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ABSTRACT  

 

Alterations in composition and function of the gut microbiota have been 

demonstrated in diseases involving the cardiovascular system, particularly coronary 

heart disease and atherosclerosis. The data are still limited but the typical altered 

genera include Roseburia and Faecalibacterium. Plausible mechanisms by which 

microbiota may mediate cardio-protective effects have been postulated, including the 

production of metabolites like TMA as well as immunomodulatory functions. This 

raises the question of whether it is possible to modify the gut microbiota by lifestyle 

interventions and thereby improve cardiovascular health. Nevertheless, lifestyle 

intervention studies that have involved modification of dietary intake and/or physical 

activity, as well as investigating changes in the gut microbiota and subsequent 

modifications of the cardioprotective markers are still scarce, and furthermore the 

results have been inconclusive. Current evidence points to benefits of consuming 

high-fibre foods, nuts and an overall healthy dietary pattern in order to achieve 

beneficial effects on both gut microbiota and serum cardiovascular markers, primarily 

lipids. The relationship between physical exercise and gut microbiota is probably 

complex and may be dependent on the intensity of exercise. In this article we review 

the available evidence on lifestyle, specifically diet, physical activity and smoking as 

modifiers of the gut microbiota, and subsequently as modifiers of serum 

cardiovascular health markers, we have attempted to elucidate the plausible 

mechanisms and further critically appraise the caveats and gaps in the research.  
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INTRODUCTION (Figure 1) 

The WHO estimates that cardiovascular diseases (CVD) were responsible for 17.9 

million deaths worldwide in 2016 [1]. During the last decades, the incidence of these 

diseases has increased and they have become the principal cause of death all 

around the world. Ischemic heart disease, responsible for almost 13% of all global 

deaths is the leading culprit. This is especially true in high- and intermediate-income 

countries although there is extensive variability between countries. The higher 

mortality observed in certain countries may reflect a higher exposure to risk factors 

and/or inadequate preventive policies. However, the complex etiologies of these 

diseases and the incomplete understanding of the underlying mechanisms have 

hampered the development of prevention strategies.  

 

Diet has long been recognized as a major critical factor for cardiovascular health. 

However, it was not until recently that the complex interactions between dietary 

components and the intestinal microbiota, and from their food produced metabolites 

have been acknowledged to play a role in cardiovascular health. This increasing 

awareness of the role of the microbiota has attracted the attention of researchers 

interested in the potential role of the intestinal microbiota as a study target e.g. in the 

prevention of atherosclerosis and other forms of CVD [2-5]. 

Moreover, recent evidence has underlined the potential role of metabolomics as a 

tool to analyze the effects of the diet in modifying the concentrations of substances 

with cardiometabolic implications. A strong link between diet and cardiovascular 

health has been established through the determinants of metabolic stress and 

overweight, i.e. adiposity and the presence of visceral fat representing one of the 

main risks for cardiovascular events. Genetic variation has an important influence on 
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BMI and the distribution of body fat; this linkage has been revealed not only in 

genome wide association studies (GWAS) but also in studies on twins and adopted 

children. However, the single nucleotide polymorphisms (SNPs) and genes related 

with monogenic obesity can only partially explain the phenotypical variation. 

Environmental factors are believed to make a major but still-to-be elucidated 

contribution to the variation in obesity between different individuals. For example, the 

intestinal microbiota seems to play a critical role in mediating the diet-health 

relationship in the context of cardiovascular health [6]. 

 

The intestinal microbiota has been the topic of several recent large-scale projects 

(i.e. Metagenomics of the human intestinal tract [MetaHIT] or the International 

Human Microbiome Consorptium [HMC] projects). At the high taxonomic level, it is 

dominated by only two phyla, Bacteroidetes and Firmicutes, although a wide 

individual variability is often reported on the composition of the intestinal microbiota. 

[7-10] Different authors have proposed the existence of enterotypes [8] and although 

the number of such enterotypes is still being debated, it is clear that the long-term 

diet is the main determinant for the microbiota type [11]. Today we know that gut 

microbiota is affected not only by different factors such as diet, exposure to drugs 

and antibiotics, or the age of the individual, but it has also been shown that the 

composition of the microbiota is affected by different diseases. According to the 

Disbiome database [12, 13] , studies on the microbiota-disease relationship have 

been carried out in over 300 diseases, with gastrointestinal diseases being the most 

frequently studied followed by those related with the metabolic syndrome. In this 

regard, CVDs are not an exception, e.g. there are some published studies relating 

these diseases with an altered intestinal microbiota structure and function (Table 1). 
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Most of the available evidence on the association of the intestinal microbiota with 

CVD originates from Asia. Interestingly, in spite of geographical and study design 

differences, there are some results, such as reduced levels of genera like Roseburia 

and Faecalibacterium, that have been repeatedly reported in the different studies 

(Table 1). Although the knowledge on the changes in the composition of the 

microbiota associated with coronary heart disease or atherosclerosis is still limited 

there is a growing body of evidence supporting this relationship [14]. 

 

There seem to be multifactorial mechanisms by which the microbiota can influence 

cardiovascular health [15]. The immunomodulatory functions of the microbiota have 

been extensively studied. Similarly, the influence of the intestinal microbiota on the 

endocrine system and the metabolic control of the host have also been investigated. 

Moreover, mechanistic information is also becoming available, making it possible to 

elucidate the role of the diet-microbiota interaction in these diseases. It is now 

evident that the gut microbiota is able to produce diet-derived metabolic products 

capable of influencing the host’s cardiovascular status. For example, circulating 

levels of branched-chain amino acid metabolites, tryptophan or histidine, have been 

associated with insulin resistance and vascular disease [16]. In recent years, 

research has focused attention on certain molecules potentially mediating the 

microbiota-cardiovascular health interaction [17]. One of these compounds, 

trimethylamine (TMA), synthesized by intestinal bacteria from dietary components 

such as L-carnitine, lecithin, choline and betaine has attracted special attention. TMA 

is oxidized in the liver to trimethylamine-N-oxide (TMAO) which has been associated 

with CVD in several studies [18]. 

 



   

 

 7 

 

In this paper we will review firstly, the available evidence of lifestyle, specifically diet, 

physical activity and smoking as modifiers of gut microbiota and subsequently as 

modifiers of cardiovascular health. We consider primarily the established metabolic 

markers, i.e. serum markers of lipid and glucose metabolism, but also less 

established surrogate markers, namely inflammatory markers and metabolomics 

profiles. Secondly, we will strive to identify plausible mechanisms in the diet-gut 

microbiota-cardiovascular pathway and thirdly critically appraise the caveats and 

gaps in the research.  

 

IMPACTS OF LIFESTYLE INTERVENTIONS ON MICROBIOTA AND SERUM 

MARKERS OF CARDIOVASCULAR DISEASE 

 

Dietary interventions (Table 2)  

 

In addition to the direct effects of diet on cardiovascular health, it is plausible that diet 

can exert impacts through the gut microbiota. This had become evident in a range of 

observational and intervention studies demonstrating that various nutrients and other 

dietary compounds can modify either the composition or function of the gut 

microbiota including the production of microbial metabolites. Subsequently, the gut 

microbiota has been linked with cardiovascular health and credible mechanisms have 

been presented. The best-known properties of diet in modulation of the gut 

microbiota relate to dietary fibre [19], but more and more evidence is emerging for 

other compounds including fats [20]. 
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Table 2 presents intervention studies which have examined in the same trial, the 

impacts of dietary modification on microbiota and metabolic markers considered as 

being potentially cardioprotective, i.e. lipid and glucose metabolism as well as 

surrogate markers, namely inflammatory markers. The most widely used approach 

has been to increase the fibre content of the diet by providing high-fibre products for 

consumption e.g. whole grain and bran of different crops, beta-glucan, polydextrose 

or arabinoglycan, and also ingredients with prebiotic properties including fructo and 

galacto oligosaccharides, inulin and β2-1-fructans. These approaches have resulted 

in variable results. Some trial have reported beneficial changes in gut microbiota, 

mainly an increase in bifidobacteria and lactobacilli and diversity, and subsequently 

in improved lipid and glucose metabolism [21-25]. Nevertheless, in other trials, even 

though gut microbiota changes have been induced by dietary modification, no 

changes in serum markers of lipid or glucose metabolism have been evident [26-34]. 

Similarly, even though the dietary intervention did not have any apparent effect on 

the microbiota, changes in serum markers have been observed by other authors [35, 

36]. There are also studies with no impact on either microbiota or serum markers 

exist [32, 37, 38]. 

 

Similarly, studies investigating the impacts of single foods, e.g. those rich in 

antioxidant vitamins or polyphenols like berries, apples, orange, kiwi fruits, herbs or 

red wine have reported variable results with regard to the impact on either gut 

microbiota or serum markers of lipid and glucose metabolism [39-44]. An interesting 

approach was taken in studies in which several dietary components were combined 

with the intent of improving cardiovascular health. A diet high in fibre, polyphenols 
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and vegetable proteins induced an increase in 1) gut microbiota diversity and 2) 

specific bacteria and 3) in the lipid profile in type 2 diabetic patients [45].  

 

There may be several reasons for the inconsistent results emerging from dietary 

intervention studies on gut microbiota and subsequently on serum lipid and glucose 

metabolism e.g. related to study design and analytical choices as well as compliance 

with the planned intervention. Surprisingly, many of the intervention studies have 

been performed with relatively small numbers of participants, typically ranging from 

10 to 50 participants per study, although some studies have applied a crossover 

design that lowers the number of participants needed in the trial (Table 2). An 

alternative reason for the variable results may be that other mechanisms than those 

through gut microbiota mediate the impact on cardiovascular health. For example, 

considering dietary fibre, these mechanisms include gel formation from the soluble 

fibres in the small intestine and subsequent attenuation of the postprandial glucose 

concentration and altered lipid metabolism [46]. Further, the individual variation in 

responses to diet, as well as in the baseline composition of the microbiota may 

impact on the outcomes of the intervention. This was demonstrated in the study 

where higher abundances of Bifidobacterium spp. and Akkermansia municiphila were 

detected in those individuals who displayed lowered cholesterol levels (i.e. 

cholesterol responsive individuals) as a response to the dietary beta-glucan 

intervention [23]. In the study of Dao and coworkers [47], a higher abundance of A. 

municiphila at baseline was associated with greater improvements in glucose and 

lipid metabolism after an energy restricted diet. In a study examining 893 subjects, it 

was estimated that the gut microbiota explained only 6% of the variance in 

triglycerides and 4% in HDL, independent of age, sex and genetic risk factors [48]. 
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Correlations between gut microbial composition, particularly genera such as Blautia 

and Lachnosphira, with serum lipidomics have also been reported [49]. It is 

noteworthy that weight loss per se induces changes in both microbiota and metabolic 

markers [47, 50], thus complicating the interpretation of the potential causal relations 

of dietary changes. Studies investigating microbial function might prove enlightening. 

Indeed, Haro and co-workers [51] demonstrated the impacts of their dietary 

intervention not only on the composition of the microbiota but also on their functions 

by applying faecal metabolomics analytics. A more individualized approach was 

utilized in a study where personalized dietary interventions were executed based on 

a machine-learning algorithm that integrated lifestyle measures like dietary habits as 

well as incorporating knowledge on blood parameters and gut microbiota [52]. This 

personalized approach subsequently resulted in lower postprandial glucose 

responses and also alterations in gut microbiota. 

