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The human gut microbiota comprises of a diverse ecosystem of over 1014 microorganisms, 
having over 1100 diverse species, residing in the gastrointestinal tract. It is mainly composed 
of Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria and Cerrucomicrobia species, of 
which the first two, namely Bacteroidetes and Firmicutes account for ~90 percent of the 
overall gut microbiota [1]. The microbiota exists in a symbiotic relationship with the host and 
plays a critical role in maintaining metabolic homeostasis. It has been established that the 
homeostasis of gut microbiota is critical for maintaining human health in general as well as CV 
health [2]. Further, the alterations in gut microbiota can points to the latent CVD as well as have 
a prospective value [3]. The gut dysbiosis denoting loss of microbial diversity and imbalance, 
accompanied with reduced intestinal integrity, has been related to the development of various 
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Abstract

The new dimension in cardio-metabolic health: Cardio-metabolic disorders (CMDs) encompass 
various disorders like metabolic syndrome, obesity, diabetes and cardiovascular disease (CVD) including 
atherosclerosis, hypertension, coronary artery diseases, cerebrovascular disease and heart failure. CMD 
occur due to insulin resistance (IR), inflammation, deranged energy and metabolic homeostasis. Apart 
from various predisposing factors including genetic and environmental and lifestyle factors, the novel 
factors such as nutritional and gut microbial dysbiosis have also been implicated for CMDs. 

Microbial dysbiosis and metabolic disorders: Gut microbiota exerts a significant role in the 
pathogenesis of the metabolic syndrome and related diseases. The impairment of the fine balance between 
gut microbes and host’s immune system culminates into intestinal microbial dysbiosis and development 
of metabolic endotoxemia, leading to systemic inflammation and IR. There has been outlined the gut 
microbiota-dependent mechanisms linking the gut microbial dysbiosis and the development of metabolic 
disorders like insulin resistance, diabetes, obesity and non-alcoholic fatty liver disease (NAFLD).

Microbial dysbiosis and atherosclerosis: The recent clinical and animal studies have documented 
that gut dysbiosis contributes to the development of atherosclerosis through modulation of various 
pathways. There is evidence that gut microbiota plays a causative role in atherosclerosis by modulating 
inflammation through production of microbial metabolites like short-chain fatty acids (SCFAs). The 
secondary bile acids are another group of gut microbiota-derived metabolite involved in CVD and various 
metabolic diseases.

Microbial dysbiosis and hypertension: Apart from, dyslipidemia, hypertension is another most 
important risk factor for CVD that bears genetic susceptibility and influenced by environmental 
factors. The gut dysbiosis has been linked with cerebrovascular events apart from metabolic disorders. 
Simultaneously, there exists a relationship between gut microbiota and hypertension, which has been 
established by various recent studies. Both SCFAs and oxidized LDL have been associated with the 
microbiota-linked mechanisms for development or exacerbation of hypertension.

Microbiota-targeted therapy for CMD: The gut microbiota is a novel therapeutic target for the 
treatment of CMD. Over the recent years, there have evolved potential strategies for therapeutically 
targeting intestinal microbiota and microbial processes. The MTT appears to be a promising strategy to 
prevent and treat metabolic disorders as well as CVD. The most frequently used measures to manipulate 
the gut microbiota to reduce CV risk and CVD are therapeutic use of probiotics, prebiotics and certain 
nutraceuticals. The therapeutic intervention to repair microbial dysbiosis through fecal microbiota 
transplantation (FMT) appears to be a potential therapy for CVD and various metabolic disorders like 
metabolic syndrome, T2DM and obesity.

Keywords: Atherosclerosis; Dysbiosis; FMT; Hypertension; Insulin resistance; Metabolic syndrome; 
Microbiota; Microbiota-targeted therapy; NAFLD, Obesity; Prebiotics; Probiotics; Resveratrol
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diseases including CVD, obesity [4,5], T2DM [6,7], NAFLD [8,9] and 
various malignancies [10,11] (Figure 1). 

Figure 1: Microbial dysbiosis and its metabolic 
and cardiovascular fallouts.

