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Abstract

Deoxycholic acid (DCA), a microbial-derived secondary bile acid, plays a multifunctional role in gastrointestinal (GI) car-
cinogenic through various molecular and cellular mechanisms. Mechanistically, DCA causes disruption of epithelial barrier
function by occludin, downregulation of claudin-5, and disruption of ERK signaling, increasing permeability and inflam-
mation. DCA initiates DNA damage by reactive oxygen species (ROS), production of hydroxyl radicals, and degradation of
p53, triggering Poly (ADP-ribose) polymerase (PARP)-mediated DNA repair signals. DCA triggers pro-oncogenic signaling
such as p-catenin, M3 muscarinic receptor (M3R) transactivation of Epidermal Growth Factor Receptor (EGFR), and Nuclear
factor kappa B (NF-kB), promoting cell proliferation, synthesis of Mucin 2 (MUC?2), and pro-inflammatory cytokine release
(e.g., Interleukin-8 (IL-8), Interferon gamma (IFN-y)). DCA also inhibits antitumor immunity by blocking Ca**-Nuclear
factor of activated T-cell (NFAT) 2 signaling in CD8* T cells, thus disrupting cytotoxicity. DCA causes intestinal metaplasia
and trans-differentiation in gastric and esophageal epithelial cells via KLF Transcription Factor 5 (KLF5)-caudal-related
homeobox transcription factor 2 (CDX2) signaling. While acute levels of DCA induce apoptosis by mitochondrial mem-
brane depolarization and caspase-9 activation, chronic accumulation leads to tumorigenesis through chronic inflammation,
disruption of barrier function, and immune escape. DCA-heparin conjugates are antiangiogenic and chemo-sensitizing and
offer new therapeutic windows. Taken together, these data provide evidence for the dualistic action of DCA and its central
position as a microbial metabolite linking diet, barrier function, immunity, and GI carcinogenesis.

Keywords DCA - GI carcinogenesis - Barrier disruption - Apoptosis - Signaling - Immunomodulation - CD8" T cell
inhibition - Therapeutic option
Introduction

The colon and the liver are in dialogue with each other by

54 Hai Zhao way of the portal vein, and microbes and microbial products
18940114758 @189.cn from the intestine are transported directly to the liver, which
Fan Yang affects the microenvironment of the liver [1]. Deoxycholic
yfysjx@126.com acid (DCA), a microbial product of the major bile acid cholic
Jiaxin Yang acid (CA) in the intestine, is known to be involved in the
1447174060 @qq.com etiology of colorectal and liver cancers [2, 3]. DCA has been
Sheng Yang shown to induce intestinal metaplasia (IM) markers caudal-
1287847228 @qq.com related homeobox transcription factor 2 (CDX2) and mucin

2 (MUC2) by activating the nuclear factor-kB (NF-kB) sign-
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evidence has detected elevated concentrations of DCA in the
serum and feces of CRC patients [7, 8]. Cong et al. [9] find-
ings revealed DCA as a CD8+T cell anti-cancer suppressor
acting by blocking Ca2 + -Nuclear factor of activated T-cell
(NFAT) 2 signaling via a plasma membrane Ca®*-ATPase
(PMCA)-mediated mechanism. Of particular interest, higher
levels of DCA and expression of the bile acid-inducible (bai)
operon genes were negatively associated with the propor-
tion of granzyme B (GzmB), interferon-gamma (IFN-y),
and tumor necrosis factor-alpha (TNF-a) producing CD8 +T
cells in patients with CRC [9]. In addition, mitogen-acti-
vated protein kinase (MAPK) signaling pathways, including
p38 and Erk1/2, have been found to be involved in mediat-
ing IL-8 production induced by DCA in esophageal adeno-
carcinoma (EAC) cells [10]. Inhibition of p38 MAPK with
SB203580 and Protein Kinase A (PKA) with H89 reduced
DCA-induced increase of Interleukin (IL)—8 production in
a model of human esophageal epithelial cells (HEEC) [11].
Some studies, such as Song et al. [12] and Barrasa et al. [13]
found DCA to exhibit dose- and duration-dependent dual-
ity where short-term or high-dose exposure caused apopto-
sis through mitochondrial depolarization, reactive oxygen
species (ROS)generation, and activation of caspase-9, but
chronic low-to-moderate doses—characteristic of high-fat
diet, obesity, or dysbiosis—promoting proliferation, epithe-
lial-to-mesenchymal transition (EMT), and tumor growth
through B-catenin—cyclin D1, epidermal growth factor recep-
tor (EGFR)-MAPK, and NF-«B activation and reorganiza-
tion of the tumor microenvironment [14—16]. Finally, high
DCA concentrations—typically due to obesity, dysbiosis, or
high-fat diets—have been implicated in CRC and put DCA
on the shortlist of candidate biomarkers and therapeutic
targets [17, 18]. Analysis of fecal, serum, and tissue sam-
ples highlights the role of DCA-producing microbiota and
investigates methodologies for regulating DCA concentra-
tions through microbial, dietary, or drug-mediated interven-
tion [19]. These findings highlight the pivotal function of
DCA as a microbial metabolite contributing substantially
to barrier integrity, apoptosis, signaling cascades, metasta-
sis, and immune regulation of gastrointestinal (GI) cancer
progression.

Deoxycholic acid biogenesis and biological
functions

Primary bile acids, CA and chenodeoxycholic acid (CDCA),
are produced from cholesterol via a multi-step enzymic pro-
cess that is localized predominantly in the liver [20]. The
biosynthesis requires 17 different enzymes and occurs in
more than one intracellular compartment, such as the cyto-
sol, endoplasmic reticulum (ER), mitochondria, and per-
oxisomes [21]. Conjugation of the produced bile acids with
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glycine or taurine occurs before their secretion and storage
in the gallbladder. In human beings, most of the bile acids
are reabsorbed in the terminal ileum, but less than 5% of
the bile acid pool is transported to the colon every day [20].
Once they arrive in the colon, bile acids are degraded by
the colonic bacterial flora, which hydrolyzes CA to the sec-
ondary bile acid DCA [20]. DCA is absorbed in part in the
colon and then enters the enterohepatic circulation, where
it is conjugated in the liver prior to being excreted in bile
[22]. Secondary bile acids like DCA are formed mainly in
the colon but, via enterohepatic circulation and systemic
transport, are found elsewhere in the GI tract, like the bile
ducts, gallbladder, stomach, and esophagus; however, their
tumorigenic activity is confirmed by experimental and clini-
cal evidence only in some organs, like the colorectum, liver,
and esophagus [23].

Cholesterol is an essential component of the plasma mem-
brane, contributing to its function as a selective permeabil-
ity barrier [24]. As cholesterol derivatives with a detergent
nature, bile acids can affect the bilayer permeability of mem-
brane lipids [25]. The hydrophobicity of bile acids increases
with an increased ability to destabilize or degrade cell mem-
branes in part [26]. DCA has been particularly recognized to
elevate paracellular permeability in a dose-dependent man-
ner [27]. At higher concentrations, DCA induces nonspecific
damage to the cell membrane and thereby local damage to
the intestinal epithelium [28]. The repair process that follows
inflammation and hyperproliferation of undifferentiated cells
elevates the risk of developing into precancerous lesions.
This colorectal mucosal hyperplasia has been identified as
an early occurrence of colorectal carcinogenesis [29]. DCA
is generated through a tightly regulated host—microbiota
process, but its detergent-like properties can compromise
epithelial integrity.

Multifaceted roles of microbiota-derived
deoxycholic acid in cancer

This chapter summarizes the multifaceted roles of microbi-
ota-derived DCA in GI cancer with an emphasis on its dual-
ity (Table 1). Mechanistically, DCA compromises intestinal
epithelial barrier integrity by altering the expression of tight
junction proteins and inducing inflammation through NF-xB
activation and ROS generation. These changes enhance the
translocation of bacteria and chronic immune stimulation,
and their resultant formation of a pro-tumorigenic micro-
environment. In addition, DCA is a signaling molecule that
plays a part in cell proliferation regulation, resistance to
apoptosis, DNA damage, tumorigenesis, and tumor growth.
We further address the tissue-specific action of DCA in liver
cancer, CRC, and gastric cancer, and its cross-talk with bile
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Table 1 (continued)
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or genetically) abolishes UDCA’s

protective effect

[12]

DCA induces intrinsic apoptosis

DCA suppresses cell growth and

Pro-apoptotic

In vitro

Gastric cancer

in SGC-7901 gastric cancer cells

induces GO/G1 arrest. Apoptosis
features include mitochondrial

through mitochondrial depolarization
and Bax/Bcl-2 modulation, impli-

membrane potential collapse, DNA

cating mitochondrial and cell cycle

regulators

fragmentation (laddering), increased

Bax/Bcl-2 ratio, and altered p53,
cyclin D1, and c-Myc expression

acid receptors like Farnesoid X Receptor (FXR) and Takeda
G protein-coupled receptor 5 (TGRS).

Disruption of barrier function by DCA and its
oncogenic consequences

There has been increasing and more evidence in recent
times to point towards the harmful effects of DCA on intes-
tinal barrier integrity and its cancer-promoting effect [30].
A study proved that exposure to deoxynivalenol (DON)
increased DCA levels, and as a result, gut barrier dysfunc-
tion was linked with DON toxicity. Proof of barrier disrup-
tion caused by DON consisted of activated proinflamma-
tory cytokines like IFN-y, Chemokine (C-X-C motif) ligand
(CXCL) 9, CXCL10, and CXCR3, histological changes,
and a decrease in the gut barrier-maintaining tight junction
proteins Claudin 5 and E-Cadherin [31, 32]. Nevertheless,
the combination of DON exposure, extreme metabolomics
changes, and enterotoxicity has not yet been thoroughly
documented. By employing an untargeted metabolomic
footprint, He et al. [30] identified plasma DCA to be sig-
nificantly increased in DON-treated mice, and this result
was further validated with quantitative assays. At the same
time, DON exposure was accompanied by alteration of the
gut microbiota composition, including the one recently dis-
covered to regulate secondary bile acid production [30].
Secondary bile acids, DCA and lithocholic acid (LCA), are
produced in the colon due to the conversion of primary bile
acids by microbial [33]. These findings indicate that DON-
induced dysbiosis of gut microbial increases DCA. Con-
firming previous studies [34, 35], in vitro models of colonic
epithelial cells revealed that DCA induced inflammation
and decreased expression of Claudin-5 [30]. More accurate
studies with germ-free animal models or with antimicrobial
therapy can determine the pathogenic action of higher DCA
in DON-induced mucosal damage [3, 36]. Increased levels
of DCA in the colonic lumen can promote intestinal perme-
ability, leading to unregulated movement of antigens through
the colonic epithelium [37]. These results show that DCA
regulates gene expression responsible for various cell junc-
tion pathways, as well as promoting intestinal permeability.