 

Probably the best evidence with regard to dietary intake in the primary prevention of 

cardiovascular disease has originated from the PREDIMED study in which the risk of 

major cardiovascular events was lower in the intervention groups assigned to a 

Mediterranean diet with either nuts or extra-virgin olive oil compared to a reduced-fat 

diet [53], but unfortunately faecal samples were not collected in that trial [54]. The 

role of nuts on gut microbiota has been studied elsewhere; in a cross-over study 

involving 18 healthy women, daily consumption of 42 g of walnuts was shown to 

modify the gut microbiota composition and to lower LDL cholesterol levels [55]. In 

another cross-over study involving 45 men and women at risk for CVD, walnuts (57-

99 g/d), compared to a diet with the same amount of fatty acids but from different 

sources other than walnuts differentially influenced the gut microbiota. [56, 57]. Thus, 
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it may be that the benefits of nut consumption are partially mediated through the gut 

microbiota. The same concept applies to modifying dietary fat. In a 1-year-

intervention study with a Mediterranean diet in obese men, the authors reported 

changes in the microbiota composition, but not in serum variables [51]. A good 

adherence to a Mediterranean diet or a healthy diet, as defined in dietary 

recommendations, in general has been associated with a beneficial composition of 

the gut microbiota [20, 58, 59]. 

 

It is well-known that blood LDL cholesterol levels may be lowered by plant derived 

phytosterols which interfere with the intestinal absorption of cholesterol [60], but this 

impact is not related to the gut microbiota [61, 62], although a recent study indicated 

that these microorganisms may use plant sterols as a substrate, i.e. these 

phytosterol can influence the metabolic activity of the gut microbiota [63]. Probiotics 

are one group of dietary ingredients or food supplements that are widely used to 

modify the gut microbiota. In several recent meta-analyses including subjects with 

mild to moderate hypercholesterolemia, these agents have been demonstrated to 

improve lipid metabolism, particularly to lower the total and LDL-cholesterol [64-67]. 

Another group of nutraceuticals that has been of interest with regard to 

cardiovascular health is fish oil. The effects of fish oil on gut microbiota are not 

clearly elucidated and human studies are scarce, but some studies indicate that fish 

oil or other supplements containing long-chain polyunsaturated n-3 fatty acids, 

docosahexaenoic acid (DHA) and/or eicosapentaenoic acid (EPA), induce changes 

in gut microbiota. These include increase in diversity or short chain fatty acid (SCFA) 

producing bacteria or modification of particular bacteria or bacterial groups [68, 69], 

although also null results have been reported [70].  
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Exercise interventions (Table 3)  

 

The beneficial effects of physical activity and exercise on glucose metabolism, lipids 

and cardiovascular events have been demonstrated in numerous studies [71].These 

effects may be at least partially mediated by alterations in the gut microbiota and 

their metabolites. Exercise has been associated with an increased diversity of gut 

microbiota not only in experimental animals but also in cross-sectional human studies 

[72]. However, the relationship between exercise and the microbiota is complex; it is 

dependent on the intensity of exercise, i.e. both beneficial and harmful effects have 

been observed. Exercise exerts metabolic effects via increased energy expenditure, 

but has also an effect on food intake, food choices and furthermore exercise usually 

decreases intestinal transit time [71]. In cases of high intensity exercise, ischemic 

effects on intestinal mucosa and increased permeability for bacteria and toxins can 

lead to an inflammatory response which is not present after regular exercise [73]. 

 

We evaluated the exercise intervention studies in humans on gut microbiota and 

metabolites and these are depicted in Table 3. We found that the trials were 

heterogeneous in terms of both design and study population. For example, the study 

populations have been healthy adults (sedentary, active, obese or non-obese, 

elderly), healthy athletes, but also individuals with an underlying illness (inflammatory 

bowel disease, diabetes) have been investigated. Several, but not all, studies have 

detected influences on microbiota but only a few have assayed plasma and fecal 

metabolites. Three studies in athletes focused on higher intensity training e.g. one 

involving trans-Atlantic rowing; these interventions increased the diversity of 
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microbiota [74-76]. Two other studies investigated the effects of (half)marathon 

running; directly after running a half marathon there was no increased diversity 

whereas in the days after the marathon, the microbiota changed with Veillonella 

being the most abundant [77, 78]. The duration of the exercise intervention in healthy 

adults was between 5 and 12 weeks. Some of the studies also examined diversity; 

they did detect some effect on diversity, although in some cases it was dependent on 

the presence of obesity, or alternatively there were increases or decreases in specific 

microbiota [79-82]. However, in one study examining elderly men, the exercise 

program did not change the taxonomic composition or metabolic pathways as 

compared to baseline [83]. Finally, among the patients with inflammatory bowel 

disease, no effect was seen on diversity after 8 weeks of resistance training [84], 

whereas in the patients with diabetes a reduction of mycetes was seen after a mixed 

exercise intervention lasting 6 months [85]. Taken together, these studies only 

suggest, but do not prove, that the beneficial effects of physical exercise are 

mediated by changes in gut microbiota.  

 

Smoking  

 

Smoking is one of the main risk factors of atherosclerosis acting via several 

mechanisms. Not only nicotine, but also the inhalation of aromatic hydrocarbons, 

oxidizing agents including oxygen radicals and particulate matter potentially exert a 

direct effect on atherogenesis. Smoking also contributes to the progression of 

atherosclerosis by inducing catecholamine release, increasing both blood pressure 

and the tendency for platelet aggregation [86]. 
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Cross-sectional human studies have revealed that smoking does influence the gut 

microbiota composition and diversity. In a population based study from Korea, the gut 

microbiota of current smokers was found to contain more Bacteroidetes and less 

Firmicutes and Proteobacteria as compared to never smokers [87]. Another 

epidemiological study from the Netherlands examining 1135 persons investigated the 

association of current smoking status, smoking history, parental smoking, and 

maternal smoking during pregnancy with gut microbiota [88]. Although these 

parameters were associated, they showed only a modest effect and the study did not 

detect significant associations with individual species or pathways. Some 

mechanisms have been suggested to explain how smoking influences gut microbiota 

such as alterations of intestinal tight junctions, mucin composition, oxidative stress 

and biofilm formation [89]. Furthermore, indirect effects of smoking via alterations of 

the oral microbiota are possible since smoking has a strong influence on the 

microbes in the mouth and is a major risk factor for periodontitis. Periodontitis itself 

has been repeatedly associated with atherosclerotic vascular events. In periodontitis, 

both local and systemic inflammation is caused by a dysbiotic biofilm rather than by 

specific pathogenic bacteria (such as Porphyromonas gingivalis). It is interesting that 

bacterial diversity is more enriched in patients with periodontitis and that health-

associated bacteria are not lost [90]. The periodontitis associated taxa in biofilm differ 

between patients with mild periodontitis (enriched with Campylobacter, 

Corynebacterium, Fusobacterium, Leptotrichia, Prevotella, Tannerella, and 

Saccharibacteria) and those with severe periodontitis (enriched with Filifactor alocis, 

Treponema species and Fretibacterium species) [91]. 
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Rather few studies have evaluated the effect of smoking cessation on the microbiota. 

In a study with 22 smokers, eleven of whom managed to quit, it was found that the 

subgingival prevalence of microbiota decreased for Porphyromonas endodontalis 

and Dialister pneumosintes, there was also a decrease in the level of Parvimonas 

micra, Filifactor alocis, and Treponema denticola, while levels of Veillonella parvula 

increased [92]. Biedermann et al investigated the gut microbiota in 10 smokers who 

quit smoking, 5 non-smokers and 5 continuing smokers. These investigators applied 

16S rRNA gene sequencing and observed that in addition to large shifts in the 

microbial composition after smoking cessation that there was also an increase in 

microbial diversity [93]. Subsequently fluorescence in situ hybridization was applied 

which showed that smoking cessation led to an increase in the Firmicutes 

Clostridium coccoides, Eubacterium rectale, and Clostridium leptum subgroup as well 

as the Actinobacteria HGC bacteria and bifidobacterial. There was also a decrease in 

Bacteroidetes Prevotella spp. and Bacteroides spp. and beta- and gamma-subgroup 

of Proteobacteria [94].  

 

Microbiota and atherosclerosis: mechanisms (Figure 2) 

 

Atherosclerosis and metabolites: TMA and TMAO  

 

TMAO is one of the more extensively studies metabolites formed by the gut 

microbiota with a potential role in atherosclerosis. TMA is formed by gut microbiota 

after meals containing choline, phosphatidylcholine or carnitine, which are present in 

food with high levels of saturated or unsaturated fat [18]. Humans do not possess 

TMA lyases, so that all of the TMA is formed by the gut microbiota. After absorption, 
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TMA is transported to the liver where the hepatic enzyme flavin-monooxygenase-3 

(FMO3) oxidizes TMA to TMAO [95]. 

A role for TMAO in atherosclerosis has been shown in several mice models; in 

addition, in a number of studies in humans, an association was demonstrated 

between the TMAO level in plasma and the risk of atherosclerosis or future 

cardiovascular events. Some prospective cohort studies have also concluded that 

increased in serum TMAO levels predict an increased risk for cardiovascular events 

[96]. In this way, serum TMAO levels are affected by the intestinal microbiota and, 

therefore, the microbiota would be able to influence the cardiovascular risk [97]. 

Other studies, however, could not confirm this association. Although changes in diet, 

exercise and weight loss interventions were reported to reduce TMAO plasma levels, 

whereas a single faecal microbial transplantation (FMT) of vegan donors failed to 

have the same effect [98-100]. 

 

One of the mechanisms by which TMAO may increase the risk of cardiovascular 

events is mediated via platelet activation. Zhu et al. showed that the direct exposure 

of platelets to TMAO enhanced sub-maximal stimulus-dependent platelet activation 

by multiple agonists through augmented Ca2+ release from intracellular stores [101]. 

Enhanced platelet aggregation has been shown both in animal models employing 

dietary choline or TMAO and microbial transplantation as well as after choline 

supplementation in humans. TMAO also contribute to endoplasmic reticulum stress, 

hyperglycemia and metabolic syndrome; it binds to the endoplasmic reticulum stress 

kinase PERK and induces the production of the FoxO1 transcription factor, an 

important driver of metabolic disease [102]. Thus a lowering of TMAO production 

reduced PERK activation and FoxO1 levels in the liver.  
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TMAO also seems to exert effects on lipid metabolism. Koeth et al. detected a 

relevant reduction of reverse cholesterol transport in mice after dietary 

supplementation with TMAO or either carnitine [103]. While, they could not detect 

relevant alterations in cholesterol production or breakdown via the LDL receptor, 

TMAO supplementation suppressed the levels of bile acid synthetase and bile acid 

transporters [103]. This synthetic pathway for bile acids is important in the elimination 

of cholesterol. A direct effect of TMAO on endothelial cells was observed in 

experiments conducted in human umbilical vein endothelial cells (HUVECs). A 

suppressed migration of HUVECs, upregulation of vascular cell adhesion molecule-1 

expression and increased monocyte adherence was observed; these effects were 

mediated by protein kinase C [104].  

 

Atherosclerosis and metabolites: imidazole-propionate  

 

Microbial metabolites of amino acids in food may exert metabolic effects relevant for 

atherosclerosis. An important example is imidazole-propionate which is formed after 

the metabolism of histidine, one of the essential amino acids. Imidazole-propionate 

appeared to be one of these histidine metabolites; there was a clearly higher 

concentration of imidazole-propionate in the portal blood of obese diabetes patients 

as compared to obese patients without diabetes [105]. Subsequent studies showed 

that imidazole-propionate can impair glucose tolerance in mice; it interferes with 

insulin signaling through the activation of p38γ MAPK, which promotes p62 

phosphorylation and the activation of mTORC1. Whether imidazole-propionate has 
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other effects relevant for atherosclerosis has yet to be determined. In addition, the 

role of other amino acid metabolites needs to be elucidated. 

