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Abstract: Cardiovascular diseases (CVDs), the most common cause of mortality in rich countries,
include a wide variety of pathologies of the heart muscle and vascular system that compromise the
proper functioning of the heart. Most of the risk factors for cardiovascular diseases are well-known:
lipid disorders, high serum LDL cholesterol, hypertension, smoking, obesity, diabetes, male sex
and physical inactivity. Currently, much evidence shows that: (i) the human microbiota plays a
crucial role in maintaining the organism’s healthy status; and (ii) a link exists between microbiota and
cardiovascular function that, if dysregulated, could potentially correlate with CVDs. This scenario
led the scientific community to carefully analyze the role of the microbiota in response to drugs,
considering this the right path to improve the effectiveness of disease treatment. In this review,
we examine heart diseases and highlight how the microbiota actually plays a preponderant role in
their development. Finally, we investigate pharmacomicrobiomics—a new interesting field—and
the microbiota’s role in modulating the response to drugs, to improve their effectiveness by making
their action targeted, focusing particular attention on cardiovascular diseases and on innovative
potential treatments.

Keywords: microbiome; heart disease; pharmacomicrobiomics; inflammation; immune response;
personalized medicine

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide and include
a wide range of disorders, such as diseases of the heart muscle and vascular system [1].

Usually, CVDs are considered diseases of the Western countries, but recent evidence
showed that the populations of emerging and even low-income countries also suffer from
them. Despite advancements in primary and secondary CVD prevention, there are still
significant disparities in cardiovascular healthcare across location and time.

Efforts to reduce this health disparity have been confirmed by a recent interest in
developing new approaches to study the causes of risk factors, which include the social
determinants of health [2]. Epidemiological research has mostly concentrated on identify-
ing, altering and treating all the specific conditions statistically associated with the onset of
cardiovascular disease; nevertheless, multiple cardiovascular risk factors are increasing at
varying rates around the world [3].

The World Health Organization (WHO) reported in 2015 that cardiovascular dis-
eases caused more than 17.7 million deaths worldwide, accounting for 31% of all global
mortality [4–6].

Over recent years, it has been amply demonstrated that an incorrect diet, with a lack
of fruit and vegetables but rich in red meats, and so in cholesterol, is one of the causes of
intestinal disorders and infection which cause microorganism alterations and metabolic
disorders, promoting the development of CVDs [7,8].
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In fact, dietary carnitine (present predominantly in red meat) and lecithin have been
shown to be metabolized by the gut microbiota (GM) to trimethylamine (TMA), which is
metabolized by liver flavin monoxygenases to form trimethylamine-N-oxide (TMAO), an
important gut microbe-dependent metabolite generated from dietary choline, betaine and
L-carnitine [9,10].

Recently, the associations reported have focused attention on plasma TMAO levels
as a potential determinant of cardiovascular diseases [11]. In particular, Seldin et al.
investigated the effect of TMAO on endothelial and smooth muscle cell function in vivo.
They reported that TMAO’s ability to stimulate inflammatory gene expression required the
activation of nuclear factor-κB signaling [12]. In relation to this, a different study confirmed
the role of TMAO in the activation of pro-inflammatory genes, inflammatory cytokines,
adhesion molecules and chemokines and showed that an increase in the level of TMAO
itself can induce the activation of the nuclear factor-κB pathway [13].

These findings suggest that TMAO can be considered a trigger for the early patholog-
ical process of CVDs by accelerating endothelial dysfunction, impacting on cell damage
and inducing the oxidation of immune cells.

TMAO could, therefore, be used as a circulating biomarker of cardiovascular risk
and as a potential target for new therapeutic strategies based on the inhibition of various
phases of its synthesis and on the monitoring of plasma levels. In fact, a prospective
cohort study has shown that increased TMAO levels can be quantified and used as a
predictor of adverse cardiovascular events, such as myocardial infarction (MI), stroke or
aortic stenosis (AS) [14].

The human microbiota consists of the 10–100 trillion symbiotic microbial cells harbored
by the human body, and the human microbiome consists of the genes that these cells contain.
If we consider ourselves as a compound of microbial species and the human species, our
genetic heritage is the result of the genes in our genome, and our metabolic characteristics
are the sum of human and microbial traits.

Hence, a better understanding of the human microbiota could better explain the
function and the dynamics of the resulting metabolites, holding great promise for predictive
CVD biomarker discoveries and fine interventions [15–18].

At the same time, several studies have shed light on the metabolic inactivation of
drugs affecting their therapeutic effect. Metabolic inactivation can be defined as an in vivo
phenomenon that attenuates or inactivates the therapeutic effect of drugs, acting on the
concentrations of numerous biotransformation activities that can directly influence their
efficacy and toxicity. Drug metabolism can be influenced by a variety of factors in the
gut, including host genotype, metabolic type, gut transit time, food intake and absorp-
tion, though reduction and hydrolysis reactions are the most commonly responsible for
this phenomenon [19,20].

Linked to this, the study of pharmacomicrobiomics, a new, interesting branch, can be
very useful for investigating how and why the effect of drugs can often be modulated by
the microbiome and microbiota. Pharmacomicrobiomics investigations are utilized in the
development of personalized medicine in order to reduce adverse drug reactions by giving
the right drug to the right patient and at the right time. This phenomenon is characterized
by tailoring medication therapy to the genetic architecture of the individual [21].

Therefore, the microbiota evaluation associated with pharmacomicrobiomics lends it-
self to relevant applications to develop new, specific strategies for microbiota manipulation
in order to find targeted and personalized treatments for patients. The objective of inves-
tigating host–microbiota interactions by modeling them at different levels, starting from
individual biochemical interactions—considering the patient’s health status, including diet
and metabolism and, therefore, all those factors capable of predicting the modulation of the
drug and, thus, its effectiveness—is certainly the right way to increase the effectiveness of
administration with positive effects on patients. In this way, pharmacomicrobiomics could
pave the way for innovative therapeutic approaches for a variety of diseases, including
cardiovascular diseases.
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2. The Most Representative Cardiovascular Diseases

As previously reported, cardiovascular diseases are the major cause of morbidity and
mortality in developed countries, being the leading cause of death worldwide [22].