The microbiota plays a role in various metabolic and 
physiological functions, like modulation of regulation of appetite, 
satiety and energy equilibrium, glucose and lipid homeostasis, 
production of vitamins and metabolites having multiple actions by 
regulation of several biochemical and physiological mechanisms. 
The abnormal alteration in the gut microbiota composition called 
dysbiosis can lead to several diseases, including metabolic disorders, 
such as metabolic syndrome, diabetes, obesity and cardiovascular 
diseases. This is due to IR, inflammation, deranged homeostasis 
and metabolic disorders, vascular disorders like atherosclerosis, 
hypertension, coronary artery diseases, cerebrovascular disease 
and heart failure [12]. Thus, apart from various predisposing factors 
including genetic and environmental and lifestyle factors the novel 
factors such as nutrition and gut microbial dysbiosis have also 
been implicated as the main risk factors for metabolic syndrome 
(MetS), obesity, diabetes and CVD. The consumption of a high-fat 
(HF) diet has been shown to induce gut dysbiosis [13]. There has 
been outlined the gut microbiota-dependent mechanisms of CVD, 
highlighting the relationship between gut microbial dysbiosis and 
the development of atherosclerosis and hypertension, both being 
major risk factors for CVD [14]. 

Gut Microbial Dysbiosis and Metabolic Syndrome

The MetS is a combination of interconnected physiological, 
biochemical, clinical and metabolic factors that has been linked 
to an increased risk of cardio-metabolic disorders and T2DM. The 
raised blood pressure, dyslipidemia, raised fasting glucose, central 
obesity and non-alcoholic fatty liver disease (NAFLD) are the main 
features of Meets (Figure 2).

Figure 2:  The components of Metabolic 
Syndrome.

Dysbiosis and obesity

The role of gut microbiota on the development of obesity 
was proved by studies conducted on germ free mice (GF-mice) 
compared to conventionally raised mice (CONV-R) [15]. The CONV-R 
have a 40% higher body fat content than GF-mice, a phenomenon 
independent from the food intake. Moreover, after colonization of 
GF-mice with intestinal flora coming from CONV-R mice, a significant 
increase of body weight and ~60% increase of body fat, along 
with increased hepatic triglycerides synthesis and IR in recipients 
(CONV-D), independent of food intake and total energy expenditure. 
Further, the GF-mice colonized with intestinal flora from obese 
mice showed an evident increase in body weight and fat tissue 
through an increased energy harvest promoted by gut microbiota 
[16]. The mechanism through which gut microbes contribute to 
increased energy absorption appears to be through production of 
short chain fatty acids (SCFAs), resulting from the hydrolysis and 
the fermentation of dietary polysaccharides. The SCFAs, such as 
propionate, butyrate and acetate exert complex metabolic actions 
influencing host appetite, intestinal transit time, energy absorption 
and energy harvest [17]. SCFAs also increase intestinal absorption 
of monosaccharides stimulating the expression of sodium/glucose 
transporter 1. SCFAs also contribute to modulate host appetite 
and food intake interacting with G-coupled proteins expressed 
by enteroendocrine cells and promoting the release of glucagon-
like peptide-1 (GLP-1) and peptide YY, which influence satiety 
[18]. In addition, SCFAs influence lipid metabolism by increasing 
lipogenesis and inhibiting fatty acids oxidation [19]. 

The studies have proved specific changes in gut microbiota 
composition in genetically obese mice (ob/ob mice), compared 
to lean counterparts, showing a 50% reduction in the abundance 
of Bacteroidetes and a proportional increase in Firmicutes. These 
specific changes appear to contribute to the increased SCFAs 
production and energy harvest observed both in obese mice and 
in GF-mice colonized with ob/ob mice microbiota [20]. There are 
other possible mechanisms. The high-fat diet has shown to increase 
the proportion of Gram-negative species in gut microbiota, thus, 
contributing to an increased intestinal absorption of bacterial 
fragments, such as lipopolysaccharides (LPS). The increased levels 
of circulating LPS lead to ‘metabolic endotoxemia’, manifesting as 
weight gain, fasting hyperglycemia and hyperinsulinemia [21]. 
There is increasing evidence to suggest that high-fat diet promotes 
changes in gut microbiota composition, but the subsequent 
development of obese phenotype has been related to metabolic 
endotoxemia [22]. The increased intestinal permeability leads to 
bacterial translocation which in turn causes a low-grade intestinal 
inflammatory state, resulting from the interaction between 
luminal bacteria and host’s immune system. Bacterial antigens are 
recognized by specific receptors exposed by intestinal dendritic 
cells, such as NOD1, CD-14 and Toll-like receptor 4 (TLR-4). The 
interaction between these receptors and bacterial peptidoglycan 
or LPS activates mucosal inflammation and bacterial translocation, 
through the activation of the NF-κB pathway. Another mechanism 
involved in the regulation of gut homeostasis is the endocannabinoid 
system. The endocannabinoid receptors expressed in the gut, eCB1, 
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interact with bacterial LPS, modulating gut permeability, LPS 
translocation and inducing metabolic endotoxemia [23]. 