 

Atherosclerosis and metabolites: bile acids  

 

Bile acids are primarily formed in the liver from cholesterol via two pathways: the 

classical pathway and the alternative pathway. In the classical pathway, cholesterol 

is converted into primary bile acids cholic acid and chenoxycholic acid by the 

enzymes CYP7A1, CYP8B1 and CYP27A1 [106]. It has been suggested that the 

classical pathway accounts for 75% of primary bile acid production. Fibroblast growth 

factor 19 is involved in the regulation of the classical pathway; it is produced in 

enterocytes and activated by bile acid receptor FXR signaling. FGF19 downregulates 

CYP7A1 in the classical pathway in hepatocytes leading to a reduction of bile acid 

production. In the alternative pathway, initially 27-hydroxy-cholestesterol is formed by 

CYP27A1 and subsequently chenodeoxycholic acid by CYP7B1. There is a 

considerable difference in bile acid production and regulation between rodents and 

humans, a factor that is important to be taken into account when the effects of bile 

acids are reported in animal studies [107]. 

 

Bile acids are conjugated with glycine and taurine to form glycocholic acid, 

taurocholic acid, glycochenoxycholic acid and taurochnoxycholic acid; these 

compounds lower pH and the solubility of many nutrients is improved. These bile 

acids are released into the duodenum, especially after the intake of food, to facilitate 

digestion and to improve the uptake of lipids and lipophilic vitamins [107]. The vast 

majority of these bile acids are reabsorbed in the distal ileum via the sodium-
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dependent bile acid transporter SLC10A2 and returned to the liver via the portal 

system [108]. The amount of primary bile acids reaching the colon is dependent on 

intestinal motility and the activity of microbiota in the small intestines. The colonic 

microbiota is able to convert primary bile acids which are not reabsorbed to 

secondary bile acids i.e. deoxycholic acid and lithocholic acid and other secondary 

bile acids. Secondary bile acids are toxic for gut microbiota at higher concentrations. 

This may be one of the explanations why the small intestine is less colonized by 

microorganisms than the colon. The composition of the colonic microbiota has a 

strong influence on the amount of secondary bile acids bein formed [109]. Lifestyle is 

known to be able to influence bile acid levels, for example directly after exercise, bile 

acid concentrations are reduced as compared to before exercise. Conversely, 

adherence to a Mediterranean diet has elevated the amounts of faecal bile acids 

[110, 111]. In obese persons, a higher intake of fibre and protein also increased the 

levels of bile acids in serum [112]. 

 

In addition to their function in promoting the absorption of lipids and vitamins, bile 

acids are involved in metabolic processes, intestinal motility, inflammatory processes 

and liver regeneration. Bile acids exert these effects via bile acid receptors, of which 

FXR and TGR5 are the most important [107]. In particular, secondary bile acids bind 

to these receptors. FXR is present in many cell types and tissues: hepatocytes, 

enterocytes, renal tubular cells, pancreatic beta cells, white adipose tissue, and this 

receptor has also been demonstrated in arterial walls. Binding of bile acids to FXR 

reduces lipid levels, improves insulin sensitivity and suppresses hepatic 

gluconeogenesis. Nonetheless, experiments in either LDL-R or apo E deficient mice 

have shown contradictory results with respect to the relevance of FXR for 
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atherosclerosis [113, 114] i.e. both increased and reduced plaque formation was 

observed. However, stimulation by FXR agonists appeared to reduced plaque 

formation in mice [115]. Unfortunately, the use of the FXR agonist, obeticholic acid, in 

humans led to an increase in the levels of LDL cholesterol accompanied by a 

reduction in that of HDL cholesterol [116].   

 

TGR5 is also present in many cell types such as intestinal enteroendocrine cells, 

enteric neurons, endothelial cells, sinusoidal cells, smooth muscle cells, epithelial 

cells of the gall bladder, brown adipose tissue, Kupffer cells and nonparenchymal 

cells of the liver. It has been found that stimulation of TGR5 reduces the production 

of cytokines. Treatment of endothelial cells with taurolithocholic acid which binds to 

TGR5 induces NO production via Akt activation followed by an increase in the 

intracellular Ca2+ level, which inhibits monocyte adhesion in response to 

inflammatory stimuli [117]. Administration of bile acids in a murine model of obesity 

and insulin resistance increased energy expenditure in brown adipose tissue and 

improved insulin sensitivity [107].This TGR5-mediated effect appeared to be 

dependent on thyroid hormone which activated deiodinase type 2, both in brown 

adipose tissue and skeletal muscle cells. 

 

Two other bile acid receptors have been implicated in the pathogenesis of 

atherosclerosis i.e. sphingosine-1-phosphate receptor 2 (S1PR2) and the pregnane 

X receptor (PXR). Several bile acids can activate S1PR2. In contrast to binding to 

TGR5, in mice, this has been associated with increased cytokine production and 

more plaque formation, whereas S1RP2 knock-out in apo E deficient mice has a 

reduced risk of atherosclerosis [118, 119]. It is believed that PXR can be activated by 
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the secondary bile acids, i.e. the bile acids produced by gut microbes. Deletion of 

PXR in apo E knock-out mice attenuated plaque formation and reduced lipid uptake 

by macrophages [120]. On the other hand, activation of PXR caused increases in the 

LDL concentration and plaque formation.  

 

Atherosclerosis and metabolites: short chain fatty acids (SCFA)  

 

Non-digestible fibers from food are fermented in the colon by gut microbiota, which 

leads to the production of SFCAs, mainly butyrate, propionate and acetate. The 

concentrations of SFCAs are lower in patients with atherosclerotic vascular disease 

or hypertension [121]. In apo E knock-out mice, elevated levels of butyrate due to 

inoculation with the butyrate producing microorganism Roseburia intestinalis led to 

reduced plaque formation [122]. It has been proposed that SCFA have a beneficial 

effect on atherosclerotic plaque formation by improving intestinal barrier function. A 

diet enriched with polyphenols was reported to increase the SFCA concentration 

whereas a diet leading to weight loss led to decreased levels [35, 123, 124]. Exercise 

has also been associated with increased SFCA levels [80]. 

 

A mechanism to explain SCFA’s effects on host immune homeostasis has also been 

proposed. In mouse models of hypertensive cardiovascular disease, propionate 

attenuated hypertension and its cardiovascular sequelae, reduced the atherosclerotic 

plaque area and there were also reductions in the frequencies of splenic effector 

memory T cell and splenic T helper 17 cells [125]. The cardioprotective effects of 

propionate were abrogated by depletion of regulatory T cells, indicating that 

propionate exerted a T cell-dependent effect. SCFAs modulate immune and 
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inflammatory responses via many receptors i.e. activation of free fatty acid (FFA) 

receptors type 2 and 3 (FFA2 (GPR43) and FFA3 (GPR41) receptors), G protein-

coupled receptor 109A (GPR109A) and inhibition of histone deacetylases (HDACs) 

[126]. Since, FFA2 and FFA3 are present in endothelial cells, binding of SFCAs to 

receptors may evoke not only the stimulation and dampening of the production of 

inflammatory cytokines, but also influence migration and recruitment of immune cells 

to the atherosclerotic plaque. SCFAs also have metabolic effects mediated via FFA2 

and FFA3. 

 

SCFAs have also direct effects on endothelial cells via HDACs. Butyrate inhibits the 

actions of the adhesion molecule VCAM-1 in ox-LDL pretreated endothelial cells and 

reduces the migration and adhesion of monocytes [127]. VCAM-1 expression and 

adhesion of monocytes was also decreased in HUVECs stimulated with TNF-alpha 

and pretreated with either butyrate or propionate [128, 129].  

 

In humans, interventions have hinted at beneficial metabolic effects of SFCAs. In 

overweight or obese men, colonic infusions of SCFA mixtures either enriched with 

acetate, butyrate or propionate in concentrations which are reached with fiber intake 

were able to exert metabolic effects. However, oral supplementation with butyrate 

induced differential metabolic effects in lean and metabolic syndrome subjects 

suggesting that they have differential regulatory effects [130]. Whether acetate is 

infused into the proximal or in the distal colon appeared to be of importance. Distal 

colonic acetate infusions affected whole-body substrate metabolism, with a 

pronounced increase in fasting fat oxidation and plasma PYY, whereas this was not 

observed after proximal infusions [131]. 
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Atherosclerosis and microbiota: inflammation  

 

Low grade inflammation has been proposed as being the cornerstone for different 

chronic diseases including metabolic syndrome [132], osteoarthritis [133], type-2 

diabetes [134] and fibromyalgia [135]. It is also a well-known factor in CVD [136]. 

Moreover, this low-grade inflammation increases with age, being common in people 

of advanced age, so-called “inflammageing”, which is known to be a risk factor for 

CVD [137]. In all of these conditions, higher plasma levels of pro-inflammatory 

mediators such as TNF , IL1 or IL6, among others, are frequently found. Very often, 

this inflammation has been linked to an increased intestinal permeability, with 

elevated intestinal translocation of pro-inflammatory mediators of bacterial origin 

such as LPS, causing the so-called “metabolic endotoxemia” [138].The role of this 

endotoxemia on CVD risk has been recently addressed in a large epidemiological 

study carried out in Japan [139]. In this prospective study, over 2500 community-

dwelling individuals, older than 40 years of age, were followed for 10 years. The 

authors observed an increased cumulative incidence of CVD with increased serum 

levels of LPS-binding protein. This underlines the contribution that endotoxemia, and 

the concomitant low-grade inflammation, may have on to the pathogenesis of 

atherosclerosis and CVD. LPS and other bacterial cell membrane constituents are 

recognized by several receptors (Toll-like receptors, NOD-like receptors and RIG-1-

like receptors) on endothelial cells [140]. Binding of LPS directly induces adhesion 

molecules such as ICAM-1 and P-selectin on endothelial cells which are important for 

the interaction with leukocytes [141]. Other bacterial membrane constituents 
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stimulate cultured endothelial cells to form and secrete Weibel Pallade bodies which 

leads to an increase in von Willebrand Factor [142].  

 

The above-mentioned data highlight the potential role of the gut microbiota in 

controlling intestinal permeability and endotoxemia [138] and therefore on the 

development of chronic low-grade inflammation and the risk for CVD. This makes 

inflammation an attractive target for lowering the risk of CVD and opens the door to 

the modulation of the gut microbiota to this end [143]. Moreover, animal models of 

CVD have further underlined the association between the microbiota and CVD 

severity [144] and demonstrated the potential of microbiota modulation, for instance 

by means of FMT in treating ischemic stroke [145]. Recently, animal studies have 

also provided insights into the role of the gut microbiota in provoking autoimmune 

inflammatory cardiomyopathy due to antigenic mimicry between a peptide formed by 

the gut commensal Bacteroides thetaiotaomicron and myosin [146].  

 

All these data explain why there is increasing interest in developing intervention 

strategies targeting the microbiota to achieve down-regulation of low-grade 

inflammation as a way of preventing CVD. Interestingly, different foods and nutrients 

have demonstrated their capability to modulate the inflammatory status of the host 

[147]. Therefore, these foods and ingredients, such as polyphenols or probiotics, 

represent promising tools for the dietary management of CVD risk.  

