

changes in cell shape, loss of polarity, and increased migratory

potential, potentially contributing to hepatocyte malignant

transformation. Collectively, these findings suggest that BAs may

influence cellular phenotype regulation, predisposing to HCC

development, but the mechanisms are complex and not fully

understood (124).
8 Anticancer activities of microbiota-
derived secondary bile acids

This section will delve into the discussion of the initiation of

cancer cell apoptosis and the cytoprotective properties exhibited by

SBAs derived from the microbiota. These effects are mediated

through multiple signaling pathways, encompassing the modulation

of inflammatory responses, interactions with nuclear receptors,

initiation of a mitochondrial-associated pathway triggered by ROS

culminating in apoptosis, and the regulation of both pro-apoptotic

and anti-apoptotic pathways. The mechanism of anticancer action of

SBAs in some cancers is shown in Figures 2A, 3 and 4.
8.1 LCA derivatives

Persistent inflammation is a recognized contributor to the

initiation and progression of cancer. The involvement of Th17 cells

and regulatory T cells (Tregs) merits consideration as significant

immune factors implicated in the inflammatory pathways associated

with cancer (125). Th17 effector cells and Tregs cells located in the

lamina propria contribute to immune system homeostasis by

producing of a variety of pro-inflammatory mediators and

suppressing excessive or inappropriate immune responses,

respectively (126). Microbiota-generated BAs may confer protective

effects against cancer by regulating inflammatory processes. Two

different forms of LCA, namely 3-oxo LCA and isoallo LCA,

function as regulators of T cells. 3-oxo LCA inhibits the

differentiation of Th17 cells by directly interacting with its crucial

transcription factor RORgt (retinoid-related orphan receptor gt), while
isoallo LCA boosts Treg differentiation by inducing the generation of

mitochondrial reactive oxygen species (mito ROS), resulting in an

increase in the expression of Forkhead box P3 (Foxp3) expression

(127). Foxp3 acts as an important transcription factor associated with

Treg development and differentiation (128). According to a recent

study, disrupting the genetic pathways of BAs in gut bacteria decreases

the levels of the retinoic acid receptor-related orphan receptor g
(RORg+) Tregs. Conversely, replenishment of the BAs pool

enhances Treg levels and alleviates inflammatory colitis through the

activation of BAs nuclear receptors especially the VDR receptor (129).
8.2 DCA derivatives

The SBA 3b-hydroxy DCA (iso DCA) can elevate the induction

of Foxp3 by influencing dendritic cells (DCs) to reduce their
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FIGURE 4

Anticancer effects of SBAs in gastric cancer (GC). TCDCA: suppresses gastric cancer proliferation and invasion while inducing apoptosis. DCA:
triggers apoptosis via the intrinsic mitochondrial-dependent, p53-mediated cell death pathway, characterized by an increased Bax/Bcl-2 ratio and
disruption of mitochondrial membrane potential. Induces MUC2 expression, which inhibits tumor progression. UDCA: promotes apoptosis and
autophagy, overcoming drug resistance. Both UDCA and DCA exhibit suppressive effects on gastric cancer cells by activating ERK signaling
pathways. Inhibits invasion by suppressing chenodeoxycholic acid-induced PGE2 production and promotes apoptosis by activating death receptor 5
(DR5) within lipid rafts.
FIGURE 3

Anticancer effects of SBAs in Hepatocellular Carcinoma (HCC) and Pancreatic Cancer. (A) Effects in HCC: TUDCA: mitigates apoptosis induced by ER
stress. CDCA: significantly increases NDRG2 expression, inhibiting hepatoma cell proliferation. Phosphorylates TGF-b via the TGR5-cAMP-PKA axis,
enhancing T regulatory production. Inhibits cell growth in a dose- and time-dependent manner by increasing the Bax/Bcl-2 ratio and upregulating
caspase-3. Disrupts the cell cycle, modulates Bax/Bcl-2 gene expression, and induces apoptosis. Transforms oxaliplatin-induced necrosis into
apoptosis by inhibiting ROS generation and activating the p53-caspase 8 pathway. (B) Effects in Pancreatic Cancer: UDCA: reduces intracellular ROS,
Prx2 levels, epithelial-mesenchymal transition (EMT), and stem cell formation. DCA and CA: cause cell cycle arrest at the G0/G1 phase, effectively
inhibiting pancreatic cancer cell proliferation.
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immune-stimulating properties. Eliminating the nuclear receptor

