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Abstract. - The prevalence of cardiovascular
diseases is on the rise. Interventions that would
aid prevention or treatment of these diseases
are essential. The microbes residing in the gut,
collectively called “gut microbiota”, produce a
plethora of compounds that enter the blood-
stream and affect the cardiovascular system.
Signals ascending from gut microbiome are be-
lieved to modulate differentiation and function-
al activity of macrophages residing in perivas-
cular tissue, atherosclerotic plaques, and peri-
vascular areas of the brain. Cardiovascular mac-
rophages may be the key players that transform
the signals ascending from gut microbiome in-
to increased predisposition to cardiovascular
diseases. The present review summarizes the
knowledge to date on potential relationships
between gut microbiota, cardiovascular macro-
phages, and cardiovascular diseases.
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Introduction

Cardiovascular diseases are characterized by
marked prevalence and high negative impact on
the quality of life. They still remain the biggest
cause of premature mortality in the developed
countries. Factors that would help prevent or at-
tenuate the development of cardiovascular diseas-
es are of high interest to clinicians, researchers,
and patients.

One of the endogenous factors potentially con-
tributing to development of cardiovascular dis-

eases is the vast community of commensal mi-
croorganisms (mostly bacteria, but also archaea
and yeast species, and some viruses), present
in several organs and cavities of the body. This
community is called microbiota. The biggest mi-
crobiota is found in the gut. Numerous micro-
organisms that inhabit the gut produce multiple
compounds that can have both beneficial and
harmful effects. These effects are exerted both
locally and remotely. As a local effect, it was
documented that compounds generated by gut
microorganisms modulate the cells within the gut
associated lymphoid tissues'. Specifically, lym-
phoid organs comprise large numbers of T- and
B-lymphocytes. As a remote effect, which is of
particular interest to this review, gut microbiota
may modulate functional activity of another type
of immune cells, called macrophages. These cells
are found in lesions associated with many cardio-
vascular diseases.

Given the supposed involvement of macro-
phages in cardiovascular diseases, the main focus
of this review is on potential associations be-
tween changes in gut microbiota (also known in
the literature as “dysbiosis”), macrophage func-
tional activity, and a cardiovascular disease. As
examples of the latter, we paid specific attention
to atherosclerosis and hypertension.

Normal Gut Microbiota, and Its
Changes Under Physiological and
Pathological Conditions

In adults, gut microorganisms include bacte-
ria, archaea, unicellular eukaryotes, yeast, and
some viruses. While there are other parts of the
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gastrointestinal tract that also contain microor-
ganisms (for example, oral cavity), the gut (that
is, the colon), host the majority of gut microbiota.
The predominant microorganisms are bacteria,
specifically from the species Firmicutes and Bac-
teroidetes®. These species are presented in dif-
ferent ratios in each individual. Yet their relative
amounts seem to remain constant through most
of the adulthood’. In contrast to these two bacteri-
al species, Proteobacteria, Verrucomicrobia, Ac-
tinobacteria, Fusobacteria, and Cyanobacteria
are present in much lower quantities®>. For more
detailed description of the bacteria that comprise
the genera mentioned above we refer the reader to
the recently published excellent and comprehen-
sive reviews®.

Birth and childhood are accompanied with
high fluctuations in the ratio between the two
main bacterial inhabitants of the gut’. First mi-
crobial colonization of the gut was traditionally
thought to occur during the birth, through expo-
sure to vaginal or skin microbiota, depending on
the mode of delivery (respectively, vaginal or cae-
sarean routes)’ (Figure 1). There were also some
reports that gut microbiota may establish prena-
tally®”. While this was an interesting hypothesis,
the most recent belief returned to the original idea

of perinatal and postnatal establishment of gut
microbiota®®. The previous conflicting reports
were considered as confounded by artifacts of
insufficiently developed methodology®.

