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Abstract: Bile acids play a crucial role in promoting intestinal nutrient absorption and biliary cholesterol excretion, thereby protecting
the liver from cholesterol accumulation and bile acid toxicity. Additionally, bile acids can bind to specific nuclear and membrane
receptors to regulate energy expenditure and specific functions of particular tissues. Vascular calcification refers to the pathological
process of calcium-phosphate deposition in blood vessel walls, which serves as an independent predictor for cardiovascular adverse
events. In addition to aging, this pathological change is associated with aging-related diseases such as atherosclerosis, hypertension,
chronic kidney disease, diabetes mellitus, and osteoporosis. Emerging evidence suggests a close association between the bile acid
network and these aforementioned vascular calcification-associated conditions. Several bile acids have been proven to participate in
calcium-phosphate metabolism, affecting the transdifferentiation of vascular smooth muscle cells and thus influencing vascular
calcification. Targeting the bile acid network shows potential for ameliorating these diseases and their concomitant vascular calcifica-
tion by regulating pathways such as energy metabolism, inflammatory response, oxidative stress, and cell differentiation. Here, we
present a summary of the metabolism and functions of the bile acid network and aim to provide insights into the current research on
the profound connections between the bile acid network and these vascular calcification-associated diseases, as well as the therapeutic
potential.
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Introduction

Bile acids (BAs) are synthesized in the liver, stored in the gallbladder, and circulated within the enterohepatic circulation.
Apart from their role as emulsifiers for lipid absorption, BAs also function as metabolic regulators, influencing overall
metabolism and organ functions. Specific receptors, such as the nuclear farnesoid X receptor (FXR), the G protein-
coupled membrane receptor (TGRS), vitamin D receptor (VDR) and pregnane X receptor (PXR) respond to BAs and
further affect the expression of an abundance of target genes to regulate glucose and lipid metabolism or adjust the
physiological function of specific organs.' Disruption of BA homeostasis contributes to the pathogenesis of a range of
metabolic disorders, as well as digestive, cardiovascular, nervous, and systemic diseases.”> Given the significant
regulatory effects of BAs in different situations, a host of natural or synthesized BA receptor agonists and certain BAs
have been applied to treat BA network-associated diseases. Therefore, understanding the metabolism and function of the
BA network in different pathological situations is crucial for developing effective targeted treatment strategies.
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Calcification refers to the process of crystalline hydroxyapatite deposition and could be categorized into physiological
and pathological calcification. Physiological calcification usually occurs in the bone to maintain its strength and
structure.” In contrast, pathological calcification is recognized as an active process that primarily occurs in blood vessels.
Dysfunction of calcium (Ca) or phosphate (Pi) homeostasis, imbalance of calcification inhibitors and promoters,
osteogenic/chondrogenic differentiation of vascular smooth muscle cells (VSMCs), extracellular matrix remodeling,
oxidative stress, inflammation, mitochondria function, iron homeostasis and miRNAs from exosomes are important
factors involved in this process.” Multiple conditions, including aging and aging-related diseases, such as atherosclerosis
(AS), hypertension, chronic kidney disease (CKD), diabetes mellitus (DM) and osteoporosis (OP), are considered
contributors to the development of vascular calcification (VC) and undoubtedly, treatment for these diseases and
accompanied VC will be beneficial for maintaining cardiovascular health.

Several studies have investigated the influence of the BA network on vascular function. Notably, the synthesis and
excretion of BAs serve as physiological mechanisms to eliminate cholesterol from the body thus insufficient BA
excretion could promote lipid deposition, thereby contributing to the development of AS.” Deoxycholic acid (DCA),
a classic secondary BA, has been shown to promote the proliferation and migration of VSMCs, thereby accelerating the
development of AS.® In cirrhotic portal hypertension models, activation of FXR can inhibit BA synthesis while
alleviating pathological angiogenesis and sinusoidal remodeling.” For years, many BA metabolites have been shown
to act as vasodilators by activating TGR or FXR. However, a recent study has indicated that chronic activation of FXR
reduces nitric oxide (NO) sensitivity of smooth muscle, leading to impaired endothelium-dependent vasodilation. This
may partially explain the relationship between higher BA levels and vascular complications in patients with liver
disease.'” Recent studies indicated that the BA network is tightly connected with VC and above-mentioned VC-
associated diseases. In these diseases, there are changes in the levels of BA metabolites, and targeting BA receptors
has been proven to be significant in the development of the diseases. In this review, we provide a detailed overview of the
BA metabolism and the functions of its nuclear and membrane receptors under physiological conditions and then we
place emphasis on the latest advances in intricate interaction between the BA network and VC-associated diseases, as
well as the therapeutic therapy.

Bile Acid Synthesis, Transformation, and Excretion

BAs, containing primary and secondary BAs, are derivatives of cholesterol metabolism. In the human liver, there are two
main synthesis pathways for the production of primary BAs cholic acid (CA) and chenodeoxycholic acid (CDCA): the
classical pathway and the alternative pathway, as shown in Figure 1.''"'* In neonates, the alternative pathway plays
a dominant role due to the loss of cholesterol 7a-hydroxylase (CYP7A1) expression. However, after weaning, the
classical pathway dominates, and approximately 80% of BAs are synthesized in this way.'* Apart from CA and CDCA,
mice also produce muricholic acid (MCA) and ursodeoxycholic acid (UDCA) as primary BAs. Primary BAs are stored in
the gallbladder in the form of conjugating with glycine or taurine. In humans, BAs are mainly conjugated with glycine,
while conjugation with taurine is relatively low. However, in mice and rats, BAs are almost completely conjugated with
taurine.'” Upon ingestion of food, conjugated BAs are released into the intestine and undergo a series of reactions,
including deconjugation, dehydrogenation, and dehydroxylation, to form secondary BAs and achieve chemical diversity.
These reactions are highly dependent on the activity of bacteria equipped with specific enzymes.'®!” The most common
secondary BAs in the human body are lithocholic acid (LCA) derived from CDCA and DCA derived from CA. In mice,
MCA undergoes the same reaction to form murideoxycholic acid, hyodeoxycholic acid and hydrochloric acid.'> For
normal adults, approximately 0.5 grams of primary BAs are synthesized daily to maintain the volume of BA. With the
help of a bile salt export pump (BSEP) and multidrug resistance-associated protein 2 (MRP2), primary BAs are secreted
into the bile duct. A small portion of primary BAs will be resorbed subsequently by cholangiocytes (the cholangiohepatic
shunt) subsequently. For those BAs secreted to the intestine, there are two ways to re-enter the liver through the blood
circulation system: passive absorption in the upper intestine and active transportation in the ileum. The efflux of BAs into
blood circulation occurs with the upregulation of organic solute transporter alpha (OSTa) and OSTP.'® BAs in the blood
are ingested into the hepatocytes via sodium-dependent taurocholate co-transporting peptide (NTCP) to restart the loop."”

