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ABSTRACT  

Purpose:  The goal is to review the connection between gut microbiota and 
cardiovascular disease, with specific emphasis on bile acids, and the influence of diet in 
modulating this relationship.   

Recent findings:  Bile acids exert a much broader range of biological functions than 
initially recognized, including regulation of cardiovascular function through direct and 
indirect mechanisms. There is a bi-directional relationship between gut microbiota 
modulation of bile acid signaling properties, and their effects on gut microbiota 
composition. Evidence, primarily from rodent models and limited human trials, suggest 
that dietary modulation of the gut microbiome significantly impacts bile acid metabolism 
and subsequently host physiological response(s).  
  
Summary: Available evidence suggests that the link between diet, gut microbiota and 
CVD risk, is potentially mediated via bile acid effects on diverse metabolic pathways. 
However, further studies are needed to confirm/expand and translate these findings in a 
clinical setting.  
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INTRODUCTION  
Although diet has long been known to contribute to the pathogenesis of cardiovascular 
disease (CVD), the interplay between dietary intake, gut microbiota and the host in 
modifying the risk of developing CVD is a recent area of investigation [1]. With regard to 
the association between diet and gut microbiota, both acute [2] and long-term dietary 
changes [3] have been shown to affect microbial communities. Evidence from animal 
models, as well as limited human research, suggest that the link between gut microbiota 
and CVD is potentially mediated via metabolites that are co-produced by both the host 
and gut microbiota during the metabolism of food and xenobiotics [4, 5].  

Gut microbes can synthesize and transform an array of bioactive compounds, some of 
which remain in the gut, while others are absorbed into circulation where they can be 
co-metabolized by various tissues [6]. Some metabolites are only produced by gut 
bacteria, such as short chain fatty acids (SCFA) resulting from fermentation of dietary 
fiber, which have been shown to exert several beneficial CVD effects [5, 7]. Others 
reflect bacterial-specific modifications of host metabolites such as trimethylamine (TMA) 
derived from dietary choline, carnitine and phosphatidylcholine [6, 8], and secondary 
bile acids (SBA) derived from primary bile acids (PBA) [9]. Some co-metabolites are 
synthesized by host cells in response to bacterial signals [9, 10]. Recently, both 
targeted and non-targeted [11] metabolomic studies have identified additional diet-
derived microbial metabolites such as uremic toxins (indoxyl sulphate and p-cresyl 
sulphate), derived from aromatic amino acids (AA: phenylalanine, tryptophan and 
tyrosine) during gut microbial and liver metabolism [12], and phenylacetylglutamine 
(PAG), a microbial product of AA fermentation, that are independent risk factors for 
CVD and mortality [13]. Thus, systematic analysis of microbial co-metabolites could 
provide novel insights into host-microbiota functional interactions. In this review, we 
focus on the role of one such family of metabolites, bile acids (BA), by summarizing 
their synthesis and metabolism, describing their biological functions especially in 
relation to CVD risk; highlighting the role of diet and other factors in modulating these 
relationships; and finally discussing the methodology for BA measurement.  

Synthesis and Metabolism  
BA are water-soluble, amphipatic primary end products of cholesterol metabolism [14]. 
The primary bile acids (PBA): cholic acid (CA) and chenodeoxycholic acid (CDCA) are 
synthesized in hepatocytes from cholesterol, via two different pathways. In adults, the 
classic or “neutral” pathway, accounts for 90-95% of BA synthesis, while the alternative 
or “acidic” pathway produces the remaining 5-10%. Of note, the contribution of the latter 
pathway to the overall BA pool tends to be higher during childhood[15]. Cholesterol 7-α-
hydroxylase (CYP7A1) initiates the classic pathway and is the rate-limiting step, 
whereas sterol 27-hydroxylase (CYP27A1) initiates the alternative pathway [16]. After 
synthesis, BA are conjugated with glycine (major route) and taurine (minor route) 
(Figure 1), catalyzed by BA CoA synthetase (BACS) and BA CoA:amino acid N-
acyltransferase (BAAT) to form bile salts, which are stored in the gallbladder. BA can 
also be sulfated at C-3 position by sulfotransferase 2A1, generating bis-conjugates [17], 
which are excreted in urine. Other minor reactions include ester glucuronidation, 
ethereal conjugation and N-acetylglucosamination [18].  These conjugations lead to an 
increase in BA solubility and decrease in their toxicity [19]. BA synthesis is a tightly 
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regulated process [20], with negative feedback inhibition mediated by the nuclear 
farnesoid X receptor (FXR), which is expressed in the liver, intestine and kidney [21].  
While CA and CDCA are the major PBA in humans, other PBA have been described 
including hyocolic acid in pigs and muricholic acids in rodents [22]. 