The complex interactions affect gut microbial homeostasis and 
composition, and lead to intestinal dysbiosis, bacterial translocation 
and the subsequent development of metabolic endotoxemia, which 
is essential for the development of obese phenotype and IR. The 
functional changes in gut microbiota result in altered genetic 
pathways expression and lead to a preferential increase in genes 
involved in sugar and carbohydrate metabolism in obese subjects. 
The functional changes in gut microbiota lead to an increased 
production of SCFAs, with a consequent raised capacity of energy 
harvest associated to a preferential increase of propionate. The diet 
has a strong influence on the gut microbial composition. The high-
fat/low-fiber Western diet promotes overgrowth of gram-negative 
pathogens, with consequent increased intestinal translocation of 
bacterial LPS interacting with specific TLR receptor and culminating 
into an inflammatory cascade that precedes the development 
of insulin resistance, obesity and diabetes. The animal-based 
diet increases the abundance of bile-tolerant and amino-acids 
metabolizing microorganisms (Alistipes, Bilophila and Bacteroides) 
and decreases the levels of Firmicutes which metabolize dietary 
plant polysaccharides. Whereas, with vegetarian diet, Prevotella 
species is in abundance having preferential expression of genes 
involved in starch break-down. 

Dysbiosis and T2DM

The gut microbial dysbiosis promotes LPS-induced metabolic 
endotoxemia, which is the first step leading to the development 
of IR. Experimentally LPS infusion in mice studies leads to fasting 
hyperglycemia and hyperinsulinemia. The administration of a broad-
spectrum antibiotic therapy which reduces metabolic endotoxemia 
and modulates gut microbiota, has been shown to improve glucose 
tolerance in ob/ob and diet-induced obese and insulin-resistant 
mice [24]. A recent study has outlined the protective role of the 
bacterium Akkermansia muciniphila against the development 
of metabolic diseases [25]. The normalization of A. muciniphila 
abundance leads to an improved metabolic profile and reduced fat-
mass, metabolic endotoxemia, adipose tissue inflammation and IR. 
Further, it leads to increased intestinal levels of endocannabinoids 
that control inflammation, the gut barrier integrity and gut peptide 
secretion. The butyrate or conjugated linolenic acid producing 
bacteria such as Bifidobacterial or Lactobacillus, improve glucose 
tolerance along with a decrease in endotoxemia, pro-inflammatory 
cytokines and intestinal permeability [26]. The clinical studies 
have documented that LPS levels are significantly increased in 
diabetic subjects, compared to controls, and seem to decrease with 
the administration of antidiabetic therapy [27]. A longitudinal 
study has noted that increased levels of blood circulating bacteria 
are present before the development of diabetes [28]. Further, in 
diabetic subjects, a moderate degree of gut microbial dysbiosis is 
associated with a selective increase in opportunistic pathogens 
and decrease in bacteria producing beneficial metabolites, such 
as butyrate. The metabolite, butyrate exerts a protective role, 
enhancing the expression of tight-junction genes, promotes gut 

barrier function and reduces bacterial translocation [29]. There is 
a role of metabolic endotoxemia in development of IR and T2DM, 
leading to progressive development of glucose intolerance and IR. 

