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Abstract
Cardiovascular disease (CVD) is currently the leading cause of death worldwide. Although many well-known
conditions cause CVD, recent research has suggested that alterations to the gut microbiome may also
promote CVD. The gastrointestinal tract houses trillions of bacteria, some of which in large numbers are
considered to be part of a healthy gut microbiome profile. These “good” bacteria have the ability to process
and digest complex carbohydrates into short-chain fatty acids (SFCA). These SCFA serve as signaling
molecules, immune-modulating molecules, and sources of energy. However, with gut dysbiosis, there is an
overgrowth of certain bacteria and these bacteria overly produce phosphatidylcholine, choline, and
carnitine into the waste product trimethylamine-N-oxide (TMAO). Elevated TMAO levels are associated with
an increased risk of atherosclerosis, myocardial infarction, thrombosis, and stroke. Therefore, introducing
therapeutic interventions that alter a dysbiotic gut profile back to a healthy gut microbiome may be the key
to reducing the incidence of cardiovascular disease in some conditions. The purpose of this review is to
critically examine and consolidate the relevant information bearing on this concept. Our goal is to provide
the informational framework for the possible use of microbiome modification as an optional therapeutic
modality. 
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Introduction And Background
Cardiovascular disease (CVD) is the leading global cause of death, accounting for 17.3 million deaths globally
per year and one of every three deaths in the United States [1]. CVD is a term used to describe a variety of
diseases and disorders that affect the blood vessels and ultimately the heart. Atherosclerosis, heart failure,
and hypertension are a few among several conditions which can result in CVD [1-3]. Known risk factors
leading to these conditions include smoking, obesity, and diabetes mellitus [4]. However, recent research
suggests that gut dysbiosis, or abnormal changes to the gut microbiota flora, may also contribute extensively
to the progression of CVD, byway of the production of metabolic products produced by pathogenic bacteria
[5]. 

The GI tract is an organ system composed of the mouth, esophagus, stomach, and small and large intestines.
Its primary function is to digest and absorb nutrients and macromolecules from the food ingested and expel
the remainder as feces [6]. However, the importance of the flora that lives within the GI tract, known as the
gut microbiome, is significant and complex. Throughout its development, the gut microbiome co-evolved
with its host; the GI tract offered a stable environment, while the microbes provided a broad range of
functions such as digestion of complex dietary macronutrients, production of nutrients and vitamins,
defense against pathogens, and maintenance of the immune system [6]. With more than 100 trillion
microbial cells and 100 different bacterial species comprising the human gut microbiome, it is no surprise
that host homeostasis is greatly impacted by this essential and symbiotic relationship [7]. Although over
90% of bacteria in a healthy adult gut are of the Bacteroidetes and Firmicutes phyla, the bacteria that make
up each human gut microbiome varies [8]. Environmental factors, such as diet and medication use, as well as
genetic factors, all contribute to the type of bacteria that can colonize and thrive in the gut [9]. 

The formation of the gut microbiome begins at birth when massive bacterial colonization of the newborn
occurs due to vaginal, fecal, and skin microbiota exposure [10]. The microbiota is further enhanced by the
infant's nutrition. A majority of the bacteria found in the intestinal flora of breastfed infants are gram-
positive Bifidobacterium, which are also found in human breast milk [11]. Predictably, changes in the
growing infant's diet are accompanied by changes to their gut microbiome’s composition, ultimately
impacting digestion, metabolism, and immunity. The purpose of this review is to critically examine and
consolidate the relevant information bearing on this concept. Our goal is to provide the informational
framework for the possible use of microbiome modification as an optional therapeutic modality.

Method
The following databases were searched for articles in the English language: EMBASE, CINAHL, Web of
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Science, and PubMed. A total of 643 articles from these electronic databases were found after applying the
search protocol which was the phrase “gut microbiome” in the title of the article and the phrase
“cardiovascular disease” anywhere within the text. The search results yielded 201 articles from EMBASE, 71
from CINAHL, 175 from Web of Science, and 196 from PubMed. Out of these, 183 articles were found to be
duplicated and removed yielding 460 articles. These were then screened for articles that emphasized gut
microbiome and cardiovascular disease. Figure 1 shows a summary of the study selection process in a
Preferred Reporting Items for Systematic Reviews and Meta-Analyses diagram.

FIGURE 1: Search flow chart

Review
The bacteria that comprise the gut microbiome create waste products that the body can utilize as molecules
for metabolic and immune purposes. However, depending on the bacteria that metabolized them, these
waste products can be beneficial or detrimental to homeostasis.