 
 
 
DISCUSSION: CAVEATS IN RESEARCH AND FUTURE PROSPECTS  
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Thus far, there is limited evidence that lifestyle effects on cardiovascular health are 

mediated by actions of gut microbiota. Several studies have revealed the effects of 

lifestyle interventions on the microbiota and their metabolites, whereas other trials 

have detected associations between atherosclerosis or other cardiovascular events 

and microbiota. In addition, the effects of lifestyle on diabetes, metabolic syndrome or 

low-grade inflammation, which are important in the pathogenesis of atherosclerosis, 

may also be mediated by the microbiota and their metabolites [143, 148-152].  

 

Since lifestyle changes do also have direct effects on atherosclerosis via metabolic 

effects and blood pressure, it will be difficult to establish which proportion of the 

beneficial effects is mediated by changes in the microbiota. The complexity of the 

human metabolic network, together with the convoluted nature of the composition of 

both diet and microbiota makes it almost impossible to evaluate the impacts of 

specific components. Atherosclerosis is a slow process, in which changes in wall 

thickness and plaque formation take several years to evolve and ischemic events 

only occur after decades in the late stages of the disease. 

Optimally, in dietary interventions only one dietary component is modified in a 

randomized placebo-controlled setting but in practice this is seldom possible. For 

example, a change in one of the energy-yielding nutrients, e.g. carbohydrate intake, 

in an isocaloric diet, will automatically result in a change in either protein or fat intake. 

Studies on smoking cessation and physical exercise have the same problem as 

these interventions often have also effects on food intake and/or energy expenditure. 

Future studies on lifestyle interventions and microbiota information should register 

diet, physical exercise, smoking behaviour and medication use on prespecified time 

points in attempts to address this complexity. 
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For the interpretation of studies on gut microbiota and atherosclerosis it is important 

to know that several medications used in patients with atherosclerosis also appear to 

have an influence on gut microbiota. Several studies indicate that statins have a 

beneficial effect. Recently it was shown in several cohorts that use of statins was 

associated with a lower prevalence of the unfavorable Bact2 enterotype. Bact2 is 

characterized by a high proportion of Bacteroides, a low proportion of 

Faecalibacterium and low microbial cell densities [153]. The administration of 

ezetimibe resulted in an increase in Lactobacillus species in mice [154]. Whether 

other lipid lowering drugs like fibrates or PCSK9 inhibitors have an influence on 

microbiome is uncertain. Also other medication used in patients with atherosclerosis, 

such as metformin and proton pump inhibitors have a clear influence. In addition, it is 

important to realize that gut microbiota have the ability to metabolize medications, 

which can results in altered drug pharmacokinetics and pharmacodynamics or 

formation of toxic metabolites which can interfere with drug response. Some studies 

indicate that reponse to statins and antihypertensive medication is modulated by 

microbiota [155]. 

 

Animal studies, especially murine models, can be used to focus on one specific 

element in a metabolic pathway, or to establish the effects of some controlled diet or 

exercise intervention. However, in order to establish atherosclerosis in mice, extreme 

diets are used or knock-out mice with an extreme phenotype are exploited. Since, 

food patterns, microbiota and bile acids also differ between mice and humans, the 

findings emerging from these murine models should always be confirmed in humans. 
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The field of microbiota research is relatively new and complex and the methods used 

are far from standardized and harmonized. In many clinical studies, sample sizes 

have been relatively small, with control groups often lacking. Several studies have 

gathered information on the use of antibiotics or drugs such as metformin which has 

an important influence on microbiota. Another issue is that different methods have 

been applied in how faecal samples are collected, processed and stored since it has 

been shown that these methological differences e.g. in sample processing protocols, 

the oligonucleotides used for 16S rRNA gene amplification (in 16S rRNA gene-based 

analyses), the sequencing technology utilized, all pose a risk for introducing artefacts 

[156-158]. The enormous datasets generated when microbiota, metabolome, 

genome and transcriptome are evaluated in cohorts or in intervention studies are 

challenging and different complex bioinformatics methods have been applied. 

Standardisation and harmonisation and data sharing in this field would clearly help in 

the interpretation and comparison of studies. 

 

In general, the studies reviewed have not differentiated between responders and 

non-responders. A lifestyle intervention may not have the same effect on microbiota 

and metabolites in all persons; it is likely that there are high and low responders. This 

may be a key factor that explains the inconsistent study results. Some studies have 

applied algorithms to create more personalized dietary and microbial approaches 

[52]. There is clearly a need to develop this area of research both in observational 

and randomized intervention trials, such that stratification of subjects should be done 

according to their expected response to the intervention. This approach has been 

recently applied when examining the impacts of dietary fatty acids as modifiers of 
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lipid and glucose metabolism, i.e. the randomization was conducted according to the 

polymorphisms in the trial subject’s fatty acid desaturase (FADS) gene cluster [159]. 

 

As already mentioned, the pathological processes leading to clinically manifest CVD 

takes decades. Within this context it is perhaps over-optimistic to design and execute 

clinical trials whereby relatively subtle lifestyle changes would result in meaningful 

benefits in both microbiota and cardiovascular risk markers. On the other hand, a 

change of several elements of lifestyle might accumulate and thus provide an overall 

detectable cardioprotective effect within an acceptable follow-up time. An optimal 

study would need to involve stratification of the study participants into the intervention 

groups according to their existing microbial composition, and preferably also 

according to relevant polymorphisms. Thus, to enhance the current level of 

understanding, we call for well-designed clinical trials involving all the aspects of 

lifestyle, gut microbiota and metabolites and genetic background. Since clinical 

relevance is being sought, the main outcome should be cardiovascular events. It is 

possible that the on-going PredimedPlus study in Spain [160], will provide these 

kinds of insights.  

 

Although there are several observational and epidemiological studies pointing to a 

possible causal relationship between gut microbiota and its metabolites and CVD, as 

yet, there is no formal proof of causality. A logical therapeutic intervention to prove 

causality and to reduce cardiometabolic risk would be the use of FMT. In this regard, 

more than 240 randomized controlled trials are ongoing around the world to dissect 

the role of donor FMT on human disease and the interrelationship between donor 

microbiota composition and host immunesystem. Although still in its infancy, we and 
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others have shown that  FMT by introducing donor feces in small and large intestine 

can dissect causality  of gut microbiota in human cardiometabolism [161] with lower 

baseline intestinal microbiota diversity being the driver of FMT metabolic efficacy 

[162, 163]  as well as  metabolic characteristics of the FMT donor [164]. The drivers 

of these beneficial effects are thought to be alterations in bileacids, plasma 

metabolites (including TMAO and serotonin) and gut microbiota-diet-medication 

interactions. Other interventions to prove causality in humans could be administration 

of capsules containing microbiota or use of prebiotics. It is clear that there are 

several hurdles to be overcome before this kind of evidence becomes available. 

  

Summary and conclusions 

 

There is no doubt that a healthy lifestyle comprising of a dietary intake in accordance 

with the recommendations, for example, a diet rich in fruits and vegetables, fibre and 

unsaturated fats, a moderate or high level of physical activity and abstinence from 

smoking are beneficial in advancing health and lowering the risk of many diseases, 

including CVD. All of these lifestyle factors, particularly diet, but also physical activity, 

have been found to act as modifiers of the composition and function of the gut 

microbiota. Studies linking these two aspects in a clinical trial setting, i.e. an 

evaluation of how a diet modification or physical activity can alter gut microbiota 

composition and exert a subsequent modification of serum cardiovascular risk 

markers have however yielded equivocal results, but the most of the evidence points 

to the benefits of high-fibre diet, consumption of good quality of dietary fat (e.g. nuts), 

adherence to an overall healthy diet and regular physical activity.  
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In conclusion, with regard to the published research evidence, and in the absence of 

more detailed studies linking diet and other lifestyle factors together with gut 

microbiota to the cardiovascular health, it may be stated that the lifestyle 

recommended for cardiovascular health [165] is likely to be also beneficial for gut 

microbiota. These interactions introduce gut microbiota as one important component 

in the diet-gut microbiota-cardiovascular health pathway. Indeed, an aberrant 

microbiota composition has been reported in coronary heart disease and 

atherosclerosis. In addition, we have examined the potential mechanisms by which 

microbiota may mediate the benefits on cardiovascular health, these include 

production of metabolites like TMAO as well as immunomodulatory functions. Thus, 

the modulation of gut microbiota by lifestyle may offer opportunities for the non-

pharmacological prevention and management of CVD. Nevertheless, we emphasize 

that each dimension of the lifestyle may also influence the cardiovascular risk 

markers, regardless of its impact on the gut microbiota. These preliminary findings 

and acknowledgement of research gaps (Table 4), should stimulate further research 

to clarify the lifestyle-gut microbiota-cardiovascular health triad in order to identify 

specific non-pharmacological means to improve cardiovascular health. 
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FIGURE LEGENDS 

 

Figure 1: Strength of evidence from the lifestyle interventions for lifestyle-microbiota-

cardiovascular health triad. We have utilized traffic light colours from green, i.e. good 

evidence to red, i.e. no evidence.  

 

Figure 2. Potential mechanisms to explain the contributions of gut microbiota to the 

development of atherosclerosis. SCFA=short chain fatty acids, BA=bile acids, TMA= 

trimethylamine, TMAO= trimethylamine-N-oxide. IMP=imidazole propionate, 

LPS=lipopolysaccharides. 
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Figure 1. Strength of evidence from the lifestyle interventions for lifestyle-microbiota-

cardiovascular health triad. We have used traffic light colours from green, i.e. good 

evidence to red, i.e. no evidence.  
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Figure 2. Potential mechanisms to explain the contributions of gut microbiota to the 

development of atherosclerosis. SCFA=short chain fatty acids, BA=bile acids, TMA= 

trimethylamine, TMAO= trimethylamine-N-oxide. IMP=imidazole propionate, 

LPS=lipopolysaccharides. 
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Table 1. Human studies showing microbiota dysbiosis in cardiovascular diseases and cardiovascular disease riska.  

-Author 

-Year 

-Country 

N Condition Study groups Main microbiota results (vs control 
group) 

-Koren et al. 
-2011 
-Sweden 
[166] 

15 (vs 15 
Controls) 

ATCD Patients with atherosclerotic plaque 
undergoing endarterectomy for minor 
ischemic stroke, transient ischemic 
attack or amaurosis fugax 

No differences 

-Karlsson et 
al.  
-2013 
-Sweden 
[151] 

12 (vs 13 
Controls) 

ATCD Patients with atherosclerotic plaque 
undergoing endarterectomy for minor 
ischemic stroke, transient ischemic 
attack or amaurosis fugax 

 Collinsella 

 Roseburia, Eubacterium, some 
Bacteroides sp. 

-Yin et al. 
-2015 
-China 
[167] 

141 (vs 94 
Controls) 

ATCD Patients with atherosclerotic plaque 
with clinical presentations of ischemic 
stroke or transient ischemic attack  

 Proteobacteria 

 Bacteroides, Prevotella, 
Faecalibacterium 

-Jie et al. 
-2017 
-China 
[2] 

218 (vs 187 
Controls) 

ATCD Patients with atherosclerotic plaque 
with clinical presentations of stable or 
unstable angina or acute myocardial 
infarction 

 Enterobacteriaceae, Streptococcus, 

Lactobacillus salivarius, Atopobium 
parvulum, Ruminococcus gnavus, 
Eggerthella lenta 

 Roseburia, Faecalibacterium 

-Emoto et al.  
-2017 
-Japan 
[168] 

39 (vs 30 
controls) 

ATCD Patients with stable angina and old 
myocardial infarction who underwent 
percutaneous coronary intervention or 
by-pass. 