ERK1/2 signaling is important for mediating physiologi-
cal reactions to external insults like oxidative stress, and
modulates cell proliferation and intestinal barrier function
[38, 39]. Zeng et al. [40] found that DCA decreases ERK1/2
phosphorylation, which impairs tight junction integrity and
increases intestinal permeability. In this setting, ERK acti-
vation supports barrier maintenance, so inhibition by DCA
is detrimental. Supporting this, polyphenol extracts have
been shown to increase intestinal barrier function by acti-
vating ERK signaling in human intestinal cells [41]. Conse-
quently, DCA inhibition of ERK1/2 phosphorylation would
thus weaken tight junction integrity and lead to disruption
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of the epithelial barrier. In addition, proto-oncogene product
c-Myc plays a role in oxidative stress, cell proliferation, and
permeability of the intestine, which are signs of signaling
pathways involved [42, 43].

Although the majority of the studies have been con-
ducted on tight junctions, less attention has been paid to the
action of DCA on other cell junctions [40]. Based on Zeng
et al. [40] findings, DCA reduces the expression of genes
in not only the tight junction but also focal adhesion, gap
junction, and adherens junction pathways. Protein—protein
interaction analysis demonstrated that genes involved in tight
junction clustered together mainly, while genes involved
in the focal adhesion, gap junction, and adherens junction
pathways exhibited another cluster separately [40]. Five of
the genes—CAVI, CDHI, GJBI, JAM3, and PVRL3—also
acted as bridges between the two clusters, and they may
be implicated in functional interactions among all kinds
of junctions [40]. Generally, the homologous relationship
between focal adhesion, gap junction, and adherens junc-
tion pathways is more pronounced than with tight junctions
alone, even though functional crosstalk among all of them
occurs. Global downregulation of junction gene expression
by DCA is demonstrated as an important mechanism for
mediating elevated colonic permeability in epithelial barri-
ers [40]. Additionally, mRNA and protein levels of occludin,
an important tight junction protein, decreased after treat-
ment with DCA. Notably, not only is the expression level of
occludin in the epithelial barrier is required, but also traffick-
ing and subcellular localization [44, 45]. In addition to tight
junctions, occludin is localized in non-junctional compart-
ments like the nucleus and centrosome, where it regulates
gene transcription (mRNA export) and cell cycle in renal,
neuronal, and other cells [44, 45]. Zeng et al. [40] found that
DCA reduced occludin expression in tight junctions and the
nucleus of Caco-2 epithelial cells. Given that occludin has
an assumed impact on transcriptional regulation, it is impor-
tant to further study how DCA affects global gene expres-
sion, which can reveal information about mechanisms that
connect DCA to colon carcinogenesis.

In another study, Wu et al. [46] showed that bile acids
elevate the expression of MUC2 in SEG-1 EAC cells. That
is, the transcriptional activity of a MUC2 promoter-reporter
construct transiently transfected into SEG-1 cells was ele-
vated by DCA in a dose-dependent fashion, suggesting bile
acid-induced upregulation of MUC2 to be at the transcrip-
tional level [46]. Wu et al. [46] results also indicate that
caffeic acid phenethyl ester (CAPE), a blocker of NF-xB
nuclear translocation, markedly inhibited basal and bile
acid-evoked MUC?2 transcription. NF-kB expression and
transcription activity were also markedly associated with
MUC?2 induction. Blocking NF-xB expression and activity
significantly inhibited bile acid-evoked MUC?2 upregula-
tion, indicating an important role for NF-xB in the signaling

pathway. They further noted that DCA induces NF-kB p65
expression, which points towards degradation of its inhibi-
tor IxB as the reason for this induction [46]. NF-xB binding
sites within the MUC?2 promoter region between bases 1528
and 1307 have been confirmed in other studies in support
of the suggestion that NF-xB expression induced by bile
acids will induce transcription of MUC2 [47-49]. Further,
the PKC inhibitor calphostin C blocked NF-kB activation
and MUC?2 induction by DCA profoundly, suggesting the
participation of PKC in bile acid regulation of MUC2 [46].
The PKA inhibitor H-8, however, was incapable of blocking
bile acid-stimulated MUC2 or NF-xB activity, suggesting
the process does not involve PKA. Unlike previous studies
in which phorbol 12-myristate 13-acetate (PMA) induction
of MUC2 was through the ERK/MAP kinase cascade, our
findings show that bile acid-stimulated MUC?2 expression
in SEG-1 cells occurs independently of MAP kinase signal-
ing [46]. Elucidation of the mechanisms through which bile
acids regulate MUC?2 expression could assist in establish-
ing chemopreventive interventions that will mitigate the risk
of carcinogenesis and metastasis, especially in esophageal
cancer.

Finally, Liu et al. [3] findings indicate that DCA per-
turbs the integrity of Caco-2 intestinal epithelial cells and
induces the release of proinflammatory cytokines in intes-
tinal tumor cells. To determine whether these effects are
enhanced in vivo, they used Apc ™™+ mice as a model of
human intestinal cancer to investigate DCA's effect on the
intestinal barrier. Their results proved that DCA treatment
caused chronic low-grade intestinal inflammation, compro-
mised intestinal mucosal barrier function, increased mucosal
permeability, and promoted carcinogenesis in these mice.
Liu et al. [3] suggested a novel view that the intestinal bar-
rier is of fundamental importance to DCA-induced intestinal
carcinogenesis. Namely, DCA triggered mRNA expression
of NOD-, LRR-, and pyrin domain-containing protein 3
(NLRP3) and initiated activation of the NLRP3 inflamma-
some, leading to chronic low-grade intestinal inflammation
during tumor growth in Apc ™"+ mice. DCA enhanced epi-
thelial permeability and evoked proinflammatory cytokine
release in vitro. Supportive animal experiments verified
that DCA disrupts intestinal barrier integrity and increases
permeability. In addition, DCA was also reported to induce
inflammatory responses, modulate immune regulation, and
enhance tumor formation in the intestine. Liu et al. [3] pro-
posed that DCA-induced loss of intestinal barrier function
results in microbial dysbiosis, contributing to tumorigen-
esis in the intestine. Overall, these findings demonstrate
that DCA stimulates intestinal carcinogenesis by compro-
mising the physical and functional integrity of the intestinal
mucosal barrier. Hence, the elucidation of mechanisms by
which DCA modulates the intestinal mucosal barrier is piv-
otal to the generation of prevention and treatment strategies
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for dietary high-fat intake-associated CRC. These observa-
tions place DCA in a pivotal regulatory position as a criti-
cal mediator between gut barrier dysfunction, microbial
dysbiosis, inflammatory signaling, and tumorigenesis, and
possibly as a therapeutic target in GI disease and cancer.
In summary, DCA mediates its oncogenic actions through
a multi-potent attack on the intestinal barrier—suppres-
sion of junctional proteins, inhibition of ERK1/2 signaling,
disruption of mucin expression, and induction of chronic
inflammation through NLRP3 activation. These alterations
induce microbial dysbiosis and chronic immune activation,
making the colon cancer-preventive niche pro-tumorigenic.
Overall, evidence implicates DCA as a critical mediator of
diet-induced microbiota alterations, disruption of epithelial
barrier function, and CRC pathogenesis, and thus a prime
candidate for prevention and therapeutic intervention.

Growth and proliferation induced by DCA:
mechanisms and oncogenic outcomes

DCA was found to be a strong mitogen for tumor cell prolif-
eration and growth, especially in the GI region. Numerous
mechanistic explanations have been presented on how DCA
affects mitogenic and oncogenic functions through various
means. An investigation by Pai et al. [14] showed that physi-
ologically attainable concentrations of DCA stimulate the
B-catenin signaling pathway and induce urokinase plasmi-
nogen activator (uPA), its receptor (uPAR), and cyclin D1
expression in colon cancer cells. Silencing B-catenin with
siRNA significantly decreased DCA-stimulated uPAR and
cyclin D1 expression. Furthermore, blocking uPAR with a
neutralizing antibody significantly eliminated DCA-stimu-
lated Matrigel colony formation and suppressed cell inva-
siveness [14]. DCA induced the tyrosine phosphorylation
of B-catenin, which stabilizes and allows it to translocate to
the nucleus and activate uPA, uPAR, and cyclin D1 expres-
sion. Phosphorylation inhibited the f-catenin from binding
with E-cadherin, causing loss of cell-cell adhesion. Both
proteolysis through uPA/uPAR and cyclin D1-mediated pro-
liferation are implicated in colon cancer tumor formation
[14]. The accumulation of cytosolic B-catenin and its activa-
tion are recognized to be growth and metastasis inducers of
tumors [50]. Inhibited E-cadherin binding is associated with
decreased cell—cell adhesion and an invasive mode of growth
[51]. The evidence supports that DCA reduces E-cadherin/p-
catenin binding, with enhanced migratory cancer cell activ-
ity and elevated, denser Matrigel colonies. Blocking uPAR
also inhibited DCA-mediated proliferation, evidencing the
contribution of uPAR to the invasiveness and proliferation
of cancer cells [14]. Other bile acids, such as LCA, have also
been reported to cause colon cancer invasiveness and pro-
liferation through mechanisms including RhoA/Rho-kinase
signaling and matrix metalloproteinases [52, 53].

@ Springer

Cyclin D1, a key cell cycle progression regulator, is
important in carcinogenesis [54]. Pai et al. [14] results indi-
cate that DCA markedly increases cyclin D1 expression,
whose knockdown significantly suppresses, indicating
that DCA promotes colon cancer cell growth through the
B—catenin—cyclin D1 pathway. DCA-induced enhancement
of p-catenin tyrosine phosphorylation and nuclear translo-
cation enhances tumor cell proliferation and invasiveness,
characterizing f-catenin as a critical molecular target of the
oncogenic effects of DCA. These actions were found at DCA
concentrations that are encountered physiologically within
the human colonic lumen and portal circulation [14]. Of spe-
cial note, at higher doses, DCA inhibited p-catenin tyrosine
phosphorylation, blocked cancer cell proliferation, and effec-
tively eliminated colony formation in Matrigel. The previous
research on primary hepatocytes and cholangiocarcinoma
cells had indicated that DCA was activating the EGFR [55].
Growth factor receptors like EGFR and c-Met (hepatocyte
growth factor receptor) have been shown to induce B-catenin
tyrosine phosphorylation [56, 57]. DCA-induced activation
of B-catenin in colon cancer cells could therefore be via
EGFR and/or c-Met pathways. In conclusion, these find-
ings show that secondary bile acids such as DCA increase
the proliferation of colon cancer cells by activating the
B—catenin—cyclin D1 and uPAR signaling pathways.