1750 "= Clinical Interventions in Aging 2023:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

/'é CYP7A1 / CYP27A1

[ 7a-hydroxycholesterol ( 27-hydroxycholesterol )
HSD3B7 L
‘K [ 7a-hydroxy-4-cholesten-3-one J CYP7B1

systemic circulation
= CYP8B1 v

L) [ cholic acid chenodeoxycholic acid )
enterohepatic circulation (gut microbiota)
\ w 5 P

deconjugation
dehydrogenation
dehydroxylatlon
seconday bile acid
feces deoxycholic acid ( lithocholic acid )
i G (i ST RN IRl . X
2 ) cholesterol primary bile acid — in the digestive system
g8 }:;vconjugated bile acid seconday bile acid — in the systemic circulation
g
urine

Figure | The Bile Acid Metabolism figure for human (created with BioRender.com.) (A) illustrates the metabolic pathways of BAs in the hepatic-intestinal and circulatory
systems and (B) offers a succinct summary of the key steps in BA metabolism. Cholesterol is converted to primary acids by the classic and alternative pathways. In the classic
pathway, with the existence of CYP7A| and HSD3B7, cholesterol is metabolized to 7a-hydroxycholesterol and C4 successively. C4 is the precursor of CDCA and CA. In the
alternative pathway, cholesterol is biotransformed into 27-hydroxycholesterol and CA with the presence of CYP27A1 and CYP7BI. Primary BAs were stored in the
gallbladder and secreted into the bile duct after food intake via BESP and MRP2 in conjugated forms. BAs in bile duct could be reabsorbed by the cholangiohepatic shunt
directly. Conjugated BAs experienced deconjugation, dehydrogenation, and dihydroxylation reactions by variable bacteria to form LCA and DCA. BAs could enter systemic
circulation via OSTa and OSTP to be reabsorbed by enterohepatic circulation. A small amount of BAs will be excreted from the body in the form of faeces and urine.
Abbreviations: BAs, bile acids; CYP7AI, cholesterol 7a-hydroxylase; HSD3B7, hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 7; C4, 7a-hydroxy
-4-cholesten-3-one; CDCA, chenodeoxycholic acid; CA, cholic acid; CYP27Al, sterol 27-hydroxylase; CYP7B|, oxysterol 7a-hydroxylase; BESP, bile salt export pump; MRP2, multidrug
resistance-associated protein 2; LCA, lithocholic acid; DCA, deoxycholic acid; OSTa, organic solute transporter o; OSTp, organic solute transporter f.

Almost equal amounts of newly synthesized BAs are excreted in the form of feces, and almost 0.5 mg of BA is lost in the

urine of humans. This whole process is called enterohepatic circulation, which ensures the stability of the BA pool.'*

BA Receptors

BAs represent the ultimate metabolite of cholesterol catabolism, and as physiological detergents, BAs play pivotal roles
in the absorption, digestion and solubilization process of dietary lipids, fat-soluble vitamins, nutrients, and drugs.
Furthermore, as endogenous ligands for several nuclear and plasma membrane receptors, BAs exhibit a diverse range
of hydrophilic properties that enable them to bind with FXR, TGRS, VDR, or PXR, thereby contributing to the regulation

20

of metabolism and function in various cells and organs,” as is shown in Figure 2.

FXR

FXR, an essential receptor for BAs, is widely expressed in all kinds of organs, especially in the liver and intestine. CDCA
is recognized as the most efficient activator of FXR, followed by DCA and LCA, whilst CA is inactive and tauro-
muricholic acid is the antagonist for FXR in the intestine.”'** Activation of FXR could regulate targeted genes via
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Overview of Bile Acid-Associated Nuclear and Membrane Receptors
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Figure 2 Overview of bile acid associated nuclear and membrane receptors.

induction of negative regulators and competition for other nuclear receptors or transcriptional coregulators. Importantly,
FXR occupies a principal place in BA homeostasis. BAs can be transported to the liver directly via the portal vein
system, where they regulate BA synthesis in an FXR-dependent manner by activating FXR/SHP/LRH-1 (FXR-small
heterodimer partner, SHP; liver receptor homolog-1, LRH-1) cascade and this pathway has a more significant inhibitory
effect on sterol 12-alpha-hydroxylase (CYP8B1) than CYP7A1.>* Furthermore, the activation of FXR in the ileum
triggers the release of fibroblast growth factor 15/19 (FGF15/19), which can bind with the FGF receptor 4/B-klotho
heterodimer complex and inhibit CYP7A1 by initiating a Jun N-terminal kinase 1/2 (JNK1/2) and extracellular signal-
regulated kinase 1/2 (ERK1/2) signaling cascade to restrain the synthesis rate of BA in the liver.>* Emerging evidence has
shown that inflammatory cytokines, such as Interleukin-1p and tumor necrosis factor-a (TNFa) can suppress CYP7ALl
and oxysterol 7alpha-hydroxylase (CYP7B1) gene transcription through the protein kinase C/JNK pathway. This “FXR/
SHP-independent” mechanism ensures a rapid reaction to acute liver injury without the participation of transcription
factors.”” In addition to its role in regulating BA synthesis, FXR can increase BAs’ secretion into the gallbladder and
efflux into circulation to abate the accumulated toxicity of BAs in the liver. Moreover, FXR can also inhibit apical
sodium-dependent bile acid transporter (ASBT), thereby restraining BA reabsorption.