Commonly, the most frequent pathology—also defined as underlying disease—has
been identified as atheromatous vascular disease. In fact, it results in coronary artery
disease (CAD), peripheral vascular disease, cerebrovascular disease and the subsequent
development of arrhythmias and heart failure [23].

The major risk factors are well known and can be summarized as hypertension, dia-
betes, high cholesterol levels, obesity and smoking [24,25]. Furthermore, there is substantial
evidence that low cardiorespiratory fitness can be considered a predictor of cardiovascular
and metabolic diseases [26].

Atherosclerosis, which is a chronic inflammatory condition, is the dominant cause of
CVD, including a large range of diseases, such as stroke, myocardial infarction (MI) and
heart failure.

Atherosclerosis mainly occurs in the intima of the vessels, influencing the normal
blood flow and activating the endothelium with expression of adhesion molecules; the
main direct CVD cause seems to be rupture of atherosclerotic plaques [27].

The deposition of microscopic cholesterol crystals in the intima and its underlying
smooth muscle is the first step in the formation of these plaques. The plaques then expand
inside the arteries due to the growth of fibrous tissues and surrounding smooth muscle,
causing blood flow to be reduced. Sclerosis is caused by fibroblasts producing connective
tissue and calcium deposits in the lesion [2,28,29].

Another important and frequent heart valve disorder is calcific aortic valve disease
(CAVD), a dynamic process characterized by several steps, from valve mineralization to
narrowing, with a consequent impairment of blood flow and calcium deposition [30]. Due
to time-dependent wear and tear of the valve leaflets, as well as passive calcium deposition,
this process was formerly regarded to be “degenerative”. Subsequent studies have instead
shown that the presence of osteoblasts in vascular lesions suggests that valve calcification
is a dynamic process that involves lipoprotein deposition and the presence of persistent
inflammation [31]. CAVD and atherosclerosis share the same triggering event, for example,
an increase in mechanical stress, altered shear stress and endothelial damage, which allows
lipid infiltration and recruitment of inflammatory cells. These cells interact in processes
that release reactive oxygen species (ROS), causing LDL oxidation [32].

The important differences between the two pathologies appear in the advanced disease
stages, where smooth muscle cells are the active protagonists of chronic inflammation
within the atherosclerotic plaque, and fibroblasts are the main cells involved in the valve
mineralization process [30].

The hallmark of the early stages of CAVD is inflammation, characterized by the
activation of valve endothelium, the expression of cell adhesion molecules (VCAM-1,
ICAM-1) and, finally, the recruitment of immune cells [33,34].

The onset of the disease involves several events, such as the activation of valve
interstitial cells (VICs) and sclerosis of the valve leaflets. The first CAVD stage is called
aortic valve sclerosis, characterized by microcalcifications and valve thickening [35]. The
final stage of disease is characterized by calcific aortic stenosis with calcified noduli on the
valve leaflet surface, which hinder its mobility [36].

Moreover, the leaflets appear to be infiltrated by immune cells, with a large deposition
of lipids, proteoglycans and cell debris [37]. The final result is an increased stiffness and
the obstruction of the blood flow.

Another critical cardiovascular disease is endocarditis, an inflammatory condition of
the endocardium that usually affects the heart valves. In the past several decades, the inter-
vention of valve replacement and the use of cardiac devices such as permanent pacemakers
have significantly contributed to the increase of infective endocarditis (IE) episodes [38].

IE is a life-threatening disease that has long-lasting effects in patients and most often
occurs in left heart valves, in particular mitral or aortic valves [39].
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IE disease is closely related to the virulence of the causative microorganism and
the patient’s health status for triggering a good immune response. There are two main
phenotypes of IE disease: (i) acute IE is a serious condition that develops over a period of
days or weeks; and (ii) subacute IE follows a slower course, characterized by very slow
progress over weeks or months [40,41]. Notably, valve disease (especially mitral valve
disease) is considered a relevant predisposing factor of IE; nonetheless, nowadays the
prevalence of IE is low, due to a decline in the prevalence of rheumatic heart disease [42].

Despite the new advances in prophylaxis, IE is one of the substantial causes of mortal-
ity in children and adolescents [43].

The only preventable cardiovascular disease so far is rheumatic heart disease (RHD),
a chronic heart valve condition caused by an infection with the bacterium group A Strep-
tococcus which can lead to acute rheumatic fever (ARF), a complication that leads to an
autoimmune response. If Streptococcus A and ARF are left untreated, repeat infections are
more likely to happen, which can cause permanent damage to heart valves. Long-term
RHD consequences can include MI, stroke, atrial fibrillation (AT), endocarditis and aortic
stenosis, which is the predominant valve lesion in RHD [44,45].

Although the global incidence of ARF and RHD has decreased, it remains endemic
in low-income countries with gaps in healthcare and low availability of antibiotics; there
these diseases are estimated to affect 20 million people and remain leading causes of
cardiovascular death during the first five decades of life [45,46].

The Role of Microbiota in Cardiovascular Diseases

Several pieces of scientific evidence have shown a tight correlation between infective
agents and CVD pathogenesis and progression [47].

Many bacteria, such as Chlamydia pneumoniae (CP), Chlamydia pneumoniae (TWAR) and
cytomegalovirus (CMV), have been detected in atheromatous plaques and associated with
heart diseases [48].

In this regard, several studies have investigated the role of CP, examining how this
bacterium can act as an inducer of atherosclerosis. In particular, by using immunohis-
tochemistry techniques, PCR and tissue culture, it was revealed that CP increases lipid
oxidation and modulates cell adhesion to the endothelial wall [49,50]. This bacterium
can directly infect the cells involved in the process of atheroma formation, and it can
be considered as a potential agent involved not only in coronary disease but also in
myocardial vulnerability [51].