FXR in DCs increases the production of Treg cells and imposes a

transcriptional profile resembling that induced by iso DCA (130). In

addition to T cells, other pathways related to inflammation may also

be affected by BAs. Although, previous studies have demonstrated

that primary BAs such as 6-ethyl chenodeoxycholic acid and 6a-

ethyl-23(S)-methyl cholic acid can inhibit the production of pro-

inflammatory cytokines and subsequently suppress NF-kB-

dependent signaling pathways (131, 132). The results of the

recent study showed that a subset of SBAs, comprising DCA,

UDCA, LCA, and TUDCA, can inhibit the activation of caspase-1

and the NOD-, LRR- and pyrin domain-containing protein 3

(NLRP3) inflammasome. The study indicated that BAs can block

NLRP3 inflammasome-dependent inflammation, comprising type-

2 diabetes-related inflammation, lipopolysaccharide (LPS)-induced

systemic inflammation, and alum-induced peri toneal

inflammation (133).
8.3 TUDCA derivatives

The investigational study conducted by Vandewynckel et al.

showed TUDCA decreased inflammation in HCC cells by

increasing a key role in regulator of the immune response, the

NF-kB inhibitor IkBa as well as suppressing the carcinogen-

induced pro-apoptotic unfolded protein response (UPR). TUDCA

also decreased eukaryotic initiation factor 2a (eIf2a)
phosphorylation, and caspase-12 processing (134). In addition,

the chaperoning activity of TUDCA has been reported to be

associated with the reduction of endoplasmic reticulum (ER)

stress, the stabilization of the UPR and subsequently pro-

inflammatory cytokines IL-1b, IL-6 and TNF-a have reported.

Upon ER stress, UPR induces the repression of eIf2a
phosphorylation and results in a pro-apoptotic state, leading to

activate of procaspase-12 (135). Huang et al. reported TUDCA

reduced ER stress in adrenocortical carcinoma SW-13 and NCI-

H295R cells and induced autophagy through increasing the

autophagy factor microtubule-associated protein light chain 3-II/I

and the anti-apoptotic B-cell lymphoma 2 (Bcl-2) factor. TUDCA

treatment also decreased the expression of the pro-apoptotic factor

Bax, resulting in induction of autophagy and inhibition of apoptosis

of ACC SW-13 cells after alleviating ER stress (136).
8.4 UDCA derivatives

The anti-cancer activity of UDCA on HCC xenografts in mice

through increased expression of pro-apoptotic proteins including

Bcl-2 associated X protein (Bax), apoptotic protease activating

factor-1 (APAF1), cleaved-caspase-9 and cleaved-caspase-3

proteins have reported by Liu et al. (137). Furthermore, UDCA

can attenuate the carcinogenesis and cellular invasion of cancer cells

induced by primary BA, chenodeoxycholic acid. This highly

hydrophobic BA stimulates the invasion of human gastric cancer

cells MKN-74 through activation of protein kinase C (PKC) alpha

and accordingly increases cyclooxygenase-2 (CoX-2) expression
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and prostaglandin E2 (PGE2) synthesis. UDCA can suppress

PGE2 production and tumor invasiveness induced by CDCA

(138). UDCA can also induce apoptosis in human melanoma cell

line M14 and A375 through ROS-triggered mitochondrial-

associated pathway resulted in increased expression of pro-

apoptotic proteins including cleaved-caspase-3, -9, apoptotic

protease activating factor-1, and increased Bax/Bcl-2 ratio in

treated cells (139).
9 Experimental evidence supporting
the anticancer activities of secondary
bile acids

The cytoprotective properties of SBAs, including UDCA and

TUDCA, which decrease the risk of developing colitis-associated

cancer and attenuate colon carcinogenesis, particularly in patients

with ulcerative colitis, were reported more than 20 years ago (140).