In a quantitative investigation of the interaction between
the primary human bile acids and CHO cells bearing the
five muscarinic receptors (M1-M5) subtypes, Cheng et al.
[58] found that glycine and taurine conjugates of DCA also
interact with the M3R. This is relevant because conjugates
of DCA are present in the gut at far higher concentrations
than LCA. In addition, equimolar concentrations of DCA
conjugates are less lipophilic and therefore less toxic than
LCA conjugates [58]. Receptor-mediated effects of DCA
conjugates are, therefore, likely to be of physiological sig-
nificance rather than the lower concentration, potentially
more toxic LCA conjugates. Initial experiments in M3R-
transfected CHO cells revealed that DCA conjugates are
muscarinic receptor antagonists [58]. The agents decreased
maximal muscarinic receptor radioligand binding by 60% at
maximum doses, but equivalent concentrations did not mod-
ulate basal inositol phosphate production or p44/42 MAPK
activation [58]. As predicted by antagonists, dose-dependent
inhibitions of ACh-stimulated inositol phosphate production
and MAPK activation were obtained with increasing doses
of DCA conjugates [58].

Cheng et al. [58] data emphasize the importance of the
cellular context in which the activity of DCA conjugates
is expressed, i.e., co-expression of EGFR and M3R. In co-
expressing EGFR/M3R H508 colon carcinoma cells, DCA
conjugates induce signaling and proliferation. Yet, in CHO
cells that co-express M3R alone or SNU-C4 cells that co-
express EGFR alone, an effect is not seen. The proliferative
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response is thought to be due to EGFR transactivation
induced by M3R-stimulated signal pathways, introduc-
ing an additional layer of regulation that broadens cellular
responses to stimuli like cholinergic agonists and bile acids
[58]. In most cell types, mitogenic signaling via G-protein
coupled receptor (GPCR) ligands—e.g., M3R ligands—is
EGFR transactivation-dependent, a receptor tyrosine kinase
[58]. This is the mechanism of proliferative responses by
other GPCR ligands, including endothelin-1, lysophospha-
tidic acid, thrombin, and ACh [58]. The interaction of recep-
tor tyrosine kinases and GPCRs adds another checkpoint
to limit cell proliferation without regulation, thus limiting
neoplastic transformation.

As far as colon cancer development is concerned, recep-
tor tyrosine kinase activation is a leading inducer of tumor
cell growth and also a key target for chemotherapy. Recent
evidence, consistent with observations on bile acids, has
shown ligand-specific phosphorylation on EGFR [58]. Par-
ticularly, EGFR tyrosine 992 (Tyr992), a constitutively and
strongly phosphorylated point after incubation with deoxy-
cholyltaurine (DCT), is a high-affinity phospholipase C-y
SH2 domain-binding point and is required for Phospholipase
C-gamma (PLC-y) activation by EGF [58]. Suppression of
DCT-induced EGFR Tyr992 phosphorylation by an EGFR
inhibitor verifies bile acid-induced EGFR transactivation in
H508 cells, implicating PLC activation and calcium mobi-
lization in downstream signaling [58]. Together, the results
confirm that EGFR transactivation is a key mediator of bile
acid-stimulated proliferation of colon cancer cells. Bile acids
induce EGFR tyrosine phosphorylation, activation of the
respective cascades of downstream signaling, and enhance-
ment of cell growth—events that are inhibited by EGFR-
specific antibodies and pharmacologic inhibitors. Notably,
the inhibitors are unable to stimulate MAPK signaling or
growth in EGFR single-expressing SNU-C4 cells, indicating
that bile acid growth requires both co-expression of M3R
and EGFR. Thus, conjugated bile acids appear to promote
the growth of colon cancer cells through coordinated mus-
carinic and EGFR plasma membrane activation.

Of note, hyper-proliferation of the colonic epithelium is
normal in colon carcinogen-exposed animals and in humans
at high risk for colon cancer [59]. Bile acid-induced hyper-
proliferation is believed to be the result of the activation of
luminal lytic activity, leading to injury to epithelial cells and
provoking a compensatory elevation in proliferative activity
[59]. Steroid-induced hyperproliferation also has cytotoxic
actions on the colonic epithelium, and this gives a net gain
in intestinal cell proliferation [59]. Hori et al. [59] revealed
a very dramatic increase in proliferative activity among the
morphologically normal crypts of azoxymethane (AOM)-
treated animals versus saline-treated controls. Briefly, DCA
is identified as a primary colon carcinogen because it has
the potential to initiate aberrant growth and proliferation of

normal colon epithelial cells as well as cancer cells. Mecha-
nistically, DCA activates several oncogenic pathways, such
as the p-catenin—cyclin D1 pathway and uPA/uPAR system,
and EGFR transactivation by M3R cross-talk [59]. These
signal cascades together propel cell cycle movement, impair
cell adhesion, damage the extracellular matrix, and increase
cellular invasiveness—characteristics of cancer progression.
These observations indicate that DCA induces colorectal
carcinogenesis by multimodal stimulation of growth. The
critical mechanisms are activation of the f-catenin—cyclin
D1 pathway, induction of the uPA/uPAR cascade, and EGFR
transactivation by M3R signaling. All these pathways coop-
eratively facilitate cell cycle promotion, cell-cell adhesion
loss, extracellular matrix remodeling, and invasiveness.

DCA induced apoptosis and DNA damage:
tumor-suppressive or tumor-promoting?

Several research studies have shown that DCA may cause
apoptosis in different types of cancer, such as hepatocytes
and colon cancer cells [60, 61]. The hydrophobicity of bile
acids has been seen to be strongly associated with apop-
tosis induction and/or growth arrest [62]. Although DCA
has been found to cause oxidative stress, DNA damage, and
mitochondrial membrane instability in cancer cells, the exact
mechanisms underlying apoptosis are unclear. In a study
by Song et al. [12] DCA inhibited the proliferation well in
various tumor cell lines in a dose-dependent manner, and
SGC-7901 cells were more susceptible to its antiproliferative
effect. Cell cycle arrest is a normal response of proliferat-
ing eukaryotic cells to DNA-damaging agents, and DCA
could achieve GO/G1 phase arrest, in accordance with the
results in Mz-ChA-1, BGC-823, and QBC939 cell lines [12].
Apoptosis, originally demarcated by typical morphological
changes, occurs with cell shrinking, condensation and mar-
gination of the chromatin, nuclear fragmentation, and apop-
totic body formation [12]. After DCA treatment, SGC-7901
cells formed these typical apoptotic morphologies. These
results are in line with previous work to show that DCA
was cytotoxic to colon cancer cells by inducing apoptosis
[12]. Mechanistically, DCA induced the apoptosis of colon
cancer cells primarily through the mitochondrial pathway
by triggering caspase-9 and caspase-8. Dose-dependent
mitochondrial membrane potential decrease, indicated by
rhodamine staining, was observed in Song et al. [12] study.
The balance of Bcl-2 family proteins, which regulate mito-
chondrial integrity, was disrupted by DCA by downregu-
lating the anti-apoptotic Bcl-2 and upregulating the pro-
apoptotic Bax, thereby increasing the ratio of Bax/Bcl-2 in
SGC-7901 cells. In addition, the pS3 tumor suppressor gene,
responsible for regulating Bax, Bcl-2, c-Myc, and cyclin D1
genes, seems to mediate DCA-induced apoptosis through
the mitochondrial pathway in these cells [12]. In summary,
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the results demonstrate that DCA arrests proliferation and
induces apoptosis in human gastric carcinoma (HGC) cells
and that the mitochondrial pathway is a significant pathway
to engage in this process.

Barrasa et al. [13] demonstrated that DCA selectively
triggered the activation of caspase-9 but not the activa-
tion of caspase-8. Activation of caspase-9, in turn, triggers
activation of effector caspase-3, thus completing the entire
apoptotic cascade. This was set out by the degradation of
some well-characterized caspase substrates from nuclear
extracts of BCS-TC2 cells, such as Poly (ADP-ribose) pol-
ymerase (PARP), Lamin B1, p21, and, less dramatically,
p53. These findings set out to demonstrate that apoptosis of
BCS-TC2 cells by DCA is mediated by the intrinsic mito-
chondrial pathway [13]. This receptor-independent apopto-
sis is observed in other colon cancer cell lines, both with
(Caco-2 and SW620) and without (HT-29 and SW480) the
death receptor CD95/Fas [13]. In contrast to this, it has been
shown in HCT-116 cells that DCA first causes the activa-
tion of caspase-9 and then the subsequent activation of cas-
pase-8. With the use of selective inhibitors, Barrasa et al.
[13] observed that DCA and CDCA caused ROS production
in BCS-TC2 cells through the activation of NAD(P)H oxi-
dase, with a minor role being represented by phospholipase
A2 (PLA?2). Earlier studies revealed that bile acids induce
PLA2 activity in Caco-2 cells via modulation of transepi-
thelial permeability [63]. Activation of NAD(P)H oxidase
and ROS production is essential for bile acid-induced apop-
tosis in hepatocytes [13]. Nonetheless, PLA?2 inhibition and
NAD(P)H oxidase blockade partially saved BCS-TC2 cells
from bile acid-induced cytotoxicity, implying that there are
alternative minor pathways involved in cell injury. Enhanced
ROS generation caused by bile acids is adequate to induce
mitochondrial permeability transition (MPT). MPT causes
pro-apoptotic factor release, like cytochrome ¢ and SMAC/
Diablo, into the cytosol, which activates initiator caspase-9
[13]. These findings demonstrate that DCA increases ROS
levels in BCS-TC2 cells, in association with the decrease in
mitochondrial membrane potential, consistent with bile acid-
induced MPT. Together, these findings confirm that DCA
triggers apoptosis in BCS-TC2 cells via ROS-dependent
mitochondrial damage.

Yui et al. [64] to ascertain if DCA activates caspase-9
directly or not, HCT116 cells' cytoplasmic fractions were
incubated with DCA. Upon incubation with purified mito-
chondrial lysate, however, there was detectable activation of
caspase-9. From these results, it can be concluded that DCA
does not activate caspase-9 directly but needs mitochondrial
components—e.g., cytochrome c—for the activation of cas-
pase-9 by DCA [63]. In the human colon cancer cell line
HT-29, DCA has been reported to cause severe apoptosis by
elevating intracellular Ca* levels. Yui et al. [64] also inves-
tigated the involvement of Bax in DCA-induced cytochrome
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c release in Bax—/— and Bax+/— HCT116 cells. Both these
cell lines underwent apoptosis in a dose-dependent fashion
upon treatment with DCA, with no discernible difference in
apoptotic frequency between the two. This indicates that the
mitochondrial pathway by cytochrome c release is crucial
for DCA-induced apoptosis in HCT116 cells, and Bax is
not required for this purpose [64]. Together, these studies
show that acute DCA effects on tumor cells are largely mito-
chondrial intrinsic pathway-dependent, with ROS genera-
tion, MPT, and caspase activation as key features. Although
the evidence promotes a tumor-suppressive effect mediated
through cancer cell apoptosis, the parallel triggering of
oxidative and DNA damage forms the foundation for the
potential that prolonged exposure to the agent could lead to
tumorigenesis through the maintenance of genomic instabil-
ity. This duality underscores the context-dependent character
of DCA's action on cancer biology.

