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Review Articles – Cancer and the Microbiome

Introduction

Recent years have witnessed a surge in research concerning 
the relationship between gut microbiota and their metabo-
lites and cancer. Secondary bile acids (BAs) are the prod-
ucts of gut microbiota and can directly or indirectly regulate 
microbial composition.1 Studies have revealed that through 
simple dietary changes,1 antibiotics,2 and fecal transplants,3 
gut microbial levels can be regulated, thus regulating sec-
ondary BAs’ levels. Many studies indicated that secondary 
BAs play a specific cancer-promoting effect in colorectal 
cancer and extra-intestinal cancers, such as liver cancer, 
pancreatic cancer, esophageal cancer, lung cancer, and gas-
tric cancer.4-8 Therefore, this review describes the interac-
tion between gut microbiota and secondary BAs, 
highlighting the direct carcinogenic effect of secondary 
BAs using the above cancer cell lines as examples. This 
review also examines the regulation of secondary BAs on 
immune cells.

The Metabolic Process of Secondary 
BAs

Synthesis of Secondary BAs

Cholesterol is converted to primary bile acids, including 
cholic acid (CA) and chenodeoxycholic acid (CDCA) in 

hepatocytes through the classic or alternative bile acid syn-
thesis pathways.9 The classical pathway is initiated by 7α-
hydroxylase (CYP7A1), which is the rate-limiting enzyme, 
to generate CA and CDCA. The alternative pathway is initi-
ated by CYP27A1, which is followed by CYP7B1 to gener-
ate CDCA.10 BAs bind easily to glycine in vegetarians and 
taurine in people with a high animal protein or seafood 
diet.11 CA and CDCA are conjugated to amino acids taurine 
or glycine through BA-CoA synthase and BA-amino acid 
N-acetyl transferase.9 Amino acid conjugation reduced the 
pKa of BAs to prevent passive absorption in the duodenum 
for proper emulsification of dietary lipids, which allows 
them to be stored in the gallbladder as mixed micelles with 
cholesterol and phospholipids. The duodenum secretes cho-
lecystokinin in response to food intake, causing primary 
BAs to enter the small intestine.9 In the terminal ileum, up 
to 95% of BAs are reabsorbed back into the liver.12 In the 
terminal ileum, the cecum, and upper colon, the primary 
BAs which are not reabsorbed can produce more than 50 
types of secondary BAs. DCA and LCA represent the most 
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common secondary BAs.13 Microbial bile salt hydrolase 
(BSH) deconjugates CA and CDCA with glycine or taurine 
to produce free CA and CDCA. Then microbial 7α-
dehydroxylase (7α-HSDH) dehydroxylates them to a lesser 
extent, converting them respectively to DCA and LCA.14 As 
a result of complex microbial biotransformation, numerous 
derivatives are formed.15

Absorption of Secondary BAs

DCA is partly reabsorbed in the gut, and LCA is fairly insol-
uble and little of it is reabsorbed. Part of the unabsorbed 
secondary BAs are excreted through feces.16 Moreover, sec-
ondary BAs generated in the terminal ileum are actively 
transported into the epithelial cells of the small intestine, 
primarily through the apical sodium-dependent bile salt 
transporter (ASBT) in the apical membrane of the brush 
margin of the small intestine. Then secondary BAs are 
inter-intestinal transported to the sinusoidal membrane to 
exit into the portal circulation by organic solute transporters 
OSTα and OSTβ of the basement membrane.12 In addition, 
secondary BAs generated in the cecum and upper colon are 
mainly absorbed into the portal circulation through passive 
diffusion.17 After that, they are actively transported to the 
liver cells through sodium taurocholate cotransport.18

A small fraction of primary BAs can escape the entero-
hepatic circulation and enter the systemic circulation,19 and 
then secondary BAs may be synthesized under the action of 
bacteria in distant organs, allowing secondary BAs’ signal-
ing to occur in other organs and tissues.13 In addition, a por-
tion of secondary BAs can be reversely transferred through 
the intestine to the stomach and esophagus.20

Regulation of secondary BAs’ metabolism

Regulation of secondary BAs synthesis and absorption is 
performed mainly by a negative feedback mechanism 
exerted by Farnesoid × receptor (FXR). In addition, intesti-
nal bacteria and some chemicals may also play a regulatory 
role.