The expression of FXR in the liver plays a crucial role in regulating glucose and lipid metabolism. FXR-/- mice
exhibited elevated serum glucose and impaired glucose tolerance.”® However, this function is effective only within
a certain dose range, as FXR inhibition of glucagon-like peptide-1 (GLP-1) becomes more significant at higher doses.
Notably, although (HCA) and its derivative constitute only approximately 3% of all BAs in humans and mice, a study
aimed at supplying HCA to diabetic mice suggested that HCA could improve insulin tolerance by inhibiting FXR and
activating TGR5 in a dose-dependent manner.”” However, acetylation of FXR leads to opposite results, as it could
activate proinflammatory genes and macrophage infiltration to ruin the function of insulin signaling and plasma glucose
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homeostasis owing to the imbalance between acetylation and SUMOylation of FXR.?® FXR plays a prominent role in the
synthesis, oxidation, transfer, absorption and clearance of lipids. There are three main ways to achieve this effect: (1)
Targeting the FXR-SHP-SREBP-1c regulatory cascade (sterol-regulatory element binding proteins, SREBPs). (2)
stimulating PPARa and FGF21 (peroxisome proliferator-activated receptor a, PPARa). (3) controlling genes in lipopro-
tein metabolism.'® In FXR-/- mice, higher levels of triglycerides and cholesterol were observed and supplementation with
a selective agonist for FXR reversed hyperlipemia.”” FXR agonists might decrease lipid synthesis in the liver and lipid
absorption in the intestine, which could be a latent therapy for nonalcoholic fatty liver disease.’® The process of
autophagy was proven to be an essential component in lipid metabolism, especially under conditions of nutrient
deprivation and/or starvation. Previous work has indicated FXR could suppress this process by damaging the functional
CREB-CRTC2 complex (cyclic-AMP response binding protein, CREB; CREB regulated transcription coactivator 2,
CRTC2).>'*? Moreover, FXR in the pancreas would promote insulin secretion and recuperation of B cell hypertrophy to
benefit glucose and lipid metabolism.*

FXR is also expressed in adipose tissue and its function in this tissue has garnered increasing interest. In 3t3-11 cell
lines, the activation of FXR enhances preadipocyte differentiation by PPARy-dependent and PPARy-independent
pathways.>* Fexaramine, a gut-restricted FXR agonist, was proven to promote thermogenesis, mitochondrial biogen-
esis and fatty acid oxidation in white adipose tissue, thereby alleviating diet-induced metabolic disorders such as
obesity, inflammation and hyperglycemia.*> Brown adipose tissue is abundant with mitochondria and is known for
dispersing stored energy. When FXR is activated, unforeseen browning of white adipose tissue occurs by down-
regulating inflammatory cytokine levels while enhancing p-adrenergic signaling.*>*® However, Dehondt deemed that
the loss of FXR in white adipose tissue induced the upregulation of anti-oxidant enzymes to benefit systemic glucose
tolerance and insulin sensitivity.’” Slightly detected in brown adipose tissue, overexpression of FXR could hinder the
development and function of this tissue, leading to whitening and fibrosis.>® FXR is widely expressed in renal tubular
epithelial cells, protecting the kidney from lipid toxicity, and pro-inflammatory and pro-fibrotic environment.*®
Moreover, FXR also exists in VSMCs and endothelial cells (ECs) to regulate their proliferation, apoptosis and
inflammatory activities.>

TGRS

Existing in almost the whole body, TGRS is primarily activated by LCA and DCA. Dysfunction of TGRS triggers a series
of disorders such as obesity, inflammation, liver steatosis, AS and metabolic syndrome. Activation of TGRS could
stimulate the secretion of GLP-1 in intestinal L cells and promote energy expenditure in brown adipose tissue and muscle
through the stimulation of mitochondrial oxidative phosphorylation.*® These changes maintain glucose homeostasis and
insulin sensitivity to protect the functions of the liver and pancreas and prevent or treat metabolic disorders.
Notoginsenoside Ftl, as an agonist for TGRS but antagonist for FXR, showed the potential for reversing fat mass and
weight gain in diet-induced obese mice via stimulating lipolysis and thermogenesis in adipose tissue.*' HCA could also
induce the secretion of GLP-1 through the TGR5-cyclic adenosine monophosphate pathway and this effect on glucose
metabolism is more significant than the impact of inhibiting FXR.?’ Further study indicated that higher levels of GLP-1
induced by TGRS could also promote white adipose tissue browning to metabolic conditions.*® The BA-TGR5-cAMP—
type 2 iodothyronine deiodinase (D2) signaling pathway enhances energy expenditure in brown adipose tissue, prevent-
ing obesity and insulin resistance.** Since the downregulation of TGR5 in the hypothalamus accelerated weight gain and
deteriorated established obesity, it can be concluded that the pathway by which BAs regulate energy metabolism is not
restricted to peripheral tissues.*?

As reported previously, TGRS mitigates insulin resistance and enhances differentiation and hypertrophy in skeletal
muscle.** However, the surplus of DCA and CA could stimulate TGRS to facilitate atrophic conditions in skeletal muscle
fibers by means of oxidative stress and protein catabolic catabolism.*> TGRS is also expressed in immune cells, and its
expression in monocytes is downregulated during differentiation into dendritic cells.*® The activation of TGRS promotes
macrophage polarization from the M1 to the M2 phenotype and inhibits nuclear factor kappa-B (NF-kB) inflammation to
alleviate inflammatory reactions.*’*® Furthermore, it is documented that through TGR5, BAs could facilitate intestinal
healing with the capacity of anti-inflammation on gut resident immune cells and pro-regenerative response in epithelial
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cells.*” Considering the role of TGR5 in multiple physiological processes, it could be regarded as a therapeutic target for
various diseases.

PXR and VDR

PXR is a ligand-activated transcription factor located abundantly in the intestine, liver and bladder. It is highly associated
with gene expression related to biotransformation, transport, inflammation and oxidative stress. The activation of PXR is
pertinent to the detoxification of BAs to a certain extent. For instance, PXR is considered a physiological sensor to
protect the liver from LCA toxification, indicating that PXR agonists could serve as a new therapeutic target for
cholestatic liver diseases.’® However, the opposite conclusion has been drawn from studies indicating that Pxr knockout
mice are resistant to LCA-mediated hepatotoxicity due to higher urinary bile acid excretion and overexpression of drug
metabolism enzymes and hepatic sulfate donor synthesis enzyme Papss2.>* The reason for the discrepancy may be
attributed to the different environment, dosage regimen and the proportion of other detoxification pathways.