Deoxycholic acid in metastasis and invasion: driver
of EMT and cell motility

Nguyen et al. [65] found that DCA treatment of hepatic stel-
late cells (HSCs) resulted in suppressed cell proliferation,
which was coupled with simultaneous DNA damage and GO/
G1 phase cell cycle arrest (Fig. 1). HCC cells that were cul-
tured in a conditioned medium from LX?2 cells treated with
DCA (CM-LX2-DCA) were more activated in the MAPK/
ERK signaling pathway. Aberrant MAPK/ERK signaling
has also been implicated in the facilitation of HCC devel-
opment by suppressing apoptosis and promoting migratory
and invasive capabilities of cancer cells [66, 67]. Interest-
ingly, inhibition of transforming growth factor-p (TGF-f) or
IL-8 resulted in a striking decrease in migration and inva-
sion of CM-LX2-DCA cultured HCC cells, underlining the
pivotal role of these mediators in promoting HCC. TGF-f,
an extracellularly secreted cytokine, controls the EMT pro-
cess, which plays a pivotal role in cancer development [68].
TGF-f activates both the canonical Smad signaling path-
way and the non-Smad signaling pathways like Phospho-
inositide 3-kinase (PI3K)/Protein kinase B (PKB), MAPK,
and Racl, which trigger EMT [69]. IL-8 is also a critical
immune modulator in the tumor microenvironment, creat-
ing a pro-tumor microenvironment and promoting metasta-
sis and tumor development [70]. Nguyen et al. [65] showed
the activation of MAPK and Smad pathways in HCC cells,
which were accompanied by upregulation of EMT markers
N-cadherin, vimentin, and Snail2, as well as downregula-
tion of the epithelial marker E-cadherin. These modifications
were properly abrogated by TGF-f neutralizing antibodies.
These findings indicate that DCA induces HSC senescence
by activating DNA damage response signaling pathways.
Senescent HSCs secreted SASP factors, which promoted the
migration, invasion, and EMT of HCC cells. In addition,
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Fig. 1 Deoxycholic acid in cancer metastasis and invasion. Deoxy-
cholic acid (DCA) promotes cancer metastasis and invasion through
multiple mechanisms across various tumor microenvironments. In
hepatocellular carcinoma (HCC), DCA induces senescence in hepatic
stellate cells (HSCs), triggering DNA damage and GO/G1 cell cycle
arrest. Senescent HSCs adopt a senescence-associated secretory phe-
notype (SASP), releasing pro-tumorigenic cytokines such as IL-8 and
TGF-p, which activate MAPK/ERK and Smad signaling in adjacent
HCC cells. These pathways upregulate EMT markers (N-cadherin,
vimentin, Snail2) and downregulate E-cadherin, promoting can-
cer cell migration and invasion. In colorectal cancer (CRC), DCA
enhances COX-2 expression and prostaglandin E2 (PGE2) production
in cancer-associated fibroblasts (CAFs) more strongly than in normal
fibroblasts (NFs), stimulating paracrine signaling that supports epi-
thelial carcinoma cell proliferation and invasiveness. COX-2 silenc-
ing significantly reduces these effects, highlighting the pivotal role of
DCA-stimulated stromal COX-2 signaling in tumor progression. In
esophageal adenocarcinoma (EAC), DCA promotes cancer cell inva-
sion by upregulating MMPs, particularly MMP-10, which facilitates
extracellular matrix degradation and migration. Collectively, these
findings implicate DCA as a critical modulator of the tumor micro-
environment, enhancing invasive and metastatic potential through
cytokine secretion, fibroblast activation, EMT induction, and MMP
expression

neutralization of IL-8 and TGF-p significantly suppresses
these activities, indicating the predominant role of these
mediators in HCC invasion and metastasis.

In another study, Zhu et al. [71] confirmed that DCA
treatment dramatically increased Cyclooxygenase-2 (COX-
2) expression in normal-associated fibroblasts (NFs) and
even higher levels in cancer-associated fibroblasts (CAFs).
In addition to the identification of COX-2 in resting NFs and
CAFs, further studies demonstrated that DCA highly upreg-
ulated COX-2 mRNA in both NFs and CAFs, validating

the fact that stromal cells play a significant role in COX-2
expression. As anticipated, resting CAFs contained higher
levels of COX-2 protein than resting NFs, and DCA treat-
ment also upregulated COX-2 protein expression, particu-
larly in CAFs [71]. These observations are consistent with
the previous publications demonstrating that pro-inflamma-
tory cytokines TNF-a and IL-1f induce colonic fibroblast
COX-2 expression [72, 73]. In addition, treatment with DCA
increased the level of PGE2 production in CAFs than in
NFs, further demonstrating that CAFs are major produc-
ers of PGE2. Next, Zhu et al. [71] investigated whether and
how DCA-treated fibroblasts affect the growth and invasion
of human colonic epithelial carcinoma cells. Interestingly,
DCA pre-treated CAFs significantly promoted the prolifera-
tive capacity of cancer cells over NFs, suggesting that parac-
rine signaling factors secreted from CAFs trigger tumor cell
growth [71]. Interestingly, COX-2 silencing with siRNA in
DCA-treated fibroblasts notably affects the proliferative and
invasive activities of colonic epithelial cancer cells, proving
the reality of the fact that activation of COX-2 signaling
in stromal fibroblasts is essentially accountable for these
cancer-promoting activities [71]. In conclusion, these find-
ings indicate that CAFs are the primary source of COX-2
expression, DCA further augments COX-2 expression, and
stromal COX-2 signaling plays a pivotal role in mediating
the improved invasiveness and cell growth of human colonic
epithelial cancer cells.

Besides, to determine whether DCA’s effect on EAC
invasion involved direct enhancement of cellular migration,
Quilty et al. [74] considered two-dimensional migration,
an integrin-dependent process involving actin cytoskeleton
remodeling. Matrix metalloproteinases (MMPs) profiling in
esophageal epithelial cells revealed basal MMP-1 mRNA
as the most abundant in SKGT-4 cells, followed by MMP-9
and MMP-10 [74]. This aligns with previous studies linking
elevated MMP-1 levels to positive lymph node metastases
in EAC [75]. Notably, SKGT-4 cells overexpress MMP-1,
MMP-9, and MMP-10 relative to non-cancerous Het-1A
cells, reflecting MMP alterations during EAC develop-
ment [74]. Quilty et al. [74] investigation confirmed that
DCA upregulates MMP-10 at both gene and protein levels
in SKGT-4 cells. In conclusion, these findings demonstrate
that DCA promotes invasion in EAC cells, partly by induc-
ing MMP-10 expression. This highlights the importance of
developing therapies targeting bile acid pathways to inhibit
cancer initiation, progression, and metastasis.

Immunomodulatory and pro-inflammatory roles
of DCA in the tumor microenvironment

DCA's pro-inflammatory and immunomodulatory actions

involve multiple mechanisms that regulate immune cell
recruitment, polarization, and cytokine production (Fig. 2)
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Immunomodulatory and Pro-Inflammatory
Roles of DCA in the Tumor Microenvironmnent
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Fig.2 Immunomodulatory and pro-inflammatory roles of DCA in
cancer. DCA acts through both receptor-dependent (e.g., GPBARI,
FXR, VDR) and receptor-independent pathways to regulate immune
cell function, promote inflammation, and facilitate carcinogenesis. In
colorectal cancer (CRC), DCA suppresses CD8* T cell effector func-
tion by enhancing plasma membrane Ca>*-ATPase (PMCA) activity,
thereby reducing Ca*-NFAT2 signaling independently of surface
receptors, ultimately weakening antitumor immunity. Elevated fecal
DCA and increased expression of its biosynthetic genes in CRC
patients contribute to an immunosuppressive environment that sup-
ports tumor progression. In gastric metaplasia, DCA-activated mac-
rophages secrete exosomes enriched in miR-30a-5p, which target

[76]. Bile acids control metabolism and regulate the immune
system in dendritic cells, macrophages, CD4 + T cells, and
monocytes [76]. Cong et al. [76] demonstrated that DCA
directly suppresses CD8" T cell effector function, revealing
a mechanism by which DCA can promote CRC progression
and highlighting the broad immunomodulatory influence of
bile acids across diverse immune cell types. DCA gener-
ally acts by targeting receptors like G protein-coupled bile
acid receptor 1 (GPBARI1), FXR, and vitamin D receptor
(VDR), but Cong et al. [76] established that DCA inhibits
Ca2+-NFAT?2 signaling by enhancing the activity of PMCA
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FOXD1 to inhibit proliferation and promote CDX2-driven intestinal
metaplasia. DCA also induces spasmolytic polypeptide-expressing
metaplasia (SPEM) by stimulating macrophage-derived exosomal
signaling that enhances the expression of markers like TFF2, GSII,
Wifdc2, Olfm4, and Cftr in gastric epithelium. In esophageal epithe-
lial cells, DCA promotes the secretion of pro-inflammatory cytokines
IL-6 and IL-8 through lipid raft/caveolin-1 (Cavl)-mediated signaling
involving Src kinase, PKC isoforms, and the MAPK cascade. These
actions collectively foster a tumor-permissive milieu by reprogram-
ming immune cells, disrupting epithelial integrity, inducing chronic
inflammation, and suppressing adaptive immune responses

to regulate CD8 + T cell effector function. It is an immu-
nomodulatory effect of DCA that does not involve recep-
tors. When T cells are activated, PMCA-driven Ca2 + efflux
is frequently inhibited by binding of PMCA to STIM1 and
PMCA re-localization under mitochondria that facilitates
increased Ca2 + signaling for effective T cell activation and
NFAT-mediated transcription [76]. Inhibition of PMCA
failed to further enhance CD8 + T effector function when
DCA was absent. However, upon the presence of DCA,
PMCA-mediated Ca2 + efflux was enhanced, which was
inhibited by LaCl3 or shPMCA knockdown, thus removing
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DCA's suppressive activity on CD8 +T cell function [76].
DCA is capable of sustaining immune homeostasis in the
colon by regulating counteractive signals. An imbalance in
the form of dominance by DCA in a CRC patient elevated
fecal DCA levels, and the induction of its biosynthetic genes
has been found. The conversion enables an immunosuppres-
sive environment to persist to support CRC development. In
summary, these data show that microbial DCA suppresses
cytotoxic CD8 + T cell-induced anti-tumor immunity
through the activation of PMCA and suggest the inhibition
of DCA-producing bacteria as an excellent therapeutic and
preventive strategy for CRC.