The experimental techniques of MTT (3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) assay, DAPI

(4’,6-diamidino-2-phenylindole) staining, flow cytometry analysis,

RT-PCR assay, and western blot assay revealed that UDCA induces

apoptotic effects in human oral squamous carcinoma HSC-3 cells

by activating caspases. UDCA at concentrations of 400 mg/mL

induced apoptosis significantly through increasing of Bax,

caspase-3, -8 and -9, TRAIL (TNF-related apoptosis-inducing

ligand), IkB-a and DR4, 5 (death receptor) expression, however,

the level of Bcl-2 and NF-kB decreased compared to untreated

control cell (141).

The apoptosis induction of UDCA on hepatocarcinoma

BEL7402 cells injected to BALB/c nude mice was evaluated

through detection of DNA fragmentation and the terminal

deoxynucleotidyl transferase-mediated dUTP-biotin nick end

labeling (TUNEL) assay. The significant suppression of tumor

growth and decreasing of tumor volume induced by different

concentrations of UDCA were observed over a 21-d period (137).

The anti-tumor activity of UDCA on colon cancer cell lines

(HT29 and HCT116) was examined through western blotting, qRT-

PCR, and dichlorofluorescin diacetate (DCF-DA) staining. UDCA

treatment led to an increase in the expression of cell cycle inhibitors,

such as p27 and p21, and the activation of Erk1/2 through the

reduction of intracellular ROS in colon cancer. The quantification

of tumorsphere-forming potential seven days following treatment

with 0.2 mM UDCA showed a decrease in the formation of colon

cancer stem-like cells in HT29 and HCT116 cells (142).

A similar study by Kim et al. investigated the effects of UCDA

on pancreatic cancer cell lines HPAC and Capan-1. The findings

showed that the administration of UDCA led to a reduction in

intracellular ROS levels within the pancreatic cancer cells.

Moreover, UDCA was observed to decrease both the

phosphorylation of STAT3 and the expression of peroxiredoxin II

(Prx2). Additionally, the floating-sphere formation assay

demonstrated a decline in EMT, as well as a decrease in both the

size and quantity of tumorspheres in the pancreatic cancer

cells (143).
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In another study, researchers have reported on the beneficial

role of UDCA in eliminating cisplatin-resistant SNU601 gastric

cancer cells by triggering autophagy and apoptosis pathways. The

study found that UDCA effectively reduced the viability of cisplatin-

resistant SNU601/R cells, which demonstrated strong resistance not

only to cisplatin but also to various other anticancer drugs.

Moreover, UDCA stimulated autophagic cell death by enhancing

the expression of the microtubule-associated protein light chain 3

(LC3II), which serves as an indicator of autophagy, and by

increasing the number of autophagic vacuoles, as visualized

through monodansylcadaverine (MDC) and HO staining (144).

Wang et al. assessed the impact of UDCA on LC3B expression

in both in vivo and in vitro settings. The results from the cell

counting Kit-8 viability assay indicated that UDCA diminished the

viability and migration of primary HCC cell lines, 7721 and HepG2.

Furthermore, UDCA impeded tumor growth and enhanced LC3B

expression in BALB/c nude mice with, 7721 xenografts. By

performing Hematoxylin-eosin staining on tumors in nude mice,

it was observed that the percentage of cells undergoing cell death

increased as the dosage of UDCA increased (145).

The anti-cancer effects of UDCA on FRO human anaplastic

thyroid cancer was evaluated through in vitro experiments. The

findings from the cell viability assay demonstrated that UDCA, at

concentrations of 25, 50, and 100 µM/mL, effectively suppressed the

growth of cancer cells in a dose-dependent manner. Additionally,

UDCA treatment resulted in increased expression of Bax, caspase-3,

and cytochrome c, while inhibiting the expression of Bcl-2, TGF-b,
and N-cadherin within these cells . Consequently, the

administration of UDCA induced apoptosis and hindered the

process of angiogenesis by regulating the Akt/mechanistic target

of rapamycin (mTOR) signaling pathway (146).

T h e e ff e c t s o f DCA on t h e QBC 93 9 human

cholangiocarcinoma cell line and nude mice with xenograft

tumors were assessed. The findings revealed that the

administration of DCA led to a notable suppression of tumor

growth by upregulating the mRNA expression of FXR (147).