The FXR suppresses synthesis of secondary BAs. FXR 
in liver can be activated by hydrophobic primary BAs and 
secondary BAs, then inhibits the expression of CYP7A1,12 
therefore decreases the levels of primary BAs and then 
decreases the levels of secondary BAs. Moreover, FXR 
can also inhibit CYP8B1 and CYP27A1 by complicated 
mechanisms.21 The FXR also regulates absorption of sec-
ondary BAs. In enterocytes, FXR induces OSTα and OSTβ 
to efflux secondary BAs into portal blood circulation, there-
fore limits the uptake of secondary BAs by intestinal cells 
and reduces their carcinogenic effects on the intestine.22 
The specific mechanism of FXR-mediated regulation of BA 
synthesis is described in section 3.1.

In addition, hormones and exogenous compounds can 
also affect secondary BAs synthesis, such as insulin, thy-
roid hormone, or some drugs, such as phenobarbital and 
rifampicin, which all affect their synthesis by targeting 
CYP7A1. Dietary fibers (from vegetables and fruits) can 
bind to LCA and aid in its excretion in stool.16 More impor-
tantly, a variety of factors can regulate the absorption and 
synthesis of secondary BA by influencing gut bacteria 
levels,23 such as dietary changes and antibiotics. The details 
will be described in section 4.1.3.

Bile acid receptor-mediated signaling 
pathways

Studies have found that BAs realize their effects through 
nuclear farnesoid × receptor (FXR), membrane TGR5 
receptor, vitamin D receptor (VDR), pregnane × receptor 
(PXR) and constitutive androstane receptor (CAR).21 
Among them, primary BAs mainly activate FXR and sec-
ondary BAs mainly activate TGR5. Therefore, we mainly 
introduce these 2 receptor-mediated bile acid signaling 
pathways.

FXR-Mediated Signaling Pathways

FXR is expressed in several organs, including the liver, 
intestine, kidneys, and immune cells. The FXR-mediated 
signaling pathways can regulate the metabolism of BAs, 
sugar and lipid and regulate inflammatory response.23

The FXR-mediated signaling pathways suppress the 
synthesis of BAs. FXR in liver can be activated by hydro-
phobic primary BAs and secondary BAs, then induces small 
heterodimer partner (SHP) to inhibit the expression of 
CYP7A1.12 In addition, in human primary hepatocytes, 
activated FXR induces fibroblast growth factor 19(FGF19), 
an intestinal hormone, to activate extracellular signal-regu-
lated kinase 1/2 (ERK1/2) of the MAPK pathway and 
inhibit CYP7A1 gene transcription.24 Activated FXR can 
also induce FGF19 in human and FGF15 in mice, and then 
activate hepatic FGF receptor 4 (FGFR4) signaling to 
inhibit CYP7A1.12 Moreover, BAs induce pro-inflamma-
tory cytokines TNFα and IL-1β in macrophages/Kupffer 
cells to activate TLR4 in hepatocytes, and then inhibit 
CYP7A1 and CYP8B1 through ERK1/2 /JNK signaling.24

Studies have found that activation of FXR could activate 
the AKT and ERK1/2 signaling pathways, and then collabo-
rate with insulin in regulating the metabolism of sugar in 
the liver.25 In addition, FXR activation may reduce NAFLD, 
as it reduces steatosis by inhibiting lipogenesis, decreases 
chemically-induced hepatic inflammation and fibrosis.25 
What’s more, FXR activation has been reported to repress 
the NF-κB signaling pathway and inhibit the IL-6/STAT3 
signaling pathway,26 and thus reduces the production of 
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pro-inflammatory cytokines and exerts anti-inflammatory 
effects.

TGR5-Mediated Signaling Pathways

TGR5 is highly represented in the gastrointestinal tract, 
non-parenchymal liver cells, and macrophages, overseeing 
a variety of homeostatic and regulatory functions, thus pre-
venting the occurrence of diabetes, inflammatory bowel 
disease and other diseases.27 However, during dysbiosis, its 
activation may play a pro-cancer effect in a variety of 
cancers.