After the ingestion of food, PBA are secreted via the bile duct into the duodenum, 
mediated by the hormones cholecystokinin and secretin[23]. The majority of BA (95%) 
are reabsorbed from the terminal ileum and colon and delivered back to the liver via the 
portal vein in a process known as enterohepatic circulation, with only a  minor amount 
(~5%) excreted in feces [17]. Typically, BA undergo between 4 to 10 enterohepatic 
cycles per day [14, 24]. This process is an important physiological mechanism for 
recycling BA, nutrient absorption, and regulation of whole-body lipid metabolism[25]. In 
the intestine, the glycine and taurine moieties of PBA are deconjugated, catalyzed by 
bile salt hydrolase (BSH), and mediated by a broad spectrum of aerobic and anaerobic 
bacteria (Gram-positive Bifidobacterium, Lactobacillus, Clostridium and Enterococcus, 
and Gram-negative Bacteroides) [26]. Then, bacterial hydroxysteroid dehydrogenase 
(HSDH) enzymes, remove a hydroxyl group at the 7α position and convert PBA: CA and 
CDCA into secondary bile acids (SBA): lithocholic acid (LCA) and deoxycholic acid 
(DCA), respectively (Figure 1). This dehydroxylation reaction is mediated by a limited 
number of bacteria belonging to Bacteroides, Clostridium, Eubacterium, Lactobacillus 
and Escherichia genera [27]. The SBA are absorbed from the colon and returned to the 
liver, where similar to the PBA, they can be conjugated and enter the enterohepatic 
pathway. Another bacterial transformation of BA is epimerization, mediated by a limited 
number of strict anaerobic bacteria (Actinobacteria, Proteobacteria, Firmicutes and 
Bacteroidetes) [26]. This mainly occurs in the large intestine [17, 24] and results in the 
production of the SBA, ursodeoxycholic acid (UDCA), which is present in low amounts 
in humans. These and other reactions (amidation, oxidation/reduction, esterification and 
desulfatation) [24] result in the production of numerous BA, the exact number in humans 
is still unclear. Methods that quantify BA generally monitor from 11 to 32 different BA, 
although a recent method detected 145 potential BA in human urine (55 BA) and blood 
(66 BA), respectively[28]. 

Biological actions  
BA exert multiple physiological functions, which can be classified into three broad 
categories: (i) traditional, (ii) hormone-like, and (iii) antibacterial. For more than 50 
years, BA were known for their important role in lipid metabolism by acting as intestinal 
detergents solubilizing dietary lipids/fat-soluble vitamins and promoting their absorption 
[14]. The conversion of cholesterol into BA and their biliary excretion, are the two main 
physiological mechanisms to remove cholesterol from the body [22]. Interestingly, in 
1999, BA were documented to act as hormones [29], with the ability to modulate 
carbohydrate, lipid and cholesterol metabolism, as well as energy homeostasis [30, 31].  

More recently, it has been documented that BA act as signaling molecules via two 
independent pathways: FXR (delayed signaling) [32] and G-protein coupled membrane 
receptor: the Takeda-G-protein-receptor 5 (TGR5) (rapid signaling) [15, 30]. BA have 
different affinities towards these receptors, with CDCA>DCA>LCA>CA for FXR 
activation and LCA>DCA>CDCA>CA for TGR5 activation. Thus TGR5 tends to be 
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preferentially activated by SBA [26], although discrepancies between in vitro and in vivo 
affinities have been reported [33]. BA exert multiple biological functions via these 
receptors. Through FXR, BA can regulate their homeostasis, as well as lipogenesis, 
gluconeogenesis, tumor suppression, and intestinal barrier function [31]. Through 
TGR5, BA can regulate glucose homeostasis, energy expenditure, gallbladder 
relaxation and anti-inflammatory responses [31]. Additionally, BA are ligands of 
muscarinic receptors [34], sphingosine-1-phosphate receptor 2 [24], as well as nuclear 
receptors: pregnane X receptor, vitamin D receptor, constitutive androstane receptor, 
and the liver X receptor α[16, 31]. 

Through their antibacterial properties, BA regulate gut microbiota composition and are 
important mediators of gut innate defense by providing protection against invasive 
organisms [35]. BA also maintain the sterility of the biliary tract [15], gut barrier integrity 
and modulate the immune system [36]. These effects can be either direct, by disrupting 
bacterial membranes and leaking cellular contents [35] or indirect, via inhibition of 
bacterial overgrowth and mucosal injury through FXR [30]. Of note, BA can become 
cytotoxic at high concentrations and excessive accumulation can lead to oxidative 
stress, apoptosis and liver damage [37].  