Metabolism and immunity
The gut microbiome ferments otherwise indigestible complex carbohydrates and proteins in the cecum and
colon, producing short-chain fatty acids (SCFA), volatile fatty acids with fewer than six carbons [5]. The most
abundant SCFA products of colonic bacterial fermentation are propionic acid, acetic acid, and butyric acid,
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representing 90-95% of the SCFA present in the colon [12]. These SCFA help to regulate host metabolic
processes in order to achieve host homeostasis. When taken orally, propionic acid has been shown to
increase satiety and improve glucose homeostasis [13]. Recent studies have also shown that butyric acid-
producing Clostridiales strains (Roseburia and Faecalibacterium prausnitzii) were found to be decreased in
patients with type 2 diabetes mellitus, but non-butyrate producing Clostridiales and pathogens such
as Clostridium clostridioforme were increased [14,15]. Butyrate also prevented the development of insulin
resistance and obesity, due to increased host energy expenditure [16].

SCFA are absorbed in the distal gut and are utilized by both the host and the microbiota as a source of energy.
They also serve as signaling molecules that bind a variety of receptors to influence immune function and
metabolism. G-protein coupled receptors (GPCR) such as GPCR41 and GPCR43 are expressed in adipose
tissue, intestines, and immune cells [17]. By binding GPCR43, an essential receptor in neutrophil
recruitment, SCFA help in regulating the inflammatory response [18]. SCFA are also able to interact with free
fatty acid receptors (FFA) FFA2 and FFA3, influencing the expression of peptides and hormones which affects
host energy and appetite regulation [19]. The gut microbiota also affects host metabolism by altering the
composition of bile acids. Primary bile acids, which have escaped reabsorption, are converted into secondary
bile acids by colonic bacteria. A small amount of these secondary bile acids enter circulation and act as
hormones, influencing signaling pathways involved in energy expenditure, metabolism, and inflammation
[20].

The gut microbiome also serves as a key factor in immune system modulation and maintenance of the gut
mucosal intestinal barrier. Intestinal epithelial cells detect bacteria and other microbes through toll-like
receptors (TLRs) and other pattern recognition receptors (PRR). Activation of PRR leads to both the
activation of an immune response as well as a pathway to sustain the gut barrier, preventing systemic
translocation of bacteria and protecting the host from infection [21]. The size and function of the regulatory
T cell network are regulated by butyrate, which works to promote the induction and fitness of regulatory T
cells in the colonic environment [22]. It is evident that gastrointestinal health relies heavily upon a well-
functioning gut microbiome. 

Gut dysbiosis and CVD
Gut dysbiosis occurs when the gut microbiome is significantly altered due to a change in environmental
factors, allowing opportunistic pathogens to colonize the gut in place of the healthy bacteria that typically
thrive in optimal conditions. Changes in diet, antibiotic use, and new-onset or progression of disease are
factors that alter the gastrointestinal environment. As previously stated, the metabolic products of a healthy
gut microbiome regulate host immunity and metabolism, functioning as signaling molecules for several
receptors to maintain host homeostasis. However, in a state of dysbiosis, the new colonic bacteria fail to
produce the required metabolic products necessary for optimal function, leading to disruption in
homeostasis. Additionally, other metabolic products may be produced which can harm the host. This chain
reaction leads to immune and metabolic dysfunction, rendering the host vulnerable to disease. 

Trimethylamine-N-oxide (TMAO), a small-molecule metabolite, has recently been believed to serve as a link
between the gut microbiota and host progression to CVD. Trimethylamine (TMA) is the waste product
produced after TMA-containing nutrients, such as phosphatidylcholine, choline, and carnitine, fermented by
gut microbes as a carbon fuel source [23,24]. TMA is taken to the liver via the portal circulation and is
converted into TMAO by a host enzyme, hepatic flavin monooxygenase (FMO) [23]. Foods rich in choline
include eggs, milk, liver, red meat, and poultry, and are therefore sources of TMA with which the host can
produce TMAO [25]. Figure 2 illustrates the process by which the gut flora metabolizes phosphatidyl-choline
into TMAO metabolites. 

FIGURE 2: TMAO production process
Flavin monooxygenase (FMO)

Multiple independent cohorts have been able to relate the rising TMAO levels to adverse clinical outcomes.
In a human study, more than 1800 patients undergoing elective coronary angiography showed that all TMA
metabolites, including choline, had a positive association with prevalent CVD and incident cardiovascular
events [23]. In a subsequent study of over 4000 patients undergoing elective coronary angiography, elevated
TMAO levels were associated with an increased risk of death, myocardial infarction, and stroke over a three-
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year follow-up period [26]. Patients in the highest quartile of plasma TMAO levels were shown to have a 2.5-
fold higher risk of a major adverse cardiovascular event than did patients in the lowest quartile
[26]. Furthermore, elevated TMAO in fasting plasma was found to be a predictor of major adverse
cardiovascular events independent of traditional cardiovascular risk factors and the presence or extent of
coronary artery disease [5]. Elevated TMAO levels also lead to the increased macrophage cell formation and
atherosclerotic development, as shown in animal model studies fed a dietary supplement of choline [23].
Atherosclerosis leads to the narrowing of blood vessels, which can result in a myocardial infarction or
stroke. 