In the enteroendocrine cells, TGR5 stimulates glucagon-
like peptide 1, thereby exerting anti-diabetic activity.19 
Secondary BAs are also reported to inhibit the activation of 
NLRP3 inflammasome via the TGR5–cAMP–PKA axis, 
thereby exerting anti-inflammatory effects.27

Intestinal metaplasia (IM) increases the risk of gastric 
cancer. A recent study found that DCA is involved in the 
development of IM through the TGR5-ERK1/2-HNF4α 
axis.28 What’s more, liver fibrosis increases the risk of liver 
cancer. A recent study revealed that by acting on TGR5 in 
HSCs in mice, taurodeoxycholate (TDCA) and glycode-
oxycholate (GDCA) activated p38MAPK and ERK1/2 

signaling pathways, thus significantly promoting liver 
fibrosis.10 Studies have shown that DCA can also activate 
EGFR, mitogen-activated protein kinase (MAPK) and 
STAT3 signaling pathways by acting on TGR5, and play 
carcinogenic effects in colorectal cancer and other cancers.29 
The specific anti-cancer mechanism of secondary BAs will 
be illustrated later.

The Interaction Between Gut 
Microbiota and Secondary BAs

The gut houses the largest and most diverse population of 
microbes among the body’s many organs.30 Secondary BAs 
are produced in the terminal ileum, the caecum, and upper 
colon through deconjugation, dehydroxylation, oxidation, 
isopropylation, desulfurization, and esterification. BSH 
induces deconjugation, and 7α-HSDH induces dehydrox-
ylation, the 2 most important reactions in the conversion 
process.13,31 In addition, secondary BAs can shape the 
structure of intestinal microbial communities after being 
produced9 (Figure 1).

In the terminal ileum, the cecum, and upper colon, sec-
ondary bile acids (BAs) are produced by the deconjugation 
of BSH and the dehydroxylation of 7α-HSDH from 

Figure 1. Metabolic processes of secondary BAs and their interactions with intestinal bacteria.
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primary BAs. Through simple dietary changes, antibiotics, 
and fecal transplants, intestinal microbes can be regulated, 
alongside regulating levels of secondary BAs. Secondary 
BAs can regulate gut microbial composition, increase the 
levels of pathogenic bacterium and reduce the levels of pro-
biotics, thus promoting the occurrence of intestinal tumors. 
In addition, their signaling can occur in the liver, pancreas, 
esophagus, stomach, and lung.

Gut Microbiota and Formation of Secondary BAs

Bacteria with BSH activity. Bacteria with BSH activity mainly 
include Firmicutes and phyla Bacteroidetes. Gram-positive 
bacteria are Clostridium, Bacteroidetes, Lactobacillus, Bifi-
dobacterium, Enterococcus, Escherichia, and Listeria.13, 31 
Gram-negative bacteria are primarily Methanobrevibacter 
smithii and Methanosphera stadtmanae of the domain 
Archaea.32 Furthermore, some aerobic bacteria, such as Acti-
nobacteria and Proteobacteria, can also produce BSH.12

Bacteria with 7α-HSDH activity. Bacteria can remove the 
hydroxyl groups from unbound BAs, but only a few have 
7α-HSDH activity. These bacteria are mainly Clostridium 
and Eubacterium in the phylum Firmicutes.13,33 In addition, 
Ruminococcus and Trichospiraceae also have 7α-HSDH 
activity,34 and the content of Ruminococcus is positively 
correlated with the content of DCA.35 A recent study dem-
onstrated that Desulfovibrionale also has 7α-HSDH activ-
ity, and mice carrying Desulfovibrionale produce more 
secondary BAs.36

Steerability of gut microbiota. Multiple factors can increase 
the levels of bacteria that produce secondary BAs. A study 
found that after feeding wild-type C57BL/6 mice a high-fat 
diet for 20 weeks, the proportion of Clostridium in the intes-
tinal tract of the mice increased concomitantly with the lev-
els of DCA.2 Compared to healthy rural Africans on a 
low-fat, high-fiber diet, healthy Africans on a high-fat, low-
fiber diet had higher fecal 7α-dehydroxylated bacteria and 
higher levels of secondary BAs.37 In addition patients with 
active ulcerative colitis, who received a fecal transplant had 
higher levels of Escherichia and secondary BAs than those 
given a placebo.3