Relationship between bile acids and cardiovascular disease 
Observational studies have documented an association between plasma or fecal BA 
concentrations and CVD risk [38]. In a case-control study, elevated plasma 
concentrations of LCA, a SBA, correlated with a higher risk of CHD [39]. Similarly, 
individuals with coronary artery disease (CAD) have been shown to have a reduced 
excretion of SBA (DCA and LCA) [40], and lower rates of BA synthesis and/or inefficient 
elimination of cholesterol [41]. A recent study involving 7,438 individuals confirmed 
earlier observations that patients with CAD had higher fasting serum total BA than 
individuals without CAD [42]. A retrospective study also found that lower SBA excretion 
was an independent risk factor for stroke and mortality[38]. Additionally, human clinical 
studies have documented associations between BA and intermediate CVD risk factors 
including regulation of lipid profile [43], glucose, and insulin resistance [44]. 

The causal role of BA in preventing atherosclerosis development has been studied 
mainly using tissue culture models [34], various knockout mouse models, and indirectly 
through use of agonists and antagonists of FXR and TGR5 receptors. While some 
animal studies have shown that PBAs through FXR activation can mitigate 
atherosclerosis development [45], improve lipid profiles and influence vascular tension 
[46], it has also been observed that FXR deficiency reduced atherosclerosis in male 
Ldlr-/- mice [47]. The activation of TGR5 by a semisynthetic BA has also been shown to 
protect against the development of atherosclerosis in animal models by inducing cAMP 
signaling and subsequent NF-κB inhibition, which decreased the production of 
proinflammatory cytokines [48]. Since BA receptors are expressed in cardiovascular 
tissue, they can interact with TGR5 receptors in the heart and systemic circulation, 
which has been suggested to reduce macrophage inflammation and lipid loading [48]. 
Interestingly, it has been suggested that the loss of one receptor (FXR or TGR5) could 
be compensated by the presence of the other [26]. Additionally, the simultaneous 
activation of FXR and TGR5 using a dual agonist (INT-767) has been documented to 
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reverse obesity and atherosclerosis [49], whereas the dual deficiency of FXR and TGR5 
exacerbated the development of atherosclerosis [50]. In addition to these receptor-
dependent effects, BAs also exert receptor-independent effects on cardiovascular 
function via large conductance calcium-activated potassium channels that regulate 
arterial tone [34]. Through these pathways, BA can induce vasodilation (short-term 
effects) and can modulate the transcription of vasoactive molecules (long-term effects) 
[34]. Other postulated mechanisms include an enhancement of nitric oxide signaling, 
activation of muscarinic receptors and calcium-dependent potassium channels [45].  

Conversely, SBA have also been implicated in atherosclerosis development by 
modulating BSH activity of specific gut microbiota, which as previously described, 
hydrolyze glycine- and taurine-conjugates to liberate free BA. These cytotoxic SBA have 
been shown to increase cholesterol levels, foam cell formation, and the size of the 
atherosclerotic plaque [51]. Taken together, in vitro and in vivo studies [46, 52] seem to 
suggest a cardiotoxic effect of hydrophobic SBAs (LCA, DCA) and cardioprotective 
effect of hydrophilic BAs (CA, CDCA), thereby highlighting the importance of BA 
chemical diversity as well as maintaining BA pool homeostasis in CVD development.  

Pharmacological modulation of bile acid metabolism and receptors 
Given the important biological role of BA, some pharmacological approaches target their 
metabolism and/or receptors in order to provide beneficial health effects. Most common 
are the BA sequestrants (resins) which are commercially available drugs (e.g. 
colestipol, colestyramine, and colesevelam) that bind to BA in the intestine and prevent 
their reabsorption. This leads to decreased enterohepatic recirculation of BA which is 
compensated with higher BA synthesis from cholesterol, thereby lowering circulating 
cholesterol concentrations [53]. Similarly, exogenously administered UDCA has been 
shown to decrease cholesterol absorption, increase BA biosynthesis, and decrease 
biliary cholesterol secretion [54]. The discovery that BA bind to FXR and TGR5 
receptors has opened the possibility to target these receptors and modulate their 
corresponding signaling cascade. These include obeticholic acid (6α-ethyl derivative of 
CDCA), a semisynthetic BA and a potent FXR agonist [55], the INT-767 dual 
FXR/TGR5 agonist, the semi-synthetic BA 24-norursodeoxycholic acid and 12-
monoketocholic acid, all of which have shown to exert positive effects on metabolic 
disorders, as reviewed elsewhere[56].   