The vitamin D receptor has a higher binding affinity for LCA in the lower intestine. This combination could induce
the expression of enterohepatic cytochrome P450 to detoxify LCA and inhibit the expression of CYP7A1 gene
transcription by activating the MEK 1/2/ERK1/2 pathway (mitogen-activated protein kinase 1, MEK1).?! Considering
that VDR is widely expressed throughout the body thus combination of VDR and LCA could affect the body in multiple
aspects. Following sleeve gastrectomy, a higher concentration of LCA in the portal vein stimulates VDR to drive cholic
acid-7-sulfate (CA7S) production. CA7S is an efficient agonist for TGRS, which could further modulate GLP-1 secretion
and glucose metabolism.”? The immune effects of combining VDR and LCA have also been widely studied. Thl cells are
highly involved in cellular immunity and delayed hypersensitivity inflammatory reactions. Activation of VDR by LCA
has a tremendous effect on Thl cells by diminishing the expression of Thl-connected cytokines (Interferon-y and TNFa),
genes (T-box protein, Stat-1 and Stat4) and signal transducers and activators of transcription lo/f (STAT 1a/B)
phosphorylation to control adaptive immune reactions.”® The injury of intestinal barrier function induced by TNF-a
could be protected by the combination of LCA and VDR by upregulating the Sirtuin 1/ nuclear factor erythroid-2 related
factor (Nrf2) pathway and downregulating the NF-kB pathway.”*

Bile Acid Network and Vascular Calcification-Associated Diseases
VC refers to the Ca-Pi deposition process in blood vessels due to the dysfunction of the vascular microenvironment.
Multiple pathophysiological mechanisms, such as Ca—Pi abnormality, imbalanced calcification promoters and inhibitors,
VSMCs transdifferentiation, matrix vesicle production and phosphate hydroxyapatite deposition are highly involved in
the occurrence of this lesion. More specific cellular and molecular mechanisms include chronic inflammation, endo-
plasmic reticulum stress (ERs), mitochondria dysfunction, reactive oxygen species, iron homeostasis, and Ca—Pi
metabolic imbalance.’”> The VC in aging results from the interplay of genetic, environmental, and modifiable factors,
which create an environment of cellular senescence, oxidative stress, and inflammation to lead to the loss of smooth
muscle cell contraction ability in blood vessels, as well as the increase in osteogenic differentiation and calcification.
Furthermore, VC in aging can be significantly accelerated in several clinical conditions, especially in metabolic
abnormalities.*®

Apart from aging, VC is quite common in various diseases, including but not limited to AS, hypertension, CKD, DM
and OP. Many Studies have exhibited significant changes in BA metabolism in these VC-related diseases. However, only
a few have explored the direct correlation and most of the research is based on CKD models. Jovanovich et al have
hypothesized that there is a positive relationship between the levels of serum CDCA, DCA and glycolithocholic acid and
the severity of coronary artery calcification. LCA and DCA have been shown to be involved in regulating Ca-Pi
metabolism and regulating ERs to aggravate the osteogenic differentiation of VSMCs, while tauroursodeoxycholic
acid (TUDCA) showed the potential for reducing VC by alleviating ERs.”” 8 More studies focused on the relationship
between BA receptors and calcification. FXR has been shown to regulate the transcription factors msh homeobox 2
(MSX2), bone morphogenetic protein (BMP2) and osterix, which are important for VSMCs osteogenic-like differentia-
tion. This suggests that FXR may be a promising therapeutic target for treating VC.*° Although there is no direct research
evidence, given the promoting effects of osteogenic differentiation markers such as runt-related transcription factor 2
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(Runx?2), alkaline phosphatase (ALP) and osteocalcin (OCN) on VC, as well as the regulatory role of FXR and TGR5 on
these factors in bone, we believe that future exploration in this area will provide more evidence to elucidate the inherent
connection between the BA network and VC. Moreover, non-alcoholic fatty liver disease (NAFLD) is one of the
important diseases leading to BA imbalances. It has been found that the low expression of osteoprotegerin (OPG) in
NAFLD is associated with an increased risk of coronary artery calcification. Whether BAs play an important role in this
process is worth further investigation. Overall, the underlying mechanisms regarding BA metabolism and VC remain
largely unknown.®® In this section, we discussed the mechanism of VC and the changes in BA metabolism in
aforementioned VC-related diseases, with a particular emphasis on BA network signaling and its therapeutic potential,
with a summary in Figure 3.

Atherosclerosis

Lipid deposition, macrophage infiltration, and foam cell development initiate the formation of atherosclerotic plaques.
With intimal calcification being the most common form, VC is greater than 80% of most arterial beds in men and over
60% of all arterial beds in women and the common sites include the carotid artery, coronary artery, proximal and distal
aorta, and iliac alrtery.61 Under the stimulation of inflammation, cell apoptosis, and oxidative stress, VSMCs differentiate
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Figure 3 The potential effects of BA network on vascular calcification-associated diseases (created with BioRender.com). For AS, attenuating inflammation and increasing
lipid and glucose metabolism and NO production are the main approaches for these substances to ameliorate artery calcification. For hypertension, increasing NO,
decreasing inflammasome and regulation of Ca®" and water-electrolyte balance are the main mechanisms of the BA network for modulating blood pressure. For CKD, the
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adipogenesis and the balance between osteogenesis and osteoclastogenesis to benefit bone mass and the bone microenvironment. The BA network improves VC-related
diseases through the above pathways, and may indirectly or directly benefit VC.