In another research, Xu et al. [77] investigated the func-
tion of exosomes released by bile acid-activated mac-
rophages in IM by examining intercellular communication
via coculture of gastric epithelial cells (GES-1) and DCA-
induced macrophage-derived exosomes. Growth of GES-1
cells was suppressed by DCA-activated macrophage-derived
exosomes (D-Exos), and this was verified by CCK-8 and
EdU assays [77]. Activation of CDX2 is a critical event in
gastric IM and is the most reliable molecular marker for
its diagnosis. Exosomes were also found to harbor a high
number of microRNAs (miRNAs), which are exploited for
their use in delivering these regulatory particles to target
cells [77]. There is evidence mounting that the dysregula-
tion of miRNA plays a central role in the pathogenesis of
gastric intestinal metaplasia. miRNA sequencing showed
that hsa-miR-30a-5p was highly enriched in D-Exos ver-
sus exosomes from non-treated macrophages (M-Exos). To
explore the implication of the function of hsa-miR-30a-5p
and its target Forkhead Box D1 (FOXD1), Xu et al. [77]
used mimics, inhibitors, and siRNAs to investigate the effect
on cell proliferation with CCK-8 and EdU assays, and IM
by CDX2 expression. In conclusion, the work proves that
DCA-activated macrophage-released exosomal hsa-miR-
30a-5p promotes IM and suppresses gastric epithelial cell
proliferation by targeting FOXDI1. The results expose a
novel model of intercellular communication between DCA-
activated macrophages and gastric epithelial cells in bile
acid—associated chronic inflammatory disease.

Another study by Xu et al. [78] proved that DCA induces
the development of gastric spasmolytic polypeptide-
expressing metaplasia (SPEM) by modulating macrophage
secretions in mice. The importance here is that it's the first
proof to show macrophage-derived exosomes as a signifi-
cant mediator through which DCA regulates the interaction
between macrophages and gastric organoids, leading to the
acceleration of SPEM development [78]. Recent evidence
indicates that IM could develop from SPEM, and DCA is
a driving force in this process. In an in vivo model, DCA
treatment with subsequent immunofluorescence examination
detected enhanced SPEM marker Trefoil Factor 2 (TFF2)
and GSII expression in the mouse mucosae [78]. These data

were confirmed by enhanced mRNA SPEM-related gene
expression, WAP four-disulfide core domain 2 (Wfdc2),
Olfactomedin 4 (Olfin4), and cystic fibrosis transmembrane
conductance regulator (Cftr). Gene expression and immu-
nostaining also detected enhanced macrophage marker
F4/80 in DCA-treated mice, confirming macrophage par-
ticipation in SPEM development [78]. In addition, in vitro
results indicated that the expression levels of Wfdc2, Olfm4,
and Cftr were considerably higher in DCA-stimulated
macrophage exosome-treated (D-Exos) gastric epithelial
cells than those treated with exosomes from control mac-
rophages (M-Exos) [78]. These results suggest that DCA can
induce SPEM at least partially by activating macrophages
to secrete exosomes. Together, these findings indicate that
macrophage-derived exosomes mediate intercellular com-
munication within the DCA microenvironment and thus
contribute to the induction of SPEM.

Quilty et al. [79] found that DCA exposure promotes
the secretion of pro-inflammatory cytokines IL-8 and IL-6
from normal esophageal epithelial cells. They established a
mechanistic connection between DCA-induced cell mem-
brane disruption and lipid raft-mediated signaling by caveo-
lin-1 (Cavl) and Src kinase, which regulates transcription
and secretion of IL-6 and IL-8. Particularly, DCA treatment
also increased IL-6 and IL-8 mRNA levels and secretion
in normal esophageal cells. The lower doses of DCA and
TDCA did not remarkably increase IL-8 levels in Het-1A
cells, suggesting that DCA needs to be above a certain con-
centration to cause this action. It has been demonstrated that
bile acids have also been reported to induce IL-8 release in
squamous esophageal cells, such as CA, taurocholic acid
(TCA), CDCA, and taurochenodeoxycholic acid (TCDCA)
[79]. Pharmacological inhibition studies defined key sign-
aling pathways involved in this response. Inhibitors of p38
MAPK, SB203580, and MEK inhibitor PD98059 in Het-
1A cells reduced DCA-induced IL-8 and IL-6 mRNA and
protein significantly. Bisindolylmaleimide inhibition of
PKC inhibited cytokine synthesis, also very significantly,
on stimulation with DCA [79].

Supportive of these observations, studies on BHK-21 and
colonic cells showed that DCA induces activation of phos-
pholipase C in the plasma membrane, followed by calcium-
dependent translocation of PKCa and PKCp1 isoforms, thus
validating the role of various PKC isoforms in bile acid
signaling [79]. Furthermore, while DCA has been found to
indirectly transactivate the EGFR, Quilty et al. [79] gen-
istein experiments demonstrated that IL-6 and IL-8 induc-
tion by DCA were EGFR-independent but dependent upon
associated downstream signaling pathways, specifically the
MAPK cascade. PD98059 inhibition of cytokine produc-
tion further demonstrates MAPK activation downstream
of DCA signaling. Disruption of membrane cholesterol
with nystatin, whether in the presence or absence of DCA,
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enhanced release of IL-6 and IL-8, indicating that disruption
of membrane cholesterol by itself can trigger pro-inflamma-
tory signaling pathways like those triggered by DCA. This
supports the inference that the disruption of caveolae rep-
resents the hub mechanism of the activity of DCA. Quilty
et al. [79] also demonstrated that lowering Cavl expres-
sion blocks DCA-induced IL-8 production, confirming the
involvement of caveolae and Cavl1 in bile acid-stimulated
signaling. Methyl-p-cyclodextrin (MCD) treatment, which
removes cholesterol from membranes, competitively inhib-
ited DCA-induced secretion of IL-6 and IL-8. This indicates
that cholesterol-rich lipid raft microdomains are required
for effective cytokine induction. While DCA can also form
into non-raft membrane domains to activate MAPK path-
ways, the effect of cholesterol depletion on raft and non-
raft domains—and their subsequent inhibition of Src kinase
activity—can potentially decrease inflammatory signaling.
Cumulatively, Quilty et al. [79] evidence shows that DCA
causes IL-6 and IL-8 secretion by esophageal cells via lipid
raft-dependent signaling pathways involving Cavl, Src
kinase, PKC isoforms, and downstream MAPK activation.
These pro-inflammatory and immunomodulatory effects of
DCA play a role in the establishment of a tumor-permissive
microenvironment through the induction of chronic inflam-
mation, immune cell phenotype reprogramming, and sup-
pression of adaptive immunity.

Other roles of DCA in cancer: angiogenic effects,
autophagy, drug resistance, and miRNA induction

Besides its well-established activities in apoptosis, metas-
tasis, inflammation, and epithelial barrier dysfunction,
DCA also significantly influences the tumor microenviron-
ment to further enhance cancer growth [16]. These activi-
ties comprise the induction of angiogenesis, modulation of
autophagy, augmentation of chemoresistance, and modu-
lation of oncogenic and tumor suppressor miRNAs. Song
et al. [16] concluded that a high-fat diet (HFD) greatly
enhanced vasculogenic mimicry (VM) and EMT of patients
with CRC, establishing a special link between diet, VM,
and CRC development. Current research attests that HFD
plays a role in colorectal carcinogenesis by triggering gut
microbiota dysbiosis and changing microbiota-derived
metabolites. Recurrently, they observed HFD-fed Apc ™"+
mice to have changed gut microbiota structure and diver-
sity, thus affecting the amount of microbial metabolite pro-
duction in the GI tract. In contrast to tumor angiogenesis,
VM is the creation of tumor cell-lined, non-endothelial,
channel-like conduits that perfuse the tumor with blood.
The current research reveals, for the first time, direct proof
that the microbial metabolite DCA induces VM formation in
intestinal carcinogenesis. Identification of DCA as a potent
risk factor for VM induction underscores the significance
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of elucidating the specific molecular processes involved
in this action. Song et al. [16] found that HFD and DCA
individually reduced epithelial markers but enhanced mes-
enchymal markers, indicative of EMT induction. Notably,
EMT inhibitors UO126EtOH and SB431542 powerfully
abolished the capability of CRC cell lines HCT-116 and
HCT-8 to establish vascular mimicry structures, and this
strongly demonstrates that EMT is indeed crucial in VM
formation in intestinal cancers [16]. In addition, DCA highly
upregulated vascular endothelial growth factor (VEGF) pro-
duction, a central pro-angiogenic factor in tumor metasta-
sis and angiogenesis. Song et al. [16] findings revealed that
VEGTF receptor 2 (VEGFR2) was a key mediator of VM
formation induced by DCA, thus indicating this pathway as
a promising target for therapeutic VM-based interventions.
In this sense, sorafenib, a recognized VEGFR2 inhibitor,
has been reported to inhibit VM in canine mammary gland
cancer [80]. Therefore, early inhibition of VEGFR2 could
thus represent an effective therapeutic regimen to prevent
VM formation in intestinal cancers by inhibiting deleterious
tumor microenvironment effects. In summary, Song et al.
[16] findings show that HFD causes visceral obesity and
disturbs gut microbiota and bile acid homeostasis to increase
the levels of DCA, thus promoting intestinal initiation and
tumor progression. DCA markedly promotes VM and EMT
through the regulation of VEGFR?2 signaling. The identifica-
tion of VM as an emergent DCA-induced carcinogenic path-
way provides valuable information and a promising target
for individualized treatment of CRC.