Factors that affect the relationship between bile acid and cardiovascular disease 
Diet: There is a large and growing body of evidence on the influence of specific diet 
components as well as dietary patterns on the human gut microbiome and subsequent 
CVD risk[57]. However, the involvement of gut-derived metabolites as potential 
mediators in this process is still an emerging area of research. To date, the most 
extensively studied metabolites implicated in CVD include TMA, its derivative 
trimethylamine N-oxide (TMAO) [8], and SCFA [58]. Limited information is available 
regarding BA metabolism in response to dietary interventions. These studies have been 
discussed below and are summarized in Table 1.  
 
Dietary fat: High dietary fat intake is known to increase PBA release into the small 
intestine and stimulating SBA synthesis, mediated via various bacteria, including 
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Lactobacillus, Bifidobacterium and Bacteroides [59]. Interestingly, kinetic studies using 
stable isotopes indicate that both extremely low-fat and high-fat diets resulted in 
decreased turnover and synthesis of PBA, and consequently impaired removal of 
cholesterol from the body. This suggests that different mechanisms underlie the similar 
metabolic effects of the low-fat and high-fat diets [60]. Some studies have found 
differential physiologic effects of individual fatty acids based on food source [61, 62]. 
Devkota et al. [63] showed that consumption of a diet high in SFA (milk fat) or n-6 PUFA 
(safflower oil) similarly increased Bacteroidetes and decreased Firmicutes abundances 
in genetically pre-disposed IL-10−/− mouse model for spontaneous colitis. However, the 
milk fat diet induced shifts in hepatic conjugation of BA, from glycocholic (GC) to 
taurocholic (TC) acid, and resulted in abundance of Bilophila wadsworthia, a bile-
tolerant microbe. In a randomized cross-over clinical trial, Meng et al. [64] showed that 
consumption of a diet enriched in stearic acid (a longer chain SFA) resulted in lower 
fecal LA and total SBA concentrations than a MUFA diet enriched in oleic acid. 
Additionally, LA concentrations were positively correlated with fasting LDL-cholesterol 
concentrations, while total SBA, LA and DCA were negatively correlated with fasting 
HDL cholesterol concentrations [64]. The authors hypothesized that the hypo-
cholesterolemic effect of stearic acid may be mediated by inhibition of intestinal 
hydrophobic SBA synthesis [64]. Together, available data suggest that dietary fat 
quantity (low fat versus high fat) as well as quality (fatty acid classes/individual fatty 
acids) can influence hepatic synthesis of PBA, and induce compositional changes in the 
gut microbiota, thus directly and indirectly altering SBA metabolism and CVD risk. 
 
Dietary protein: Protein intake also has a significant impact on gut health[65]. 
Consumption of a high protein diet has been shown to increase circulating BA 
concentrations, and was associated with improvement in several metabolic markers in 
human and rodent models [66-68]. In a short-term human intervention study, the 
combination of a high fat, high protein diet significantly increased circulating BA 
concentrations compared to consumption of a high-fat diet alone [68].  
With regard to protein type, compared to animal-based protein [57], plant-based protein 
intake has been associated with decreases in Bacteroides and increases in 
Bifidobacterium and Lactobacillus, all of which have been linked to favorable health 
outcomes [57, 69, 70]. Research using animal models suggests that this beneficial 
effect may be mediated via alterations in BA metabolism. Arellano-Martínez et al. 
documented that compared to casein, soy protein isolate lowered serum cholesterol 
concentration by increasing PBA synthesis via the repression of fibroblast growth factor 
15 (FGF15) and small heterodimer partner (SHP), which in turn increased SBA 
excretion to prevent cholesterol overload in the enterocytes by increasing reverse 
cholesterol transport [67]. Another suggested mechanism relates to a microbiota-driven 
increase in BA transformation and increase in glucagon-like peptide-1 (GLP-1) secretion 
[71]. Similarly, dietary pea protein [72] has been shown to stimulate formation and 
excretion of SBA in rats, reducing hepatic cholesterol concentration and subsequent 
secretion of very low-density lipoprotein cholesterol (VLDL). Increased gene expression 
of sterol regulatory element-binding protein-2 (SREBP-2), 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase, and LDL receptor were also observed which suggest a 
compensatory mechanism to account for the shunting of cholesterol into the BA 
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synthesis pathway [72]. Weichert et al. studied the effects of isoenergetic increases in 
the dietary protein and cereal-fiber content of the diet and observed markedly increased 
serum BA concentrations in obese, but not in overweight participants [73]. Possible 
mechanisms explaining this effect could be related to compensatory increases of the BA 
pool or defective transport. Interestingly, among the various protein sources in this 
study, only higher milk protein intake was a significant dietary predictor for changes in 
BA. These studies suggest that both protein source (animal versus plant based) as well 
as the amino acid composition of the protein source may be important regulators of BA 
metabolism.  
 
