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Abstract 
Background. Atherosclerosis remains the leading cause of cardiovascular mortality 

worldwide. This review examines the emerging role of the gut microbiome in atheroscle-
rosis pathogenesis. Recent advances in sequencing technologies have enabled deeper 
examination of complex interactions between intestinal microbial communities and car-
diovascular health.

Methods. This review followed MOOSE guidelines, searching PubMed, Scopus, Web 
of Science, and Embase databases through March 2024. Search terms included "gut 
microbiome," "atherosclerosis," and related concepts. Studies examining relationships 
between gut microbiome composition and AS were included, with data extracted using 
standardized forms and organized into four categories for qualitative synthesis.

Results. Research reveals atherosclerosis patients exhibit reduced bacterial diversi-

increased Enterobacteriaceae and decreased butyrate-producing bacteria. Key microbial 

-

Conclusion. Understanding gut microbiome contributions to atherosclerosis patho-
genesis offers new possibilities for prevention and treatment through microbiota modu-

personalized approaches considering interactions between genetics, environment, and 
microbiome.
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Introduction
Atherosclerosis (AS), a chronic in-

plaque accumulation in arterial walls, 
remains the leading cause of cardiovas-
cular morbidity and mortality worldwide. 
Among various cardiovascular diseases, 
ischemic heart disease resulting from 
atherosclerotic plaque rupture accounts 
for 42.5% of mortality, and the death rate 
related to cardiovascular diseases due 
to coronary atherosclerosis (CAS) con-
tinues to rise steadily, comprising more 
than 30% of all fatalities.1 Each year, AS 

-
cantly more than cancer, pneumonia, 
diabetes, and many other diseases, in-
cluding the COVID-19 pandemic. The de-
velopment of post-COVID complications 

in the form of thrombosis and increased 
mortality particularly heightens the rel-
evance of this problem. Consequently, 
this disease has been termed the “Pan-
demic of the 21st century”.2 Traditionally, 
researchers and clinicians have focused 
on risk factors such as dyslipidemia, 
hypertension, diabetes, and smoking.1-3 
However, over the past decade, a grow-
ing body of evidence has emphasized the 

the development and progression of this 
disease.1,4,5,6 

The human microbiome, consisting 
of trillions of microorganisms inhabiting 
various body sites, has become a key fac-
tor in maintaining health and developing 
diseases.7,8 The intestinal microbiome, 
containing the largest and most diverse 
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microbial community in the human body, 
-

cesses, including metabolism, immune 

in the pathogenesis of AS.4,9,10

Recent advances in sequencing 
technologies and bioinformatics have 
allowed researchers to more deeply ex-
amine the complex interactions between 
the gut microbiome and human physi-
ology.11,12 These studies have revealed 
intricate connections between microbial 
composition, metabolic activity, and ath-
erosclerosis development.4,9,13 The intes-

-
ence various stages of atherosclerosis, 
from initial endothelial dysfunction to 
plaque formation and rupture.4

The aim of this review article is to an-
alyze the current state of knowledge re-
garding the role of the microbiome in AS 
development. Data on the mechanisms 

-
ease development and progression, key 
microbial metabolites involved in this 
process, contribute to the assessment 
of potential microbiome-based thera-
peutic approaches, and lead to future 
directions and challenges in this rapidly 

Methods

We conducted this review following the 
MOOSE guidelines for meta-analyses 
of observational studies. Our literature 
search covered PubMed, Scopus, Web 
of Science, and Embase databases from 
their inception through March 2024. We 

-
biome,” “gut microbiota,” “intestinal 
microbiome,” “intestinal microbiota,” 
“atherosclerosis,” “atherosclerotic car-
diovascular disease,” “coronary artery 
disease,” “carotid atherosclerosis,” 
“plaque,” and “cardiovascular disease” 
in various combinations. We also manu-
ally searched reference lists of retrieved 
articles to identify additional relevant 
studies.