Autophagy is an evolutionarily conserved process of
cellular self-digestion of organelles and macromolecules,
maintaining the viability of stressed and deprived cells,
including cancer cells [81]. Autophagy is also involved
in type II programmed cell death and is involved in many
physiological processes, and autophagy defects are impli-
cated in various types of malignancies, which implies that
autophagy serves as a cellular transformation barrier [82].
Beclin-1, a principal autophagy regulator, is present in
decreased levels in dysplastic BE and EAC patient biopsies
and yet remains in increased levels in nondysplastic BE,
squamous epithelium, and colon epithelium. Also, it has
been found a drastic reduction in the mRNA expression of
Beclin-1 has been found in EAC tissues in comparison to
BE tissues. Roesly et al. [81] results show that acute expo-
sure to DCA induces increased expression of Beclin-1 and
enhances autophagy, whereas chronic exposure lowers the
expression of Beclin-1 and inhibits autophagy. The ensuing
inflammatory response is accompanied by the recruitment of
proinflammatory cytokines TNF-a, IL-1p, and IL-6, which
are all directly involved in carcinogenesis. Bile acids are
implicated in the etiology of GI cancers such as EAC, colon
cancer, and pancreatic cancer. In the current experiments,
Roesly et al. [81] employed 0.2 mM DCA, a physiological
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concentration. Short-term exposure to bile acids initiated
a normal cellular response involving the induction and
strengthening of Beclin-1 expression. Long-term exposure
was not, however, able to maintain Beclin-1 levels, result-
ing in inhibition of autophagy. Particularly in CP-A cells
(derived from nondysplastic BE), acute 4 h treatment with
0.2 mM DCA, a duration with minimal cytotoxicity, caused
augmented expression of Beclin-1, as validated by immu-
noblotting, immunocytochemistry, and confocal microscopy
[81]. However, sustained treatment with this dose of DCA
caused cell apoptosis and decreased Beclin-1 expression.
Globally, reduced levels of Beclin-1 and the resultant loss
of autophagy after chronic bile acid exposure could be the
etiology for enhanced genomic instability and cancer pro-
gression [81]. In the face of the prevailing increasing inci-
dence of EAC due to as yet unknown causes, it recommends
the regulation of bile acid reflux in BE patients to avoid cell
changes secondary to the chronic action of such deleterious
stimuli.

Another study by Kong et al. [17] found that the carci-
nogenic activities of DCA could be mediated by miRNA
expression regulation. They examined miRNA microarray
profiling in DCA-treated PCEC cells and identified extensive
changes in miRNA expression profiles. miRNAs with over-
or under-expression greater than 1.3-fold were deemed likely
to contribute to CRC pathogenesis in this situation. Inter-
estingly, miR-199a-5p was reduced in the majority of CRC
samples, whereas its putative target CAC1 was increased,
indicating a causal relationship between the molecules.
Kong et al. [17] findings showed that miR-199a-5p targets
the 3’-untranslated region (3'-UTR) of CAC1 mRNA, thus
suppressing its translation. Furthermore, suppressing miR-
199a-5p using anti-miR-199a-5p reversed this suppressive
effect, resulting in enhanced expression of CAC1. These
data indicate that miR-199a-5p is a tumor suppressor that
represses cell proliferation and causes cell cycle arrest in
CRC cells at least in part by downregulating CAC1 [17].
In summary, these findings demonstrate the prominent role
of miRNAs in mediating hydrophobic bile acids like DCA-
induced carcinogenic effects, with abnormal miRNA expres-
sion being the prevalent mechanism. Since miRNAs control
oncogenes as well as tumor suppressors, their abnormally
induced expression by DCA would significantly impact colo-
rectal carcinogenesis. These observations have significant
implications for the mechanism of miRNA deregulation in
tumorigenesis associated with bile acids and could offer new
therapeutic strategies.

Lin et al. [83] discovered that serum DCA levels were
lowered in patients with gallbladder cancer (GBC) and
are most likely tumorigenic via elevated m"6A methyla-
tion modification of pri-miR-92b. This miRNA selectively
downregulates the tumor suppressor Phosphatase and ten-
sin homolog (PTEN) and leads to activation of the PI3K/

AKT signaling pathway. Importantly, GBC patients with
lowered serum DCA levels exhibited significantly lower
overall survival, which supports the clinical significance
of this bile acid imbalance. Lin et al. [83] also established
DCA treatment of GBC cells to cause differential expres-
sion of miRNAs at substantial levels, with downregulation
of the most prominent miR-92b-3p. The oncogenic miR-
17-92 cluster on chromosome 13 member miR-92b-3p has
been reported to drive tumorigenesis in a majority of human
cancers. This was further confirmed by the finding of higher
expression of miR-92b-3p in tumor tissues of GBC and its
ectopic overexpression-mediated increased proliferation of
GBC cells [83]. Xenograft models also established the pro-
tumorigenic function of miR-92b-3p. Notably, miR-92b-3p
also partially regained the growth inhibitory action of DCA
against GBC cell growth and tumorigenesis, indicating that
DCA controls GBC growth at least in part by targeting this
oncogenic miRNA. Furthermore, Lin et al. [83] also identi-
fied PTEN as a tumor suppressor under negative PI3K/AKT
pathway control, as a direct miR-92b-3p target. The down-
regulation of miR-92b-3p resulted in the upregulation of
PTEN in GBC cells. In this context, these results established
that DCA treatment increases levels of PTEN by inhibiting
miR-92b-3p and thereby interrupting PI3K/AKT signaling
in GBC. Mechanistically, DCA significantly decreased pri-
miR-92b m"6A methylation in GBC cells. It is achieved by
preventing the formation of the METTL3/METTL14/WTAP
methyltransferase complex that catalyzes m"6A modifica-
tion on diverse mammalian RNAs, by direct binding to
METTL3 without altering the protein levels. The decreased
m”6A methylation decreased pri-miR-92b maturation and
thus produced lower levels of miR-92b-3p after DCA treat-
ment. In total, DCA enhances tumor development by direct
cytotoxic effects and inflammation and by remodeling the
tumor microenvironment by increased vasculogenic mimicry
and angiogenesis, dysregulation of autophagy, and modula-
tion of miRNA expression. Such mechanisms by DCA and
particularly VEGFR?2 signaling and modulation of miRNA
are viable targets for the development of anticancer treat-
ments, particularly in CRC and GBC.

Key signaling pathways modulated by DCA
in carcinogenesis

Several studies have shown that bile acids regulate intra-
cellular cascades of signals, and initiation of cascades is
a determinant function in apoptosis and/or mitogenesis
(Table 2) [84]. A close look at the MAPK pathway demon-
strates that DCA potentiates signaling by activation of the
EGEFR (Fig. 3) [84]. Interestingly, EGFR has been reported
to be localized in caveolae and lipid raft membrane micro-
domains, and DCA is claimed to be capable of activating
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Table 2 (continued)

Ref

Description

Signaling pathway

Study setting

Cancer type

[131]

DCA induces prolonged ERK1/2 activation through

In vitro Non-canonical EGFR-MAPK via Ca*/CAMKII/c-Src

Colon cancer

calcium signaling, preventing EGFR degradation and

promoting tumorigenesis

Key Signaling Pathways Modulated by DCA
in Carcinogenesis

Lipid raft ‘

reorganization / \

EGFR
pTyr1068

EGF
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|
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IL-6-B IL-6/STAT3
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synergy
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MAPK

signaling

—@-®

Fig.3 Signaling pathways modulated by deoxycholic acid (DCA) in
carcinogenesis. DCA alters the biophysical properties of the plasma
membrane, reorganizing lipid rafts and caveolae by translocating
caveolin and enriching cholesterol, which in turn enables ligand-
independent activation of epidermal growth factor receptor (EGFR).
EGFR phosphorylation at Tyr1068 and Tyr845, via calcium/CaMKII/
c-Src signaling, triggers downstream mitogen-activated protein kinase
(MAPK) signaling (ERK1/2), promoting cell survival and prolifera-
tion. DCA synergizes with epidermal growth factor (EGF) to enhance
MAPK activation and tumor-promoting signals. Additionally, DCA
activates the NF-xB pathway in Barrett’s epithelial cells via ROS/
RNS-mediated phosphorylation of IkBa and p65, promoting resist-
ance to apoptosis and inducing pro-inflammatory and antiapoptotic
genes such as IL-8, Bcl-2, and Bcl-xL. In esophageal adenocarci-
noma (EAC) cells, DCA also induces IL-6/STAT3 signaling, driving
the expression of stemness markers (KLF4, OCT4, Nanog) and antia-
poptotic proteins (Bcl-xL), contributing to cancer stem cell (CSC)
phenotypes and therapeutic resistance. In gastric epithelial cells,
DCA activates the TGR5-STAT3-KLF5 axis, leading to intestinal
metaplasia (IM), inflammation, and the expression of genes such as
Mcl-1, IL-6, and CXCLS, creating a pro-tumorigenic microenviron-
ment

the receptor by changing the physical state of the cell mem-
brane [84]. DCA causes translocation of the major structural
protein of caveolae, caveolin, into the cytoplasm from the
plasma membrane, thus influencing both the number and the
location of caveolae in the membrane. Further, membrane
fractionation of DCA-treated cells using sucrose gradient
centrifugation also showed a marked enrichment of choles-
terol in caveolin-enriched fractions [84]. This suggests that
DCA not only reorganizes the spatial structure of membrane
microdomains but also controls their lipid and protein com-
position. Consistent with this, Cuijuan et al. [85] showed that
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cholesterol displacement results after ceramide treatment,
which is known to be an apoptosis inducer. It thus becomes
plausible that DCA, as ceramide, controls cholesterol com-
position and related membrane lipids and proteins, possibly
intracellular signal modulation.

Jean-Louis et al. [84] had previously shown DCA to acti-
vate the MAPK pathway; they thus investigated the acti-
vation of EGFR at tyrosine residue (Y1068) necessary for
MAPK signaling. Notably, phosphorylation of tyrosine 1068
of EGFR in cells treated with DCA was not influenced by
an EGF-neutralizing antibody, which suggests that DCA
activates EGFR in an EGF-independent fashion. This find-
ing is consistent with earlier research by Qiao et al. [55],
which demonstrated that bile acids can stimulate the c-Jun
N-terminal kinase (JNK) cascade in hepatocytes in a ligand-
independent fashion. Jean-Louis et al. [84] results clearly
demonstrate that DCA-induced changes in membrane struc-
ture and composition are responsible for the activation of
EGFR. They also found that other transmembrane proteins
are induced by DCA treatment, and additional studies are
attempting to map the targeted signaling pathways of these
transmembrane proteins [84]. Since receptors, such as EGFR
and insulin-like growth factor 1 receptor (IGF-1R), reside
in lipid microdomains, it is expected that DCA modulates
membrane microenvironment dynamics to activate a variety
of signaling receptors.