Another interesting study by Benagiano et al. investigated the cytokine and chemokine
profile induced by Chlamydophila pneumoniae phospholipase D (CpPLD) infiltrating
atherosclerotic lesions in patients with C. pneumoniae antibodies. The authors showed
that plaque-derived T cells produced IL-17 in response to CpPLD; in addition, the CpPLD-
specific CD4+ T lymphocytes carried out their helper function by monocyte matrix metallo-
proteinase and tissue factor production. Finally, CpPLD promoted Th17 cell migration and
adhesion to endothelial cells. These results indicated that CpPLD drove the expression of
different cytokines to induce a Th17 immune response that played a key role in the genesis
of atherosclerosis [52].

Moreover, CP, together with Helicobacter pylori, has been associated with coronary
heart disease (CHD), ischemic heart disease (IHD) and acute MI [49,53,54].

Helicobacter pylori infection, which usually promotes gastric disorders, especially peptic
ulcer disease, has been detected in atheromatous plaques, where induced stimulation of
the immune response caused changes in inflammatory markers, an increase in cholesterol
and triglyceride levels and a decrease in high-density lipoprotein (HDL), contributing to
the development of dyslipidemia, another well-known cardiovascular risk factor. The
consequences of these processes are atherosclerotic disease, which eventually paves the
way to a prothrombotic status and potentially to IHD [55].

In heart disease caused by bacterial infection, IE is one of the most common causes in
young age groups (with an average of 35 years of age), basically because a high percentage
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of patients have some congenital valvular disease predisposing them to the development of
endocarditis or other conditions associated with IE, such as states of immunosuppression,
e.g., cirrhosis, cancer or organ transplant [56].

Infective endocarditis can be classified into bacterial endocarditis and nonbacterial
endocarditis, generally caused by viruses, fungi and other microbiological agents that
make the diagnosis difficult, particularly during the early stages of the disease. In earlier
times, Streptococcus spp. were the most common and predominant cause of native valvular
IE. However, increasing patient age and increasing nosocomial infections have led to major
changes in the nature of IE infection [57].

As expected, in a cohort of nearly 1200 cases of infective endocarditis, the plurality of
cases was attributable to Staphylococcus aureus (S. aureus) (32%), with 18% S. viridans, 11%
Enterococcus spp. and 11% coagulase-negative Staphylococcus spp.

A cohort study conducted in 16 countries by Fowler et al. enrolled 1779 patients with
IE as defined by the Duke criteria.

The results demonstrated that Staphylococcus aureus was the most common pathogen
among the 1779 cases, supporting the hypothesis that S. aureus is the leading cause of IE in
many different regions of the world [58].

As discussed above, group A Streptococcus (GAS) is a gram-positive bacterium that
can be divided based on its M proteins into more than 100 M serotypes [59]. Complications
that can arise after infection with Streptococcus spp. include retropharyngeal abscess as well
as complications such as acute rheumatic fever and kidney infections.

GAS infections have remained susceptible to penicillin, so it currently remains the
first-line antibiotic therapy, although higher concentrations of penicillin are currently
needed to inhibit the growth of some other streptococcal bacteria, including Streptococcus
pneumoniae [60].

Heart diseases can also be caused by a direct cytopathic effect of viruses or a relentless
pathological immune response triggered by viral infection.

Diseases such as heart abnormalities, congenital infection and transplacental infection
during pregnancy are usually caused by CMV and the rubella virus [61].

Infections caused by these viruses are currently one of the most common causes
of abortion in developing countries, and human cytomegalovirus (HCMV) infection is
strongly associated with coronary heart disease.

In support of this hypothesis, several studies (in serology as well as molecular bi-
ology) have documented that HCMV-infected endothelial cells play a crucial role in the
progression of aortic stenosis. A high percentage (52%) of AS lesions gave a HCMV antigen-
positive result, compared with non-AS tissues (29% positive), confirming that HCMV is a
starting factor of AS development [62,63].

Additionally, a study involving over 14,000 patients showed that those who had
undergone cardiopulmonary resuscitation gave a HCMV-positive result and reported a
significantly higher mortality rate than the patients negative for HCMV antibodies. Finally,
this study demonstrated a correlation between HCMV and heart disease [64].

Additionally, Coxsackie B virus infection (CVB) has been shown to be one cause of pri-
mary myocardial disease and to be involved in the development of chronic cardiovascular
diseases [65].

In recent years, the concept of circulating microbiota has been recognized as another
key player in health and disease. Even if the presence of microbes in the blood has long
been known, growing evidence is providing new insights into the role of the circulating
microbiota in the pathogenesis of several diseases, such as cardiovascular diseases.

In addition, the theory of a healthy blood microbiota has been strengthened by accu-
mulating evidence of microbes in healthy human blood, as ascertained by measurements
of bacterial metabolism, microscopic observation, blood culture, quantitative PCR and next
generation 16S rRNA gene sequencing (NGS and shotgun metagenome sequencing) [66].
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Microbial DNA is physiologically localized in cellular components, and the blood
of healthy subjects is usually sterile, with no bacterial growth, in contrast to the blood of
sick people.

In a recent study regarding blood microbiota dysbiosis associated with diabetic disease,
no bacterial growth was found in the blood plasma of healthy individuals, in contrast
to the blood of diseased patients. Moreover, a big difference in bacterial diversity was
observed between the healthy gut microbiota and the healthy blood microbiota. The gut is
predominantly inhabited by two major bacterial phyla, namely Firmicutes and Bacteroidetes,
whereas peripheral blood from healthy donors is mostly dominated by the Proteobacteria
phylum. [67]

In addition, another study by Amar et al. observed that blood microbiota dysbiosis
was significantly associated with the onset of cardiovascular events. In particular, during
CVD the blood microbiota undergoes a complete transformation in microbial diversity,
with a dominance of intestinal bacteria Firmicutes and Bacteroidetes, as a result of gut barrier
disruption, underlining how blood microbiota dysbiosis is significantly associated with the
onset of cardiovascular events [68].