Dysbiosis and NAFLD

The gut microbiota influences energy absorption and storage by 
modulating monosaccharides absorption and hepatic lipogenesis 
through genes expression pathways involved in complex metabolic 
reactions. The GF mice receiving gut microbial colonization from 
conventional mice show a significant increase in triglycerides 
synthesis and fatty storage in hepatocytes. The study revealed that 
mice developing IR and fatty liver showed an increased number 
of Lachnospiraceae and Barnesiella, and decreased Lactobacilli. 
Further, gut microbiota may contribute to development of fatty liver 
through the ethanol production, as in the genetically obese mice 
breath ethanol levels were found to be significantly higher than in the 
lean mice and antibiotic treatment reduced by 50% the cumulative 
ethanol production in the obese mice [30]. Another mechanism 
through which the gut microbiota influences the susceptibility to 
develop NAFLD is through alteration of the choline and bile acid 
metabolisms. Recently, the role of fructose-rich diet has been 
implicated in NAFLD. The fructose induced-NAFLD is associated 
with the development of small bowel bacterial overgrowth, 
increased intestinal permeability, increased circulating endotoxin 
and subsequent Kupffer cells mediated hepatic inflammation [31]. 
Gut microbiota also exerts a role in the progression from NAFLD 
to non-alcoholic steatohepatitis (NASH) and hepatic fibrosis. 
There is a role of cytoplasmic multiprotein complexes called 
inflammosomes, in the development of inflammatory hepatic 
changes. The inflammosomes are expressed in most liver cells, 
such as Kupffer cells, liver sinusoidal endothelial cells, periportal 
myofibroblasts and hepatic stellate cells. The activation of cytosolic 
inflammosomes, induced by the interaction with LPS or other 
microbial antigens coming from bacteria circulating in the portal 
system, leads to the expression of the pro-inflammatory cascade 
and modulates hepatic tissue fibrosis [32]. 

The clinical studies outline the similar mechanisms to explain 
the possible role of gut microbiota in the pathogenesis of NAFLD. 
There is a small bowel bacterial overgrowth and increased intestinal 
permeability, associated with choline deficiency, increased 
circulating levels of ethanol and intestinal overgrowth of ethanol-
producing bacteria, such as Enterobacteriaceae and Escherichia coli. 
The development of NASH is associated with increased systemic 
inflammation through TLR-4 mediated interaction with circulating 
pathogen associated molecular patterns (PAMPs) and release of 
pro-inflammatory cytokines [33]. 

Gut Microbial Dysbiosis and Atherosclerosis

The animal studies and clinical trials, both, have documented 
that gut dysbiosis can contribute to the development of 
atherosclerosis through modulation of various pathways [34,35]. 
The gut microbiota plays a causative role in atherosclerosis 
by modulating inflammation through production of microbial 
metabolites [36]. There has been demonstrated relatively lower 
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abundance of Roseburia and Eubacterium, and higher abundance of 
Collinsella in atherosclerotic patients compared to healthy controls 
[37]. In addition, Akkermansia muciniphila has been found to 
improve gut barrier functions and exert protective effects against 
atherosclerosis [38]. 

Inflammatory mechanism for atherosclerosis

The gut epithelium is one of the first barriers to protects 
against the invasion of pathogens. The integrity of the gut barrier 
is, thus, essential for preservation of health. An abnormal intestinal 
permeability is due to reduced expression of tight junction 
proteins, including zonula occludens-1, claudin-1, and occludin, 
and an imbalance between intestinal epithelial cell death and 
regeneration [39]. With impaired intestinal epithelial barrier, 
the invasion by PAMPs drives an immune response and results 
in systemic and tissue-specific inflammation. The impairments 
to the gut barrier integrity induced by gut dysbiosis, thus, acts as 
risk factor for chronic inflammation in various diseases including 
atherosclerosis, which is a chronic inflammatory disease [40]; 
(Figure 3). Further, the microbial components, lipopolysaccharide 
(LPS) and peptidoglycan are inflammatory risk factors for CVD. 
LPS is a cell wall component of Gram-negative bacteria, which 
has been extensively studied as one of the PAMPs involved in CVD 
risk. The gut dysbiosis suppresses the expression of tight junction 
proteins, leading to increased intestinal permeability and the 
translocation of LPS into the blood [41]. Gut dysbiosis-derived LPS 