Other studies, such as Centuori et al. [15], and Nguyen
et al. [65] show that DCA can activate the MAPK/ERK
pathway—often via EGFR transactivation, calcium—calmo-
dulin (CaM)-dependent protein kinase II (CaMKII)-Src
signaling, or cytokine-mediated mechanisms—promoting
proliferation, migration, invasion, and EMT. These effects
are generally observed in transformed or tumor-associated
cells, sometimes in the presence of additional cofactors
(e.g., TGF-, IL-8). Centuori et al. [15] found that exposure
of colon cancer cells to DCA at levels equivalent to those
seen with a Western diet causes calcium-dependent activa-
tion of phosphorylated CAMKII (p-CAMKII), c-Src, and
EGFR phosphorylation at the c-Src-specific site Tyr845.
Activation of these pathways leads to downstream MAPK
signaling, which leads to ERK1/2 activation. Most notably,
co-treatment with DCA and EGF elicited a more robust and
sustained MAPK activation than either drug alone, suggest-
ing that non-canonical as well as canonical EGFR signal-
ing pathways may be synergistic [15]. The current research
explains a novel, previously unknown mechanism through
which DCA activates the pro-tumorigenic EGFR-MAPK
signaling pathway in colon cancer, demonstrating DCA's
redundancy as a pathway activator. Colon cancer cells
treated with physiologically relevant DCA concentrations
show robust EGFR-MAPK activation. To our knowledge,
this is the first evidence that DCA stimulates EGFR-MAPK
signaling in a ligand-independent mode and synergizes with

@ Springer

the natural ligand EGFR. Centuori et al. [15] results negate
earlier controversy by demonstrating that DCA modulates
ERK1/2 activity in both ligand-dependent and ligand-inde-
pendent manners. Significantly, DCA activates EGFR with-
out enhancing its degradation, a finding supportive of the
hypothesis that DCA amplifies EGFR-mediated signaling,
which might be accountable for its tumor-promoting activity.
It is suggested that DCA stimulates the mobilization of cal-
cium, which in turn stimulates calcium-dependent CAMKII
kinase activation. Activated CAMKII also activates c-Src,
leading to alternative EGFR activation at Tyr845 and down-
stream MAPK signaling [15]. The signaling pathway offers a
reasonable molecular mechanism for the clinical correlation
of elevated levels of DCA and increased adenoma formation.
Accordingly, the suppression of components of this non-
canonical EGFR activation pathway, for example, calcium
signaling, is a potential therapeutic strategy through which
colon cancer risk in patients with elevated DCA levels can
be reduced [15].

Huo et al. [86] showed that DCA causes NF-kB path-
way master protein phosphorylation in Barrett's epithelial
cells. They showed, with two Barrett's epithelial cell lines,
that DCA-induced NF-kB activation and DNA damage are
regulated by ROS/Reactive nitrogen species (RNS) produc-
tion. The previous findings showed that Barrett's epithelial
cells are resistant to apoptosis after Ultraviolet B (UV-B)
induced DNA damage due to the activation of the NF-xB
pathway [87]. In the current study, Huo et al. [86] exposed
Barrett's cells to physiologic levels of DCA to simulate gas-
tric reflux conditions. In Barrett's cancer cell lines, DCA
induces the generation of ROS/RNS, DNA damage, and
NF-«B activation, all of which are reversible by antioxidant
treatment. In the current study, they determined that DCA
elevates ROS/RNS in non-neoplastic Barrett epithelial cells.
N-acetylcysteine (NAC) blockade of ROS/RNS scavenging
inhibited DCA-mediated DNA damage and p65 phospho-
rylation in BAR-T cells, suggesting ROS/RNS-dependent
activation [86]. Huo et al. [86] findings corroborate that,
as in cancer cells, DCA triggers DNA damage and NF-kB
activation through ROS/RNS production in benign Bar-
rett's cells. DCA has been reported to trigger NF-xB activa-
tion and NF-kB target gene IL-8 and IxB overexpression
in Barrett-associated adenocarcinoma cells. They further
established that NF-kB activation enables benign Barrett's
cells to evade UV-B-induced DNA damage-induced apop-
tosis. Huo et al. [86] demonstrate that DCA induces p-IkBa
and p-p65 levels in Barrett's epithelial cells in vitro and
biopsy samples in vivo from patients with BE. DCA elevated
nuclear total p65 and p-p65 levels in Barrett's cell lines with
increased Bcl-2 levels, justifying NF-kB pathway activation.
Notably, NF-kB pathway blockade by BAY 11-7085 or an
IkB super-repressor reversed apoptosis resistance in BAR-T
cells exposed to DCA. Conversely, UDCA failed to elevate
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p-H2AX, p-IkBa, or p-p65 levels in vitro and in vivo [86].
In general, DCA induces genotoxic stress in non-neoplastic
Barrett's epithelial cells, which are apoptosis-resistant via
activation of the NF-kB pathway. This was confirmed by
showing DNA damage and NF-xB phosphorylation in BE
biopsies of patients who underwent transient DCA perfusion
during endoscopy.

Chen et al. [88] findings further show that DCA triggers
the IL-6/Signal transducer and activator of transcription 3
(STAT3) signaling pathway in EAC cells. After DCA expo-
sure, resulting pSTAT3 phosphorylation promotes expres-
sion of KLF Transcription Factor (KLF) 4, Octamer-binding
transcription factor 4 (OCT4), and Nanog, which induces
Cancer stem cell (CSC)-like features as well as reprogram-
ming of EAC cells into CSCs. Decreased STAT3 phospho-
rylation has also been involved with curcumin's anticancer
potential in esophageal cancer [88]. STAT3 activation also
enhances Bcl-xL antiapoptotic protein expression, thereby
favoring EAC cell survival and apoptosis resistance. Bcl-xL
is a Bcl-2 family member and an important antiapoptotic
effector, and its overexpression results in a higher apoptotic
threshold of the tumor cells. DCA-promoted inflammation
increases intracellular ROS, which is associated with the
upregulation of circular RNA (circRNA) derived from miR-
21, a transcriptionally regulated process by NF-kB. Activa-
tion of the NF-kB pathway further increases the expression
of antiapoptotic proteins Bcl-2, allowing DNA-damaged
cells to resist apoptosis [88]. In agreement with this mecha-
nism, previous research has shown that Panax notoginseng
saponins (PVN) suppress JAK2/STAT3 signaling, thereby
decreasing the expression of Bcl-xL and Bcl-2 [89]. Liu
et al. [90] found that the co-activation of NF-kB and STAT3
in chronic lymphoma cells enhances the expression of IL-6,
Bcl-xL, and Mcl-1 and chemoresistance. Zaanan et al. [89]
also showed that STAT3 mediates resistance of Kirsten rat
sarcoma virus (KRAS)-mutated tumors to apoptosis by
inducing Bcl-xL upregulation. Matsumoto et al. [91] also
recognized that Helicobacter pylori vacuolating cytotoxin
induces gastric cancer cell apoptosis by inhibiting STAT3
activity and reducing Bcl-xL and Bcl-2. These data vali-
date Chen et al. [88] conclusion that activation of STAT?3
is the most crucial factor for promoting EAC cells' antia-
poptotic phenotype through upregulation of Becl-xL. DCA
induces malignant transformation by activating the IL-6/
STAT3 pathway and overexpressing central pluripotency
and survival genes, such as KLF4, OCT4, Nanog, and Bcl-
xL [88]. This induction of CSC-like characteristics not only
increases the antiapoptotic features of the EAC cells but also
results in increased tumor aggressiveness [91]. Since CSC
formation is inherently associated with therapeutic resist-
ance, recurrence, invasion, and metastasis, the IL-6/STAT?3
pathway is a promising therapeutic target. Small molecule
pathway inhibitors and DCA-neutralizing activities may

enhance therapeutic benefits by inhibiting CSC formation
and optimizing the efficacy of treatment in esophageal
adenocarcinoma.

Jin et al. [92] found that stimulation of gastric epithelial
cells by DCA, the most common secondary bile acid in the
stomach, triggers a new signaling pathway with bile acid
receptors TGRS, STAT3, and KLF5. These findings showed
that pathologic molecular signaling after bile acid exposure
makes it permissive for the gastric microenvironment to
develop IM. Sustained elevation in the levels of DCA sig-
nificantly disrupts bile acid metabolism and changes gastric
microbiota composition with marked enrichment of bacte-
rial genera, such as Lactobacillus, that are implicated in
carcinogenesis. Mechanistically, Jin et al. [92] data showed
that in DCA-induced inflammation and IM, STAT3 is con-
stitutively phosphorylated and found in the nucleus, where it
binds directly to two sites on the KLF5 promoter to initiate
its transcription. In addition, DCA stimulation also initiates
a number of STAT3 downstream target genes, including
Mcl-1, Bel-2, IL-6, and CXCLS, thereby endowing gastric
epithelial cells with heightened inflammatory responses and
anti-apoptosis properties that are commonly associated with
a pre-neoplastic phenotype [92]. These findings indicate that
STATS3 is an important mediator of bile acid-induced car-
cinogenesis in IM tissue. The TGRS bile acid receptor is
presumably an upstream regulator conveying DCA exposure
with STAT3 activation. Additional studies will need to be
performed to identify other STAT3 downstream effectors of
IM development. More physiologically appropriate animal
models must also be developed to more accurately model
duodenogastric reflux (DGR) and confirm these mechanistic
observations [92]. In conclusion, the findings incriminate
the TGR5-STAT3-KLFS5 signaling pathway as an impor-
tant etiological mechanism for bile acid-induced IM [92].
Pharmacologic inhibition of TGRS might be an effective
therapy in preventing gastric IM formation in patients with
bile reflux. In addition, phosphorylated STAT3 may be a
useful early biomarker for gastric carcinogenesis, and the
occurrence of KLF5 in IM lesions can predict the risk of
progression to intestinal-type gastric cancer. Finally, DCA-
induced enrichment of targeted bile acids is uncovered with
the proliferation of Lactobacillus species with oncogenic
activity, indicating the correlation between bile acids, micro-
bial dysbiosis, and gastric epithelial transformation.

Diagnostic and therapeutic perspectives:
DCA as a diagnostic biomarker
and therapeutic target

Mounting evidence suggests the multistep function of gut

microbiota in cancerogenesis through the direct action of
certain pathogenic microorganisms, as well as by bioactive
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metabolites synthesized by them [93]. Obesity-induced
dysbiosis results in increased levels of DCA synthesized by
Clostridium species, recycled by enterohepatic circulation
[93]. Yoshimoto et al. [94] illustrated that DCA liver accu-
mulation causes a senescence-associated secretory pheno-
type (SASP) of hepatic stellate cells, leading to the secretion
of proinflammatory and tumor-promoting factors involved
in hepatocarcinogenesis. Aside from GI cancers, DCA has
contributed to the pathogenesis of other types of cancer [93,
95-97].