In conclusion, the changes demonstrated in microbiota composition in cases of CVD
and also the role of the blood microbiota, together with circulating microbial metabolites,
can be considered as potential tools for clinical practice, both to monitor the clinical status of
patients and to evaluate new therapeutic opportunities for improved cardiovascular health.

3. Pharmacomicrobiomics’ Role in Personalized Medicine

Pharmacomicrobiomics is a new branch that proposes to describe the influence of the
microbiome on xenobiotic action, appropriately studying the interactions between the host,
gut microbiota and drug action, as shown in Figure 1.
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In the last few years, the intestinal microbiome has been considered as a “second
genome” that plays an important role in both healthy status and drug response, and
antibiotic administration, fecal microbial transplantation and probiotic treatment have been
identified as good strategies for the shaping of the microbiota [69].

The advancement in microbial genomics from culture-based to culture-independent
methodologies, such as metagenomics or shotgun sequencing of microbial and viral com-
munities, has led to the identification of the gut microbiome’s genetic role linked to disease
development or altered therapeutic response [70].

Pharmacomicrobiomic studies have shown that gut microorganisms and their enzyme
products can affect the bioavailability, clinical efficacy and toxicity of a variety of drugs by
direct and indirect mechanisms.

The advent of this new discipline promises to simplify the microbiome-based, person-
alized medicine approaches in several diseases [71,72]. Nowadays, it can be defined as a
proactive, well-coordinated and well-proven structural strategy for effective healthcare
which works best with a network of electronic health records that combine clinical and
molecular data to make the best treatment options possible, allowing for the development
of focused care for patients who do not respond to medications as expected. [73].

The first recognized role of the microbiota as a modulator of drug activity was in the
1930s with prontosil, an antibacterial chemotherapy molecule developed by a German re-
search group as a precursor to the microbial-derived antibiotic sulfanilamide. In particular,
it emerged that prontosil itself was not endowed with antibacterial activity but, once taken
by a mouse, underwent a metabolic degradation which led to the synthesis of an antibiotic
molecule, sulfonylamide [69,74].

Subsequently, sulfasalazine, a drug used for the treatment of ulcerative colitis, Crohn’s
disease and rheumatoid arthritis, confirmed the important role of the microbiome in drug
activity. This anti-inflammatory molecule undergoes a reductive metabolism by intestinal
bacteria to be converted into sulfapyridine and 5-aminosalicylic acid, a non-steroidal
anti-inflammatory drug available for systemic absorption [75].

Considering the high variability in drug response and the microbiota’s complexity, it
would be necessary to develop a systematic method to obtain the most effective therapeutic
results in the host.

A good personalized medicine approach was tested by an Israeli study group that
monitored week-long glucose levels in 800 healthy and pre-diabetic people, measuring
responses to 46,898 meals. Variables such as microbiota composition, blood tests, food diary,
genotyping and anthropometrics were recorded using machine learning algorithms. The
obtained results were very interesting, since they found a high variability in the responses
to identical meals between the participants, with significant blood glucose variability
and consistent taxa changes in most participants, suggesting a role for the microbiome in
postprandial variability [76].

Assuming that the gut microbiome played a central role in the pathogenesis and
progression of inflammatory bowel disease (IBD), a recent prospective study demonstrated
that the evaluation of the gut microbiome can also predict responses to IBD therapy. In
detail, a cohort of patients with IBD was enrolled for gut-selective anti-integrin therapy
with vedolizumab.

Vedolizumab is a recombinant humanized immunoglobulin G1 (IgG1) directed against
the human LPAM (lymphocyte Peyer’s patch adhesion molecule 1) with immunomodu-
lating, anti-inflammatory and potential antineoplastic activities. Disease course and stool
metagenomes were assessed at baseline and after treatment, starting at 14, 30 and 54 weeks.

Using a network algorithm that incorporated both microbiome and clinical data of
patients, they highlighted the associations between the basic taxonomic GM composition
and functional abundance as well as clinical remission at 14 weeks, demonstrating the
usefulness of the model predictors in clinical remission and hypothesizing that monitoring
early changes in the microbiota may be a valid marker in IBD treatment [77].
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Pharmacomicrobiomics Focuses on Cardiovascular Diseases

There is growing interest in pharmacomicrobiomics and the microbiome’s role in CVD.
Digoxin, in particular, represents a typical example of how the microbiome can influ-

ence a drug’s effect on the heart. Digoxin, also called digitalis, helps an injured or weakened
heart to pump more efficiently and is very useful for maintaining clinical stability and
exercise capacity [78]. Despite this, when digoxin is used in low-flow congestive heart
failure, it does not work in one out of ten patients, because it is inactivated by certain spe-
cific bacterial strains present in the intestine, underlining the importance of pharmacology
from a human and a microbial point of view. The reasons for this deactivation were later
attributed to the conversion of digoxin into an inactive form, dihydrodigoxin, by the gut
Actinobacterium Eggerthella lenta (E. lenta), previously named Eubacterium lentum. The
process is shown in Figure 2 [79–82].
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The reason for this deactivation is attributed to the conversion of digoxin into an inactive form, dihydrodigoxin, by the gut
bacterium Eggerthella lenta. On the other hand, arginine prevents the reduction of digoxin to dihydrodigoxin, making the
drug work. This could also explain interindividual variations in drug functionality.

In a very interesting study conducted by Haiser et al., the authors identified an operon
encoding cytochrome in the common intestinal bacterium E. lenta that was transcriptionally
activated by the cardiac drug digoxin.