activates the Toll-like receptors (TLRs), which recognize bacterial 
products and modulate the immune system [42]. The upregulation 
of TLRs is associated with inflammatory reactions, which promote 
atherosclerosis [43,44]. The binding of LPS to TLR4 activates 
the downstream pathways including MYD88 and nuclear factor 
kappa B (NF-κB), contributing to the increased production of pro-
inflammatory cytokines such as IL-6, IL-1, IL-27, and tumor necrosis 
factor-alpha (TNF-α), leading to an increased risk of developing 
CVD [45,46]. Another bacterial PAMP, peptidoglycan (PG), is also 
associated with CVD risk by impairing the intestinal epithelial 
barrier. PG is a minor cell wall component of G-Neg bacteria and a 
major component of G+ bacteria. The patients with atherosclerosis 
have shown enrichment of the genes encoding PG synthesis, which is 
associated with vulnerable plaques in atherosclerotic arteries [47]. 
Through PG recognition, the nucleotide-binding oligomerization 
domain (NOD) proteins NOD1 and NOD2 promote intracellular 
bacteria clearance. The NOD2 being a critical regulator of intestinal 
bacterial immunity, helps in maintaining integrity of the gut barrier. 
The potential role of NOD1 in atherosclerosis is proved by studies 
in Nod1 knockout mice. The knockout of apolipoprotein E and Nod1 
in mice significantly reduced the development of atherosclerotic 
lesions [48]. There are other PAMPs promoting inflammatory 
processes through the engagement of host pattern recognition 
receptors (PRRs). In addition, the functional changes in the gut 
microbiota also adversely affect the atherosclerosis risk. 

Figure 3: The mechanisms and pathways linking microbial dysbiosis and atherosclerosis.

The role of microbial metabolites in atherosclerosis

Apart from the microbial dysbiosis-associated inflammation, 
various gut microbiota-derived metabolites also play role in 
development of atherosclerosis. Various metabolites are produced 
by the gut microbiota, as well as are product of co-metabolism of 
gut microbiota, including amines methylamines, polyamines, short-
chain fatty acids (SCFAs), tri-methyl-amine N-oxide (TMAO) and 
secondary bile acids (BAs). SCFAs are critically involved and have 
impact on various metabolic diseases [49]. TMAO is an important 
microbial metabolite having various adverse effects and a diet 
rich in complex starch like potato has been found to increase its 
plasma levels and the CV risk [50]. Further, the observations from 

the recent research endorse the involvement TMAO and secondary 
BAs in atherosclerosis [51]. 

TMAO and atherosclerosis: In the intestine, dietary 
phosphatidylcholine or L-carnitine is metabolized by gut microbiota 
into trimethylamine (TMA), a precursor of TMAO [52]. TMA is 
transported to liver and oxidized by flavin monooxygenase 3 (FMO3), 
to form TMAO [53]. In mice studies, the hepatic knockdown of FMO3 
by antisense oligonucleotide decreased circulating TMAO levels 
and attenuated atherosclerosis through activating macrophage 
reverse cholesterol transport [54]. FMO3, thus appears to be a 
central regulator of cholesterol balance [55]. The increased plasma 
levels of gut microbial phosphatidylcholine metabolites and TMAO 
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are associated with the risk of CVD [56,57]. Further, the higher level 
of plasma TMAO has been correlated with atherosclerotic plaque 
formation and the extent of the atherosclerotic plaque area, and 
the risk of heart failure [58]. The experimental studies in mice have 
established that TMAO is a promoter of atherosclerotic disease and 
an important risk factor for the pathogenesis of CVD. It can be a 
potential biomarker for CVD risk [59,60]. TMAO has been shown 
to enhance platelet hyperreactivity and thrombosis risk [61]. No 
wonder, the metabolite, TMAO is apparently a potential therapeutic 
target for CVD as well on basis of a large amount of experimental 
and clinical data [62]. In general, choline is a dietary source of 
TMAO, but in a cohort study, there was no clear evidence of the 
association between choline intake and the risk of developing CVD 
[63]. Further, in ApoE (-/-) mice, L-carnitine administration led to 
resulted increased circulating TMAO levels but that was inversely 
related with atherosclerotic aortic plaque size [64]. Thus, the exact 
role of TMAO in atherosclerosis and CVD, as diagnostic tool and as 
having therapeutic potential is not fully established.