Multiple factors can decrease the levels of bacteria that 
produce secondary BAs. A study found that2 the levels of 
Clostridium and DCA in wild-type C57BL/6 mice decreased 
significantly after vancomycin treatment at week 9. In liver 
cancer models driven either by the hepatocarcinogen dieth-
ylnitrosamine or overexpression of c-Myc, using vancomy-
cin can play the same role, thus preventing liver cancer 
progression.38 In addition, the activity of many bacteria is 
affected by the gut’s pH, such as Clostridium c-25, which 
only performs well in neutral or slightly alkaline gut 
environments.39 When healthy subjects took lactulose, their 

gut pH and DCA levels decreased.40 Taking Pu ‘erh tea, 
water extract of Ganoderma lucidum, walnut, and vitamin 
B6 can also reduce the levels of bacteria that produce sec-
ondary BAs, thereby reducing secondary BAs.13,40-43

Secondary BAs Change the Composition of Gut 
Microbiota

Pathogenic bacteria. Opportunistic pathogens such as Rumi-
nococcus, Shigella, Desulforvibrio, and Dorea are known 
to play an essential role in developing gut tumors. However, 
studies have disclosed that DCA can promote the growth of 
these bacteria.44 Moreover, Akkermansia muciniphila and 
Bacteroidetes are mucin degrading bacteria. Excess mucin 
degradation can damage the integrity of the intestinal muco-
sal barrier and promote the colonization and carcinogenesis 
of intestinal pathogens. However, a study has found that the 
levels of DCA and Akkermansia muciniphila, and Bacte-
roidetes increased in CA-treated APCmin/+ mice.4 It is 
known that Apcmin/+ mice can develop intestinal adenomas 
spontaneously, which are good animal models of colorectal 
cancer precancerous lesions.4

Probiotics. Probiotics such as Lactobacillus and Bifidobac-
terium in the small intestine are known to promote health by 
mediating host immune homeostasis.45 Moveover, nisin, a 
polycyclic peptide produced during bacterial fermentation, 
has shown cytotoxic effects on colorectal cancer cells and 
head and neck squamous cell carcinomas. So far, Lactoba-
cillus has been found to contain 4 types of nisin.46 DCA is 
one of the most effective anti-bacterial BAs. Its anti-bacte-
rial activity is 10 times that of CA. It can significantly 
inhibit the growth of Lactobacillus and Bifidobacterium.31 
In addition, Clostridium butyricum is known to reduce the 
content of secondary BAs and increase the quantity of 
short-chain fatty acids (SCFAs) in the cecum.47 SCFAs have 
been shown to have anti-cancer effects in colorectal, gas-
tric, breast, prostate, and liver cancers.48 However, study 
has shown that the level of Clostridium butyricum decreased 
in APCmin/ + mice treated with DCA.44

Mechanism of Secondary BAs 
Promoting Cancer

Secondary BAs are strong signal molecules that control 
various physiological and pathological processes and can 
activate various signaling pathways. Then they can inhibit 
the apoptosis of cancer cells, induce the progression of can-
cer cell cycle, enhance the ability of metastasis and invasion 
of cancer cells, and promote the transformation of cells into 
cancer stem cells (CSCs). Through these mechanisms, sec-
ondary BAs can directly promote cancer. In addition, sec-
ondary BAs can indirectly promote cancer by regulating the 
function of immune cells (Figure 2).
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After acting on TGR5 on the surface of the cancer cells 
or VDR in the nucleus of the cancer cells, secondary BAs 
can activate various signaling pathways, inhibit the apopto-
sis of cancer cells, induce the progression of the cancer cell 
cycle, enhance the ability of metastasis and invasion of can-
cer cells, and promote the transformation of cells into can-
cer stem cells (CSCs). The YAP signaling pathway is 
mediated by VDR in the nucleus, while the others are medi-
ated by TGR5. What’s more, secondary BAs can inhibit the 
functions of NKT cells, B cells, dendritic cells, and macro-
phages via acting on TGR5. In addition, the expression of 
Foxp3 was influenced by FXR on DCs’ surface, but not by 
FXR on CD4 + T cells’ surface, while secondary BAs up-
regulated the level of RORγ + Treg cells in mouse colon 
through the BA receptor VDR. Besides, secondary BAs can 
reduce the level of CXCL16 chemokine in hepatic sinusoid 
endothelial cells, thereby inhibiting the accumulation of 
CXCR6 + NKT cells.