The support of the postulate that microbial
inhabitation of the gut and establishment of gut
microbiota is related to birth and first hours of
postnatal life comes from the very fact that initial
gut inhabitation by the microorganisms depends
on vaginal or caesarean birth. Indeed, there is
evidence from human studies supporting this as-
sumption®. However, other factors may also con-
tribute to the initial heterogeneity of gut micro-
biota', including gestational age, dietary habits
of the mother, genetic predisposition, and so on.

The establishment of gut microbiota in infants
and young children is a complex and dynamic
process'''*® (Figure 1), which we only now be-
gin to properly understand. Key factors in this
process may include the duration of breastfeed-
ing, presence of older siblings and pets in the
household, diet, and other factors. Specifically
to breastfeeding, it should be mentioned that
there seems to be a reinforcement of specific
microbiota by human breast milk. In particular,
constituents of human breast milk seem to favor
the proliferation of specific microorganisms, with

high variability of gut microbiota:
first microbial colonization during the birth;
further diversifcation
through breastfeeding and solid foods

g

|

gut microbota is high variability of gut
fully established microbota, gut colonization
and stable with pathologic
in adulthood bacteria

Figure 1. Dynamics of gut microbiota through the life.
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many constituents acting as prebiotics. As it will
be addressed in subsequent sections, prebiotics
are specific carbohydrates' that permit prolifera-
tion of some, but not the other microbes.

The establishment of gut microbiota in infants
is further influenced once breastfeeding is sup-
plemented, and at some later point replaced by
consumption of complex carbohydrates. These
carbohydrates promote a rise of gut-associated
bacteria, as well as their respective adaptation to
the new source of food"”. Of importance, these
are the bacteria that are associated with adult gut
microbiota (e.g., Bacteroidetes)”. As mentioned
above, specific bacteria, and in specific relative
ratios, seem to dominate the normal gut microbi-
ota in the adulthood. In addition, gut-associated
bacteria become functionally active during late
infancy and early childhood, which is demon-
strated by increased levels of metabolites of their
activity (such as short chain fatty acids) in fecal
specimens'.

Interestingly, aging is also known to be associ-
ated with the increased variability of gut micro-
biota (Figure 1). Many factors appear to influence
the presence of microorganisms in the colons
of older individuals: diet, living in a home or
long-term residential institution, dental problems,
presence of chronic diseases, and so forth!. In
many older individuals, pathological microorgan-
isms start colonizing the gut, including Clostrid-
ium difficile. Interestingly, the aging is associated
with increased incidence of cardiovascular dis-

eases. Therefore, it is possible that alterations in
composition and/or functioning of gut microbiota
(that is, dysbiosis) may predispose to increased
susceptibility to cardiovascular diseases or other
diseases of older age®.

Macrophages and Their Involvement
in Cardiovascular Diseases

Macrophages are immune cells that originate
from local embryonic cells, deposited in tissues
prenatally, and from circulating monocytes re-
cruited to tissues postnatally. Macrophages ex-
hibit extreme plasticity of their phenotypes. A
conventional dogma used to be that there exist
extreme macrophage phenotypes, such as classi-
cally or alternatively activated macrophages®. Yet
the newest data showed the existence of multiple
intermediate phenotypes (Table I). Moreover, it is
likely that macrophages are present in a continu-
um of various phenotypes that stretch between
the most extreme classically or alternatively ac-
tivated macrophages?. In addition, macrophage
phenotypes are believed to be reversible??, which
renders extreme plasticity and versatility to mac-
rophages (Figure 2).

Macrophage functions are diverse. Depending
on the tissue, macrophages play antimicrobial
functions, contribute to or attenuate inflamma-
tion, and exert important immunomodulating
actions. Macrophage versatility is explained by
co-existence of multiple phenotypes®. For ex-
ample, classically activated macrophages (dif-

Table I. Examples of systemic and local macrophage phenotypes.