Secondary bile acids and atherosclerosis: The secondary 
bile acids are another group of gut microbiota-derived metabolite 
involved in CVD and various metabolic diseases [65]. Primary BAs are 
synthesized from cholesterol in the liver and stored in gall bladder 
and include cholic acid (CA) and chenodeoxycholic acid (CDCA). 
Primary BAs are usually metabolized into the secondary BAs, like 
deoxycholic acid (DCA) and lithocholic acid (LCA), hyodeoxycholic 
acid and ursodeoxycholic acid are formed from the primary Bas 
through gut microbiota-derived enzymes. There is a bidirectional 
relationship between gut microbiota and BA metabolism [66]. The 
hepatic BA biosynthesis influences the gut microbiota, highlighting 
the significance of the liver-BA-gut microbiome metabolic axis [67]. 

Both primary as well as secondary BAs are important signaling 
molecules that modulate the metabolism and energy expenditure. 
In addition to BAs, BA receptors mediate their biological functions 
and gut microbiota-derived secondary BAs play important roles 
in the development of atherosclerosis through the modulation of 
various BA receptors such as FXR, PXR, TGR5, VDR, and S1PR2 [68]. 
The BAs can promote the development of atherosclerosis mainly 
through bile-salt hydrolase (BSH) and BA receptors [69]. The 
C24 N-acyl bond of glycine-conjugated or taurine-conjugated bile 
salts are hydrolysed into free BAs by BSH. Further, the BA pool is 
chemically diversified by bacteria-derived 7α-dehydroxylase and 
7β-dehydroxylase to produce secondary Bas, which enter the portal 
circulation to function as signaling molecules and have impact on 
the homeostasis. Bacteria-mediated bile salt hydrolysis influences 
the processes underlying the pathogenesis of atherosclerosis by 
increasing cholesterol accumulation and foam cell formation [70]. 
The bile salt hydrolase is present in a variety of gut bacteria such 
as Methanobrevibacter smithii, Clostridium, Enterococcus, etc., [71]. 

Gut Microbial Dysbiosis and Hypertension

Apart from, dyslipidemia, hypertension is another most 
important risk factor for CVD that bears genetic susceptibility 
and influenced by environmental factors [72]. There exists a 

relationship between gut microbiota and hypertension, which 
has been evaluated in various recent studies. Simultaneously, the 
gut dysbiosis has been linked with cerebrovascular events [73]. 
It has long been established that antibiotic treatment can cause 
elevated blood pressure. The observation indirectly implicates 
the possible impact of the gut microbiota on regulation of blood 
pressure [74]. Further, in spontaneously hypertensive rats, it 
was documented that there occurs a significant decrease in gut 
microbial abundance and diversity and a relative increase in the 
ratio of Firmicutes/Bacteroidetes [75]. In another study in mice, 
the gut microbiota was shown to cause Ang-II-induced vascular 
dysfunction and hypertension [76]. Thus, it is apparent that the 
gut microbiota is involved in the development or exacerbation 
of hypertension. Though the exact underlying mechanisms and 
inter-relationship between gut microbiota and hypertension have 
not been established, the existing evidence from animal research 
and clinical studies highlights the roles of SCFAs and oxidized low-
density lipoprotein (ox-LDL) in causation of hypertension.

Short-chain fatty acids and hypertension

The SCFAs, such as acetate, proprionate and butyrate are 
derived from soluble dietary fibre-mainly polysaccharides, in 
the intestine by the gut microbiota and play important role in 
maintaining homeostasis and immunity [77]. Further, the groups 
of gut microbes that metabolize polysaccharides into different 
types of SCFAs are specific. Thus, the major acetate-producing 
bacteria are Streptococcus, Prevotella, Bifidobacterium, Clostridiums 
and A. muciniphila [78]. Propionate is generated by Bacteroides, 
Salmonella, Dialister, Veillonella, Roseburia, Coprococcus, Blautia, 
etc., [79]. Butyrate is produced by Lachnospiraceae, Ruminococcace, 
and Acidaminococcaceae [80]. The excess abundance of butyrate-
producing bacteria has been associated with increased systolic and 
diastolic blood pressure in pregnant women [81]. Further, fibre 
and acetate supplementation led to an increase in Bacteroides 
acidifaciens and was associated with improvement of gut dysbiosis 
and hypertension and heart failure in hypertensive mice [82]. 