 Lactobacillales 

 Bacteroides, Clostridium 

-Zhu et al. 
-2018 
-China 
[169] 

70 (vs 98 
Controls) 

ATCD Patients with coronary artery disease  Escherichia-Shigella, Lactobacillus, 

Enterococcus, Streptococcus 

 Faecalibacterium, Roseburia, 
Eubacterium, Subdoligranulum 



   

 

   

 

-Li et al. 
-2017 
-China 
[170] 

56+99 (vs. 41 
controls) 

Hypertension Pre-hypertensive patients (125/80 – 
139/90 mmHg) and patients with 

hypertension ( 140/90 mmHg) 

 Prevotella, Klebsiella, 

Porphyromonas 

 Faecalibacterium, Roseburia, 
Bifidobacterium, Oscillibacter, 
Coprococcus, Butyrivibrio 

-Yan et al. 
-2017 
-China 
[171] 

60 (vs 60 
Controls) 

Hypertension Patients with hypertension ( 140/90 

mmHg) 

 Klebsiella, Salmonella, 

Streptococcus, Clostridium, 
Parabacteroides, Eggerthella 

 Faecalibacterium, Roseburia, 

Synergistetes 

-Cui et al.  
-2018 
-China 
[172] 

53 (vs 40 
controls) 

Heart failure Patients with ischemic or dilated 
cardiomyopathy 

 Ruminococcus, Acinetobacter, 

Veillonella 

 Faecalibacterium, Alistipes, 
Oscilibacter 

-Luedde et al.  
-2017 
-Germany 
[173] 

20 (vs 20 
controls) 

Heart failure Stable systolic HF  Escherichia-Shigella 

 Blautia, Collinsella, 
Ruminococcaceae, 
Erysipelotrichaceaem 
Faecalibacterium 

-Kummen et 
al.  
-2018 
-Norway 
[174] 

84 (vs 266 
controls) 

Heart failure Patients with ischemic or dilated 
cardiomyopathy 

 Prevotella, Hungatella 

(Lacnospiraceae), Succiniclasticum 

 Blautia, Anaerostipes, 
Faecalibacterium, Lachnospiraceae, 
Bifidobacterium, Eubacterium, 
Coprococcus 

-Katsimichas 
et al.  
-2018 
-Japan 

28 (vs 19 
controls) 

Heart failure Non ischemic HF with reduced 
ejection fraction 

 Streptococcus, Veillonella, 

Eggerthela 

 Prevotella, SMB53 (Clostridiaceae) 



   

 

   

 

[175] 
a ATCD=atherosclerotic cardiovascular disease. 
 
 
 
 
 



   

 

   

 

Table 2. Intervention studies examining the impacts of dietary modification on microbiota and serum metabolic markers considered 
cardioprotectivea.  
-Author 
-Year 
-Country 

-Population 

- N 
(intervention) 
- N (control) 

-Design 
-Duration 
-Intervention diet/food 
-Control diet/food 
 

Results (vs. controls) 

Gut microbiota Blood markers 

Interventions with whole grains or fibers 

-Ampatzoglou 
et al.  
-2015  
-Sweden 
[37] 

-Healthy middle-
aged men and 
women 40-65 
yrs, BMI 20-35 
kg/m2 
-33 
-- 

-An intervention, cross-
over 
-6 wks 
-Diet high in whole 
grains  
-Diet low in whole grains 

- SCFA, composition of 
microbiota 

- Total cholesterol, HDL, LDL, 
triglycerides, glucose 

-Brighenti et al.  
-1999  
-Italy 
[21] 

-Healthy men, 
23.3±0.5 yrs, 
BMI 25.7±1.2 
kg/m2 
-12 
-- 

-An intervention, 
placebo-controlled, 
cross-over 
-3x4 wks 
-50 g of a rice-based 
ready-to-eat cereal 
containing 18% inulin 
(test) as a substitution 
for their habitual 
breakfast  
-50 g of the same cereal 
without inulin (placebo) 
  
 

-SCFA 

- Total facultative anaerobes 

- Bifidobacteria (adjusted for 

total anaerobe counts) 

- Total cholesterol and 

triacylglycerol 
- LDL, HDL, total-HDL ratio 



   

 

   

 

-Canfora et al.  
-2017 
-The 
Netherlands 
[26] 

-Overweight or 
obese (BMI 28-
40 kg/m2) 
prediabetic men 
and 
postmenopausal 
women (45-70 
yrs) 
-21 
-23 

-A double-blind, 
placebo-controlled, 
randomized, parallel 
-12 wks 
-Galacto-
oligosaccharides 15 g 
daily 
-Isocaloric placebo 15 g 
(maltodextrin) daily 

- Abundance 

of Bifidobacterium species  

- Richness and diversity 

- Acetate, propionate, and 
butyrate concentrations 

- Insulin sensitivity, glucose, 

insulin, glycerol, free fatty acids 
triglycerides, leptin, PYY, GLP-
1, IL6, IL8, TNF-α, and LBP 

- Acetate, propionate, and 

butyrate concentrations 

-Carvalho-
Wells et al.  
-2010  
-UK 
[27] 

-Healthy women 
and men, 20-51 
yrs (BMI 20-30 
kg/m2) 
-16 
-16 
(tot 32 cross-
over) 

-A double-blind placebo-
controlled cross-over 
-21 d 
-48 g/d whole grain 
cereal  
-placebo cereal 

- Bifidobacteria 

- The numbers of lactobacilli in 
both groups 

- Atopobium levels in both 

groups 

- The number of Bacteroides 
spp., C. histolyticum subgroup, 
C. perfringens/histolyticum 

subgroup 
and total bacterial numbers 

- SCFA 

-  Lipid and glucose 

-Clarke et al. 
-2016  
-Canada 
[28] 

-Healthy women 
and men, 18-50 
yrs (BMI 18-30 
kg/m2) 
-30 
-- 

-A double-blinded, 
placebo-controlled, 
randomized, cross-over 
-2x 28-d periods  
-Beta-1 fructan 3x5 
g/day 
-Placebo 3x5 g/day 
(maltodextrin) 

- Bifidobacteria  

- SCFA 
- Lipid and cholesterol 
concentrations, circulating 
lymphocytes and macrophages 

- Liposaccharide 

- IL-4 

- IL-10 
 
 



   

 

   

 

-Cooper et al. 
-2017 
-USA 
[176] 

-Healthy men 
and female (19-
46 yrs), BMI 20-
28 kg/m2 
-35 
-11 

-A placebo-controlled, 
randomized intervention 
-6 wks 

-Whole grain products 
-Refined grain products 
(placebo) 
 

- Relative proportion of 

bacteria at the phylum level, 
relative abundance of bacteria 
at the specific level 

-  Total cholesterol, LDL, and 

non-HDL 

- HDL, triglycerides 

- Glucose 

-Costabile et 
al. 
-2008 
-UK 
[29] 

-Healthy men 
and women, 20-
42 yrs (BMI 20-
30 kg/m2) 
-16 
-15 
 

-A double-
blind, randomized, 
crossover 
-2x3 wks 
-Daily 48 g breakfast 
cereals, either whole 
grains 
-or wheat bran 

-After whole grain intervention: ↑ 
numbers of 
fecal bifidobacteria and 
lactobacilli 

- SCFA 

- Ferulic acid concentration 

-Both breakfast cereals: ↑ ferulic 
acid concentrations 

- Glucose, insulin, total 
cholesterol, triglycerides or HDL 

-Dewulf et al.  
-2013  
-Belgium 
[30] 

-Women with 
obesity (BMI>30 
kg/m2), 18-65 
yrs 
-15 
-15 

-A double-blind, placebo 
controlled, intervention 
-3 mo 
-ITF (inulin/oligofructose 
50/50 mix) 
-placebo (maltodextrin) 
(16 g/day) 

- Bifidobacterium and 
Faecalibacterium prausnitzii; 

both bacteria negatively 
correlated with serum 
lipopolysaccharide levels 

- Bacteroides intestinalis, 
Bacteroides vulgatus and 
Propionibacterium 

- HbA1c, glycaemia and 
insulinaemia, post-OGTT 
insulinaemia, 
HOMA-IR or adiponectinaemia, 
total, HDL, LDL, and 
triglycerides, CRP 

- Post-OGTT glycaemia 

-Foerster et al.  
-2014 
-Germany  
[22] 

-Healthy men 
and women, 20-
60 yrs 
-20 
-- 

-An intervention cross-
over 
-3 wks 
-Diet rich in whole grain 
products (WG), 40g/d 
-Diet high in red meat 
(RM), 200g/d 

- SCFA concentrations 
and calprotectin 
-8 bands changed in at least 4 
participants during the RM and 
during the WG diets 

-RM:  5 bands and  3 bands 

-WG:  3 bands and  5 bands 

-WG:  lipids and other blood 
parameters 

-RM:  creatinine and uric acid 



   

 

   

 

-Band appearing after WG and 
increasing after RM Collinsella 
aerofaciens and Clostridium sp 

-Jenkins et al.  
-1999  
-Canada 
[38] 

-Healthy men 
and women, 22-
53 yrs 
-24 
-- 

-A four-phase 
randomized crossover 
-2 wks /phase 
-Four wheat (low-fibre or 
high fibre) or corn starch 
(high-amylose or 
retrograded) 
supplements as muffins 
and breakfast cereal 

- Starch excretion (used to 

reflect metabolic activity of 
colonic microbiota) between the 
treatment groups 

- Total bacteria, 
bifidobacteria, fusobacteria, 

bacteroidetes 
-Starch excretion was related 
positively to fecal fusobacteria 
and bacteroides 

-Mean starch excretion was 
related positively to 
pretreatment HDL and 
negatively to LDL apolipoprotein 
B:AI  

-Jie et al.  
-2000  
-China 
[31] 

-Healthy men 
and women 
-Group A 
(control):30 
-Group B: 30 
-Group C: 30 
-Group D: 30 

-A double-blind, 
randomized, placebo-
controlled  
-28 d 
-Ingestion of 0 (A), 4 
(B), 8 (C), and 12 (D) g 
polydextrose/d  

- Groups C and D:  SCFA 
-All groups: 

- Bacteroides species 

- Lactobacillus and 
Bifidobacterium 

-  Liver and renal function, 
glucose, triacylglycerol, 
cholesterol, and serum Hb A1c 

-Groups C and D:  incremental 
AUC and glucose 

-Group D:  glycemic index 

-Martínez et al.  
-2013  
-USA 
[177] 

-Healthy men 
and female, 
25.9±5.5 yrs 
-28 
-- 

-A randomized cross-
over 
-4 wks 
-60 g of whole-grain 
barley (WGB), brown 
rice (BR), or an equal 
mixture of the two 
(BR+WGB) 

-All treatments:  microbial 

diversity, the 
Firmicutes/Bacteroidetes ratio, 

and the fecal abundance of the 
genus Blautia  
 

-Whole grains and the BR+WGB 

treatment:  IL-6 and peak 

postprandial glucose 

- Glucose level in women and 
overweigh subjects 

- Total cholesterol on women 



   

 

   

 

-Roager et al.  
-2019 
-Denmark  
[32] 

-Men and women 
at risk of 
developing 
metabolic 
syndrome, 20-65 
yrs (BMI 25–35 
kg/m2 and/or 
increased waist 
circumference) 
-50 

-- 

-A randomized, controlled 
cross-over trial 
-8 wks x2 
-75 g/day of whole grains 
during the whole grain 
intervention 

- <10 g/day of whole 
grains during the refined 
grain intervention 

- Bacterial species diversity or 
richness 

- HOMA-IR, HbA1c, serum C-
peptide, fasting glucose and insulin 

- Triacylglycerol, total 
cholesterol, HDL and LDL and free 
fatty acids 

- CRP, IL-6, IL-beta 

- TNF-α 

-Rebello et al.  
-2015  
-USA 
[35] 