Using RNA-seq to identify differentially expressed E. lenta genes, they identified this
operon, the cardiac glycoside reductase (cgr), which was upregulated in the presence of
digoxin. Therefore, these genes represent a predictive microbial biomarker for digoxin
inactivation. To support this, a quantitative PCR of bacterial DNA isolated from the stool
of 20 healthy volunteers was performed, confirming a significant correlation between the
abundance of the cgr operon, normalized to the level of E. lenta 16S rDNA, and digoxin
inactivation. Moreover, they considered digoxin signaling in eukaryotic systems, pondering
the possibility that endogenous, digoxin-like molecules may have selected the deactivation
and determining whether digoxin inactivation in vivo could be controlled by rational
dietary interventions. This last point raised great interest, since it was already known that
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the growth of E. lenta requires the amino acid arginine, which, while improving growth,
also inhibits the inactivation of digoxin. As a result, higher arginine levels from dietary
or microbial sources could be used to inhibit this unfavorable microbial activity [83,84].
Therefore, they performed an in vivo experiment to test whether high levels of arginine
from food could be useful in preventing this undesirable microbial activity. Mice were fed
on two different diets, one completely lacking in protein and the other providing 20% kcal
from protein. This in vivo experiment revealed that increasing dietary protein considerably
increased serum and urinary digoxin levels, and this happened only in mice colonized
with the strain that reduces digoxin [83].

Studying the mechanisms that regulate the functions of cells in the heart will allow the
identification of novel molecular targets for pharmacological intervention and will assist the
future development of therapeutic strategies for managing cardiovascular disorders [85].
In relation to what was previously stated, the potential role of TMAO, already studied in
several diseases, has been considered for AS development as a therapeutic target that can
be regulated by keeping plasma levels under control [86]. TMAO, in fact, can be targeted
through diet, dietary supplements and lifestyle interventions. The use of antibiotics,
prebiotics, probiotics and some specific natural molecules can substantially reduce the
levels of TMAO by remodeling or modifying the intestinal microbiota. In addition, some
plant sterol esters (PSE) have been shown to significantly dampen microbial production of
TMAO, attenuating cholesterol accumulation and nearly abolishing atherogenesis [87]. In
light of these studies, the idea of personalized medicine is taking hold. This new medical
field provides individualized clinical decisions and procedures specific for each patient.
Genetic information is considered as a means to be used in preventive and therapeutic
strategies, allowing the treating physician to provide better therapy, in terms of efficacy,
safety and effectiveness of the treatment, to their patients [88].

4. Concluding Remarks and Future Perspectives

There is much evidence linking microbiotas to cardiovascular disease therapy, sug-
gesting that these two factors can modulate each other.

Consequently, the study of how gut microorganisms can impact on drug toxicity and
metabolism could be very useful to improve the targeted action of drugs and open a new
approach for personalized medicine [89].

Nowadays, to improve therapeutic outcomes and alleviate adverse drug effects, a
number of approaches to selectively manipulate the microbiota have been suggested,
including the administration of probiotics and prebiotics to support the conventional
treatments [90]. Therefore, pharmacomicrobiomics represents an additional factor for im-
proving the innovative concept of personalized medicine, which aims to prevent, treat and
cure several diseases, including CVDs, and to promote longitudinal wellness in patients
suffering from crippling diseases such as cardiomyopathies. In the wake of these advances,
there has been an exponential development of targeted drugs that allow clinicians to make
choices guided by the personal characteristics of each patient, avoiding drug inactivation
and side effects, i.e., precision medicine. This new branch is designed to incorporate an
integrated and multidisciplinary approach which combines different types of data to create
a healthcare model tailored to the individual patient. Moreover, new approaches and
techniques have favored the division of the population into many subgroups with different
characteristics and needs which require different and specific treatments [91]. It, therefore,
emerges that pharmacomicrobiomics is an innovative approach to the administration of
personalized medicine, improving both drug efficacy and safety for patients. Pharmacomi-
crobiomics is particularly powerful, as it is sensitive to both genetic and environmental
factors, such as diet, drug intake and, most importantly, the microbiome. The characteriza-
tion of microbiotas has become more and more important over the years. We could predict
that pharmacomicrobiomics will be equally important in the coming decades and will be
valuable in itself and complementary to microbiome evaluation.
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Similarly, phage therapy could represent a promising alternative in the treatment of
certain bacterial infections, multiresistant or not, playing an important role in promoting
and contrasting drug inactivation pathways. In fact, current research on the use of phages
and their lytic proteins against multidrug-resistant bacterial infections highlights their
potential use as a valid supplement to antibiotic therapies [92].

To conclude, the consideration of individual patients as a complex holobiont (in other
words, the host and its associated communities of microorganisms) will help to conceive
new approaches for predictive, preventive and personalized medicine; to overcome many
challenges, by contributing to the advancement of medical practice, especially in CVD
fields, and transforming the future of personalized healthcare; and could be the right
trigger for the development of new therapeutic interventions.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gaziano, T.; Reddy, K.S.; Paccaud, F.; Horton, S.; Chaturvedi, V. Cardiovascular Disease. In Disease Control Priorities in Developing

Countries; Jamison, D.T., Breman, J.G., Measham, A.R., Alleyne, G., Claeson, M., Evans, D.B., Jha, P., Mills, A., Musgrove, P., Eds.;
World Bank Publications: Washington, DC, USA, 2006.