Barrasa et al. documented the anti-tumor effects of DCA on BCS-

TC2 human colon adenocarcinoma cells. These effects were

characterized by cell detachment, disruption of membrane

asymmetry, and activation of caspase and Bax proteins (148).

Additionally, DCA showed anti-tumor activity on esophageal

adenocarcinoma through the IL-6/STAT3 Pathway. The treatment

of human EAC, OE33, and normal esophageal HEEC cell lines with

250 µM DCA exhibited an increase in the expression of

reprogramming factors Kruppel-like factor and activation of

transcription 3 signaling pathway (149). YANG et al. investigated

the impact of DCA on BGC-823 human gastric carcinoma cells and

explored the underlying mechanisms. Their findings revealed that

DCA effectively suppressed cell growth and triggered apoptosis in

BGC-823 cells. This apoptotic response was associated with the

disruption of mitochondrial membrane potential. Moreover, the

expression levels of p53, cyclin D1, and CDK2 were modified after

DCA treatment (150). In a recent study, researchers combined the

anti-tumor properties of SBAs with the targeted cell selectivity of

nanoparticles. The results demonstrated that gold nanoparticles,

when combined with polyethylene glycol and LCA connected by
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carboxyl groups, effectively hindered the growth of HepG2 and

SMMC-7721 liver cancer cells. This inhibition was achieved by

inducing mitochondrial dysfunction through the mediation of

ROS (151).
10 Potential influence of secondary
bile acid on efficacy of
cancer treatment

Secondary bile acids derived from the gut microbiota play a

complex role in modulating the efficacy of cancer therapies such as

radiation, chemotherapy, and immunotherapy. These bile acids can

influence cancer progression and treatment response through

various mechanisms, including inhibition of drug transport, and

immune modulation. Understanding these interactions is critical to

optimizing cancer treatment strategies (152–154). Tumor cells have

developed several strategies to evade the damaging effects of

chemotherapeutic drugs. One such strategy is the increased

expression of ATP-binding cassette (ABC) transporters, which

help transport various types of chemotherapeutic drugs out of the

cell and into the surrounding environment. Research by Chewchuk

et al. found that bile acids, particularly b-cholanic acid and

deoxycholic acid, can significantly inhibit ABCC1-mediated drug

transport. This leads to a higher accumulation of doxorubicin in

breast and lung tumor cells that overexpress ABCC1 and are

resistant to the drug. As a result, the IC50 values for doxorubicin

in these resistant cell lines were 3 to 4 times lower than in their

original parental cell lines. However, these bile acids had no effect

on doxorubicin accumulation in drug-sensitive tumor cells lacking

ABCC1 expression. This specificity suggests that bile acids could

potentially be used as therapeutic agents to combat drug resistance

in certain cancers (152). Secondary bile acids have the ability to

destabilize the hypoxia-inducible factor-1a (HIF-1a) subunit of the
HIF-1 transcription factor. HIF-1 serves as a key transcriptional

regulator involved in multiple cancers, and its overexpression under

hypoxic conditions is associated with increased tumor

aggressiveness, invasiveness, and resistance to standard therapies

in several cancer types (155). Phelan et al. found that CDCA and

DCA caused destabilization of the HIF-1a subunit in A-549 lung,

MCF-7 breast, and DU-145 prostate cancer cell lines, resulting in

significantly lower levels of HIF-1a in both normal and hypoxic

cond i t i on s . Th i s de s t ab i l i z a t i on was va l i d a t ed by

immunofluorescence and ELISA techniques, suggesting a possible

pathway by which bile acids affect cancer development. The

presence of bile acids impaired cancer cell characteristics

associated with metastasis, particularly in DU-145 cells, where cell

adhesion, migration and invasion were reduced by about half

compared to untreated samples. In addition, the clonogenic

potential of DU-145 and MCF-7 cells was significantly reduced.

Furthermore, CDCA and DCA exhibited minimal cytotoxicity,

suggesting that their effects on cancer progression are likely due

to alteration of key cancer-associated behaviors rather than

induction of cell death (153). Notably, treatment of airway

epithelial cells with CDCA and DCA caused a dose-dependent
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decrease in HIF-1a protein levels, starting at concentrations of 25

mM for CDCA and 1 mM for DCA. In contrast, CA did not affect

HIF-1a protein levels, even at the maximum concentration of 100

mM. CDCA and DCA induced the degradation of HIF-1a protein

by the 26S proteasome system using the prolyl hydroxylase domain

(PHD) pathway (156).