We included stud-
-

tween gut microbiome composition or 
microbial metabolites and atherosclero-

had clear methodology and outcomes 

related to atherosclerosis. We excluded 
case reports, conference abstracts, let-
ters, commentaries, methodologically 
unclear studies, animal studies without 
clinical validation, and studies focusing 
only on cardiovascular outcomes with-
out direct atherosclerosis assessment.

We extracted data using a stan-
dardized form. We collected informa-
tion on authors, publication year, study 
design, sample size, population details, 
microbiome assessment methods, bac-
terial taxa or metabolites studied, main 

We per-
formed a qualitative synthesis, organiz-

-
bial diversity and composition changes 

-
-

mechanisms connecting gut microbiota 
-

peutic approaches targeting the gut mi-
crobiome. For studies with similar out-
comes, we summarized the consistency 
and direction of associations.

Results

The human gut microbiome represents 
a complex ecosystem consisting of bac-
teria, archaea, viruses, and eukaryotic 
microbes.14 The integrity of the intes-
tinal barrier plays an important role in 
preventing pathogens and toxins from 
entering the bloodstream, which can 

15,16 The 
microbiome participates in maintaining 
the integrity of tight junctions between 
intestinal epithelial cells, thereby reg-

taxa stimulate mucin production that 

microbial metabolites can affect the ex-
pression of genes responsible for the 
barrier function of the intestine.16,17

In the context of AS, studies have 
-

position of gut microbiota between peo-
ple with and without this disease.17,18,19 

According to research, there is a re-
duction in bacterial diversity, particularly 
in patients with AS compared to healthy 
individuals.13,20 In a mouse study, 

 demonstrated decreased bacterial 
diversity in atherosclerosis, as well as a 
correlation between this phenomenon 



6

FROM GUT TO PLAQUE: GUT MICROBIOME'S IMPACT ON ATHEROSCLEROSIS 
DEVELOPMENT AND PROGRESSION. LITERATURE REVIEW

and plaque size and cholesterol levels.21 
This reduction in diversity is associated 

overgrowth of potentially pathogenic 
species. Moreover, according to avail-
able research, various microorganisms 
inhabit the atherosclerotic plaque itself, 
including 

and 
.22,23

Thus, the taxonomic composition 
of the gut microbiome in AS undergoes 

exhibit an altered ratio of the two dom-
inant bacterial phyla, Firmicutes and 
Bacteroidetes.24,25 Although the exact 
consequences of this phenomenon are 
still debated, this change is believed to 

-
tion. According to  a higher 
ratio of Firmicutes to Bacteroidetes was 
recorded in the group with high values of 
intima-media thickness.26 There is also 
evidence that the amount of Bacteroides 
and Prevotella in the intestine has prog-
nostic value for this disease.27,28

Some bacterial genera are con-
sistently associated with AS. Patients 
with atherosclerosis show increased 
amounts of 

, and  
and decreased levels of 

and 
should be noted that the latter bacteria 
are butyrate-producing.29,30 According to 
data,  provides 
protection against atherosclerosis by 
improving the barrier function of the in-
testinal epithelium, suppressing the in-

-
emia.31,32  as a result of their 
research, suggested that,33 and 

 could be used as predictors 
of coronary AS.33 According to a recent 
study by  bacteria of the genus 

 are associated with choles-
terol reduction. The authors found that 
this taxon has the ability to metabolize 
cholesterol, which may help maintain 
lipid balance.34

functional analysis often reveals simi-
larities in metabolic pathways, empha-
sizing the importance of microbial func-
tion rather than simply the presence of 

The gut microbiome plays 
a crucial role in various metabolic pro-

-
ment of AS.35 Bacterial taxa in the intes-
tine participate in the metabolism of food 
components, including carbohydrates, 
proteins, and lipids.36,37 Their metabolic 

potentially harmful compounds affect-
ing cardiovascular health.1,5 Microbial 
products activate TLRs on immune cells, 

-
matory cytokines that play a role in ath-

38 fur-
thermore, the microbiome affects the 
balance between T-cells with pro- and 

may determine AS progression.15,39

A key element in the micro-

development is the production of short-
chain fatty acids (SCFAs).40 Certain bac-