-Overweight or 
obese men and 
women (18-70 
yrs) 
-14 
-14 

-A randomized, 
controlled 
-4 wks 
-A test product (powder 
containing 3.8 g inulin, 2 

g -glucan,  
0.16 g blueberry 
anthocyanins, and 0.72 
g blueberry polyphenols, 
total fiber 8.8 g) 
-Placebo (0 g -glucan, 
8.7 g fiber) 

- Bacterial composition 

- SCFA  

- Glucose tolerance, PYY, 

plasma satiety hormones 

- Ghrelin 

- Lipids, hsCRP, HOMA-IR, 
and 
HbA1C, insulin sensitivity 
 

-Robinson et 
al.  
-2001  
-USA 
[33] 

-Healthy female 
and male 
subjects 
-20 
- 

-A randomized cross-
over intervention 
-2x3 wks 
-Usual diet in addition to 
15 or 30 g 
arabinogalactan (AG) in 
a beverage sweetened 
with aspartame  

- Total anaerobes and  
Lactobacillus spp. after 6 wks 

with both doses 

-  Bifidobacterium spp, 
Clostridium spp., 

Enterobacteriaceae, fecal 
enzyme activity, SCFA  
- Fecal ammonia levels 

- Total cholesterol, HDH, 
LDL, triglycerides, Apo-A1, Apo-
B, insulin 

- Glucose level after 30 g of 
AG compared to baseline 



   

 

   

 

-Usual diet with the 
control beverage 

 

-Sandberg et 
al. 
-2019 
-Sweden 
[178] 

-Healthy men 
and women, 50-
70 yrs (BMI <28 
kg/m2) 
-33 
-- 

-A randomized 
crossover intervention 
-3 d 
-Barley kernel bread 
-White wheat bread  

-Subgroups based on baseline 
microbiota composition: 
Prevotella and Bacteroides and 

the ratio of 
Prevotella/Bacteroides 
-HP: high Prevotella, low 
bacterioides (n=12) 
-LP: low prevotella, high 
bacterioides (n=13) 
-HBP: high Prevotella and high 
Bacterioides (n=8) 

- Glucose responses, 
postprandial s-insulin responses 

-  b-glucose and s-insulin 
concentrations 

-HP:  insulin response and lower 
IL-6 compared to LP 

-LP:  b-glucose concentrations 

-  PYY, GLP-1 or GLP-2 

-HBP:  GLP-1 and GLP-2 

-HP:  p-PYY 

- IL-6 and CRP 

-HP:  IL-6, CRP 

- Free fatty acids (treatment 
and subgroups) 

-Schutte et al.  
-2018 
-The 
Netherlands 
[34] 

- Overweight men 
and 
postmenopausal 
women, 45-70 yrs 
-25 

-25 

-A randomized 
controlled, double-blind, 
parallel  
-12 wks  
-Whole grain wheat 
products (98 g/d)  
-Refined wheat products 
(98 g/d)  

- Diversity decreased in the 
refined wheat group when 
compared with the whole grain 
wheat group 

- Total cholesterol, HDL, 
triglycerides, nonesterified fatty 
acids 

- Glucose, insulin, HOMA-IR 

- Intrahepatic triglycerides 
(refined grains group) 

- Postprandial triglycerides  



   

 

   

 

-Vitaglione et 
al. 
-2015  
-Italy 
[36] 

-Healthy 
overweight/obes
e subjects, >18 
yrs 
-36 
-32 

-A placebo-controlled, 
parallel-group 
randomized 
-8 wks 
-Replacement of precise 
portions of refined 
wheat with a fixed 
amount of selected 
whole grain wheat or 
refined wheat 

- Fecal ferulic acid 

- The microbial community 

structure 

- Serum dihydroferulic acid 

after 4-8 wks, IL-10 after 4 wks 

- TNF-α after 8 wks 

- Plasma metabolic disease 
markers, anthropometric 
measurements and body 
composition 

-Vulevic et al.  
-2013 
-UK 
[24] 

-Overweight 
men and 
women who had 
≥3 risk factors 
associated with 
metabolic 
syndrome, 18-
65 yrs, BMI>25 
kg/m2 
-45 
-- 

-A double-blind, 
randomized, placebo 
controlled, crossover 
-12 wks 
- 
Galactooligosaccharide 
mixture [Bi2muno (B-
GOS)] 
-Placebo (maltotrexin) 

- Total bacteria, 
Lactobacillus/Enterococcus spp., 
Clostridium coccoides/Eubacterium 
rectale group, Atopobium cluster, 
E. cylindroides, E. hallii, b-
Proteobacteria, Clostridium cluster 
IX, and F. prausnitzii 

- Number of bifidobacteria 

- Bacteroides spp. and C. 
histolyticum group, number of 
Desulfovibrio spp., b-
Proteobacteria 

- G-CSF, IL-6, IL-10, IL-8, and 
TNF-α, CRP, glucose, HDL and 
LDL 

- Insulin, total cholesterol, 
triglycerides, triglycerides:HDL 
ratio, CRP 

-Xiao et al.  
-2014 
-China 
[25] 

-Obese men 
and women, 25-
55 yrs, (BMI≥28 
kg m2) 
-93 
-- 

-A self-controlled clinical 
trial  
-9 wks + 14 wks 
- Whole grains, Chinese 
traditional medicinal 
foods, and prebiotics 
(WTP diet) 
-Maintenance period 

- Enterobacteriaceae and 
Desulfovibrionaceae 

- Related to gut barrier-

protecting bacteria of 
Bifidobacteriaceae 

- Gut permeability  

- Insulin sensitivity, lipid 
profiles, adiponectin 
- Plasma endotoxin load as 
lipopolysaccharide-binding protein, 
TNF-α, IL-6 



   

 

   

 

Interventions with single food or food group 

-Balfegó et al. 
-2016 
-Spain 
[179] 

-Overweight or 
obese men and 
women (BMI 26-
35 kg/m2) with 
type 2 diabetes, 
(60.6±1.4 yrs) 
-19 
-16 

-A randomized 
intervention 
-6 mo 
-Type 2 diabetes 
standard diet with 100 g 
of sardines 5 d/wk 
-Type 2 diabetes 
standard diet 

- Abundance of the bacterial 
groups 

- Glucose, HbA1c, insulin and 
HOMA-IR 

- Adiponectin, IL-6, IL-8, IL-10 

-Chambers et 
al. 
-2019 
-UK 
[180] 

-Men and 
women with 
overweight or 
obesity, 18-65 
yrs 
-12 
-- 

-A randomized, double-
blind, placebo-
controlled, cross-over 
-42 d 
-Inulin-propionate 
ester (IPE) 
-Low-fermentable fibre 
control (cellulose) 
-High-fermentable fibre 
control (inulin) 

-Inulin: 1) class level 

Actinobacteria and  Clostridia 

2) order level  Clostridiale 

3) Anaerostipes hadrus, 
Bifidobacterium faecale and 
Bacteroides caccae and  Blautia 
obeum, Blautia luti, Oscillibacter 

spp, Blautia faecis and  
Ruminococcus faecis compared 

to cellulose 

-IPE:  Bacteroides uniformis 

and 

Bacteroides xylanisolvens and  

B. obeum and Eubacterium 
ruminantium compared to 

cellulose 

-IPE:  Fusicatenibacter 
saccharivorans and  A. hadrus, B. 
faecal and Prevotella copri 
compared to inulin 

-IPE and Inulin:  Insulin resistance 

and  insulin compared to cellulose 

-IPE:  IL-8 compared to cellulose 

-IPE:  propionate compared to 
cellulose 

- Th17, Treg, CD19+ B-cells 

-IPE:  IgG,  IL-8 



   

 

   

 

- SCFA 

-Han et al.  
-2015  
-Korea 
[181] 

-Obese women 
(BMI>25), 30-60 
yrs 
-12 
-11 

-A randomized 
controlled parallel 
-8 wks 
-Fermented kimchi 180 
g/d 
-Fresh kimchi 180 g/d 

- Relative abundance of 
Bacteroides and Prevotella 

- Relative abundance of Blautia 
after fermented kimchi 

- Glucose, triglycerides, HDL, 
total cholesterol, insulin, CRP, 
HOMA-IR 

-Holscher et al.  
-2018 
-USA 
[55] 

-Healthy women 
and men, 25-75 
yrs 
- 18 
- - 

-A controlled-eating 
randomized cross-over 
-3 wks 
-42 g walnuts/d 
-0 g walnuts/d 

- α -diversity 

- Relative abundance of 
Firmicutes 

- Relative abundance of 
Actinobacteria 
- Bacterial genera: 
Faecalibacterium, Clostridium, 
Roseburia, and Dialister 

- LDL and total cholesterol  

- HDL, triglycerides, glucose, IL-
6, CRP 
 

-Lear et al.  
-2019 
-UK 
[182] 

-Non-obese 
men and 
women, 40-60 
yrs 
-13 
-15 

-A randomized, placebo 
controlled 
-4 wk 
-Montmorency cherry 
supplementation (296 
mg total anthocyanins 
and 1040 mg total 
polyphenols per day) 
-Cherry flavoured 
placebo 

- Bacteroides and 
Faecalibacterium abundance, 
species richness and diversity 

- Matsuda index ( insulin 
concentration) 

- Oral glucose insulin sensitivity 
after placebo 

- IL-6 and CRP 

-Lima et al. 
-2019 
-Brazil  
[39] 

-Healthy young 
female subjects, 
28.5±8.4 yrs 

-10 

-A controlled non-
randomized, intergroup 
-30 d basal period, 60 d, 
30 d washout 

- Bifidobacterium spp., 

lactobacillus spp, and total 
anaerobic bacteria after 60 d 

- NH4+ (after 60 d) 

-After 60 d:  glucose, insulin, 
triglycerides, total cholesterol, LDL-
C, HOMA-IR 

-After 30 d:  LDL-C 



   

 

   

 

- - -Orange juice (300ml/d) 

- - 
- SCFAs production for acetic 

acid but  for propionic acid (after 
60 d) 

-Medina-Vera 
et al.  
-2019 
-Mexico 
[45] 

-Men and 
women with 
type 2 diabetes 
and healthy 
controls, 30-60 
yrs 
-81 
-30 

-A double-blinded, 
randomized, placebo-
controlled 
-1 mo 
-Reduced energy diet + 
dietary portfolio  
(dehydrated nopal, chia 
seeds, soy protein and 
inulin) 
-Reduced energy diet + 
placebo (caseinate and 
maltodextrin) 

- α-diversity  

- P. copri  

- Faecalibacterium prausnitzii 

and Akkermansia muciniphila, 
abundance of Bifidobacterium 
longum, and B. fragilis 

- Glucose, total cholesterol, 

LDL, free fatty acids, HbA1c, 
triglycerides and CRP 

- Antioxidant activity 

-Moreno-Indias 
et al.  
-2016  
-Spain 
[40] 

-Healthy and 
obese 
(metabolic 
syndrome, 
MetS) men, 
48±2 yrs 
-10 (healthy) 
-10 (MetS) 

-A randomized, 
crossover, controlled, 
intervention 
->30-d 
-Red wine 
-De-alcoholized red wine  

- Phyla Bacteroidetes, 
Firmicutes, Actinobacteria, 
Proteobaceria and respective 

genera after red wine or de-
alcoholized red wine 

-MetS patients:  number of 
Fusobacteria and Bacteroidetes 

and  Firmicutes after red wine 

and de-alcoholized red wine 
intake 

-Healthy subjects:  
Bacteroidetes red 

wine and the de-alcoholized red 
wine intake 
 

- Triglycerides, gamma-glutamyl 
transferase in MetS group after 
both interventions 

-MetS:  glucose, triglycerides, 
total cholesterol, CRP and LPS, 

and serum level of HDL 
compared to baseline after both 
interventions 

-Healthy:  total cholesterol 
compared to baseline after both 
interventions 



   

 

   

 

.  