Conversely, suppression of intestinal microbiota by the broad-spectrum antibiotics essentially eliminates
TMAO production and subsequent atherosclerosis development [26]. In an animal study where mice were fed
a choline diet, half were treated with the broad-spectrum antibiotics to suppress intestinal microflora and
the other half remained with intact microflora. Observed in antibiotic-treated mice was the complete
inhibition of dietary choline-mediated enhancement in atherosclerosis [23]. However, choline
supplementation in mice with intact intestinal microbiomes augmented atherosclerosis nearly three-fold.
Intact gut microbiota is therefore seemingly essential to enhancing CVD risk effects of choline metabolism. 

In addition to increasing atherosclerotic activity, TMAO has been shown to intensify platelet hyperreactivity
and thrombosis risk. In an in vivo experiment, exposure of platelet-rich plasma from healthy human
volunteers (N>4000) to TMAO demonstrated the enhanced platelet activation from multiple agonists
through increased Ca2+ release from intracellular stores [27]. In this human cohort, there was a dose-
dependent association between plasma levels of TMAO and incident risk for thrombotic events [27]. In a
five-year study, TMAO levels were associated with higher all-cause mortality among 821 patients with
adjudicated peripheral artery disease [28]. These observations suggest that TMAO could be a marker for
coronary plaque progression and can be assessed as a direct participant in an enhanced risk for CVD.

Risk factors
Established risk factors for CVD include hypertension, heart failure, and diabetes mellitus - all of which are
believed to be associated with dysbiosis of the gut. Recent studies found elevated blood pressures to be
prevalent in germ-free rats, suggesting that the gut microbiota is necessary for proper blood pressure
regulation [29]. Additionally, when the fecal microbiota of spontaneously hypertensive rats and chronic
angiotensin II infusion rat models of hypertension were compared, significant dysbiosis was noted [30]. This
was found to be due to the decreased microbial richness, diversity, and
increased Firmicutes/Bacteroidetes ratio in the hypertensive animals [30].

SCFA are also found to affect blood pressure. A product of gut microbial metabolism, SCFA can stimulate
GPCR and therefore have a broad impact on host physiology, including pathways that impact renin secretion
and blood pressure regulation. For example, in a series of studies done using renal and vascular olfactory
receptor (Olfr) 78 and GPR41 knockout mice, blood pressure was shown to be altered [31]. Stimulation of
Olfr78 was observed to elevate blood pressure, whereas stimulation of GPR41 lowered the blood pressure
[31]. Additionally, the butyrate-producing genus Odoribacter was associated with lower blood pressure in
overweight and obese pregnant women [32]. These data suggest that there is a link between gut microbiota
metabolic products and alteration of blood pressure. 

Heart failure, another major risk factor for CVD, has also been shown to be affected by the state of the gut
microbiome. In the "gut hypothesis of heart failure," it is believed that the decreased cardiac output and
elevated systemic congestion can cause intestinal mucosal ischemia and edema, therefore contributing to
underlying inflammation by increasing bacterial translocation and circulating endotoxins [33]. In a study,
heart failure patients with decreased intestinal blood flow were shown to have higher serum concentrations
of immunoglobulin A-anti polysaccharide. This was correlated with an increase in bacterial growth, as
determined from biopsies of colonic mucosa [34]. The type of bacterial flora in these subjects differed from
that in control subjects, suggesting that the type of bacterial species that thrive in the gut can lead to heart
failure progression [34]. TMAO levels have also been linked to heart failure development. Circulating TMAO
levels were found to be higher in patients with heart failure as compared to those patients of the same age
and gender without heart failure [35]. Recent animal model studies suggest that the TMAO pathway may
directly contribute to the development of adverse ventricular remodeling and heart failure phenotype [32].
For example, mice fed a high choline diet had both higher TMAO levels and accelerated adverse ventricular
remodeling compared to mice fed a sufficient but low choline diet [36]. An increase in fibrosis was also
observed in mice on the high choline diet [36]. Although more concrete data needs to be produced in order
to definitively link an increase in TMAO/choline to the progression of heart failure, this area seems to be
worthy of further investigation. 