SCFAs such as butyrate, acetate, and 
propionate. These substances, especial-
ly butyrate, support intestinal health by 
nourishing colonocytes and maintaining 
epithelial integrity.41,42,43 This explains 

-
FAs, as well as their role in improving 
lipid metabolism and insulin sensitivity.43 
These effects are explained by SCFAs’ 
ability to bind to membrane GPCR re-
ceptors and affect intracellular enzymes 
of enterocytes.44,45 Entering the blood-
stream, SCFAs exert their action by in-

GPR41, GPR109A, and GPR91 (succinate 
receptor 1 (SUCNR1)), thereby affecting 
various organs and systems including 
the cardiovascular system,46

the energy potential of cells45 and re-
ducing the secretion of IL-6 and IL-8.47 

atherosclerosis development by regu-
lating Treg cell formation and inhibiting 
histone deacetylase (HDAC) activity.47,48 

 noted butyrate’s role in pos-
itively affecting endothelial function 

pathway. Butyrate restores endotheli-
um-dependent relaxation, reduces ROS 
levels, and NOX2 expression in endothe-
lial cells.49

The effect of SCFAs on fat metabo-
lism and cholesterol formation has been 
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studied. Haghikia et al., in a mouse mod-
el of atherosclerosis, demonstrated that 
propionate reduced total cholesterol lev-
els and prevented disease development 
by blocking cholesterol transport in the 
intestine and increasing IL-10 and Treg 
cell levels, positively affecting the intes-
tinal immune system.49 In a recent study, 

 showed the prognostic 

coronary atherosclerosis.50 Thus, SC-
FAs demonstrate diverse effects on AS 
development, which may change at dif-

further research on the role and inter-
actions of SCFAs is necessary for a more 
complete understanding and effective 
application in atherosclerosis treatment.

. Accumulated evidence indi-
cates that intestinal bacteria can metab-
olize dietary choline and L-carnitine to 
form trimethylamine (TMA), which is fur-
ther converted to trimethylamine-N-ox-
ide (TMAO) in the liver through the en-
zyme Flavin-containing monooxygenase 
3 (FMO3).51,52 In turn, TMAO is associated 
with the development of numerous dis-
eases, including AS. TMAO levels in the 
body depend on factors such as diet, gut 

enzyme activity.51 TMAO’s actions in AS 
-

lesterol accumulation in macrophages, 
foam cell formation, platelet activation 
with increased thrombosis risk, and 
disruption of reverse cholesterol trans-
port.53 Additionally, it reduces the activ-
ity of liver enzymes responsible for bile 
acid synthesis (Cyp7a1 and Cyp27a1),54,55 
as well as bile acid transporters (Oatp1, 
Oatp4, Ntcp, Mrp2).54 This leads to dis-
ruption of bile acid-related metabolic 
pathways, exacerbating atherosclero-
sis. The FMO3 enzyme level is regulated 
through the farnesoid X receptor (FXR), 
which plays a key role in controlling bile 
acid metabolism and TMAO production 
as mentioned earlier.55 Accumulated 

-
teria capable of producing TMA, thereby 
increasing blood TMAO levels. These 
bacteria include representatives of the 

and 

, and 56,57 
Many of these bacteria play a crucial 
role in AS development. It should be not-
ed that research focused on developing 
strategies to reduce TMAO levels,58,59 in-
cluding dietary interventions, probiotics, 
and FMO3 inhibitors,57,60,61 is currently 
relevant.

The gut microbiome, spe-

and , in which bile acid hy-
drolase has been detected,62 plays a key 
role in bile acid biotransformation, per-
forming deconjugation, dehydroxylation, 
and epimerization of primary bile acids. 
The latter participate in regulating lipid 
and glucose metabolism through acti-
vation of the farnesoid X receptor (FXR) 
and G-protein-coupled receptor TGR5, 
modulation of intestinal permeability 

-
ota composition.

development by affecting receptors that 
regulate cholesterol metabolism and 

signaling pathways that control bile acid 
synthesis, carbohydrate metabolism, as 
well as immune cell expression and in-

possess both anti-atherosclerotic and 
pro-atherosclerotic effects.63 Currently, 
the nuclear farnesoid X receptor (FXR) 
and the membrane G-protein-coupled 