Dietary carbohydrate: Several clinical and animal studies have documented that dietary 
carbohydrate intake can modulate gut microbiota and CVD risk [74], via SCFA 
production, as reviewed in detail elsewhere [58]. However, alterations in BA metabolism 
have also been noted. Specifically, the role of soluble and insoluble dietary fiber in 
binding BA is well documented in several studies [75]. Using a porcine model, Gunness 
et al. documented that oat beta-glucan was associated with modulation of the BA 
profile, reducing circulating levels as well as the ability of BA to diffuse across the 
terminal ileum [76]. In a recent randomized cross-over clinical study, the consumption of 
a diet rich in whole-grains, legumes, vegetables, and fruits, significantly increased the 
concentrations of taurolithocholic acid (TLCA), glycocholic acid (GCA), and taurocholic 
acid (TCA), compared to a refined grain diet (high glycemic load). Several of the BA 
measured in this study (GCA, TCA, UDCA, 5β-cholanic acid-3β,12α-diol, 5-cholanic 
acid-3β-ol, and glycodeoxycholic acid [GDCA]) were significantly positively associated 
with HOMA-IR [77]. Interestingly, sex and BMI specific differences in BA profiles were 
also observed. Since BA serve as ligands for FXR and TGR5, this may explain the 
beneficial effects on glucose homeostasis. Whole-grain foods have also been reported 
to reduce plasma LDL cholesterol concentrations with a concurrent increase in the 
relative abundance of fecal Bifidobacterium and Lactobacillus, which contribute to SCFA 
production and BA deconjugation [78]. The resulting increase in BA excretion is thought 
to contribute to an upregulation of hepatic LDL receptors and subsequent uptake of LDL 
cholesterol from the circulation [79]. Taken together, postulated mechanisms for the 
beneficial effect of whole grain/high fiber diets on lipid and glucose metabolism has 
been attributed, in part, to the ability of fiber to bind cholesterol, impeding cholesterol 
absorption and BA reabsorption, and modulating FXR and TGR5 receptors.  

Limited work has evaluated the effect of mono-and disaccharides on BA metabolism. A 
small human study examined post-prandial plasma BA response to isocaloric 
beverages consisting primarily of carbohydrate (as glucose), protein or lipid [80]. The 
high-lipid beverage increased total plasma BA, whereas the high-carbohydrate 
beverage had little effect. Using a mouse model, sucrose intake was shown to reduce 
BA synthesis the hepatic mRNA expression of Cyp7a1. However, subsequent work 
indicated that it was not sugar per se in the high-sucrose diet that reduced BA 
synthesis, but rather the reduced content of fiber or fat [81]. 
 
Individual Foods/Nutrients: Several animal and in vitro studies have described that 
polyphenols (e.g. puerarin, resveratrol, and quercetin) can increase BA excretion, with 
corresponding reductions in total and LDL cholesterol, which may occur through FXR, 
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NF-KB, and ERK signaling [82]. More recently, Rodríguez-Morató et al. have 
documented that cranberries, fed within the context of an animal based diet (rich in 
meats, dairy products, and simple sugars plus 30 g/day freeze-dried whole cranberry 
powder) relative to a control diet (animal-based diet plus 30 g/day placebo powder), had 
acute and profound effects on gut bacterial profiles that were potentially modulated by 
bacterially derived SBA (DCA), SCFA (acetate and butyrate), and phenolic acids[83].  

Holscher et al. have documented that walnut consumption affected the composition and 
function of the human gut microbiota, increasing the relative abundances of butyrate-
producing species, and reducing microbially derived, proinflammatory SBA (DCA and 
LA) and LDL cholesterol. Interestingly, abundance of Dorea and Roseburia were related 
to LA concentration, and a trend for a reduction in predicted bacterial SBA biosynthesis 
gene abundances was observed in the walnut compared with the control group. The 
authors speculated that the associations between the gut microbiota and 
cardiometabolic health may be related to microbial metabolism of BA and subsequent 
signally through FXR [84]. Of note, the observed enrichment of Roseburia following the 
walnut diet is a similar finding to Tindall and colleagues [85], who also reported that a 
diet enriched in whole walnuts or a diet with a matching fatty acid profile to the walnut 
diet, led to significant enrichment in Roseburia, Eubacteria eligens, and Butyricicoccus 
relative to a diet matched for SFA but with oleic acid in place of alpha linolenic acid 
(ALA). While BAs were not measured in this study, these results provide supporting 
evidence, albeit indirectly, that replacing SFAs with walnuts or a walnut fatty acid profile 
match may beneficially affect the gut environment through increasing bacteria that are 
inversely associated with SBA production. 