Abbreviations: BAs, bile acids; CKD, chronic kidney disease; DM, diabetes mellitus; AS, atherosclerosis; OP, osteoporosis.
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into osteo/chondrogenic phenotype and upregulate the expression of osteochondrogenic markers, such as Runx2, osterix,
osteopontin, OCN, and ALP, Sox9, Type II, and X collagen, which contribute to the formation of microcalcification to
weaken the stability of the plaque.’>®* Actually, the question of whether calcification is beneficial for plaque stability
remains a topic that has not been fully settled. The progression of calcification in AS is a sigmoid-shaped curve and high
coronary calcification did not necessarily mean a higher chance of myocardial infarction in that some results have shown
that the formation of VC, followed by unstable and ruptured lesions, can stabilize plaques to some extent.®’ This
phenomenon can be attributed to the pro-inflammatory effect of microcalcification by M1 macrophages and the stable
ability of subsequent macrocalcification by M2 macrophages.®**> Another opposing view holds that matrix macrocalci-
fication is prone to form rare but lethal nodular calcification that can cause rupture of the medial wall and rarely extend to
the adventitia.®® The degree, location, and type of plaque in VC may be related to these contradictory results and further
detailed research will provide answers to this confusion.

Hypercholesterolemia, acting as an independent risk factor for AS, promotes lipid accumulation and plaque forma-
tion. The primary pathway for cholesterol elimination is BA metabolism and impaired BA excretion is associated with
the occurrence of atherosclerotic coronary artery disease.’’ Therefore, the modulation of the BA network has been
extensively studied as a potential therapeutic strategy for treating AS. Taurine has been shown to mitigate
Trimethylamine N-oxide (TMAO)-induced AS by modulating BA metabolism, and similar pharmacological effects
and BA alteration were also observed in usnea and resveratrol trials.®®* ° Since FXR is an essential regulatory for BA
metabolism, its activation holds great promise as a therapeutic approach. The hepatic FGF19-Src-FXR phosphorylation
signaling cascade reduced cholesterol levels to avoid AS.”" Alisol B 23-acetate was proven to enhance cholesterol and
BA excretion in an FXR-BSEP-dependent manner, which slowed down the progression of AS.”* Loss of FXR in the
ApoE—/— mouse model resulted in worse hyperlipidemia and AS, while FXR activation benefited AS by regulating
proinflammatory mediators, decreasing triglyceride and cholesterol levels, and lowering the inflammation and lipid
uptake of macrophage.”® Li et al believed that besides the functions of anti-inflammation, FXR activation also inhibited
VSMCs proliferation and migration to stabilize plaques in a FXR-SHP dependent manner.** A contradictory result
implied that loss of FXR decreased the size of atherosclerotic lesions, but this phenomenon was restricted in male Ldlr
—/— mice.”* Lower levels of ceramide were able to ameliorate AS, and a study suggested that the inhibition of the
intestinal FXR/ Sphingomyelin Phosphodiesterase 3 (SMPD3) axis alleviated AS by reducing the levels of circulating
ceramide.”” Overall, the effects of FXR on AS are complex and the final effects depend on the disease progression,
individual status, and the dominant type of FXR.”®

Macrophage inflammation is the core trigger for the development and progression of AS. The activation of TGRS
could regulate this inflammation response through the TGR5-cAMP-NF-kB pathway. Moreover, TGRS activation could
alleviate the accumulation of modified lipoproteins, slowing the progression of AS.%* Dual activation of FXR and TGRS
showed great potential in reducing lipid levels and inhibiting systemic inflammation to treat AS.”” However, another
study illustrated that the effect of FXR and TGRS on AS was attributed to the anti-inflammatory effect rather than the
lipid-lowering effect.”® NO was regarded as a key antiatherogenic molecule and evidence showed TGRS activation
induced NO production to suppress the process of adhesion molecule expression and subsequent cell adhesion.”® There
was a positive correlation between lower VDR quantities and the occurrence of AS, even when 25- (OH)
2-VitD3concentrations are high.*® The expression of VDR in plaques is highly correlated with pro-inflammatory M1
macrophages, and deletion of macrophage VDR accelerated the progression of AS sufficiently.®' A deficiency of PXR
showed a beneficial effect in ameliorating AS, which was associated with a decrease in macrophage lipid uptake and
accumulation.®® However, another study indicated that chronic PXR activation could promote AS by increasing lipid
accumulation and disturbing the balance between atherogenic and antiatherogenic lipoproteins in ApoE—/— mice.*?
Furthermore, the coadministration of VDR and retinoid X receptor agonists (represented by calcitriol and bexarotene,
respectively) had a synergistic effect in mitigating the development of AS, primarily attributed to the antioxidant stress
response of VDR.® BA sequestrations are alkaline anion exchange resins which could promote continuous biotransfor-
mation of cholesterol by inhibiting the enterohepatic circulation of BAs and colesevelam hydrochloride, as a classic type
of BA sequestration, was proven to largely decrease atherosclerotic lesion size.®> Moreover, the powerful ability of the
BA network to regulate GLP-1 secretion also implied its significant impact on AS. Thus, we can speculate that targeting
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the BA network will be beneficial for the development of AS, but further research is needed to determine whether it is
beneficial for concomitant VC.

Hypertension
Hypertension could promote both intimal calcification indirectly and medial calcification directly and the aorta and
coronary arteries are the most susceptible to involvement.*® As a risk factor for AS, hypertension serves as a promoting
factor to stimulate intimal calcification. Medial calcification is an important step in the pathogenesis of hypertension and
hypertension serves as a promoting stressor to create an environment prone to exacerbating Ca deposition by a series of
cellular events and alterations in extracellular matrix composition.®” Hypertension is accompanied by arterial wall
remodeling, significant changes in extracellular matrix composition, and vascular cell phenotype. The generation of
elastin fragments increased protease activity, and activation of the transforming growth factor-f (TGF-B) signaling
pathway, as well as the deposition of collagen and proteoglycans, may provide a more favourable environment for VC.5¢
Few studies have explored the changes in BA metabolism in hypertension and one metabolomic analysis of patients with
acute coronary syndrome found that UDCA was significantly downregulated in patients accompanied by hypertension,
but how it changed was unclear.”®