There are three G-protein-coupled receptors (GPCRs) which 
are regulated by SCFAs and include GPR41, GPR43, and GPR109A 
[83]. The SCFAs stimulate GPCRs-regulated pathways to influence 
renin-angiotensin system to modulate the blood pressure. Olfactory 
receptor 78 (Olfr78) is another type of GPCR expressed in the 
kidney, which is modulated by SCFAs [84]. Both Olfr78 and GPR41 
are expressed in smooth muscle cells of small resistance blood 
vessels. In another study, the stimulation of GPR41 resulted in a 
reduction of the hypotensive response [85]. The SCFA, propionate 
induces vasodilation and produces an acute hypotensive response 
in mice through modulation of Olfr78 and GPR41 activity and this 
effect is opposed on stimulation of Olfr78 [86]. All these findings 
reveal that gut microbiota plays an important role in modulating 
the blood pressure through microbial SCFAs. The resultant 
hypertension related to dysbiosis, thus, can exacerbate CVD. 

Oxidized low-density lipoprotein and hypertension

The regulation of blood pressure, in general, depends on the 
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net product of blood vessel vasoconstriction and vasodilation. In 
addition to the altered regulation of various receptors through 
SCFAs, gut dysbiosis also contributes to hypertension through 
vasoconstriction mediated by oxidation of LDL [87]. The microbial 
dysbiosis promotes expression of pro-inflammatory cytokines and 
induces oxidative stress, which stimulates Oxidation of LDL [88]. 
The higher levels of Ox-LDL decrease the production of NO and 
reduce the degree of vasodilation. Moreover, endothelin-1 plays 
crucial role in maintaining vascular tension and cardiovascular 
homeostasis. The activity of endothelin-1 on blood vessels is 

concentration-dependent, endothelin-1 produces vasodilatory 
effects at low concentrations by activating the endothelial receptor 
B and promoting NO production, and vasoconstriction at high 
concentrations by increasing ox-LDL production in plaques and 
activating the endothelial receptor A (Figure 4). Still, the causative 
relationship between gut dysbiosis and hypertension is complex 
and has not been fully evaluated. The exact role of gut microbiota 
in mediating hypertension, the pathways and mechanisms involved 
require further elaborate research. 

Figure 4: Gut microbiota’s role in normal regulation of blood pressure and impact of dysbiosis.

Microbiota-Targeted Therapy For CVD

The gut microbiota is a novel therapeutic target for the treatment 
of CVD, considering its involvement in the pathophysiology of 
CVD [89]. The imbalance in host-microbial interaction impairs 
homeostatic mechanisms that regulate health and activate multiple 
pathways leading to CV risk and CVD progression. The gut microbial 
dysbiosis contributes to the progression of CVD by promoting two 
major CVD risk factors, namely atherosclerosis and hypertension. 
These pathways contribute to the various stages of atherosclerotic 
plaque progression. In addition, the gut microbiome acts as an 
endocrine organ contributing several signaling molecules. These 
dysbiosis-generated metabolites promote hypertension through 
the alteration of vascular tone and vascular fibrosis. 

The prospects for MTT

Gut microbiota-host interactions occur through various 
pathways, including the trimethylamine/trimethylamine N-oxide 
pathway, short-chain fatty acids pathway, and primary and 
secondary bile acids pathways. The presence of bacterial products 
in the systemic circulation and heightened inflammatory state 
contribute to further progression of atherosclerosis, altered CV 
homeostasis, hypertension and heart failure. Over the recent years, 
there have evolved potential strategies for therapeutically targeting 
intestinal microbiota and microbial processes [90]. Further, the 
MTT, appears to be is a promising strategy to prevent and treat 
CVD [91,92]. The most frequently used measures to manipulate the 
gut microbiota to reduce CV risk and CVD are therapeutic use of 
probiotics, prebiotics and natural components, and intervention to 
repair microbial dysbiosis through fecal microbiota transplantation 
(FMT) [93,94]; (Figure 5).