-Ni et al.  
-2018 
-China 
[41] 

-Elderly men 
and women with 
metabolic 
syndrome (BMI 
≥ 25.0 kg/m2) 
and healthy 
elderly men and 
women (60-90 
yrs)  
-12 
-11 

-A controlled, pre- and 
post-treatment 
comparison 
-4 wks 
-Traditional Chinese 
Herbal Formula 200 
mLx2/d (Polygonatum 
sibiricum, Lycium 
barbarum  
Rehmannia glutinosa 
Libosch Rhodiola rosea 
Panax notoginseng, 
Ligusticum chuanxiong 
Hort , Lumbricus, Radix 
puerariae and Folium 
nelumbinis) 

- Relative abundance of 
Moraxellaceae, Acinetobacter, 
species Acinetobacter Incertae 
Sedis and Erysipelotrichaceae 
Incertae Sedis 

- Relative abundance of 
Αproteobacteria, Rhizobiales, 
genus Bacteroidales Incertae 
Sedis, and species 
Enterobacteriaceae Incertae 
Sedis 

- Lipoprotein (a) 
- Glucose, cholesterol, 
triglycerides, LDL, HDL, and uric 
acid 

-Puupponen-
Pimiä et al.  
-2013  
-Finland 
[42] 

-Men and 
women with 
metabolic 
syndrome 
-20 
-12 
 

-A randomized, 
controlled intervention 
-16 wks (8 wks 
intervention) 
-300 g/d fresh berries 
-No berries 

- Similarity values or diversity 

of predominant bacterial 
populations 

- Leptin  

- Cholesterol, HDH, LDL 

-Ravn-Haren 
et al.  
-2013  
-Denmark 
[43] 

-Healthy men 
and women, 18-
69 yrs (BMI ≥ 
25.0 kg/m2) 
-23 

-A randomized, single-
blinded, crossover 
-5x4 wks 
-Control period, whole 
apples (550 g/day), 

- Composition of the gut 
microbiota 

- LDL after whole apple, 
pomace and cloudy juice intake 

- LDL with clear juice 

compared to whole apple and 
pomace 



   

 

   

 

-- apple pomace 
(22 g/day), clear and 
cloudy apple juices 
(500 ml/day) 

- HDL-cholesterol, 

triglycerides, inflammation (hs-
CRP), insulin, IGF1 and IGFBP3 

-Redondo et 
al.  
-2019 
-Spain 
[183] 

-Healthy women 
and men (25-64 
yrs) with BMI 
19-28 kg/m2  
-30 
-- 
 

-A randomized cross-
over 
-3x5 wks 
-250g/yogurt per day 
(cow's milk yogurt 3 % 
fat, CW, ewe’s milk 
yogurt, semi-skimmed 
2.8 % fat, ES and ewe’s 
milk yogurt, 5.8 % fat, 
EW) 
-- 

- Gut microbiota by the 

intervention 

-Women in Cho1-group A:  
Blautia coccoides - Eubacterium 
rectale during EW compared to 

ES 

- Insulin, leptin, IL-8, TNF-α, 

VCAM, MCP, ICAM-1, P-
selectin, IL-10 by the 
intervention 

-Cho1-group A:  ICAM-1 after 

EW compared to CW and  P-
selectin after EW compared to 
ES 

-Women in Cho1-group A:  
MCP after EW compared to ES 
and CW 
(Cho1-group A= subjects with 
highest total cholesterol/HDL-
cholesterol index, n=10) 

-Sheflin et al.  
-2015  
-USA 
[184] 

-Healthy men 
and women 
-4 
-3 

-A randomized, single-
blinded, controlled, pilot 
-4 wks 
-Study meals or snacks 
(meals, e.g., casseroles, 
soups and snacks e.g., 
smoothies, granola, 
crackers) containing 30 
g/d heat-stabilized rice 
bran  
-Meals/snacks without 
stabilized rice bran 

- Eight operational taxonomic 

units, including three from 
Bifidobacterium 
and Ruminococcus genera after 

2 wks 

- Branched chain fatty 
acids, secondary bile acids and 
eleven other microbial 
metabolite 

- Cholesterol and bile acid 

metabolites, 

- Fatty acids: sebacic acid, 2-
hexendioic acid and 
pentadecanoic acid 



   

 

   

 

-Wilson et al. 
-2018 
-New Zealand 
[44] 

-Men and 
women 44-85 
yrs with 
prediabetes 
(BMI 29.4±7.3) 
-24 
- - 

-A pilot intervention 
-12 wks 
-Two kiwifruits per d 
-- 

- Uncharacterized bacterial 

family Coriobacteriaceae 
members 

- α-diversity 

- Plasma vitamin C level 
- HbA1c and  fasting glucose 
(not clinically significant) 

Interventions with an overall healthy diet, a functional diet or a multifunctional diet 

-Dao et al.  
-2016  
-France 
[47] 

-Obese or 
overweight men 
and women 
-49 
-- 

-Follow-up with two 
subsequent intervention 
periods  
-2x6 wks 
-Calorie restriction 
period followed by 
-Weight stabilisation diet  
 
-Participants divided to 
high 
(abundance≥median) 
and low (<median)  
Akkermansia 
abundance muciniphila 
abundance groups (Akk 
HI, Akk LO) 

-Akk HI:  A. muciniphila 

abundance after calorie 
restriction and total intervention 
period compared to Akk LO 
-A. muciniphila was associated 

with microbial species known to 
be related to health      

-Akk HI: improvements in insulin 
sensitivity markers, total 
cholesterol and LDL after calorie 
restriction and total intervention 
period 
 



   

 

   

 

-Fava et al.  
-2013  
-UK 
[185] 

-Men and 
women at high 
risk of MetS, 30-
65 yrs 
-HS (high 
saturated fatty 
acids): 11 
-HM/HGI (high 
MUFA/high GI): 
17 
-HM/LGI (high 
MUFA/low GI): 
22 
-HC/HGI (high 
CHO/high GI): 
21 
-HC/LGI (high 
CHO/low GI): 17 
(GI=glycemic 
index) 

-A randomized 
controlled 
-24 wks 
- Run-in diet HS  one 
of the experimental diets 
or HS diet 
-HM/HGI  
-HM/LGI  
-HC/HGI  
-HC/LGI  

-MUFA diets:  individual 

bacterial population numbers, ↓ 
total bacteria 

-HC diets:  Bifidobacterium 

compared to baseline 

-HC/HGI:  Bacteroides 

-HC/LGI and HS  
Faecalibacterium prausnitzii 

-HM/HGI and HM/LGI:   total 
bacteria 

-HS:  SCFA 

-MUFA diets:  total cholesterol 

and LDL 

-HC diets:  glucose and 
cholesterol levels compared to 
baseline 

-Haro et al.  
-2016  
-Spain 
[51] 

-Obese men 
with coronary 
heart disease, 
20-75 yrs 
-10 
-10 

-A randomized 
intervention 
-One year 
-Mediterranean diet 
(Med diet) 
- Low fat, high complex 
carbohydrate diet 
(LFHCC) 

-LFHCC:  Prevotella, 

 Roseburia genera 

-Med diet:  Prevotella,  
Roseburia and Oscillospira 

genera 
-Both diets after long-term 

usage:   abundance of 
Parabacteroides distasonis and 
Faecalibacterium prausnitzii 

- Glucose, HbA1c, HDL, LDL, 
triglycerides, total cholesterol 

- Insulin sensitivity (both diets) 



   

 

   

 

-The changes in the abundance of 
7 of 572 metabolites found in feces 

-Karusheva et 
al.  
-2019 
-Germany 
[186] 

-Men and 
women with 
type 2 diabetes 
(54±4 yrs) 
-12 
-- 

-A randomized 
controlled crossover trial 
-4 wk 
-Isocaloric diet with 
branched-chain amino 
acids (BCAA) 
-Diet without BCAA 
(BCAA-) 

- Bacteroidetes 
- Firmicutes 

- Insulin sensitivity, blood 
glucose, free fatty acids 

- Postprandial insulin sensitivity, 
circulating fibroblast-growth factor 
21 after BCAA-diet 

- BCAAs, insulin secretion, CRP 
after BCAA-diet 

-Kong et al.  
-2013  
-France 
[50] 

-Obese or 
overweight men 
and women, 26-
65 yrs  
-Cluster A: 17 
(continued to 
lost weight) 
-Cluster B: 15 
(weight 
remained 
stable) 
-Cluster C: 17 
(weight regain) 

-Clinical 
-12 wks 
-Energy restriction diet 
and after 
-Weight maintenance 

-Weight regain positively 
association with number of the 
Lactobacillus, 
Leuconostoc, Pediococcus 

group in feces 

-Weight regain positive 
association with insulin, insulin 
resistant indices, and 
inflammatory 
markers (such as leukocytes, 
neutrophils, and IL-6) 
-Weight regain negative 
association with insulin 
sensitivity indices and the AUC 
of free fatty acids 
-Predictors for clusters: plasma 
insulin, IL-6, leukocyte number, 
and adipose tissue at baseline 



   

 

   

 

-Marungruang 
et al.  
-2018 
-Sweden 
[187] 

-Healthy men 
and women with 
obesity or 
overweight, 
(BMI 25-33), 51-
72 yrs 
-23 
-24 

-A randomized, 
controlled, parallel 
-8 wks 
-Multifunctional diet 
-Control diet (lacking the 
functional "active" 
components) 

- Phylum or genus taxonomic 

levels 

- α-diversity 

- Abundance of Prevotella 
copri  

- Total cholesterol, LDL, LDL-

to-HDL ratio, Apo B-to-Apo A1 
ratio, and triglycerides 

- Reynold’s cardiovascular risk 

score (based on age, systolic 
blood pressure, type 2 diabetes, 
smoking, HDL, total cholesterol, 
CRP, parental myocardial 
infarction <60y) 

-Ostan et al. 
-2015  
-Italy 
[188] 

-Healthy elderly 
men and 
women, 65-85 
yrs (BMI 22-30 
kg/m2) 
-Arm A: 29  
-Arm B: 30  
-Arm C: 30  
-Arm D: 31  

-A randomized, four-
arm, intervention 
-56 d 
-RISTOMED alone (A) 
-RISTOMED diet 
supplementation 
+probiotics (B), +fruit 
peel extracted 
monoterpene d-
Limonene (C), +Argan 
oil (D) 
RISTOMED= healthy, 
personalized and 
balanced dietary 
intervention, enriched or 
not with specific 
nutraceutical 
compounds, to 
decrease and prevent 
inflammageing, 
oxidative 

-Arm C:  CL/B ratio 

Arm B:  CL/B ratio 
(Clostridium cluster IV and 
Bifidobacteria ) 

-Arm B:  Bifidobacteria 

- hsCRP variations 
-RISTOMED: ↓ erythrocytes 
sedimentation rate 

-Arm C:   fibrinogen, HOMAIR, 
insulin 

-Arms A and C:  glucose 

-All arms:  erythrocytes 
sedimentation rate 

-Arm D:  fibrinogen 



   

 

   

 

stress and gut 
microbiota alteration 
 

-Salonen  et al.  
-2014  
-Finland 
-Lobley et el. 
-2013 
-UK 
[189, 190]  

-Obese males 
with metabolic 
syndrome, 27-
73 yrs 
-14 
-- 

-A randomized cross-
over 
-10 wks (1 wk weight 
maintenance diet (M) 
followed by 2 diets for 3 
wks each in randomized 
cross-over design (RS 
or NSP), followed by 3 
wks weight-loss diet, 
WL) 
-Diet supplemented with 
resistant starch (RS)  
-Diet including non-
starch polysaccharides 
(NSP) 
-Weight-loss (WL) diet 
(high protein, medium 
carbohydrate levels) 

-After RS:  α-diversity, richness 

and evenness compared to NSP 
and WL diets 
-Overall microbiota of the 
subjects differed between the 
diets 

- Multiple Ruminococcaceae 

phylotypes (RS) 

- Lachnospiraceae phylotypes 

(NSP) 

- Bifidobacteria (WL) 
- RS and WL: ↓ SCFA acetate, 
propionate and butyrate, succinate 
compared to WL and M 

-WL:   Insulin, C-peptide, 
HOMA2-IR 

- Glucose 
-WL: improvements in pancreatic 
function and insulin sensitivity 
compared to other diets 

-RS:  HOMA2-IR compared to M 
and NSP diets. 