Bile acids have the ability to modify the immune

microenvironment, which is critical for the efficacy of

immunotherapy. For example, targeting bile acid receptors

through nanodelivery can enhance immune responses against

tumors in liver cancer, suggesting a promising strategy to

improve immunotherapy outcomes. Ji et al. developed

nanoparticles containing obeticholic acid (OCA) and 5b-CA
(OCA/5b-CA NPs) to target primary and secondary bile acid

receptors in the liver. FXR and G protein-coupled bile acid

receptor 1 (GPBAR1) are the key receptors for primary and

secondary bile acids, respectively (157). The researchers selected

OCA as an FXR agonist and 5b-cholanic acid 3 (5b-CA) as a

GPBAR1 antagonist to investigate their effects on liver cancer

growth. Since FXR and GPBAR1 are prevalent in the

gastrointestinal tract, they developed a polyoxazole-based

nanosystem to deliver OCA and 5b-CA specifically to the liver,

aiming to reduce the potential side effects of these bile acid

modulators. The findings revealed that the tumor suppression

rates for treatments with OCA-NPs and 5b-CA-NPs were

significantly greater than those of the free drug formulations

(85% vs 48% and 68% vs 43%, respectively). Both OCA-NPs and

5b-CA-NPs treatments led to a substantial increase in NKT and NK

cells within the orthotopic tumor, along with a notable rise in

CXCR6+ NKT cells, suggesting that NKT cells were recruited to the

liver via the CXCR6/CXCL16 axis. Additionally, a significant

increase in tumor-infiltrating CD4+ and CD8+ T cells, as well as

macrophages, was noted in the treatment groups receiving OCA-

NPs and 5b-CA-NPs. There were also considerable increases in

levels of IFN-g and granzyme B in NKT cells, NK cells, CD4+, and

CD8+ T cells in these treatment groups, indicating that NKT cells,

NK cells, and T cells all play a role in the tumor inhibition

process (154).
11 Therapeutic applications of
secondary bile acids

Several studies have highlighted the potential utility of SBAs in

mitigating damages caused by anticancer drugs, typically

conventional cytotoxic agents. The potential therapeutic

intervention of UDCA for CRC was reported by Zhang et al.

Results of MTT assays and Western blotting showed the

stimulation of cAMP-PKA-RhoA pathway to inhibit Yes

associated protein (YAP). In addition, UCDA can inhibit

HCT116 cells and SW480 cells survival in vitro and CRC tumor

growth in AOM/DSS-induced primary CRC mice model (158). The

results of a prospective randomized trial on twenty-two patients

with liver metastases from colorectal carcinoma who received

UCDA, or pentoxifylline or low-dose low molecular weight
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heparin for 8 weeks during radiotherapy revealed significant

reduction of the extent and incidence of focal radiation-induced

liver injury. The authors proposed the utilization of UCDA, along

with two other agents, as a potential strategy for mitigating

radiat ion-induced l iver damage fol lowing alternative

radiotherapeutic interventions (159). It is documented that

UCDA can switch necrosis-to-apoptosis in epG2, SK-Hep1, SNU-

423 and Hep3B HCC cells when co-treated with oxaliplatin and

other platinum-based chemotherapeutic drugs including cisplatin

and carboplatin. The co-treatment of UCDA reduced the

oxaliplatin-induced ROS generation significantly and induced

apoptosis mediated by p53-caspase 8-caspase 3 pathway (160).

In a prospective randomized parallel study, 39 children

diagnosed with acute lymphoblastic leukemia (ALL) were chosen

to participate. It is well-known that several chemotherapeutic

agents used to treat ALL can have harmful effects on the liver

(hepatotoxicity). To mitigate this risk, the researchers decided to

administer UDCA alongside chemotherapy to the participants for a

duration of 6 months. The results showed a promising trend: when

UDCA was given in conjunction with chemotherapy, there was a

noticeable decrease in levels of hepatic transaminases. This

indicates that the combination therapy potentially led to a safer

outcome for children with ALL in terms of liver health (161).