G-protein-coupled receptor 1) are be-
ing extensively studied, with the role of 
these receptors potentially applicable in 
AS treatment.64

(LPS), a struc-
tural element of gram-negative bac-
teria, is considered by contemporary 
researchers as a possible factor contrib-
uting to atherosclerosis formation—a 

blood vessels.65 The molecular mecha-
nism of this phenomenon is associated 
with the interaction between LPS and 

-
matory cell membranes, triggering a 
cascade release of cytokines involved in 
atherosclerotic plaque formation.66 Re-

may accelerate atherosclerotic progres-
sion by stimulating cellular senescence 
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in vascular tissue and enhancing the se-
nescence-associated secretory pheno-
type (SASP).67 According to  
LPS induces macrophage senescence, 
manifested by morphological changes, 
secretion of the senescence-associated 
secretory phenotype (SASP), and DNA 
damage. This process contributes to lip-
id accumulation in atherosclerosis and 
can be prevented through inhibition of 
the BRD4 protein.68 This integration of 
bacterial infection and cellular senes-
cence concepts offers an innovative per-
spective on atherosclerosis pathogene-
sis mechanisms. Studies demonstrate 
that TLR4 signaling pathway activation 

cytokine synthesis, including interleu-
-

66 -
diators induce endothelial dysfunction, 
promote monocyte recruitment to the 
subendothelial space, and stimulate 
macrophage transformation into foam 
cells—key cellular elements of athero-
sclerotic lesions.65,67 Furthermore, LPS 
may disrupt lipid metabolism, increas-
ing hepatic cholesterol synthesis and re-
ducing reverse cholesterol transport ef-

10 Interestingly, these effects are 
particularly pronounced in the presence 
of other atherosclerosis risk factors, 
such as hypercholesterolemia and arte-
rial hypertension, indicating complex in-
teractions between various pathogenet-

data indicate an important role of LPS in 
atherosclerosis pathogenesis.

In addition to the aforementioned 
metabolites, it should be noted that 
current data suggest certain gut micro-
biome representatives can metabolize 
dietary polyphenols into bioactive com-

-
tory and antioxidant properties, which 
may represent protective mechanisms 
in AS.69,70 Moreover, metabolites capable 

-
sis,71,72 and indoles, tryptophan deriva-

potentially protecting against AS, are 
being studied.

Understanding these microbial 
functions provides insight into potential 
mechanisms linking the gut microbiome 

with AS development. This also high-
lights potential targets for therapeu-
tic interventions based on microbiome 
modulation, including probiotics,73 pre-
biotics,74 fecal microbiota transplanta-
tion,75 and targeted microbial metabolite 
modulation.75

Discussion
The growing body of evidence re-

viewed in this article highlights the sig-

atherosclerosis pathogenesis through 
multiple interconnected mechanisms. 
The evidence points toward a complex 
relationship between gut microbial dys-
biosis and atherosclerotic disease, me-
diated through various microbial metab-

19,29,30

bacterial diversity in atherosclerosis pa-
tients across multiple studies suggests 
that microbial richness may be protec-
tive against cardiovascular disease. This 
aligns with broader evidence indicating 
that higher gut microbiome diversity is 
generally associated with better health 
outcomes.20,23 The mechanisms under-
lying this relationship likely involve the 
collective metabolic functions of diverse 
bacterial communities.

Changes in the Firmicutes to Bacte-
roidetes ratio in atherosclerosis patients 
represent a taxonomic signature that 
has been similarly observed in other in-

including obesity and diabetes. This 
suggests common pathways through 
which gut dysbiosis may contribute to 
cardiometabolic disorders. While some 

Bacteroidetes ratios in atherosclero-
24,25 

highlighting the need for more nuanced 

or species rather than phylum-level 
changes.