2. Regidor, E. Social determinants of health: A veil that hides socioeconomic position and its relation with health. J. Epidemiol.
Community Health 2006, 60, 896–901. [CrossRef]

3. Kreatsoulas, C.; Anand, S.S. The impact of social determinants on cardiovascular disease. Can. J. Cardiol. 2010, 26, 8C–13C.
[CrossRef]

4. Nitsa, A.; Toutouza, M.; Machairas, N.; Mariolis, A.; Philippou, A.; Koutsilieris, M. Vitamin D in Cardiovascular Disease. In Vivo
2018, 32, 977–981. [CrossRef] [PubMed]

5. Ruan, Y.; Guo, Y.; Zheng, Y.; Huang, Z.; Sun, S.; Kowal, P.; Shi, Y.; Wu, F. Cardiovascular disease (CVD) and associated risk
factors among older adults in six low-and middle-income countries: Results from SAGE Wave 1. BMC Public Health 2018, 18,
1–13. [CrossRef]

6. Roth, G.A.; Johnson, C.; Abajobir, A.; Abd-Allah, F.; Abera, S.F.; Abyu, G.; Ahmed, M.; Aksut, B.; Alam, T.; Alam, K.; et al.
Global, Regional, and National Burden of Cardiovascular Diseases for 10 Causes, 1990 to 2015. J. Am. Coll. Cardiol. 2017, 70, 1–25.
[CrossRef] [PubMed]

7. Zhang, Y.-J.; Li, S.; Gan, R.-Y.; Zhou, T.; Xu, D.-P.; Li, H.-B. Impacts of Gut Bacteria on Human Health and Diseases. Int. J. Mol. Sci.
2015, 16, 7493–7519. [CrossRef] [PubMed]

8. Harris, E.V.; De Roode, J.C.; Gerardo, N.M. Diet–microbiome–disease: Investigating diet’s influence on infectious disease
resistance through alteration of the gut microbiome. PLoS Pathog. 2019, 15, e1007891. [CrossRef] [PubMed]

9. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; DuGar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.; Chung, Y.-M.; et al. Gut
Flora Metabolism of Phosphatidylcholine Promotes Cardiovascular Disease. Nature 2011, 472, 57–63. [CrossRef] [PubMed]

10. Chen, K.; Zheng, X.; Feng, M.; Li, D.; Zhang, H. Gut Microbiota-Dependent Metabolite Trimethylamine N-Oxide Contributes to
Cardiac Dysfunction in Western Diet-Induced Obese Mice. Front. Physiol. 2017, 8, 139. [CrossRef]

11. Papandreou, C.; Moré, M.; Bellamine, A. Trimethylamine N-Oxide in Relation to Cardiometabolic Health—Cause or Effect?
Nutrients 2020, 12, 1330. [CrossRef]

12. Seldin, M.M.; Meng, Y.; Qi, H.; Zhu, W.; Wang, Z.; Hazen, S.L.; Lusis, A.J.; Shih, D.M. Trimethylamine N-Oxide Promotes Vascular
Inflammation Through Signaling of Mitogen-Activated Protein Kinase and Nuclear Factor-κB. J. Am. Hear. Assoc. 2016, 5, 5.
[CrossRef]

13. Ma, G.; Pan, B.; Chen, Y.; Guo, C.; Zhao, M.; Zheng, L.; Chen, B. Trimethylamine N-oxide in atherogenesis: Impairing endothelial
self-repair capacity and enhancing monocyte adhesion. Biosci. Rep. 2017, 37. [CrossRef] [PubMed]

14. Li, X.S.; Obeid, S.; Wang, Z.; Hazen, B.J.; Li, L.; Wu, Y.; Hurd, A.G.; Gu, X.; Pratt, A.; Levison, B.S.; et al. Trimethyllysine, a
trimethylamine N-oxide precursor, provides near- and long-term prognostic value in patients presenting with acute coronary
syndromes. Eur. Heart J. 2019, 40, 2700–2709. [CrossRef]

15. Wang, Z.; Zhao, Y. Gut microbiota derived metabolites in cardiovascular health and disease. Protein Cell 2018, 9, 416–431.
[CrossRef] [PubMed]

16. Tang, W.W.; Hazen, S.L. The contributory role of gut microbiota in cardiovascular disease. J. Clin. Investig. 2014, 124, 4204–4211.
[CrossRef]

http://doi.org/10.1136/jech.2005.044859
http://doi.org/10.1016/S0828-282X(10)71075-8
http://doi.org/10.21873/invivo.11338
http://www.ncbi.nlm.nih.gov/pubmed/30150419
http://doi.org/10.1186/s12889-018-5653-9
http://doi.org/10.1016/j.jacc.2017.04.052
http://www.ncbi.nlm.nih.gov/pubmed/28527533
http://doi.org/10.3390/ijms16047493
http://www.ncbi.nlm.nih.gov/pubmed/25849657
http://doi.org/10.1371/journal.ppat.1007891
http://www.ncbi.nlm.nih.gov/pubmed/31671152
http://doi.org/10.1038/nature09922
http://www.ncbi.nlm.nih.gov/pubmed/21475195
http://doi.org/10.3389/fphys.2017.00139
http://doi.org/10.3390/nu12051330
http://doi.org/10.1161/JAHA.115.002767
http://doi.org/10.1042/BSR20160244
http://www.ncbi.nlm.nih.gov/pubmed/28153917
http://doi.org/10.1093/eurheartj/ehz259
http://doi.org/10.1007/s13238-018-0549-0
http://www.ncbi.nlm.nih.gov/pubmed/29725935
http://doi.org/10.1172/JCI72331


Biomedicines 2021, 9, 1338 11 of 13

17. Ursell, L.K.; Metcalf, J.L.; Parfrey, L.W.; Knight, R. Defining the human microbiome. Nutr. Rev. 2012, 70, S38–S44. [CrossRef]
[PubMed]

18. Turnbaugh, P.J.; Ley, R.E.; Hamady, M.; Fraser-Liggett, C.M.; Knight, R.; Gordon, J.I. The Human Microbiome Project. Nature
2007, 449, 804–810. [CrossRef]

19. Wilkinson, E.M.; Ilhan, Z.E.; Herbst-Kralovetz, M.M. Microbiota–drug interactions: Impact on metabolism and efficacy of
therapeutics. Maturitas 2018, 112, 53–63. [CrossRef]

20. Patterson, A.D.; Turnbaugh, P.J. Microbial Determinants of Biochemical Individuality and Their Impact on Toxicology and
Pharmacology. Cell Metab. 2014, 20, 761–768. [CrossRef]

21. Hassan, R.; Allali, I.; Agamah, F.E.; Elsheikh, S.S.M.; Thomford, N.E.; Dandara, C.; Chimusa, E.R. Drug response in association
with pharmacogenomics and pharmacomicrobiomics: Towards a better personalized medicine. Brief. Bioinform. 2020, 22, bbaa292.
[CrossRef]

22. Walden, R.; Tomlinson, B. Cardiovascular Disease. In Herbal Medicine: Biomolecular and Clinical Aspects; Benzie, I.F.F., Wachtel-Galor,
S., Eds.; CRC Press: Boca Raton, FL, USA, 2011.