Current research indicates that the BA network could regulate blood pressure through renal mechanisms and vascular
mechanisms. Activation of FXR and TGRS upregulate aquaporin (AQP2) to restore water and BAs could also bind with
the epithelial sodium channel (ENaC) to affect sodium (Na) concentration.*® CDCA, a natural FXR agonist, showed the
vasorelaxant and hypotensive capacity to decrease systolic blood pressure in spontaneously hypertensive. These effects
have been attributed to the upregulation of endothelial NO synthase (NOS) and the downregulation of endothelin-1 and
NF-kB activities.®*” Inflammatory cytokines, such as interleukin-1 (IL-1B), are related with blood pressure elevation
and end-organ damage resulting from hypertension. FXR ligands could suppress IL-1f stimulated NF-«kB activation and
inducible NOS in an FXR-SHP dependent manner.>’ Inhibition of NLRP3 inflammasome was a potential therapy for
hypertension and BAs were armed with this inhibitory effect through the TGR5-cAMP-PKA axis.”® FXR activation may
induce an increase in the expression of angiotensin II type 2 receptors, resulting in vasodilation. This means FXR can
serve as a novel molecular target for regulating the Ang II signalling pathway in the vascular system.’' The vasodilatory
effect of secondary conjugated BAs, including deoxycholyltaurine, deoxycholyltaurine and taurodeoxycholate, was
attributed to the regulation of Ca*" influx.”**® UDCA treatment in paternal cholestasis has a protective effect on the
exacerbation of obesity-related hypertension in male offspring, which suggest that taking UDCA at the time of
conception may benefit their offsprings.”* Moreover, dysfunction of glucose and lipid metabolism, obesity, and AS are
risk factors for hypertension and the above-mentioned role of the BA network in these disorder states may also serve as
mechanisms for anti-hypertensive effects.

Chronic Kidney Disease

CKD is a devastating condition characterized by progressive and irreversible injury to the kidney. VC is the most important
pathological process for cardiovascular complications in CKD and it could occur in the aortic arch, iliac artery, pelvic
artery, femoral artery, and lower leg arteries. The dysfunction of excretion and reabsorption in the kidney disturbed
metabolite balance, leading to inadequate levels of metabolites such as mineralization-associated regulatory molecules,
microRNAs, hormones, proteins, enzymes, and inflammatory cytokines, which contributed to the mineral depositions in the
media layer of the central larger coronary artery and/or other peripheral arteries.”> With the continuous impairment of renal
function, the normal regulatory mechanisms of iron homeostasis are disrupted, typically manifested as hyperphosphatemia,
hypocalcemia, and hyperparathyroidism. Hyperphosphatemia and hypocalcemia trigger parathyroid hormone (PTH) secre-
tion, which accelerates bone turnover and Ca deposition in arterial walls.”® Hyperphosphatemia stimulates the upregulation
of osteo/chondrogenic genes in VSMCs, causing the cells to undergo a phenotypic trans-differentiation from contractile to
osteoblastic/chondroblastic-like phenotype. Under the state of oxidative stress and inflammation, these osteo-/chondroblast-
like cells actively induce apoptosis to release matrix vesicles as calcification initiation sites and synthesize a large amount
of collagen to promote extracellular matrix remodeling.”” Notably, recent research has indicated that Pi can induce an anti-
calcifying action in macrophages, thus compensating for the pathological calcification process induced by itself.”®
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However, several studies have indicated that magnesium could inhibit VSMCs osteogenic differentiation by downregulat-
ing the Wnt/B-catenin signaling pathway and activating the calcium-sensing receptor in VSMCs, as well as regulating
oxidative stress in ECs.”” Although VSMCs and ECs are highly involved in VC process separately, more evidence has
proved that intercellular interactions between these two cell types, including but not limited to inflammation, exosomes,
vasoactive agents, pro-calcification factors, and pro-angiogenic and pro-fibrotic growth factors, are critical in regulating this
process.'”

Higher serum BA concentration and lower urine BA output could be regarded as ecarly events during the
progression of chronic renal failure. The exact mechanism was unclear yet elevated basolateral Mrp3 and Ost-a/f3
expression may have some effects.'”' In human end-stage renal disease, a significant imbalance of BA composition
was observed, particularly in the proportion between primary vs secondary and conjugated vs unconjugated BAs.'*
Similar changes in BAs were detected in a rat model of CKD.'*® These studies collectively suggested that metabolites
involved in BA metabolism were tightly connected with the progression of CKD.'** The coronary artery calcification
volume score (CACS) was a widely used indicator to predict the volume and density of coronary artery calcification in
CKD. Research aimed at moderate to severe CKD patients indicated that higher concentrations of DCA were
significantly associated with greater baseline CACS and lower bone mineral density.'®> Another study assumed that
higher levels of CDCA, DCA and glycolithocholic acids were closely related to higher CACS, which suggested that
these three metabolites could be considered potential biomarkers for CACS.'*® Conversely, based on a large group of
chronic renal insufficiency cohort patients, no association was observed between the serum levels of DCA and
coronary artery calcification prevalence, incidence, or progression.'®” Further investigations are needed to determine
whether specific BAs can be considered relative factors in predicting CACS and to elucidate the reasons for the
conflicting results.