Recent investigations show that choline and carnitine, originating from dietary fat and 
meat, are metabolized by the gut microbiota to TMA, which in turn can be converted to 
TMAO in the liver [86], and increase CVD risk and atherosclerosis development[86, 87]. 
Interesting, feeding apoE−/− mice TMAO has been shown to significantly increase serum 
BA profiles (tauromuricholic acid, DCA, CA), and downregulate the classical BA 
synthesis pathway, potentially mediated by activation of small heterodimer partner 
(SHP) and FXR, thus partially explaining the mechanisms by which TMAO contributes 
to CVD pathogenesis [88].  
 
Probiotics are live microorganisms that are sold as food ingredients, including dairy 
products and over-the-counter capsules and powders [89]. Many of the widely 
consumed probiotics strains have been shown to alter BSH activity and the BA pool, 
with potential hypocholesterolemic properties [89, 90]. Animal work has shown that a 
decrease in BSH activity is associated with weight gain, with resultant effects on FXR 
signaling which can influence host pathways involved in lipid metabolism, peripheral 
circadian rhythm, gut barrier function, and immune homeostasis [91]. Also using a 
mouse model, the probiotic mixture VSL#3 (containing BSH active probiotic strains) 
significantly increased fecal BA deconjugation and excretion, as well as hepatic BA 
synthesis [92]. In contrast, human clinical studies investigated the hypo-cholesterolemic 
effect of probiotics have not been conclusive [89].  
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Dietary patterns:  Western diets characterized by high intakes of SFA, refined grains, 
and low intakes of dietary fiber, are correlated with higher CVD risk and higher colonic 
concentrations of SBA [93]. In contrast, vegan/vegetarian (low in SFA) and 
Mediterranean diets (rich in unsaturated fat), both of which are also high in fiber and 
phytochemicals, are related to lower fecal BA concentrations [94]. Interesting serum CA, 
CDCA, and glycine-conjugated BA concentrations are higher in vegans compared to 
omnivores and this appears to be due to increased intestinal reabsorption rather than 
increased hepatic synthesis [70, 77, 93].  There are several other popular diets that are 
being advocated for gut health such as strict vegan, raw food, gluten-free, and low 
FODMAP (fermentable oligosaccharides, disaccharides, monosaccharides, and polyols) 
diets. These diets tend to be restrictive, and their effects on BA metabolism and CVD 
risk factors are unknown.   
 
Other factors: Differences in BA profiles between males and females have been 
reported in animal models, and have been implicated in the sex differences observed in 
various metabolic diseases [95, 96]. Drugs such as fibrates [37], statins [97], and 
antibiotics including ampicillin [98] and vancomycin [95] have been shown to modulate 
BA metabolism in mice and humans. Ethnic differences in BA have been reported in a 
limited number of studies but results are inconclusive [42]. More recently, bariatric 
surgical procedures to reduce body weight in individuals with obesity, have been shown 
to alter BA metabolism [99]. Also, circadian oscillations and inter-individual variations 
have also been reported in BA concentrations[100]. Thus, these additional factors must 
be considered during sample collection for measurement of BA, as well as potential 
confounders during data analyses.  
 
Measurement of bile acids  
The quantification of BA is challenging due to their complex chemical structure, 
differences in polarity, location of the hydroxyl groups (C3, C7 and/or C12), the 
numerous bacterial-derived compounds, and the fact that some BA are isomers or 
stereoisomers [101]. Additional challenges include different BA profiles and 
concentrations depending on the matrix (plasma, bile, liver, urine or stool), as well as 
the species [102]. The choice of biological specimen to be collected should be dictated 
by the goals of the research study, as each matrix is differentially enriched in either 
PBAs, SBAs and/or their conjugates and metabolites. For instance, stool would be the 
matrix of choice to study microbially-derived SBAs; serum/plasma for circulating PBA 
and SBA especially glycol- and tauro-conjugates; and urine for phase II polar BA 
metabolites (e.g. sulfates, glucuronides). When studying specific diseases, additional 
specimens (liver, brain, or bile), if accessible, should be considered. Traditionally, BA 
were measured using thin layer chromatography and gas chromatography (GC) 
techniques. Additional methods include enzyme-linked immunosorbent assays (ELISA) 
and Nuclear Magnetic Resonance (NMR), which are limited by their low specificity and 
detection limit. More recent methods are based on liquid chromatography coupled to 
tandem mass spectrometry (LC-MS/MS) [28, 101], which overcome some of the GC 
limitations such as complex sample preparation steps, and have higher sensitivity and 
specificity [103]. Sample preparation strategies for BA measurement include either 
liquid-liquid extraction, solid-phase extraction or protein precipitation. Most LC-MS/MS 
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methods are based on reverse phase chromatography, negative electrospray ionization 
and detection by multiple reaction monitoring [101]. BA conjugates, unlike unconjugated 
BA, generate characteristic fragment ions, so are easier to monitor. Several methods 
use pseudo-transitions and optimize chromatographic separation to accurately quantify 
unconjugated BA  [104]. Some recent methods include simultaneous detection of free 
and conjugated BAs along with oxysterols (precursors of BA) [105]. A detailed review of 
current BA analytical methods has been conducted by Dutta et al. [106].  