23. Olvera Lopez, E.; Ballard, B.D.; Jan, A. Cardiovascular Disease; StatPearls: Treasure Island, FL, USA, 2021.
24. Yusuf, S.; Hawken, S.; Ounpuu, S.; Dans, T.; Avezum, A.; Lanas, F.; McQueen, M.; Budaj, A.; Pais, P.; Varigos, J.; et al. Interheart

Study Investigators. Effect of potentially modifiable risk factors associated with myocardial infarction in 52 countries (the
INTERHEART study): Case-control study. Lancet 2004, 364, 937–952. [CrossRef]

25. Jokinen, E. Obesity and cardiovascular disease. Minerva Pediatrics 2015, 67, 25–32.
26. Duncan, G.E. Exercise, fitness, and cardiovascular disease risk in type 2 diabetes and the metabolic syndrome. Curr. Diabetes Rep.

2006, 6, 29–35. [CrossRef]
27. Frostegård, J. Immunity, atherosclerosis and cardiovascular disease. BMC Med. 2013, 11, 1–117. [CrossRef]
28. Tavafi, M. Complexity of diabetic nephropathy pathogenesis and design of investigations. J. Ren. Inj. Prev. 2013, 2, 59–62.

[CrossRef]
29. Behradmanesh, S. Serum cholesterol and LDL-C in association with level of diastolic blood pressure in type 2 diabetic patients. J.

Ren. Inj. Prev. 2012, 1, 23–26. [CrossRef]
30. Alushi, B.; Curini, L.; Christopher, M.R.; Grubitzch, H.; Landmesser, U.; Amedei, A.; Lauten, A. Calcific Aortic Valve Disease-

Natural History and Future Therapeutic Strategies. Front. Pharmacol. 2020, 11, 685. [CrossRef] [PubMed]
31. Lerman, D.A.; Prasad, S.; Alotti, N. Calcific Aortic Valve Disease: Molecular Mechanisms And Therapeutic Approaches. Eur.

Cardiol. Rev. 2015, 10, 108–112. [CrossRef] [PubMed]
32. Mittal, M.; Siddiqui, M.R.; Tran, K.; Reddy, S.P.; Malik, A.B. Reactive Oxygen Species in Inflammation and Tissue Injury. Antioxid.

Redox Signal. 2014, 20, 1126–1167. [CrossRef] [PubMed]
33. Sun, L.; Rajamannan, N.M.; Sucosky, P. Defining the Role of Fluid Shear Stress in the Expression of Early Signaling Markers for

Calcific Aortic Valve Disease. PLoS ONE 2013, 8, e84433. [CrossRef]
34. De Sousa, J.; Aarão, T.L.S.; De Sousa, J.R.; Hirai, K.E.; Silva, L.M.; Dias, L.B.; Carneiro, F.R.O.; Fuzii, H.T.; Quaresma, J.

Endothelium adhesion molecules ICAM-1, ICAM-2, VCAM-1 and VLA-4 expression in leprosy. Microb. Pathog. 2017, 104, 116–124.
[CrossRef]

35. Coté, N.; Mahmut, A.; Bosse, Y.; Couture, C.; Pagé, S.; Trahan, S.; Boulanger, M.-C.; Fournier, D.; Pibarot, P.; Mathieu, P.
Inflammation Is Associated with the Remodeling of Calcific Aortic Valve Disease. Inflammation 2012, 36, 573–581. [CrossRef]

36. Rajamannan, N.M.; Evans, F.J.; Aikawa, E.; Grande-Allen, K.J.; Demer, L.; Heistad, D.D.; Simmons, C.A.; Masters, K.S.; Mathieu,
P.; O’Brien, K.; et al. Calcific Aortic Valve Disease: Not Simply a Degenerative Process: A review and agenda for research from
the National Heart and Lung and Blood Institute Aortic Stenosis Working Group. Executive summary: Calcific aortic valve
disease-2011 update. Circulation 2011, 124, 1783–1791. [CrossRef] [PubMed]

37. Jahnen-Dechent, W.; Simmons, C.A. Cell–Matrix Interactions in the Pathobiology of Calcific Aortic Valve Disease: Critical roles
for matricellular, matricrine, and matrix mechanics cues. Circ. Res. 2011, 108, 1510–1524. [CrossRef]

38. Greenspon, A.J.; Patel, J.D.; Lau, E.; Ochoa, J.; Frisch, D.R.; Ho, R.T.; Pavri, B.B.; Kurtz, S.M. 16-Year Trends in the Infection
Burden for Pacemakers and Implantable Cardioverter-Defibrillators in the United States: 1993 to 2008. J. Am. Coll. Cardiol. 2011,
58, 1001–1006. [CrossRef] [PubMed]

39. Holland, T.L.; Baddour, L.M.; Bayer, A.S.; Hoen, B.; Miro, J.M.; Fowler, V.G., Jr. Infective endocarditis. Nat. Rev. Dis. Primers 2016,
2, 1–22. [CrossRef]