Research on how the BA network affects the development of VC in CKD is limited. Takabatake et al pointed out that
unsuppressed levels of LCA increased intestinal Ca and Pi absorption to aggravate VC in a VDR-claudin 3 dependent
manner.’’ Miyazaki demonstrated that DCA induced the osteogenic differentiation and mineralization of VSMCs through
activating transcription factor 4 (ATF4) activation and this effect could be mitigated by the FXR agonist, PX20606.°% In
previous studies, the ATF4-C/EBP homologous protein (CHOP) axis was proven to influence the expression of
osteogenic markers such as sodium-dependent phosphate transporter 1, OCN, OPG, osterix, Runx2, and ALP.
Consequently, we hypothesize that the ATF4-CHOP pathway may also play a role in the modulation of VSMCs
osteogenic differentiation by DCA.'% Due to the regulatory role of FXR and TGRS throughout the body, the investiga-
tion of natural or synthesized agonists has become a prominent area of research for exploring the specific mechanisms
and therapeutic potential. A list of the most widely studied agonists for FXR and TGRS is provided in Table 1. As
indicated in this table, FXR and TGRS have the potential to benefit the kidney by regulating glucose and lipid
metabolism, whilst their direct renal effects are more significant. The TGFBR1/TAK1 pathway participated in the
calcification process, and FXR activation inhibited the activation of this pathway to retard VC in vascular ECs and
VSMCs.'” Moreover, FXR agonists alleviated calcification by activating JNK to downregulate the expression of
osteogenic transcription factors MSX2 and osterix.’® These findings suggested the antagonistic effect of FXR on VC
in CKD situations. Renal fibrosis was an essential part of CKD, and the Smad family was upregulated during this
process. Activation of FXR suppressed Smad3, providing a novel target for the treatment of renal fibrosis."'® Single FXR
activation regulated lipid metabolism and reduced fibrosis, inflammation and oxidative stress to protect against renal
lesions.''""''? Dual agonists of FXR and TGRS showed great potential to prevent diabetic nephropathy by modulating
inflammation, ERs and mitochondria function, whilst the benefits were credited to FXR more.'"* Tauroursodeoxycholic
acid (TUDCA) has been shown to alleviate VC by alleviating ERs, decreasing the expression of ATF4 and CHOP, and
reducing calcium accumulation.''* Restricted by pathological situations, it is difficult to maximize the use of autologous
human mesenchymal stem cells (hMSCs) in CKD patients. Treating CKD-derived hMSCs with TUDCA improved
mitochondrial function and served as a promising therapy to address cardiovascular and renal problems in CKD.""> Other
research proved that TUDCA inhibited TGF-P1 or P-cresol-induced renal injury by inhibiting ERs.''*'"” In a word,
targeting the BA network could alleviate renal injury and CKD-induced VC but there is still undiscovered space to
explore the specific interaction and latent therapies.
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Diabetes Mellitus

DM is characterized by a relative decline in insulin secretion accompanied by insulin resistance or not. In diabetic
patients, calcification is an independent factor for cardiovascular mortality, and the most common site is medial
calcification. Approximately 17-42% of type 2 diabetes mellitus (T2DM) patients have VC, and the most commonly
affected arteries are the coronary, carotid and lower limb arteries.'** Calcifications in DM are mediated by excessive
proinflammatory and osteogenic re-programming. Hyperglycemia creates an environment conducive to the formation of
calcification, including oxidative stress, advanced glycation end products, formation of Ca-Pi crystals, O-GlcnAcylation,
and endothelial dysfunction. Under these stimulations, excessive Pi promotes the differentiation of VSMCs into an
osteoblast-like phenotype to secrete a series of bone-associated proteins.'*> For example, BMP, a protein that promotes
bone formation and repair, was proven to increase significantly in DM to stimulate VC.'*® With higher levels of serum
Ca-Pi product, microcalcification occurs as the initial form of calcification taking place in apoptotic VSMCs and
macrophages. Moreover, the research found that the appearance of circulating myeloid-derived calcifying cells could
be considered a new biomarker for VC, especially in T2DM."*’

In DM, BA metabolism is significantly changed but the result is inconsistent due to different baselines and detection
methods. The total abundance of genes encoding BSHs and BA metabolism decreased dramatically in TIDM, and the
dysfunction of BA metabolism occurred prior to islet autoimmunity and TIDM onset.*®'*° However, in T2DM,
research showed that there was an increase in the relative abundance of gut bacteria equipped with BSH and due to
the impaired intestinal barrier function, higher serum BA levels appeared.'*® Postprandial total BA concentrations were
higher than those in healthy controls, and fasting serum total BAs were proven to be connected with worse disease
states.'*""'*> Embodied by higher levels of DCA in T2DM, many studies have indicated that there is a tight connection
between the proportion of 120-OH/non-120-OH BAs and insulin resistance.'** In addition, in gestational DM, evidence
showed that sulfated BAs increased to protect the body against cytotoxicity.'** Bariatric surgery was considered an
effective and durable method to address T2DM, and BA profiles were significantly changed after surgery. Higher LCA
concentration after surgery could stimulate Slut2 and CA7S to ameliorate diabetic phenotypes in a VDR-dependent
manner.>” The increase of CA7S after surgery was also proven to exert systemic glucoregulatory effects through TGR5
activation.'* As previously mentioned, the regulatory effects of BAs on lipid, glucose and energy metabolism are
realized by FXR and TGRS to a great extent. Based on these tight connections, many natural or synthesized receptor
ligands were tested to determine their therapeutic potential for DM as listed in Table 1. Therefore, the effects of BA on
DM could be summarized in the following aspects: decreasing gluconeogenesis and inflammation, as well as promoting
GLP-1 secretion, insulin sensitivity, glycogen production and energy expenditure. However, there is no research to
explore whether the BA network could alleviate VC caused by DM while treating the disease.

Osteoporosis

Characterized by impaired bone mass and microarchitectural, OP can lead to severe fractures and lower quality of life. Excess
bone resorption and insufficient bone formation promote a decrease in bone matrix mineralization.'*® In fact, the presence of
bone loss in postmenopausal OP is closely associated with an increased incidence of calcifications of the aorta, carotids, and
abdominal aorta.'*” The coexistence of VC and bone tissue demineralization is not uncommon, giving rise to a new research
field known as the calcification paradox, which exists not only in OP but also in CKD-mineral bone disease.'*® The paradox is
not only due to the pathological state but also a result of the interplay between the bone and vascular axis. VC and OP share
many risk factors and pathophysiological changes, such as dysfunction of calcium and phosphorus metabolism, hormonal
imbalances, chronic inflammation and oxidative stress.'*’ Ca deficiency stimulates the secretion of PTH. This, in turn,
enhances intestinal Ca absorption, renal Ca reabsorption, and the release of Ca and Pi from bones into the bloodstream, which
exacerbates hydroxyapatite crystal deposition in vascular walls.'** However, notable differences exist between vascular and
bone calcification processes. For instance, osteoblasts heavily rely on tissue-nonspecific alkaline phosphatase (TNAP) to
maintain about 90% of their mineralization capacity. In contrast, VSMCs undergo calcification with minimal dependence on
TNAP. Instead, VSMCs differentiate into osteoclast-like cells through the OPG/RANK/RANKL (receptor activator of NF—
B ligand) triad, resulting in a process similar to bone remodeling within plaques.®®
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Table | Mechanisms of Representative FXR and TGR5 Agonists in Animal Disease Models