Macrophage Growth factors or Assumed
phenotype differentiation stimuli Location function
M (M-CSF) Macrophage Colony-Stimulating Systemic Intermediate phenotype
Factor
M (LPS+IFN-y) Bacterial endotoxin (LPS) Systemic Pro-inflammatory
and Interferon-y
M (IL-4) Interleukin-4 Systemic Anti-inflammatory
M (IL-10) Interleukin-10 Systemic Anti-inflammatory
M (GO) Glucocorticoids Systemic Anti-inflammatory
M4* CXCL4 Local Possibly,
(atherosclerotic lesion) An intermediate phenotype
Mox* Oxidized phospholipids Local Pro-atherogenic
and lipids (atherosclerotic lesion)
Mhem* Haem/haemoglobin Local Anti-atherogenic,
(atherosclerotic lesion) anti-inflammatory
M(Hb) Haemoglobin Local Anti-atherogenic,
(atherosclerotic lesion) anti-inflammatory

Footnote: Macrophage phenotypes should be assigned based on nomenclature recommendations 21. *Per nomenclature
recommendations, should be named M(CXCL4); *per nomenclature recommendations, should be named M(Ox); “per

nomenclature recommendations, should be named M(hem).



The cardiovascular macrophage

HUMAN

MERS +IEN-) MACROPHAGE

MAL-10)

X\
M(4){ ‘ ) o

MHEM

M(Hpb)

Figure 2. Macrophage phenotypes and plasticity.

ferentiated in the presence of interferon-y and/
or bacterial endotoxin) are believed to be pro-in-
flammatory, meaning that they produce increased
amounts of inflammatory factors (cytokines, leu-
kotrienes, etc.)*?. In contrast, alternatively activat-
ed macrophages (typical example: macrophages
differentiated with interleukin-4 and/or interleu-
kin-13) assume the anti-inflammatory function
and aid the resolution of inflammation. The an-
ti-inflammatory functions can be exerted either
by secretion of inflammation-resolving factors
(anti-inflammatory cytokines or lipoxins), en-
zymes that “digest” the inflammatory edema, or
by phagocytic elimination of apoptotic cells, the
process called “efferocytosis”®. All macrophage
phenotypes appear to have ability to phagocyte*,
that is, engulf and digest macromolecules and
small objects, such as bacteria, yeast or cells.
Similar to macrophages, circulating mono-
cytes also exist in different phenotypes. In hu-
mans, one distinguishes three phenotypes; the
current classification is based on expression of
two cell surface receptors, Cluster of Differen-
tiation (CD) 14 and 16. These are, respectively,
receptors (or part of receptor complexes) for bac-
terial endotoxin and immunoglobulins of class G.
Specifically, the majority (> 90%) of circulating
monocytes are called “classical”. They express
high levels of CD14 and no CD16 (CD14"*/CD16
). The remaining two monocyte populations ex-
press either intermediate levels of both CDI14
and CDI16 (“intermediate” phenotype; CDI14"/
CD16%), or low levels of CDI14 and high levels of
CDI16 (“nonclassical” phenotype; CD*/CD16")*.
These phenotypes are believed to respectively
execute immune function (e.g., phagocytosis),
partake in an inflammatory response, or assume
patrolling and wound healing functions®.

Macrophages are present in cardiac and vascu-
lar tissue, even under physiological conditions?.
Specifically, macrophages are considered as pri-
mary immune cells in cardiac tissue and in
blood vessels. The majority of evidence comes
from animal studies®. These macrophages are
tissue-resident macrophages, deposited in the
tissues shortly before or after the birth®. It is
possible that these macrophages are required
for conduction of an electric signal within the
heart tissue®, which underlines the importance of
these cells for cardiac function. This unexpected
macrophage function comes on top of their ste-
reotypical function as scavengers of dead tissue
and cells®. In addition, macrophages arise from
circulating monocytes during processes associat-
ed with inflammation, such as in atherosclerosis.