CONCLUSION 
It is now recognized that BA exert a much broader range of biological functions than 
initially recognized, including acting as potent signaling molecules. Gut microbiota 
composition significantly influences BA metabolism, thus factors that modify the 
microbiome, especially diet (macronutrients and fiber), significantly alter the signaling 
properties of BA, with subsequent impact on host metabolism. Some recent studies 
have focused on individual nutrients/foods and have documented either favorable 
(whole grains, walnuts, cranberries, probiotics), or unfavorable (SFA, refined grains, 
TMAO) effects on BA metabolism and thus CVD risk. Among the dietary patterns 
studied, vegetarian and Mediterranean diets appear to have beneficial effects on BA 
metabolism compared to western-type diets. Thus, available evidence suggests that the 
link between diet, gut microbiota and CVD risk, is potentially mediated via BA effects on 
diverse metabolic pathways. However, it must be noted that the majority of these data 
are from animal/in vitro models, and observational studies, with limited human clinical 
data. Many of the human gut microbiome studies do not provide or collect information 
about BA concentrations in fecal or plasma samples in response to dietary 
interventions. Part of this might be due to methodological limitations but newer 
approaches are available to accurately quantify BA in various bio-specimens. Further 
studies are warranted to confirm and expand our understanding of the role of BA in 
mediating the relationship between gut microbiota and CVD risk, and to assess the 
translational nature of the findings in a clinical setting. 
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Figures 

Figure 1 

Schematic representation of bile acid synthesis and metabolism 
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Table 1. Summary of recent studies evaluating the impact of dietary factors on bile acid metabolism and cardiovascular 

disease risk.1  

 
COMPONENT Model  [reference] Results and/or Suggested Mechanism Metabolic Effect 

Macronutrients 

Dietary Fat Rodent (rats) 
[59] 

HF intake increased PBA release into the small intestine and stimulated 
SBA synthesis, mediated via various gut bacteria. 

Unfavorable 

Human[60] Extremely HF or LF diets decreased turnover and synthesis of PBA, 
relative to a moderate fat diet. 

Unfavorable 

Rodent (mice IL10-/-) 
[63] 

High SFA versus a PUFA n-6 diets shifted hepatic conjugation of BA from 
GCA to TCA and increased abundance of bile tolerant microbes. 

Unfavorable 

Rodents (rat) 
[107] 

Diet enriched in menhaden oil increased fecal BA excretion compared to 
soybean oil and lard diets. FA excretion was positively correlated with 
relative abundance of Firmicutes, and negatively correlated with relative 
abundance of Bacteroidetes. 

Mixed depending 
on fat source 

Human 
[64] 

Stearic acid enriched diet lowered fecal LA and total SBA concentrations 
compared to palmitic or oleic acid diets. Fecal LA was positively correlated 
with fasting LDL-C, while total SBA, LA and DCA were negatively 
correlated with fasting HDL-C.  

Favorable 

Dietary 
Protein 

Rodent (mice and rats) 
[65] 

HP diet rich in either beans, vegetables, dairy, seafood, or meat had 
differential effects on circulating BA concentrations as well as BA profiles. 

Mixed depending 
on protein source 

Human 
[66] 

VLCD high in protein decreased fecal total BA concentration and reduced 
deconjugation and 7-α-dihydroxylation, accompanied by significant 
changes in several bacterial taxa. Individual fecal BA correlated with 
amino acid, purine, and lipid metabolic pathways in plasma and adipose 
tissue transcriptome. 

Favorable 

Rodent (rat) 
[67] 

SPI versus casein diet increased BA synthesis via FGF15 and SHP, and 
accelerated BA excretion. 

Favorable 

Rodent (C57BL/6 mice) 
[71] 

HFD+SPI compared to HFD+dairy protein increased BA pool with higher 
SBA/PBA ratio. No change in BA excretion. Increased secretion of 
intestinal GLP-1. Expansion of taxa involved in BA biotransformation.  

Favorable 

Rodent (rats) 
[72] 

Dietary pea protein versus casein increased BA synthesis and BA 
excretion resulting in reduced hepatic cholesterol content and secretion of 
VLDL-C. Compensatory increase in gene expression of SREBP‐2, HMG‐
CoA reductase and LDL receptor. 