The combination of SBAs with anti-cancer drugs for improving

the efficacy or decreasing side effects has been documented.

Hamano and colleagues evaluated the effectiveness of oral

alkalization drugs including UDCA in improving neutropenia

following the administration of irinotecan hydrochloride in

patients with cervical or ovarian cancer. The use of a drug

combination consisting of UDCA, magnesium oxide, and sodium

hydrogen carbonate, which are all oral alkalization drugs, had a

significant positive impact. It was found that individuals who used

this combination experienced improved neutrophil counts and a

decreased intensity of the prescribed dosage, when compared to

those who did not use the combination (162).

The synergistic effect of UDCA on the antitumor activity of

sorafenib was evaluated in HCC Huh-BAT and HepG2 cells. The co-

treatment with both agents exerted anti-tumor activities in

hepatocytes by inhibiting cell proliferation. Furthermore, the cell

viability assay and Annexin V/propidium iodide apoptosis assay

revealed induction of apoptosis through ROS-dependent activation

of extracellular signal-regulated kinase (ERK) and dephosphorylation

of STAT3 (163). The study investigated the effects of low-dose

celecoxib and UDCA separately or in combination with primary

bile acids on two types of colon cells: HT-29 colon cancer cells and

LT97 colorectal micro-adenoma cells derived from a patient with

familial adenomatous polyposis. The results demonstrated that the

combination of low-dose UDCA and the COX-2 inhibitor celecoxib

exhibited inhibitory effects on the growth of colon cancer cells (164).

Lin and colleagues showed that treating gallbladder cancer cells with

DCA could have a therapeutic effect by affecting the progression and

cell proliferation of the cancer cells. This effect is believed to be

mediated through the maturation of microRNAs, which is dependent

on N6-methyl adenosine. Overall, the findings indicate that DCA

treatment might offer a novel therapeutic approach for these types of
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cancer cells (165). Mikó et al. reported that women with early-stage

breast cancer had lower levels of serum LCA, a reduced ratio of

CDCA to lithocholic acid, and a decrease in the abundance of the

baiH gene (which is responsible for generating LCA) in fecal DNA

when compared to control women. In vitro and in vivo examination

on MCF7 and 4T1 cell lines, as well as female BALB/c mice,

demonstrated that LCA decreased both cancer cell proliferation

and metastatic potential of primary tumors (166). The study

conducted by Kim et al. revealed the protective effects of UDCA

against chemotherapy-induced intestinal mucositis following

treatment with 5 fluorouracil (5-FU) in Sprague Dawley rats. The

rats were orally administered UCDA for 6 days, resulting in a

decrease in levels of inflammatory cytokines and prevention of

intestinal villus damage. Moreover, the administration of UDCA

led to a significant reduction in body weight loss and diarrhea score

compared to the control group during the experiment. The analysis of

inflammatory cytokines revealed a significant decrease in the

expression of both TNF-a and IL-6 mRNA, which were induced

by 5-FU, in the UDCA group (167).
12 Conclusion

The complex relationship between microbiota-derived SBAs

and cancer underscores their dual role as potential carcinogens and

anticancer agents. The carcinogenic properties of SBAs, particularly

DCA and LCA, are primarily mediated through mechanisms such

as oxidative stress, DNA damage, and induction of dysbiosis within

the gut microbiota. These processes can lead to genomic instability,

inflammation and the promotion of tumorigenesis, particularly in

colorectal cancer. In contrast, certain SBAs also exhibit anticancer

activities by inducing apoptosis and modulating immune responses.

For example, UDCA has been shown to activate pro-apoptotic

pathways and inhibit inflammation, thereby reducing the risk of

cancer development. In addition, SBAs can interact with various

nuclear receptors and influence cellular signaling pathways that

regulate cell proliferation and survival. The balance between these

opposing effects highlights the complexity of SBAs in cancer biology

and suggests that dietary interventions aimed at modulating bile

acid profiles may offer novel therapeutic strategies for cancer

prevention and treatment. Future research should focus on

elucidating the underlying molecular mechanisms of these dual

activities and exploring the potential of SBAs in clinical applications

for cancer therapy.
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