The macrophage involvement in atherosclero-
sis is a well-documented fact. Still, many ques-
tions remain with regard to their exact role.
The pathogenesis of an atherosclerotic plaque is
thought to involve a build-up of lipids, lipopro-
teins (especially low-density lipoproteins), and
phospholipids in the wall of a blood vessel (“fatty
streak”), and their subsequent oxidation®. The
presence of oxidized lipoproteins stimulates pro-
duction of inflammatory and growth factors by
the neighboring endothelial cells, including those
that stimulate differentiation of circulating mono-
cytes into macrophages®>. These macrophages
internalize oxidized lipoproteins by phagocyto-
sis. However, unlike with bacteria, macrophages
cannot completely digest lipoproteins, essentially
becoming lipid-laden, or “foam cells”. This pro-
cess leads to eventual macrophage apoptosis and
death, while lipids and lipoproteins continue to
build up. With time, these sites become calcified,
eventually turning into an atherosclerotic plaque.

In addition to circulating monocytes as a
source of atherosclerotic macrophages, the latter
cells also proliferate locally. This local prolif-
eration contributes substantially to macrophage
infiltration of atherosclerotic plaques®. Another
potential source of atherosclerotic macrophages
is through transdifferentiation of vascular smooth
muscle cells into foam-like cells*.

The macrophage phenotypes present in athero-
sclerotic plaques are not well understood*. It is
possible that several phenotypes can be present
simultaneously in different layers of the plaque®.
It further appears that local differentiation factors
exist in addition to classical macrophage differen-
tiation factors (e.g., interferon-y and endotoxin,
or interleukins -4 and -13), which respectively
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cause classical or alternative macrophage differ-
entiation. These local differentiation factors, spe-
cific for atherosclerosis lesion, govern the rise of
lesion-specific macrophage phenotypes. Among
those local factors, platelet factor 4 (CXCL4),
oxidized phospholipids, heme, and hemoglobin
complexes are most commonly described**-¢. The
atherosclerosis-specific macrophage phenotypes
driven by these local factor respectively are M4,
Mox, Mhem, and M(Hb) (Table I; Figure 2).

Macrophages are also thought to contribute to
the pathophysiology of systemic or pulmonary
hypertension. The understanding of their involve-
ment in these pathologies is much less advanced
than our knowledge of macrophage contribution
to atherosclerosis’’. One of the mechanisms of
macrophage contribution to hypertension could
be associated with production of reactive oxygen
species and inflammatory mediators. The latter
increase resistance of local vasculature®. In case
of systemic hypertension, these processes may
occur in the kidney. Then, they will negatively
impact sodium excretion, thereby aggravating
hypertension®. In addition, perivascular mac-
rophages in the brain could contribute to neu-
roinflammation by production of reactive oxygen
species in response to angiotensin 1.

The great majority of the knowledge on the
impact of macrophages on atherosclerosis or hy-
pertension stems from animal (mostly murine) in-
vestigations. The relevance of these observations
for human situation certainly requires further
verification. Nonetheless, it is widely accepted
that macrophage functioning can be induced by
many metabolic factors ascending from the gut
(Figure 3). These metabolic factors will be de-
scribed in the sections below.

Gut-Derived Bacterial Factors and
Small Molecule Metabolites That,
Through Macrophages, May Predispose
to a Cardiovascular Disease

The gut-associated microorganisms produce a
plethora of metabolic and signaling molecules*’
(Table II). These metabolites arise as constituents
of bacterial structure and/or metabolism, or from
their functional activity in the gut.

As examples of the former, endotoxins at-
tracted substantial attention (Table II). Under
certain circumstances, endotoxins, which are
constituents of bacterial walls of Gram-negative
bacteria, can leach out in low quantities into the
blood stream*'. This condition is referred in the
literature as “metabolic endotoxemia™?. It was

CARDIOVASCULAR o
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PRODUCTS OF
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CONSTITUENTS

Figure 3. Macrophage functions, and gut-ascending
microbial factors and metabolites.

shown to be associated with obesity, which is a
risk factor for cardiovascular diseases. Of note,
macrophages are known to be modulated by
the endotoxin. Specifically, macrophages produce
inflammatory factors when exposed to endo-
toxin, which involves the Toll-Like Receptor 4
pathway*. Moreover, macrophage differentiation
is driven toward a pro-inflammatory phenotype
when macrophages are chronically exposed to
low levels of endotoxin*!. Importantly, this was
shown in conditions that are known to predispose
to cardiovascular diseases*. Furthermore, mono-
cytes, the macrophage precursors, when exposed
to low-grade endotoxin, can also change their
phenotype and contribute to aggravated athero-
sclerosis®.