The depletion of butyrate-produc-
ing bacteriain atherosclerosis patients 

-

its role in maintaining intestinal barrier 
integrity. The resulting decrease in bu-
tyrate production may promote systemic 

-
tion through multiple mechanisms, in-
cluding reduced Treg cell induction and 
increased intestinal permeability lead-
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ing to endotoxemia.40,49

The research on TMAO represents 
one of the most compelling links between 
gut microbiota and atherosclerosis, pro-
viding a clear mechanistic pathway from 
dietary components to cardiovascular 

-
rial taxa capable of producing TMA (the 
TMAO precursor) offers potential targets 
for therapeutic interventions. However, 
strategies aimed at reducing TMAO lev-
els must consider the complex interplay 
between diet, gut microbiota, and host 
factors.51,61

Bile acids are also cruisal in athero-
sclerosis development through various 
receptors regulating lipid and carbohy-

62,64

The role of LPS in promoting ath-
erosclerosis through TLR4 signaling 
and cellular senescence represents an 
intriguing connection between micro-
bial products and vascular aging. This 
mechanism may explain how gut dysbi-
osis featuring increased abundance of 
gram-negative bacteria could accelerate 
atherosclerotic processes, even in the 
absence of traditional risk factors.10,65

The emerging understanding of gut 
microbiome contributions to atheroscle-
rosis also emphasizes the need for per-
sonalized approaches to cardiovascular 
disease prevention. Individual variations 

-
encing host-microbe interactions, and 
baseline microbiome composition may 
all impact the effectiveness of microbi-
ome-targeted interventions.

Limitation. The present literature re-
view has several limitations that should 
be acknowledged. First and foremost, 
as a literature review, our work is inher-
ently limited by the methodological con-
straints of narrative synthesis without 
the rigorous statistical approach of me-
ta-analysis. While we followed MOOSE 
guidelines for observational studies, a 
formal meta-analysis or systematic re-
view with quantitative synthesis would 
provide stronger evidence regarding the 
associations between gut microbiome 
alterations and atherosclerosis. Second, 
the heterogeneity of study designs, pop-
ulations, and methodologies used across 
the included studies makes direct com-
parisons challenging. Finally, cultural 

-

may affect the applicability of observed 
associations in different geographical 
contexts. 

What’s Known? Atherosclerosis re-
mains the leading cause of cardiovascu-
lar morbidity and mortality worldwide, 
with ischemic heart disease from ath-
erosclerotic plaque rupture accounting 
for 42.5% of mortality. Traditional risk 
factors include dyslipidemia, hyperten-
sion, diabetes, and smoking. Patients 
with atherosclerosis show reduced gut 
bacterial diversity and altered ratios of 
dominant bacterial phyla, particularly 

 and . Key mi-
crobial metabolites like TMAO, SCFAs, 
bile acids, and lipopolysaccharides have 
been linked to atherosclerosis develop-
ment through various mechanisms af-

-
mation, and endothelial function.

What’s New? Recent research has 
revealed the critical role of the gut mi-
crobiome in atherosclerosis patho-

like  showing 
protective effects and others like 

 demonstrating cholester-
ol-lowering abilities. Novel therapeutic 
approaches targeting the microbiome 
include probiotics, prebiotics, fecal mi-
crobiota transplantation, and targeted 
microbial metabolites, precisely those 

The emerging understanding of how LPS 
accelerates atherosclerosis through 
cellular senescence and the senes-
cence-associated secretory phenotype 
provides an innovative perspective on 
disease mechanisms. This paradigm 
shift in cardiovascular medicine is mov-
ing toward more personalized, holistic 
interventions that consider the complex 
interactions between human genetics, 
environmental factors, and the microbi-
ome.

Conclusions 
Thus, studying the gut microbi-

ome’s contribution to atherosclerosis 
pathogenesispromotes a deeper under-
standing of mechanisms underlying this 
disease’s development, opening new 
possibilities for both prevention strat-
egies and atherosclerosis treatment. 
Modulation ofgut microbiome or target-
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become an approach, which represents 
a paradigm shift in cardiovascular med-
icine, moving toward more personalized 
and holistic interventions that consider 
the complex interaction between human 
genetics, environmental factors, and the 
microbiome.
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