40. Bayer, A.S.; Bolger, A.F.; Taubert, K.A.; Wilson, W.; Steckelberg, J.; Karchmer, A.W.; Levison, M.; Chambers, H.F.; Dajani, A.S.;
Gewitz, M.H.; et al. Diagnosis and Management of Infective Endocarditis and Its Complications. Circulation 1998, 98, 2936–2948.
[CrossRef]

41. Klein, M.; Wang, A. Infective Endocarditis. J. Intensive Care Med. 2014, 31, 151–163. [CrossRef] [PubMed]
42. Murdoch, D.R.; Corey, G.R.; Hoen, B.; Miro, J.M.; Fowler, V.G., Jr.; Bayer, A.S.; Karchmer, A.W.; Olaison, L.; Pappas, P.A.;

Moreillon, P.; et al. Clinical presentation, etiology, and outcome of infective endocarditis in the 21st century: The International
Collaboration on Endocarditis-Prospective Cohort Study. Arch. Intern. Med. 2009, 169, 463–473. [CrossRef]

43. Gupta, A.; Mendez, M.D. Endocarditis; StatPearls: Treasure Island, FL, USA, 2021.
44. Peters, F.; Karthikeyan, G.; Abrams, J.; Muhwava, L.; Zühlke, L. Rheumatic heart disease: Current status of diagnosis and therapy.

Cardiovasc. Diagn. Ther. 2020, 10, 305–315. [CrossRef]

http://doi.org/10.1111/j.1753-4887.2012.00493.x
http://www.ncbi.nlm.nih.gov/pubmed/22861806
http://doi.org/10.1038/nature06244
http://doi.org/10.1016/j.maturitas.2018.03.012
http://doi.org/10.1016/j.cmet.2014.07.002
http://doi.org/10.1093/bib/bbaa292
http://doi.org/10.1016/S0140-6736(04)17018-9
http://doi.org/10.1007/s11892-006-0048-1
http://doi.org/10.1186/1741-7015-11-117
http://doi.org/10.12861/JRIP.2013.20
http://doi.org/10.12861/JRIP.2012.09
http://doi.org/10.3389/fphar.2020.00685
http://www.ncbi.nlm.nih.gov/pubmed/32477143
http://doi.org/10.15420/ecr.2015.10.2.108
http://www.ncbi.nlm.nih.gov/pubmed/27274771
http://doi.org/10.1089/ars.2012.5149
http://www.ncbi.nlm.nih.gov/pubmed/23991888
http://doi.org/10.1371/journal.pone.0084433
http://doi.org/10.1016/j.micpath.2017.01.021
http://doi.org/10.1007/s10753-012-9579-6
http://doi.org/10.1161/CIRCULATIONAHA.110.006767
http://www.ncbi.nlm.nih.gov/pubmed/22007101
http://doi.org/10.1161/circresaha.110.234237
http://doi.org/10.1016/j.jacc.2011.04.033
http://www.ncbi.nlm.nih.gov/pubmed/21867833
http://doi.org/10.1038/nrdp.2016.59
http://doi.org/10.1161/01.CIR.98.25.2936
http://doi.org/10.1177/0885066614554906
http://www.ncbi.nlm.nih.gov/pubmed/25320158
http://doi.org/10.1001/archinternmed.2008.603
http://doi.org/10.21037/cdt.2019.10.07


Biomedicines 2021, 9, 1338 12 of 13

45. Chakravarty, S.D.; Zabriskie, J.B.; Gibofsky, A. Acute rheumatic fever and streptococci: The quintessential pathogenic trigger of
autoimmunity. Clin. Rheumatol. 2014, 33, 893–901. [CrossRef]

46. Okello, E.; Kakande, B.; Sebatta, E.; Kayima, J.; Kuteesa, M.; Mutatina, B.; Nyakoojo, W.; Lwabi, P.; Mondo, C.K.; Odoi-Adome,
R.; et al. Socioeconomic and Environmental Risk Factors among Rheumatic Heart Disease Patients in Uganda. PLoS ONE 2012,
7, e43917. [CrossRef] [PubMed]

47. Noll, G. Pathogenesis of atherosclerosis: A possible relation to infection. Atherosclerosis 1998, 140, S3–S9. [CrossRef]
48. Torres, A.M.; Gaensly, M.M. Helicobacter pylori: ¿un nuevo factor de riesgo cardiovascular? Rev. Española Cardiol. 2002, 55, 652–656.

[CrossRef]
49. Spagnoli, L.G.; Pucci, S.; Bonanno, E.; Cassone, A.; Sesti, F.; Ciervo, A.; Mauriello, A. Persistent Chlamydia pneumoniae Infection of

Cardiomyocytes Is Correlated with Fatal Myocardial Infarction. Am. J. Pathol. 2007, 170, 33–42. [CrossRef]
50. Boman, J.; Hammerschlag, M.R. Chlamydia pneumoniae and Atherosclerosis: Critical Assessment of Diagnostic Methods and

Relevance to Treatment Studies. Clin. Microbiol. Rev. 2002, 15, 1–20. [CrossRef] [PubMed]
51. Hammerschlag, M.R. The intracellular life of chlamydiae. Semin. Pediatr. Infect. Dis. 2002, 13, 239–248. [CrossRef]
52. Benagiano, M.; Munari, F.; Ciervo, A.; Amedei, A.; Paccani, S.R.; Mancini, F.; Ferrari, M.; Della Bella, C.; Ulivi, C.; D’Elios, S.; et al.

Chlamydophila pneumoniae phospholipase D (CpPLD) drives Th17 inflammation in human atherosclerosis. Proc. Natl. Acad. Sci.
USA 2012, 109, 1222–1227. [CrossRef]

53. Farsak, B.; Yildirir, A.; Akyön, Y.; Pinar, A.; Oç, M.; Böke, E.; Kes, S.;Tokgözoğlu, L. Detection of Chlamydia pneumoniae and
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