Direct Cancer-Promoting Effect

Inhibiting the apoptosis of cancer cells. Secondary BAs can 
inhibit the apoptosis of cancer cells by regulating the mito-
chondrial apoptosis pathway and metabolic pathway.

The mitochondrial apoptosis pathway is mainly regu-
lated by the B-cell lymphoma factor 2 (BCL-2) family in 

the outer membrane of mitochondria.49 BCL-XL and BCL-2 
are members of anti-apoptotic proteins.50 Researchers have 
found that DCA activated the IL-6/STAT3 signaling path-
way in human esophageal adenocarcinoma cell line OE33, 
then up-regulated the expression of anti-apoptotic protein 
BCL-XL and improved the anti-apoptotic activity of OE33.7

A recent study has shown that in subjects from the 
community-based Cameron County Hispanic Cohort, DCA, 
and total unconjugated secondary BAs were positively 
associated with liver steatosis, which is a risk factor for 
HCC.51 In addition, the intestinal microbial receptors of 
Toll-like receptor 5 deficient (T5KO) mice were disabled 
and the mice were immunodeficient, and inulin could 
induce liver cancer in these mice. A study has revealed that 
in vancomycin-treated T5KO mice, the levels of gut micro-
biota that produces secondary BAs decreased, including 
Lachnospiraceae, Ruminococcaceae, and Clostridium 
XIVa, and then protected T5KO mice from inulin-induced 
HCC.38 Moreover, studies have found that DCA can inhibit 
the apoptosis of liver cancer cells. Golgi protein 73 (GP73) 
is a type II transmembrane glycoprotein,52 and its increased 
expression in hepatocytes has been associated with 
advanced liver disease.53 However, a study54 has found that 
in the human liver cancer line Hep G2, reduced expression 
of GP73 might lead to a reduction in BCL-2. In human liver 
cancer line Huh-7 and SMMC7721, DCA activated the 

Figure 2. Carcinogenic mechanisms of secondary Bas.
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NF-κB pathway to destroy the Golgi structure by binding to 
TGR5, thereby promoting the release of GP73.55 Besides, a 
study56 has shown that NF-κB can reduce apoptosis by acti-
vating the anti-apoptotic protein BCL-2. However, DCA 
has been demonstrated to significantly activate the NF-κB 
signaling pathway, thereby enhancing the anti-apoptotic 
ability of cancer cells.57 It’s worth noting that secondary 
BAs have also been shown to promote apoptosis in cancer 
cells. A study has found that in human prostate cancer cell 
line PC-3, LCA triggered both intrinsic and extrinsic path-
ways of apoptotic cell death that were caspase-dependent,58 
however, the specific mechanism remains to be further 
studied.

Fatty acid oxidation (FAO) protects cancer cells from the 
loss-of-nest apoptosis by maintaining redox homeostasis.59 
However, a study has found that in metastatic lymph node 
tumors, conjugated DCA taurodeoxycholic acid (TDCA) 
can activate Yes-associated protein (YAP) signaling path-
way by acting on nuclear VDR. Then, TDCA can promote 
the transformation of cancer cells into FAO metabolism 
mode. In this way, cancer cells can be adapted to tumor 
microenvironment and inhibit their apoptosis.60 In addition, 
in human gastric carcinoma cell line AGS, DCA, through 
binding to TGR5, significantly activated EGFR or ERK1/2, 
then inhibited their apoptosis.8