Agonist Name | Targeted Diseases Outcomes
FXR agonist
Fexaramine Alcoholic liver disease''® lipid metabolism, glucose tolerance; GLP-| secretion; adipose tissue browning;
DM3¢ losteoclast differentiation and function
op''"?
GW4064 DM and diabetic tglucose and lipid metabolism; plasma corticosterone level; vasodilatation; osteoblast
nephropathy®*'2%:!2! differentiation
AKI to CKD'# lrenal fibrosis, inflammation, apoptosis and damage
atherosclerosis®'"'?
op'?
INT-747 DM and diabetic tadipogenesis and insulin signaling;
nephropathy''>'% lrenal inflammation, fibrosis, and proteinuria; vascular calcification
CKD*
NAFLD'2¢
TGRS agonist
INT-777 DM*0:127.128 Tenergy expenditure; glucose tolerance and insulin sensitivity; mitochondrial biogenesis;

kidney disease'?® antioxidant and nitric oxide;

lobesity; renal oxidative stress and lipid accumulation;

Dual agonist for TGR5 and FXR

INT-767 DM'3° tlipid metabolism, insulin sensitivity; preadipocyte differentiation; renal lipogenesis and
NAFLD'3!132 mitochondrial biogenesis pathway
As'33
nephropathyI 3

Notes: 1, Upregulate, |, Downregulate.

Cirrhosis is the most common disease that leads to BA abnormalities, and OP is the typical complication. In patients
with cirrhosis, the expression of collagen type 1 alpha 1 chain (COL1A1), OCN, Runx2, and ALP was significantly
downregulated and the expression of sclerostin was upregulated, leading to bone loss.'>''>* To some extent, this finding
suggests that the dysregulated metabolism of BAs in the context of cirrhosis may contribute to the development of OP by
affecting the regulation of these osteogenic markers. Previous studies have explored the corresponding changes in BA
metabolism in postmenopausal OP patients and ovariectomized mice. A single-centre cross-sectional study aimed at
postmenopausal women concluded that the serum levels of BAs were positively correlated with bone density but
negatively related to the bone resorption biomarker p-CTX.'** However, another study found that metabolites derived
from bile acid biosynthesis were positively correlated with B-CTX.'* These results suggested that the impact of BAs on
bone metabolism might be primarily manifested in bone resorption, whilst the mechanism remains unclear. Data from the
postmenopausal OP mouse model found that the concentration of DCA was significantly diminished.'*® Through the
targeted method, HCA was considered a potential marker for the occurrence of osteoporosis.'>’

The relationship between the activity of BA receptors and bone homeostasis has been extensively studied. Experiments
implied that the deletion of FXR in mice seemed to promote osteoclast differentiation and suppress osteoblast formation,
probably accompanied by a change in adipogenesis capacity. Moreover, At the same time, exogenous supplementation with
an FXR agonist could enhance osteogenesis in vitro and ameliorate bone loss in vivo, owing to the induction of ERK and -
catenin signaling.'>® FXR agonists were also proven to stimulate the DNA binding capacity of Runx2 and enhance BMP2
signal expression in BMSCs and mouse BMSC-like ST2 cells. Simultaneously, an excess dose of CDCA completely
abrogated lipid vesicle appearance and adipogenesis marker expression in BMSCs.'**'>° Knocking out TGR5 had no

significant influence on young and middle-aged mice but significantly reduced bone mass in aged and ovariectomized mice.
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This phenomenon was due to augmented osteoclast differentiation through the AMP-activated protein kinase signaling
pathway.160 TGRS activation also promoted the expression of Runx2, enhanced ALP activity, extracellular matrix miner-
alization, and the expression of osteoblastic genes (such as ALP, OCN, and osterix).'®" FXR and TGRS dual agonist SH-479
had a more significant effect on promoting osteogenesis but inhibiting osteoclastogenesis than specific agonists.'® Asa VDR
ligand, LCA diminished the irritating effect of vitamin D on OCN and the expression of RANKL on primary osteoblasts.'?
Furthermore, LCA and bilirubin were proven to have detrimental effects on the activity, differentiation and mineralization of
osteoblasts, but these impacts could be neutralized by UDCA, suggesting that UDCA could be recognized as a potential
therapeutic agent in osteoporotic patients with primary biliary cholangitis.'®**'* TUDCA, an FDA-approved hydrophilic BA
for the treatment of chronic cholestatic liver disease, was proven to be a potent drug for ovariectomized mice at different
concentrations. By administering TUDCA, more small beam structures in the distal femur were preserved, and other indices,
such as total bone volume, bone mineral density, and bone volume percentage, were significantly improved compared to the
control group.'® These studies further demonstrated that the BA network is important for the regulation of bone metabolic
function. Considering the many similarities between bone and vascular calcification, we speculate that the regulatory effect
of BA network on bone metabolism, particularly on the expression of specific osteogenic markers, may share similarities
with the mechanism by which the BA network impacts VC and further research will provide theoretical basis for this
hypothesis. Moreover, considering that treatments for OP may induce unforeseen effects on VC, we should explore more

precise targets to avoid relevant adverse events, and vice versa.'®

Conclusion

VC is a common pathological phenomenon in aging and aging-related diseases, such as AS, hypertension, CKD, DM and
OP, which could lead to the incidence and mortality of cardiovascular diseases. Although research is limited, some BA
metabolites and their receptors have been shown to be involved in VC through their participation in Ca-Pi metabolism
and VSMC differentiation. Considering the similarity between vascular and bone calcification, studies on the relationship
between BA network and bone metabolism will provide references for future exploration of the underlying mechanisms
between BA metabolism and VC. Recent research has also provided insights into the potential benefits of regulating the
BA network for both these risk factors of VC and vascular lesion itself. These benefits can be achieved through various
mechanisms, including adjusting energy metabolism, managing endoplasmic reticulum stress, modulating inflammation
response, and regulating cell functions, whilst the specific mechanisms are still not well understood. On the whole, the
search for promising therapeutic targets based on the BA network holds great promise in preventing, diagnosing, and
treating these VC-associated diseases and VC lesions.
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