Another example of bacterial constituents is
peptidoglycans (Table II). Peptidoglycans are
present in bacterial walls of both Gram-positive
and -negative bacteria, whereas the former bac-
teria contain higher levels of peptidoglycans.
Peptidoglycans stimulate Toll-Like Receptor 1
and 2 pathways, as well as the Nucleotide-bind-
ing Oligomerization Domain-containing protein
1 and 2 pathway, also leading to inflammatory
responses in macrophages*. Peptidoglycans were
demonstrated as contributing to pro-inflammato-
ry activity of circulating monocytes®.
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Table Il. Compounds produced by gut microbiota and their potential effects on macrophages.

Classes
of compounds

Examples

Effects on macrophage
differentiation?

Effects on macrophage

function?

Bacterial constituents

Fermentation of
complex carbohydrates
Proteolytic
fermentation

Endotoxins
(lipopolysaccharides)

Peptidoglycans

Short-chain fatty acids

(acetate, butyrate, propionate)

Trimethylamine*,
short-chain fatty acids®,

Yes (promote pro-inflammatory
“classical” macrophage
differentiation)

Insufficient data

Insufficient data

Insufficient data

Pro-inflammatory
stimulation

Pro-inflammatory
stimulation
Anti-inflammatory
stimulation
Pro-inflammatory
stimulation

branched-chain fatty acids,
organic acids, amines, phenols,
thiol-containing compounds,
ammonia, gases

Other compounds Vitamins, serotonin

Insufficient data

Insufficient data

Footnote: *Precursor to trimethylamine N-oxide, TMAO; *Minor amounts.

Bacterial functional activity is related to two
fermentation processes in the gut. Bacterial
fermentation helps our body to digest complex
carbohydrates and, to a certain extent, protein.
Therefore, these fermentation processes yield
short-chain fatty acids and various small mol-
ecule metabolites. Short-chain fatty acids are
produced predominantly through fermentation of
complex carbohydrates, and to a lesser magni-
tude, through proteolytic fermentation. Short-
chain fatty acids are described in detail in the
next section of this review. In contrast, proteo-
lytic fermentation yields branched chain fatty
acids, gases, organic acids, and other products of
peptide and amino acid degradation, including
amines, phenols, thiol-containing compounds,
and ammonia (Table II).

Belonging to the products of proteolytic fer-
mentation with unfavorable effects on the car-
diovascular system, trimethylamine N-oxide
(TMAO) is the compound that most commonly
appears in epidemiologic studies as a risk fac-
tor*®. In addition, confirmatory evidence on the
adverse role of TMAO in a cardiovascular disease
(in particular, atherosclerosis) is also provided
by experimental studies®. TMAO is a product
of choline and carnitine metabolism® (Figure
4). TMAO may also be generated from betaine,
the oxidation product of choline® (Figure 4). The
precursor to TMAO is trimethylamine. When
the latter is absorbed from the gut and enters
the bloodstream, it reaches the liver. In the liver,
trimethylamine is oxidized by the enzyme fla-
vin-containing monooxygenase (FMO) 3 to yield

TMAO (Figure 4). The food that gives rise to the
highest yield of TMAO is red meat.