Ma et al. [18] measured bile acids in malignant and
nearby non-malignant colorectal tissues and found that
DCA was markedly increased in malignant tissue, while CA
and CDCA were drastically decreased. Ex vivo coculture
experiments illustrated that mucosal microbiota in patients
with CRC and chronic gastritis exhibited increased DCA-
synthesizing activity, indicating enrichment of DCA-pro-
ducing bacteria within these tissues [18]. As a hydrophobic
secondary bile acid, DCA also presents a certain level of
danger by virtue of the capacity to abrogate intestinal bar-
rier function and trigger genotoxic stress—characteristics
involved in colorectal tumorigenesis [18]. Ma et al. [18]
results concur with earlier accounts of increased DCA lev-
els with the development of multiple polypoid adenomas,
once again contradicting the proposal that secondary bile
acids, and DCA in particular, are tumor-aggressors in the
colon. Hyperproliferation and enhanced migratory ability of
arange of CRC cell lines by DCA were reported in accord-
ance with cell-based observations [18]. It is the first study
that compares directly mucosa-associated microbiota and
tissue-associated bile acid profiles in malignant and matched
non-malignant locations from CRC patients. Ma et al. [18]
found striking differences in the microbial communities,
with the malignant tissues harboring a higher percentage
of bacteria with the ability to metabolize primary bile acids
to secondary species or produce DNA-damaging metabo-
lites. The noncancerous tissues had relative enrichment of
commensal or protective microbes. Mechanistically, they
discovered that high DCA in tumor tissue interacts with
the FXR and represses its expression [18]. Since decreased
FXR expression has been strongly implicated in colorec-
tal carcinogenesis, this axis is a primary molecular path-
way that links microbial dysbiosis, dysregulated bile acid
homeostasis, and oncogenesis. In summary, these discov-
eries establish the interaction between mucosal microbiota
composition, increased levels of DCA, and dysfunctional
FXR signaling in tumor-bearing CRC tissues. These find-
ings highlight the therapeutic potential of modulating the
microbiota—bile acid-FXR pathway as a strategy to prevent
and treat colorectal neoplasia.

Zhong et al. [98] explored the dynamic interactions of
gut microbiota and bile acid metabolism by employing
the DCA to taurocholic acid (TCA) ratio (DCA/TCA) as

@ Springer

a marker for bile salt hydrolase (BSH)-catalyzed deconju-
gation and 7a-dehydroxylation activities. Elevated DCA
composition and DCA/TCA ratio were observed in the high
post-implantation pain neuropathy (PIPN) group. Notably,
the DCA/TCA ratio was the most discriminatory between
the high- and low-PIPN groups. Furthermore, in asympto-
matic individuals, reduced glycohyocholic acid (GHCA)
levels combined with a raised DCA/TCA ratio predicted
the development of PIPN strongly [98]. These results reveal
a distinct serum bile acid pattern in PIPN patients and cor-
responding rodent models that differs from pruritus models.
Concurrent with these events, the chemokine receptor C—C
chemokine receptor type 5 (CCRS) has surfaced as a thera-
peutic target against human immunodeficiency virus (HIV)-
related neuropathy, including distal symmetrical polyneu-
ropathy. Ligand-receptor interactions of CCL5 with CCRS5
within dorsal root ganglia have been recognized to regulate
neuronal excitability and play a role in the pathogenesis
of PIPN. Pharmacologic or genetic inhibition of CCR5—
through genetic knockout, maraviroc (CCRS5 antagonist),
or CCL5-neutralizing antibodies—alleviated paclitaxel-
induced neuropathic pain in preclinical models [98]. These
findings substantiate the idea that inhibition of CCRS5 may
confer protection against toxic bile acid actions, like those
of secondary bile acids like DCA. The pro-inflammatory
potential of DCA, especially to modulate chemokine sign-
aling, is further augmented. Sun et al. [99] reported that
DCA induced TGR5-mediated signaling and thus induced
the expression of CCL28 by colon cancer cells. Likewise,
Allen et al. [100] found that exposure to DCA increased
mRNA expression of CCL2, CCL5, CCL7, and CCL20 in
hepatocytes.

Nutritional high fats and gallbladder disease have previ-
ously been demonstrated to increase intestinal luminal DCA
concentrations, thus enhancing the development of CRC
[101]. In addition to disturbing intestinal metabolic activi-
ties, DCA disrupts gut microbiota composition, as reported
by Su et al. [102]. Additionally, derivatives of DCA also act
to modulate the immune system by affecting regulatory T
cells (Treg cells) and hence driving CRC development [103].
In Liu et al. [101], treatment with DCA induced a remark-
able increase in the size and number of intestinal tumors,
which was associated with impaired intestinal barrier func-
tion. Treatment with Huangqin decoction (HQD) suppressed
CRC tumor cell growth, restored goblet cell numbers, and
augmented intestinal mucus secretion, all resulting in bet-
ter barrier function [101]. Microbiologically, treatment with
DCA induced significantly increased Eggerthellales abun-
dance at the species level. Eggerthellales are involved in pri-
mary bile acid biotransformation to secondary bile acids—
compounds implicated in carcinogenesis [101]. Enrichment
of Eggerthellales would thus enhance GI tract accumulation
of tumor-fostering secondary bile acids. In contrast, HQD
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treatment decreased Eggerthellales dramatically and the
concentration of secondary bile acids, thus preventing CRC
formation [101]. In addition, DCA treatment was correlated
with decreased abundance of health-sustaining bacterial
phyla such as Lachnospiraceae, Firmicutes, Fusobacteria,
and Clostridium [101]. HQD therapy reestablished this dys-
biosis through the reversal of these microbial communities.
Lachnospiraceae, in fact, is reported to be responsible for
the maintenance of intestinal and carbohydrate metabolism
[101]. The augmentation of Lachnospiraceae upon HQD
therapy can be attributed to better glucose metabolism and
energy homeostasis, and thereby the avoidance of DCA-
induced weight loss in CRC mice. Together, these findings
indicate that DCA induces colorectal carcinogenesis via
microbiota dysbiosis, immune modulation, and barrier dys-
function, and that HQD therapy may inhibit these processes
by restoring microbial homeostasis, intestinal integrity, and
inhibiting tumor development.

Xu et al. [104], pH-responsive DCA dimer was reported
as a nanocarrier for augmenting the efficacy of chemothera-
peutic agents. The DCA dimer was prepared through ortho
ester linkage and further co-self-assembled with doxorubicin
(DOX) into nanoparticles (DCA-OE/DOX NPs). These nan-
oparticles showed greater drug encapsulation efficiency and
physiological stability, but allowed for the effective release
of drugs under acidic conditions like the tumor microenvi-
ronment. Antitumor activity and apoptosis in vitro experi-
ments also demonstrated that DCA-OE/DOX NPs possessed
equivalent antitumor effectiveness with respect to free DOX
[104]. The nanoparticles were also able to effectively accu-
mulate inside HepG2 multicellular tumor spheroids and
H22 tumor tissues in vivo with greater inhibition of tumor
growth. Notably, the DCA-based nanocarrier was highly
biocompatible and reduced systemic toxicity considerably.
Such results are indicative of the enormous promise of pH-
sensitive DCA dimers as potential small-molecule carriers
for targeted anticancer drug delivery [104].

A prodrug approach with bile acids as targeting ligands
has been suggested in previous research to allow hepatocyte-
targeted drug delivery via the use of bile acid transporter-
facilitated uptake [105]. The method takes advantage of the
high-affinity binding of bile acid moieties with the Na*-
dependent taurocholate co-transporting polypeptide (NTCP),
which is highly and selectively expressed on the hepatocyte
membrane [105]. In addition, under the enterohepatic cir-
culation, where the bile acids are recycled 6 to 15 times
daily, bile acids have a very high transport efficiency [105].
Thus, chemical conjugation of chemotherapeutic agents like
camptothecin (CPT) with bile acids like DCA can poten-
tially enhance hepatic uptake and lower systemic toxicity.
A DCA-conjugated CPT prodrug, G2, was synthesized in
this research. The efficiency of liver targeting and stability
is examined in both in vivo and in vitro conditions [105].

Competitive inhibition experiments in HepG2 cells indicate
that G2 uptake most likely occurs via bile acid transporters,
which implies that conjugation with DCA is effective. Cellu-
lar uptake experiments in two-dimensional (2D) monolayer
and three-dimensional (3D) spheroid models validated that
DCA conjugation alters the route of internalization of CPT
such that bile acid transporters have significant roles in G2's
improved uptake [105]. Finally, these results justified the use
of DCA as a bioactive moiety to ensure the most effective
liver-targeting and drug-likeness stability of CPT and pre-
sented a solid theoretical foundation for the future preclini-
cal development of G2 as a hepatotropic anticancer prodrug
(Table 3).

Concluding remark and future direction

DCA, a secondary bile acid derived from gut microbiota,
was identified as a major regulator of GI carcinogenesis by
multiple mechanisms. There is robust evidence in numerous
studies to conclude that DCA exerts pleiotropic effects on
intestinal epithelial cells, immune cells, and oncogenic sign-
aling. DCA also impairs epithelial barrier integrity by down-
regulation of occludin and claudin-5 tight junction proteins,
blockade of ERK signaling, and enhanced transcellular and
paracellular permeability. These disturbances cause chronic
inflammation, increased luminal antigen presentation, and
tumor initiation and development susceptibility. DCA also
alters host immune response, most notably by suppressing
CDS8* T cell-mediated antitumor immunity by downregula-
tion via calcium-NFAT?2 signaling that is PMCA-dependent.
In addition, DCA triggers the transcription of mucin genes
like MUC2 by NF-kB pathway activation, promotes meta-
plastic transition of the stomach and esophagus by KLF5 and
CDX2 pathways, and stimulates proliferation of colon cancer
cells by EGFR transactivation and p-catenin pathways. At
higher doses, DCA can induce mitochondrial apoptosis by
triggering loss of membrane potential, activating caspase-9,
and modulating Bcl-2 family proteins, though such dosing is
generally cytotoxic and non-physiologic. Though the tumor-
promoting effects of DCA are well known, there exist some
very important lacunae. The bimodal action of DCA as an
oncogenic and cytotoxic compound needs further elucida-
tion, especially in terms of concentration range, exposure
duration, and host genetic background. In addition, how
diet, GI microbiota, and DCA biosynthesis interact is also
not very clear, especially how variables interact to modulate
susceptibility to cancer.

Follow-up studies should aim to clarify the DCA—micro-
biota—immune axis to further explore the mechanisms by
which DCA modulates the tumor microenvironment and
immune evasion processes. DCA production or activity-
interfering enzymes—e.g., diet, bile acid sequestrant
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treatment, inhibition of microbial bile acid-altering enzymes
(e.g., the bai operon), or administration of engineered pro-
biotics—may provide valuable new approaches to cancer
prevention and cancer treatment. Also, investigation of
epigenetic and transcription changes promoted by repeated
DCA dosing may also identify early biomarkers for the risk
of colorectal and liver cancers. Engineering of DCA-drug
delivery systems, e.g., the DCA-heparin conjugate, with
documented antiangiogenic activity, also points to the thera-
peutic potential of bile acid pathway manipulation. Lastly,
in summary, DCA constitutes a crucial mechanistic link
between gut microbiota, intestinal barrier integrity, immune
modularity, and cancer initiation. Additional exploration of
its pleiotropic action can lead to pioneering action for coun-
tering cancer risk and enhancing treatment with the applica-
tion of microbiota-guided approaches.
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