Inducing the progression of cancer cell cycle. The cell cycle 
includes 4 discrete phases: Gap 0/Gap 1 (G0/G1), Synthesis 
(S), Gap 2 (G2), and Mitosis (M). Cyclin regulates its pro-
gression, promoting the cell cycle by binding to cyclin-
dependent kinases.61 A study has found that in human 
pancreatic adenocarcinoma cell line BxPC3, DCA activated 
STAT3 signaling pathway and increased the expression of 
cyclin D1 after acting on TGR5.29 In addition, the level of 
DCA increased in the CA-treated Apcmin/+ mice. Subse-
quently, DCA, through binding to TGR5, activated the IL-6 
/STAT3 signaling pathway and increased the expression of 
cyclin D1.4 Thus, DCA can promote the transition of the 
cell cycle from G1 to S. What’s more, study has demon-
strated that in human lung cancer cell line H1975, the 
transcription activity of JAK2/STAT3 was significantly 
inhibited by TGR5 knockout. Flow cytometry results 
revealed that G1/S transition was significantly inhibited.6

Enhancing the ability of metastasis and invasion of cancer 
cells. Studies of colon cancer patients have shown that their 
levels of fecal secondary BAs were elevated.16 In addition, 
fecal samples from African Americans at high risk for colon 
cancer were more abundant in bacteria that encoded sec-
ondary BA production.62 Moreover, studies have found that 
LCA can promote the metastasis of colon cancer cells. It is 
known that tumor angiogenesis is one of the key steps in 
tumor growth and metastasis, and IL-8 is an important 
angiogenic factor.63 A study has shown that 1 day after LCA 

treatment of human colon cancer cell line HCT116, LCA 
activated ERK1/2 signal and increased IL-8 level by acting 
on TGR5 on the surface of HCT116. As a result of treating 
endothelial cells ECV304 with the supernatant of the cells 
mentioned above, the result showed that the endothelial 
cells proliferated obviously. This result indicates that LCA 
induces IL-8 expression in tumor microenvironment by 
activating ERK1/2 signaling pathway, then stimulates endo-
thelial cell proliferation and tubular cell formation.64

A study revealed that transfer of fecal microorganisms 
from DCA-treated mice to another group of Apcmin/+ mice 
increased colon cancer diversity.44 In addition, in the azoxy-
methane (AOM) and dextran sodium sulfate (DSS)-induced 
murine colitis-associated colon cancer model, vancomycin 
treatment could decrease the levels of gut microbiota that 
produce secondary BAs and dramatically suppresses tumor 
development.65 Moreover, studies have found that DCA can 
promote the metastasis of colon cancer cells. It is known 
that epithelial-mesenchymal transition (EMT) is closely 
related to cancer metastasis, and its main characteristics 
include decreased expression of E-cadherin and increased 
expression of vimentin.66 A study has revealed that in 
Apcmin/+ mice and human colon cancer cell line HCT116, 
compared with the control groups, DCA upregulated 
VEGFR2 signaling pathway by acting on TGR5 on the sur-
face of cancer cells, and then significantly inhibited e-cad-
herin expression and upregulated vimentin expression.67

Giving mice a high-fat diet induced changes in gut 
microbiota and increased levels of DCA. Elevated DCA 
levels promoted the senescence-associated secretory phe-
notype (SASP) phenotype of hepatic stellate cell (HSC), 
which in turn secretes various pro-tumor factors in the liver, 
thereby promoting the development of HCC in mice 
exposed to chemical carcinogens.68 In addition, a study 
treated human HSC line LX2 with DCA for 1 week, then 
treated human hepatoma cell line HuH with the supernatant 
of the above-mentioned cells. The wound healing test and 
the in vitro invasion test showed that the metastasis and 
invasion ability of HuH were higher than those of the control 
groups without DCA. Besides, the ERK1/2 and Smad3 sig-
naling pathways were activated, and the expression of 
E-cadherin decreased and vimentin increased.69 Furthermore, 
western blot assay showed that after treatment of the human 
non-small cell lung cancer cell line H1975 with increasing 
DCA concentrations (from 20 to 40 µM), the expression 
level of P-STAT3Tyr705 was significantly upregulated, and 
the migration and invasion of H1975 cells were greatly 
increased in a dose-dependent manner.6 However, a recent 
study has also revealed that in mice that were grafted with 
breast cancer cell line 4T1, LCA acted on TGR5 on the sur-
face of 4T1, then inhibitedβ-catenin signaling pathway, 
therefore reduced cellular proliferation and inhibited metas-
tasis of 4T1. This may be due to the absence of acute toxic 
effects due to the use of LCA at concentrations of 100 to 
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1000 nM, which are closer to LCA concentrations reported 
in the breast.70,71