Gut bacteria are also involved in the synthe-
sis of many vitamins (e.g., vitamin B, K, folate,
etc)*’. Another example of an important com-
pound whose metabolism involves gut microbi-
ota is serotonin. This compound is a neurotrans-

o

T
TRIMETHYLAMINE N-OXIDE

N
H3C/ |\C3H o)
” CH

TRIMETHYLAMINE
(TMA)

Figure 4. Trimethylamine N-oxide (TMAO) metabolism.
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mitter modulating neurophysiological processes.
Serotonin is almost exclusively produced in the
gastro-intestinal tract™.

Generation of Short-Chain Fatty Acids
by Gut Microbiota

The bacteria present in the gut aid fermenta-
tion of complex carbohydrates, including dietary
fibers. This fermentation yields numerous com-
pounds, such as gases (hydrogen, carbon dioxide,
and methane) and low-molecular weight metab-
olites. The gases can be utilized by the body
through appropriate biochemical reactions. The
reader is referred to a very recent comprehen-
sive review on this subject®. The low-molecular
weight metabolites include short-chain fatty acids
(Table II). The great majority of the latter are rep-
resented by acetate (acetic acid), butyrate (butyric
acid), and propionate (propionic acid) (Table II).
Acetate is the most abundant of the three afore-
mentioned short-chain fatty acids. These fatty ac-
ids have several (ranging from one to six) carbon
atoms and are freely absorbed in the gut®.

Interestingly, gut bacteria seem to have some
specialization in what short-chain fatty acid they
produce. For example, butyrate is predominantly
produced by bacteria belonging to the Clostrid-
ium family (specifically, the cluster XIVa) and
Firmicutes™, as well as by several other bacterial
families®. Interestingly, the metabolitic pathways
to generate butyrate are different among bacte-
ria’®. Propionate is generated through activity of
bacteria belonging to the family of Bacteroidetes
and some other bacteria®.

Some of the short-chain fatty acids (such as
butyrate) provide energy for epithelial cells lining
the colon. Furthermore, these short-chain fatty
acids exert anti-inflammatory effects on mac-
rophages and their precursors, monocytes®®.
Specifically, butyrate was shown to downreg-
ulate monocyte and macrophage inflammatory
responses’¢%, This could be because of direct
anti-inflammatory effects of butyrate’626, ei-
ther through transcriptional or epigenetic mech-
anisms®%2, or because of modulation of macro-
phage differentiation®®*. Confirming the overall
beneficial roles of butyrate, its anti-atherosclerot-
ic effects were documented in animal studies®.

So far, it seems that the evidence on relation-
ship between the short-chain fatty acids and
macrophages is more substantiated with regard to
atherosclerosis. In contrast, a similar relationship
concerning hypertension is sparse. Alterations of
gut microbiota (dysbiosis) may contribute to ele-

vated blood pressure, at least in animal models®.
Evidence about similar associations in patients
has only begun to emerge®. One of the earliest
publications on this topic demonstrated decreased
diversity of gut microbiota of people with hyper-
tension®. Other alterations of gut microbiota may
exhibit as a decrease in the relative or absolute
abundance of butyrate-generating bacteria®, or
as lower abundance of specific bacterial spe-
cies”’. In experimental animals, another potential
mechanism of hypertension-inducing effects of
dysbiosis has just recently been described. In
particular, dysbiosis may elevate blood pressure
by acting through sympathetic innervation®. We
do not know of published data demonstrating the
same in humans. Therefore, it remains to be prov-
en how well animal observations are applicable to
clinical situations.

Gut Microbiota, Cholesterol Metabolism,
and Bile Acid Reabsorption

In addition to metabolic functions based on
fermentation of complex carbohydrates and pro-
teins, bacteria aid to metabolize cholesterol and
reabsorb bile acids.

Specifically, cholesterol conversion (mostly to
coprostanol, insignificantly to coprostanone®) in
the gut is an important route of cholesterol me-
tabolism and excretion. Cholesterol metabolites
are poorly absorbable in the gut; this could be the
mechanism to prevent excessive accumulation of
cholesterol®.