-Tindall et al. 
-2019 and 
2020 
-the USA 
[56, 57] 

-Men and 
women at risk 
for 
cardiovascular 
disease, 30-65 
yrs , BMI 25-40 
kg/m2 
-45 

-A randomized, 
controlled, 3-period, 
crossover, feeding trial 
-2 wks run-in diet, 3x6 
wks isocaloric diets 
-Western diet (run-in), 3 
isocaloric weight-
maintenance diets: 

-WD: most abundant relative 
taxa: Roseburia, Eubacterium 
eligensgroup, Lachnospiraceae 
UCG004, Leuconostocaceae 

 
-WD: Gordonibacter relative to 

WFMD 

-WD:  brachial and central mean 
arterial pressure 

-All diets:  total cholesterol, LDL, 
HDL, and non-HDL cholesterol 

 



   

 

   

 

-- walnut diet WD), walnut 
FA-matched diet 
(WFMD), oleic acid–
replaced-ALA diet 
(ORAD) 

-WFMD : Roseburia (3.6%, LDA 

= 4) 
and Eubacterium eligensgroup 
-ORAD: Clostridialesvadin BB60 
group and gut metagenome 

-Zeevi et al.  
-2015  
-Israel 
[52] 

-Healthy men 
and female 
-14 (expert-
based 
intervention 
-12 (predictor-
based 
intervention) 
-- 

 -A blinded randomized 
personalized two-arm 
controlled dietary 
intervention based on 
the algorithm 
(prediction) including 
blood parameters, 
dietary habits, 
anthropometrics, 
physical activity, and gut 
microbiota measured in 
800-person cohort and 
validated in 100-person 
cohort 
-1 wk 
-Predictors for good and 
bad diets 
-Without predictors 

-Predictor-based diets: 
Consistent gut microbiota 
alterations 
Good week: 

- Roseburia inulinivorans, 
Eubacterium eligens, Alistipes 
putredinis 
-Bifidobacterium adolescentis, 
Anaerostipes 
Bad week: 

- Bifidobacterium 
adolescentis, Anaerostipes 

- Roseburia inulinivorans, 
Eubacterium eligens, Bacteroides 
vulgatus 

- Glucose metabolism, such as 
postprandial responses, 
fluctuations in blood glucose levels 
after 1-week intervention 

 
a Apo=Apolipoprotein, AUC=Area under curve, CRP=C-reactive protein, G-CSF=Granulocyte-colony stimulating factor, GLP-
1=Glucagon-like peptide 1, GLP-2=Glucagon-like peptide 2, HbA1c=Hemoglobin-A1c, HDL=High density lipoprotein, HOMA-IR= 
Homeostatic Model Assessment for Insulin Resistance, ICAM-1= Intercellular Adhesion Molecule 1, IgG=Immunoglobulin G, IGF1= 
Insulin-like growth factor 1, IGFBP3= Insulin-like growth factor-binding protein 3, IL=Interleukin, LBP=Lipopolysaccharide binding 
protein, LDL=Low density lipoprotein, LPS=Lipopolysaccharides, MCP= Blood monocyte chemotactic protein-1, OGTT=Oral 



   

 

   

 

glucose tolerance test, PYY=Gut hormone peptide YY, SCFA=Short-chain fatty acid, Th17=T helper 17 cell, TNF-α=Tumor necrosis 
factor α, Treg=Regulatory T cell, VCAM= Vascular cell adhesion protein. 
 
  



   

 

   

 

Table 3. Intervention studies examining the impacts of exercise on microbiota and serum metabolic markers considered to be 
cardioprotective. 
 
-Author 
-Year 
-Country 

-Population 

-N (intervention) 
-N (control) 

-Design 
-Duration 
-Intervention  
-Control  

Results 

 
Serum markers Microbiota and faecal 

metabolites 

Athletes     

-Murtaza 
-2019 
-Australia 
[74] 

-race walkers 
-21 

-intervention study  
-3 weeks 
-intensified training 
program 
-no control group 
  
-also assignment to 
high carbohydrate, 
periodised carbohydrate 
or ketogenic low 
carbohydrate diets 
  

-not reported Distinct enterotypes, 
with either a Prevotella 
or Bacteroides 
dominated enterotype, 
were relatively stable 
and remained evident 
after training 

-Zhao  
-2018  
-China 
[77] 

-marathon runners 
-20 

-intervention study 
-24 hours  
-half marathon 
-no control group 
  

-not reported -no change in alpha 
diversity  
-↑ Coriobacteriaceae 
-↑ organic acids  
-↓ nucleic acid 
components 

-Keohane 
-2019 
-Ireland 
[75] 

-rowers  
-4 

-intervention study 
-33 days 
-transoceanic rowing 
race 

-not reported During race:  
-↑ microbial diversity 



   

 

   

 

-no control group -↑ abundance of 
butyrate producing 
species 
-↑ Dorea longicatena, 
Roseburia hominis and 
members of genus 
subdoligranum  
-↓ Bacteroides finegoldii  

-Scheiman 
-2019  
-USA 
[78] 

-marathon runners  
-15 
-sedentary control 
-10 
-rowers and 
ultramarathoners 
-87 

-intervention study and 
control population 
-days before and after 
marathon 
-marathon 
-control: no marathon  
  
-replication: rowers and 
ultramarathoners 
-duration not reported 
-exercise  
  

-not reported Veillonella most 
abundant microbiota 
feature days after 
marathon  
Results reproduced in 
87 athletes 

-Hampton-Marcell 
-2020  
-USA 
[76] 

-swimmers 
-16 
-no control group 

-intervention study  
-months 
-tapering of training 
volume (32.6 km/wk to 
11.3 km/wk) 
-no control group 
  

-not reported 
  
  

-↓overall microbial 
diversity  
-in microbial community 
structural similarity 
-↓ faecalibacterium and 
coprococcus 

Healthy subjects 

  
        



   

 

   

 

-Cronin 
-2018 
-Ireland 
[83] 

-healthy sedentary 
adults 
-90 
  

-intervention study 
-8 weeks 
-exercise program 
-no control group 

-not reported 
  

-no significant 
modulation in 
taxonomic composition 
or metabolic pathways 
compared to baseline 

-Allen 
-2018 
-USA 
[80] 

-lean subjects 
-18 
-obese subjects 
-14 

-intervention study 
-6 weeks 
-supervised, endurance 
based exercise training  
-6 weeks sedentary 
washout period 

-lean: increase of SCFA 
after 6 weeks exercise 
training 

Exercise-induced 
changes beta diversity 
dependent on obesity 
status  
Exercise-induced shifts 
in metabolic output of 
the microbiota 
paralleled changes in 
bacterial genes and 
taxa capable of short-
chain fatty acid 
production 

-Munukka 
-2018 
-Finland  
[82] 

-sedentary obese 
women 
-17 
  

-intervention 
-6 weeks 
-endurance exercise 
intervention 
-no control group 
  

-decrease in VLDL 
-no change in CRP 

-↑ Akkermansia  
-↓ Proteobacteria 

-Taniguchi 
-2018 
-Japan 
[81] 

-elderly men 
-33 

-intervention study 
-5 weeks 
-endurance exercise 
program 
-no control group  

-not reported  -effect on gut microbiota 
diversity was not 
greater than 
interindividual 
differences 
-changes in α-diversity 
indices during 



   

 

   

 

intervention were 
negatively correlated 
with changes in systolic 
and diastolic blood 
pressure 
-↓ relative abundance of 
Clostridium difficile 
-↑relative abundance of 
Oscillospira  

-Erickson 
-2019 
-USA 
[98] 

-obese adults 
-16 

-intervention study 
-12 weeks 
-exercise 5 days/week 
with either hypocaloric 
or eucaloric diet 
-no control group 
  

-hypocaloric diet 
decreased change in 
TMAO after 12 weeks  
-eucaloric diet 
increased change 
-absolute TMAO levels 
not altered 

-not reported 

-Morita  
-2019  
-Japan 
[79] 

-elderly wonen 
-32 

-intervention study with 
non-randomized 
allocation 
-12 weeks 
-trunk muscle training or 
aerobic exercise 
-no control group 
  

-not reported 
  

-↑ Bacteroides in 
aerobic exercise group 
  

Patients          

-Pasini 
-2019 
-Italy 
[85] 

-type 2 diabetes 
patients 
-30 

-intervention study 
-6 months 
-endurance, resistance 
and flexibility training 
-no control group 

-↓ glucose and markers 
of systemic 
inflammation 
  

-↓ Mycetes  



   

 

   

 

-Cronin 
-2019 
-Ireland 
[83] 

-inflammatory bowel 
disease patients 
-20 
  

-randomized cross over 
trial 
-8 weeks 
-combined aerobic and 
resistance training 
-control situation: no 
exercise training 
  

-not reported -no clinically significant 
alterations in the alpha- 
and beta-diversity of gut 
microbiota 
  



   

 

   

 

Table 4. Research gaps in intervention studies attempting to reveal lifestyle-gut 
microbiota-cardiovascular health pathway.  

Area of 
research  

Identified gaps 

Lifestyle 
interventions 
 
 

 Absence of proof of causality necessitating well-designed and 
powered intervention trials 

 Lack of definition of the overall lifestyle behavior (diet, physical 
exercise, smoking behavior and medication) that induces 
beneficial effects in gut microbiota composition and function and 
subsequently in cardiovascular health markers and end-point 
diseases  

 Limited knowledge on potential benefits of specific nutraceuticals, 
in the context of general diet, in modifying gut microbiota and 
cardiovascular health 

Mechanisms  Limited understanding on the specific molecular mechanisms 
mediating the effect of known microbial metabolites such as 
TMAO, bile acids and SFCA in the diet-microbiota-cardiovascular 
health interaction.  

 Presence of many ‘unknown’ metabolites which need to be 
characterized, especially their capacity to bind to specific 
receptors 

 Lack of knowledge on the specific dietary compounds modulating 
the microbiota-health interaction. 

Methods   Absence of standardized/normalized gut microbiota analytics and 
bioinformatics tools 

 Differences in metabolism between animals and humans 

 Lack of automatized tools for evaluation of food consumption and 
nutrient intakes  

 Paucity of novel risk markers for cardiovascular health (e.g. 
involving metabolomics) allowing evaluation of the intervention 
effects on complex metabolic network  

 Lack of personalized approaches, including consideration of gene 
polymorphism or baseline diet or gut microbiota in the allocation 
to the intervention groups   
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