Promoting the transformation of cells into CSCs. It is well-
known that CSCs are self-renewing cells that can generate 
heterogeneous tumor cells.72 In addition, they are resistant 
to treatment, critical for cancer development, maintenance 
and recurrence.73,74

Secondary BAs can promote the transformation of non-
cancer cells into CSCs. It is known that adenomatous pol-
yps are the most common precursor to colon cancer. 
However, a study has found that the level of secondary BA 
producing bacteria in adenoma patients was higher than that 
in normal controls. Moreover, a study has shown that add-
ing DCA into the feed of WT mice has the potential to 
induce colon cancer.75 In addition, in human normal colon 
cells (HCoEpiC), DCA or LCA activated the Wnt/β-catenin 
signaling pathway and increased the levels of the oncogenic 
protein c-Myc by 12 to 15 times, thereby transforming nor-
mal colon cells into CSCs and triggering the occurrence of 
colon cancer.76 A study has also shown that after 12 months 
of exposure to DCA, c-Myc expression in Barrett’s esopha-
gus cells increased in a time-dependent manner,77 then initi-
ating and maintaining esophageal adenocarcinoma or 
esophageal squamous carcinoma.78 These results suggest 
that LCA and DCA have the potential to transform non-
cancer cells into CSCs.

Secondary BAs can promote the transformation of can-
cer cells into CSCs. A study has shown that in human 
esophageal adenocarcinoma cell line OE33, DCA, through 
binding to TGR5, upregulated the expression of the repro-
gramming factor Kruppel-like factor 4 (KLF4) by activat-
ing IL-6/STAT3 signaling pathway, leading to OE33 
reprogramming into multi-differentiated CRCs, thereby 
increasing the chances of malignancy.7 However, it is 
known that risk factors for ovarian cancer include loss-of-
function mutations in the BRCA1 (breast cancer 1, early 
onset) gene. However, DCA resulted in a greater than four-
fold induction of BRCA1 transcript levels, thereby reduc-
ing the risk of ovarian cancer.79

Regulating Immune Cells to Promote Cancer 
Indirectly

Secondary BAs can mediate the communication between 
gut microbiota and the immune system, regulate the func-
tion of innate and specific immune cells, and shape the local 
intestinal and systemic immune environment, contributing 
to cancer promotion.

Regulating innate immune cells. Secondary BAs can inhibit 
the function of macrophages. It is known that macro-
phages can secrete IL-6 to promote B cell precursors to 
become antibody producing cells, secrete IFN-γ and 

TNF-α to promote apoptosis of cancer cells, secrete 
MCP-1 to chemotactic anti-cancer cells such as natural 
killer cells and T lymphocytes.80 However, studies have 
found that DCA and LCA can inhibit the activation of 
spleen and intestinal macrophages which is induced by the 
toll-like receptor-4.81 They can also inhibit the secretion of 
IL-6, IFN-γ, and TNF-α, and induce the polarization of 
anti-cancer M1 macrophages to pro-cancer M2 macro-
phages.82,83 Furthermore, macrophages and Kupffer cells 
lacking secondary BA receptor GPBAR1 showed increased 
expression of IL-6 and MCP-1 in response to LPS.84

Secondary BAs can inhibit the function of dendritic cells 
(DCs). It is known that DCs can secrete TNF-α to promote 
apoptosis of cancer cells and secrete IL-12 to activate Th1 
cells to participate in anti-tumor immune response.85 
However, a study has demonstrated that DCA and LCA can 
inhibit DCs to secrete TNF-α and IL-12,82 and then play a 
role in promoting cancer. In addition, a study has shown 
that when DCs are co-cultured with naïve CD4 + T cells, 
adding 3β -hydroxy-deoxycholic acid (isoDCA) can induce 
the expression of forkhead box protein 3 (Foxp3) in T cells 
and induce immunosuppression, thereby reducing the 
immune stimulation properties of DCs.86 Interestingly, the 
expression of Foxp3 was influenced by FXR on DCs’ sur-
face, but not by FXR on CD4 + T cells’ surface.86