In addition, gut bacteria metabolize side chain
of bile acids, in addition to deconjugation, oxi-
dation, and other modifications™. Notably, only
a few bacterial species in the gut are involved in
cholesterol metabolism, whereas many more bac-
teria contribute to bile acid reabsorption.

Of the aforementioned compounds, circulat-
ing cholesterol plays an important role in the
genesis of atherosclerotic plaques. Furthermore,
cholesterol is internalized by macrophages, driv-
ing their transformation into foam cells, with
subsequent demise of the latter cells. Thereby,
cholesterol is a hazard to the cardiovascular sys-
tem in general and cardiovascular macrophages
in particular.

Other Potential Associations
Between Gut Microbiota and
Cardiovascular Diseases

The aforementioned pathogenetic factors link
abnormal (dysbiotic) gut microbiota and cardio-
vascular diseases, such as atherosclerosis and
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hypertension. Moreover, gut dysbiosis is believed
to be associated with other pathologies, such as
obesity, diabetes, kidney disease, dysregulated
immune system, and chronic systemic inflamma-
tion. All of the latter are known risk factors for
development of cardiovascular diseases.

For example, pro-inflammatory factors as-
cending from the gut promote chronic inflamma-
tion and obesity*' (Figure 5). Similarly, abnormal
gut microbiota is found in the Type 2 diabetes’
(Figure 5). Inflammation, obesity and diabetes
increase the risk of acquiring cardiovascular dis-
eases (Figure 5).

The current knowledge is mostly limited to an-
imal studies and cross-sectional observations in
humans. While highly valuable, these shed little
light on potential genetic causes of abnormalities
in gut microbiota and susceptibility to cardiovas-
cular diseases’.

Another essential question is related to ex-
act relationship between aging, changes in gut
microbiota, and development of cardiovascular
diseases. As rightfully stated elsewhere’, future
studies need to demonstrate that this relationship
exceeds a mere association and is, indeed, a caus-
al relationship. Changes in gut microbiota were
linked to renal abnormalities, and, through them,
to cardiovascular status’.

Potential Interventions to
Rectify Gut Microbiome
The most obvious potential intervention is
altering of one’s diet (Table III). Other poten-
tial interventions include supplementation with
probiotics (that is, bacteria that can beneficial-
ly modulate gut microenvironment™’”) or pre-
CARDIOVASCULAR

” DISEASE \

OBESITY, CHRONIC
TYPE 2 DIABETES

INFLAMMATION

Figure 5. Gut microbiota, and direct and indirect risk
factors for cardiovascular diseases.

biotics (Table III). The probiotics are defined as
“live microorganisms that, when administered
in adequate amounts, confer a health benefit on
the host””. The probiotics are exemplified by
lactic acid bacteria, specifically those of the fol-
lowing species: Lactobacillus, Bifidobacterium,
Enterococcus, and Streptococcus species. The
prebiotics, as described in the preceding text, are
dietary components (for example, specific carbo-
hydrates'®) that promote the growth of specific
types of microorganisms in the gut’” (Table III).

This shaping of the human gut microbiota with
pre- and probiotics can be initiated very early
in life’® and can continue into advanced age. In
addition, beneficial metabolites, such as the short-
chain fatty acid, which stem from digestion of
prebiotics, can be used in a direct intervention®”.

A more radical approach to rectification of gut
microbiome is the use of bacteriocins (Table III).
The latter are substances with antibiotic properties
synthesized by bacteria®. The use of bacteriocins
is favored in the literature as a targeted approach to
normalize gut microbiota. Administration of bacte-
riocins may avoid broad and extensive changes of
gut microbiota associated with antibiotics®®. Fur-
thermore, bacteriocins may help overcome the issue
of rising antibiotic resistances of many pathogenic
gut-associated microorganisms®. Indeed bacterio-
cins, in addition to their direct antibiotic properties,
also possess signalling capabilities®>. This could
enhance their microbiota-modulating effects.

The even more radical interventions to normal-
ize gut microbiota are administration of antibiot-
ics and/or faecal transplant (Table III).