Favorable 

Human 
[68] 

HFHP compared to a HF diet decreased intrahepatocellular lipids and 
increased plasma CA, CDCA and DCA levels, suggesting that HP blunts 
effect of HF diets. 

Favorable 
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Human[73] HP (milk protein) increased TBA and PBA concentrations. The MIX diet 
(both cereal fiber and protein) increased circulating BA concentrations in 
obese participants, suggesting a compensatory increase of the BA pool or 
defective transport, in this sub-group. 

Mixed depending 
on protein source. 
Unfavorable in 
obese subgroup. 

Dietary 
Carbohydrate 

Porcine[76] Oat β-glucan altered BA profile, decreased circulating TBA, TC and LDL-C 
concentrations and reduced reabsorption of BA across the intestinal 
epithelium. 

Favorable 

Human[77] Whole grain compared to refined grain diet increased TLCA, TCA and 
GCA concentrations. Plasma TBA, specifically 12α-hydroxylated BAs were 
positively associated with insulin resistance, potentially mediated by FXR 
and TGR5. 

Favorable 

Humans 
[80] 

Isocaloric high carbohydrate versus lipid beverage decreased circulating 
BA concentrations, but no association with FGF-19 levels. 

Unclear 

Rodent (rat) 
[81] 

High sucrose versus complex carbohydrate diet decreased serum 7-alpha-
hydroxy-4-cholesten-3-one and hepatic Cyp7a1 mRNA expression, 
suggesting decreased BA synthesis. 

Unclear 

Food/Nutrients 

Polyphenols  In vitro and Rodent  
[82] 

Flavonoids, resveratrol, phenolics, and quercetin have been shown to 
increase BA excretion with corresponding reductions in TC and LDL-C 
concentrations potentially linked to changes in gut microbiota composition, 
reduced expression of intestinal BA transporters and/or an increase in 
CYP7A1 activity and LXRα signaling.  

Favorable 

Cranberries Human 
[83] 

Animal protein-based diet with freeze dried cranberry powder decreased 
abundance of Firmicutes and increased abundance of Bacteroidetes, 
compared to placebo powder. The cranberry diet attenuated animal-based 
diet induced increase in fecal SBA. 

Favorable 

Walnuts Human 
[84] 

Compared to a control diet, walnut intake increased relative abundances 
of Firmicutes species in butyrate-producing Clostridium clusters XIVa and 
IV, including Faecalibacterium and Roseburia. Decreased fecal SBA and 
plasma LDL-C concentrations. 

Favorable 

Human 
[85] 

Whole walnuts or ALA-matched diet resulted in enrichment of bacteria 
associated with SBA production, and lowered plasma TC, nHDL-C and 
LDL- concentrations, relative to a diet matched for SFA but with oleic acid 
in place of ALA. 

Favorable 

L-carnitine  
(red meat) 

 

Rodent (apoE−/− mice) 
and Human 
[87] 

Dietary L-carnitine supplementation or D3-L-carnitne increased production 
of the pro-atherosclerotic metabolite TMAO, which decreased the BA pool 
size and reduced key BA synthesis and transport proteins. This was 
associated with atherosclerosis development in mice and increased CVD 
risk in humans. 

Unfavorable 

Probiotics Rodent (mice)  VSL#3 (containing BSH active probiotic strains) increased fecal BA Favorable 
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[92] deconjugation and excretion, as well as hepatic BA synthesis. 

Dietary 
Patterns 

Human 
[93] 

Western-type diet resulted in higher colonic concentrations of SBA and 
was associated with higher CVD risk. 

Unfavorable 

Human 
[70, 93, 94] 

Vegan/vegetarian and Mediterranean diets resulted in lower fecal SBA 
concentrations and were associated with lower CVD risk. 

Favorable 

 

1Abbreviations: CA: cholic acid; CDCA: chenodeoxycholic acid; CVD: cardiovascular disease; DCA; deoxycholic acid; 

FGF: fibroblast growth factor; GCA: glycocholic acid; GLP-1: glucagon like peptide-1; HCF: high cereal fiber; HDL-C: high-

density lipoprotein cholesterol; HF: high fat; HFD: high fat diet; HMG-CoA: 3-hydroxy-3-methyl-glutaryl-coenzyme A; HP: 

high protein; LA: lithocholic acid; LDL-C: low-density lipoprotein cholesterol; LF: low fat; PBA: primary bile acid; PUFA: 

polyunsatured fatty acid; SBA: secondary bile acid; SFA: saturated fatty acid; SHP: small heterodimer partner; SPI: soy 

protein isolate; SREBP-2: sterol regulating element binding protein-2; TCA: taurocholic acid; VLCD: very low calorie diet; 

VLDL-C: very-low density lipoprotein cholesterol. 
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