Figure 5: Various modalities of microbiota-based therapy for cardiovascular disease.
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The use of probiotics 

The commonly used probiotics are Lactobacillus, 
Bifidobacterium, and Satreptococcus. In a randomized double-
blind clinical trial, Lactobacillus plantarum CECT 7527, 7528, 
and 7529 reduced circulating cholesterol levels and inhibited the 
formation of atherosclerotic plaques in hyper-cholesterol patients 
[95]. Lactobacillus reuteri NCIMB 30242 has also shown significant 
reductions of LDL-C and total cholesterol levels compared to placebo 
capsules [96]. The long-term administration of Lactobacillus 
bacteria (Lactobacillus fermentum CECT5716 (LC40), Lactobacillus 
coryniformis CECT5711 (K8) and Lactobacillus gasseri CECT5714 
(LC9) have been shown to reduce systolic blood pressure [97]. L. 
plantarum ECGC13110402 is also well tolerated and can reduce 
cardiovascular risk [98]. 

The use of prebiotics 

Prebiotic are compounds which can cause specific changes 
in the composition of gut microbiota and exert beneficial effects 
on host metabolism [99]. In studies in ApoE/mice, inulin-type 
fructans (ITFs) supplement improved endothelial function, while 
administration of ITFs promoted the production of butyrate 
and resulted in atherosclerosis-protective effects [100]. long-
chain inulin also inhibits the formation of atherosclerotic plaque 
in ApoE/mice, associated with alterations in lipid metabolism 
[101]. The consumption of β-glucan alters the composition of 
gut microbiota and reduces of CVD risk markers. The mannan 
oligosaccharide (MOS) supplement also modulate the composition 
of gut microbiota, lowering plasma cholesterol levels and improves 
atherosclerotic plaques in high cholesterol diet-fed mice [102]. 

The use of nutrients

In addition to probiotic and prebiotic, some natural active 
ingredients from herbs, like berberine have shown anti-
atherosclerotic effect along with an increased abundance of 
Akkermansia in the gut in ApoE/mice [103]. Another complex 
nutrient resveratrol also has protective effect on several 
cardiovascular risk factors such as dyslipidemia and TMAO by 
modulating the gut microbiota and improving the integrity of the 
gut barrier [104]. Further, resveratrol attenuates TMAO-induced 
atherosclerosis by decreasing gut microbiota-mediated TMAO 
synthesis and increasing BA metabolism [105]. 

FMT: Intervention to repair gut dysbiosis 

Introducing the ‘healthy’ bacteria from healthy subjects into 
the gastrointestinal tract of patients with dysfunctional microbiota 
and suffering from gut dysbiosis and its fallouts is a novel and 
effective therapeutic strategy [106]. In a clinical study, the insulin 
sensitivity of recipients improved significantly after 6 weeks 
of FMT from lean normal donors to recipients with metabolic 
syndrome. Simultaneously, the FMT increased abundance of 
butyrate-producing bacteria [107]. Though, there is increasing 
acceptance for the therapeutic use of FMT, partially due to its 
perception as a ‘natural’ treatment and its relatively inexpensive 
implementation, the range of risks and benefits remains poorly 
defined because the published FMT experience is limited. Further, 

there are ethical considerations and regulations regarding the 
FMT as a ‘new biologic drug’ enforced in Canada and by the US 
Food and Drug Administration (FDA) [108]. But, so far FMT is not 
regulated in West by the European Medicines Agency, or elsewhere 
within China or Australia. Further, there are fears of the infectious 
potential of the therapy, which have led researchers to explore the 
use of ‘synthetic stool’ products with defined bacterial populations 
to ameliorate such concerns [109]. In future, FMT can be a pauci-
strain type or multi-strain type depending on the fecal microbiota 
analysis of the recipient. The suitable strains can be picked-up from 
donor fecal sample, grown in cultures and transplanted through 
an appropriate route. Depending on the recipients’ microbiota 
diagnostic analysis, the FMT using suitable pauci-strains may 
be a promising development. Further, frozen sample FMT can be 
considered. The latter opens a new possibility of freezing fecal 
samples of a person in healthy state to be used later as autologous 
FMT in case of need, something like the concept of stem cells bank.
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