Other unsuspecting factors which affect the gut microbiome may also indirectly lead to CVD. For example,
patients who suffer from bowel diseases may have a higher incidence of cardiovascular disease due to an
abnormal GI microbiome. Patients with inflammatory bowel disease (IBD), a chronic intestinal condition,
have an up to three-fold higher risk for developing venous thromboembolic (VTE) complications compared
to the general population [37]. Additionally, mucin degrading bacterial species such as Lachnospiraceae
and Ruminococcus are more abundant in patients with irritable bowel syndrome (IBS) [38]. As previously
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mentioned, damage to the intestinal barrier can lead to systemic bacterial translocation, leading to
circulating endotoxins and ultimately inflammation. 

Therapeutic intervention
Alterations in the diet have proved to be an effective strategy in reducing cardiovascular risk and maybe an
area with potential therapeutic benefits. Although the gut microbiome remains a relatively stable entity
throughout the course of an individual’s lifetime, microbiota composition can rapidly change due to dietary
interventions [39]. For example, fiber-rich diets were shown to promote the growth of beneficial commensal
bacteria and limit the growth of known opportunistic bacteria [40]. Additionally, consumption of a high-
fiber diet led to an increase in acetate-producing microbiota, lower blood pressure, and a decrease in cardiac
hypertrophy and fibrosis [41]. Elimination of animal meats may also be beneficial for decreasing CVD risk.
When comparing intestinal microbiota composition and function between omnivores and
vegans/vegetarians, the results showed major differences in the gut microbial capacity to produce TMA and
TMAO from dietary l-carnitine, with vegetarians and vegans having the minimal capacity to form TMA from
carnitine [42]. The Western diet, a known risk factor for CVD, is characterized by high intakes of red and
processed meats, high-fat dairy products, fried foods, and refined grains. 

In a study where mice were fed a Western diet, results showed greater plasma TMAO concentrations and the
development of cardiac dysfunction and heart fibrosis [43] Additionally, scientists observed elevated
expression of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) and a decrease in the expression
of anti-inflammatory cytokines (IL-10) [43]. In contrast, the Mediterranean diet (MD) consists of an array of
minimally processed plant-based food items, such as vegetables, fruit legumes, olive oil, and seafood. In a
study of 153 volunteers assessed over four cities in Italy, it was found that consumption of MD acceptable
fruits, vegetables, and legumes led to an increase in fecal SFCA levels [44]. This can be attributed to
fermentation by more bacteria belonging to Firmicutes and Bacteroidetes [44]. It was also found that lower
adherence to the MD resulted in elevated levels urinary TMAO levels [44]. A diet chockfull of minimally
processed, plant-based items is seemingly essential for gut microbial maintenance and health and can lead
to decreased levels of TMAO, thereby lowering cardiovascular disease risk. The patient’s diet is an important
facet of health that can be targeted in order to prevent the advancement of, and possibly reverse disease
processes.

Fecal microbiota transplant (FMT) is a potential therapeutic tool that has been shown to treat intestinal
illnesses. FMT is an effective treatment for patients infected with antibiotic-resistant Clostridium difficile
and has been shown to induce an 80% remission rate [45]. Fecal transplants from lean healthy donors were
transferred to overweight patients with metabolic syndrome, which after six weeks showed improved hepatic
and peripheral insulin sensitivity [46]. The fecal transfer also led to an increase in gut microbial richness,
specifically increasing butyrate-producing bacteria [46]. Fecal microbiota transplants from lean donors to
insulin-resistant individuals with metabolic syndrome have been shown to increase insulin sensitivity and
the number of microbiota producing butyrate, an SCFA known to affect satiety hormones [46]. This protocol
could possibly help patients with an elevated pathogenic gut microbiome profile, attain healthy levels of
SCFA producing bacteria. Additionally, personalized nutrition therapy can be utilized for diet-based
interventions.

Conclusions
Growing evidence has shed light on the significance of the gut microbiome and its influence on host
physiology. SCFA, the fermented products of healthy gut bacteria, serve as signaling molecules and play a
major role in immune function, metabolism, and maintenance of the gut mucosal intestinal barrier, all
important processes that are required for homeostasis. However, human and animal model studies have
elucidated that the presence of pathogenic gut microbiome composition can lead to elevated levels of TMAO
metabolites, thereby progressing to hypertension, heart failure, and diabetes mellitus, and ultimately
resulting in CVD. It is therefore imperative that the proper gut microbiome profile be not only attained but
maintained, in an attempt to procure optimal health. Proposed interventions to cultivate a healthy gut
microbiome include fiber-rich diets as well as the well-known Mediterranean diet, both of which promote
the growth of beneficial commensal bacteria and limit the growth of known opportunistic bacteria. In the
future, personalized therapeutic interventions such as personalized diets and fecal microbiota transplants
will likely be utilized to target an individual’s gut microbiome and ensure adequate gut microbial
composition. Further research on the effect of gut microbiota profile and its products on the levels of
cytokines and biomarkers would be useful. This could provide information on an individual’s inflammatory
state and disease progression or remission.
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