Regulating specific immune cells. Secondary BAs can inhibit 
the function of B cells. B cells exert their anti-cancer effects 
mainly through secreting antibodies and then through anti-
body-dependent cytotoxicity, phagocytosis, and comple-
ment activation.87 However, a study has found that DCA 
and LCA can inhibit IL-6 secretion,82 and then inhibit B cell 
precursors to become antibody-producing cells, thus down-
regulating the levels of IgE and IgG.

Secondary BAs can inhibit the function of natural killer 
T (NKT) cells. NKT cells are known to secrete IFN-γ and 
TNF-α to promote apoptosis of cancer cells.80,88 However, 
DCA and LCA were found inhibit NKT cells from secret-
ing IFN-γ and TNF-α.82 In addition, DCA and LCA can 
promote NKT cells to secrete IL-10,82 which is known to 
down-regulate the activity of T lymphocytes and TNF-α.89 
Gut microbiota-bile acid axis participates in the regulation 
of NKT cells’ anti-cancer function. It is known that ABX, 
consisting of vancomycin, neomycin, and primaxin, had 
confirmed antibacterial efficacy and was not toxic to the 
liver.90 In addition, spontaneous HCC was induced using 
MYC transgenic mice. A recent study has found that in 
ABX-treated MYC mice bearing HCC, the levels of TDCA 
and taurolithocholic acid (TLCA) were decreased, the accu-
mulation of hepatic NKT cells was observed, and fewer and 
smaller HCC were found. In addition, more hepatic NKT 
cells were found in germ-free mice. Specifically, secondary 
BAs can reduce the level of CXCL16 chemokine in 
hepatic sinusoid endothelial cells, thereby inhibiting the 
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accumulation of CXCR6+NKT cells and promoting hepa-
tocellular carcinoma progression.5 However, after using 
vancomycin to kill secondary BA-producing bacterium, 
the level of CXCL16 increased, and the number of 
CXCR6+NKT cells increased.5

Secondary BAs can enhance the function of regulatory T 
cells (Tregs), which are known to promote immunosuppres-
sive microenvironment formation and tumor progression. 
Foxp3 is one of the key transcription factors controlling the 
development and function of Tregs.91 However, a study has 
shown that the LCA derivative isoalloLCA can increase 
Foxp3 expression in naïve CD4+T cells by producing mito-
chondrial reactive oxygen species.92 In addition, when DCs 
were co-cultured with naïve CD4+T cells, isoDCA addition 
increased Foxp3 expression and subsequently enhanced 
the function of Tregs.86 Gut microbiota-bile acid axis par-
ticipates in the regulation of Treg’s cancer-promoting 
functions. It is known that RORγt+ Treg has a strong inhib-
itory effect on T cell and is preferentially amplified in 
colon cancer and increases with tumor stage, while RORγt+ 
T inhibitors may prevent and treat colon cancer.93 However, 
a recent study has found that through enzymatic steps 
performed by Clostridium species (Clostridium scindens) 
and the engineered Bacteroides sp. (B. thetaiotamicron, 
B. fragilis, and B. ovatus), which are isoDCA-producing 
bacteria, the level of RORγt+ pTreg cells increased,86 hence 
exerting a cancer-promoting effect indirectly. Further, 
lithocholic/3-oxo-lithocholic acids also up-regulated the 
level of RORγ+ Treg cells in mouse colon through the BA 
receptor VDR.94

Conclusion and Outlook

Secondary BAs are the essential metabolites of the gut 
microbiota and have been proved to contribute to colorec-
tal cancer, liver cancer, pancreatic cancer, esophageal can-
cer and other types of cancers. Targeted manipulation of 
the gut microbial and their metabolites to inhibit cancer 
progression is an emerging field of study. However, regu-
lating gut microbial populations accurately and effectively 
remains a challenge. Research and development of micro-
biota-oriented foods to selectively regulate the bacterial 
abundance and secondary BAs levels have great potential 
for application.
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