Conclusions

Signals ascending from gut microbiome are be-
lieved to modulate differentiation and functional
activity of macrophages residing in perivascular
tissue, atherosclerotic plaques, and perivascular
areas of the brain. These macrophages matter for
the pathophysiology of cardiovascular diseases.
The process of aging is associated with changes
in gut microbiome and with increased prevalence
of cardiovascular diseases. Macrophages may be
key players that transform the signals from the
gut microbiome into increased predisposition
to cardiovascular diseases. Future interventions
may include modulation of gut microbiome to
prevent or treat cardiovascular diseases, also by
targeting the signals that converge on cardiovas-
cular macrophages.
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Table Ill. Potential interventions to rectify gut microbiome.

Prebiotics and
direct interventions
with metabolites

of prebiotic digestio
(eg, butyrate)

Bacteriocins

Antibiotics

Faecal
transplant

Lactobacillus acidophilus
(microbial components
of fermented dairy
products)

Specific complex
carbohydrates, which
are digestable only

in the gut, giving

rise to beneficial
substances (eg, short-
chain fatty acids).

The most studied
examples are inulin,
fluctooligosaccharides,
lactulose,
galactooligosaccharides

Antimicrobial peptides
produced in the
ribosomes of bacteria
as a “weapon” against
other bacterial species
(eg, nisin from
Lactococcus lactis*®)

Antimicrobial drugs
produced as secondary
metabolites by soil
bacteria or fungi as

a “weapon” against
other bacterial species

Transfer of a

specimen of healthy gut
microbiota into someone’s
gut, either via oral

capsules or by colonoscopy,

usually as means to
eliminate resilient
pathological bacteria,

such as Clostridium difficile®

gut microbiota
and the overall
gastrointestinal
health

Favoring the growth
of beneficial
microorganisms in
the gut; potentiation
of production of
short-chain

fatty acids,

such as butyrate

Normalization of
gut microbiota by
elimination of
pathogenic bacteria

Broad elimination
of classes

of pathogenic
bacteria

Normalization of
gut microbiota
by transplanting
donor’s normal
microbiota

targets microbiota
in general. No
specificity against
particular microbial
strains

This intervention
favors particular
microbial strains,
both serving as a
source of food and
by modifying the
microenvironment
in the gut®’

This intervention
favors particular
microbial strains
by acting as a
targeted
antimicrobial

agent against
pathogenic bacteria

Not specific.

Capable of destroying
the delicate balance
of gut microbiota

by eliminating both
commensal and
pathogenic bacteria

Not specific. Current
medical use is mostly
limited to Clostridium
difficile infections

Specificity Potential effects
of on cardiovascular
Intervention Example Mechanism targeting macrophages
Change of dietary Fibre-rich diet (oat bran Dietary fibres are This intervention Beneficial modulation,
habits or other grain brans, digested by gut targets microbiota potentially enhancing
whole grains and microbiota, yielding in general. No anti-inflammatory
brown rice, beans, beneficial compounds specificity against functions of
nuts, fruits and (eg, short-chain particular macrophages®>%8:84
vegetables) fatty acids) microbial strains
Probiotics Bifidobacterium lactis, Normalization of This intervention The effects on

cardiovascular
macrophages are
expected to be indirect,
through normalization
of processes in the gut,
or direct (eg, facilitation
of cholesterol efflux in
macrophages)®>-5¢

Anti-inflammatory
effects, attenuation

of local production of
reactive oxygen species,
potential modulation

of macrophage
differentiation-627%8¢

Potential indirect
beneficial effects
on cardiovascular
macrophages by
normalization of
gut microbiota

Potential adverse
effects because of
direct cytotoxicity
on cardiovascular
macrophages and/or
unfavorable
manipulation of

gut microbiota

Beneficial effects
on cardiovascular
macrophages are
expected because of
the overall
normalization of
gut microbiota

Footnote: *Precursor to trimethylamine N-oxide, TMAQ; “Minor amounts.
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