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Abstract

This study reviews the correlation between the gut virome and cardiovascular diseases (CVDs) and investigates the potential role of the
gut virome in CVD progression. The gut virome, which includes bacteriophages and eukaryotic viruses, interacts with the intestinal
microbiota and the host immune system, and affects the overall health of the host. Previous studies have demonstrated that alterations in
the gut virome are closely associated with various cardiovascular conditions, including hypertension, atherosclerosis, atrial fibrillation,
heart failure, and viral myocarditis. Thus, the gut virome may contribute to CVD development by regulating intestinal microecology
and immune responses, affecting intestinal barrier function and systemic inflammatory responses. However, despite advancements in
gut virome research, our understanding of the specific mechanisms involved and therapeutic potential in CVDs remains limited. Future
developments in virus databases and advancements in sequencing technology are expected to offer new insights and methods for the
early diagnosis and accurate treatment of CVDs.
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1. Introduction
The colonization of the human body by microorgan-

isms begins with vertical transmission from the mother dur-
ing the perinatal period [1]. As the host develops, these mi-
croorganisms continue to adapt and evolve, resulting in the
establishment of a more stable adult microbiota [2]. Each
individual possesses a complex and interconnected array of
various microbial communities [3]. Recent studies concur
that the symbiotic relationship shared between microbiota
and humans is essential in disease onset and resolution [4].
It is not until recently that we find out these microscopic
organisms are not ten times [5] but as abundant as human
cells [6], with most found in the distal section of the gas-
trointestinal tract [7].

The intestinal microbiota comprises numerous mi-
croorganisms, including bacteria, archaea, fungi, and
viruses, with bacteria being the most abundant group [6].
These intestinal microorganisms substantially contribute to
the host’s energy metabolism through their metabolites and
byproducts [8], in addition to playing a crucial role in devel-
oping the host’s immune system [9] to facilitate physiolog-
ical functions. However, researchers have noted that dis-
ruptions in intestinal microbial communities are associated
with several disease processes, including neurodegenera-
tive disorders, cardiovascular issues, metabolic conditions,
and gastrointestinal diseases [10]. Historically, studies on
the association between gut microbial communities and hu-

man health or disease conditions have predominantly fo-
cused on bacteria. Nonetheless, the emergence of metage-
nomic high-throughput sequencing technology, bioinfor-
matics analyses, and molecular biology techniques has led
to a growing recognition of the intestinal virome’s impact
on the human host. Owning to the solution that combines
metagenomic sequencing and de novo, several database
about human gut virome have been released in the past few
years [11–13], fulfilling the needs for future studies.

The virome found in healthy adult intestines includes
bacteriophages and viruses that infect various cellular mi-
croorganisms, viruses that affect human cells, and those
originating from external environmental sources [14]. Bac-
teriophages are the most abundant, with an approximate ra-
tio of 1:1 relative to bacteria [15]. The abundant bacterial
population within the intestines offers an optimal setting for
phage proliferation, while the intestinal microbiota depends
on phage predation for its evolutionary progression. This
dynamic promotes an antagonistic co-evolutionary interac-
tion between the two [16], indicating that any disturbances
in the intestinal microbiota associated with diseases will re-
sult in irregular phage populations. Recent studies have pre-
dominantly focused on the association between the gut vi-
rome and various diseases, especially gastrointestinal disor-
ders, including ulcerative colitis [17], Crohn’s disease [18],
colon cancer [19], diabetes [20,21], and severe acute mal-
nutrition [22], and other metabolic conditions. Recently,
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there has been a growing interest in revealing possible con-
nections between gut virome and cardiovascular diseases
(CVD); however, a significant lack of systematic reviews
and comprehensive summaries in this field persists.

CVD includes various conditions affecting the circu-
latory system, including the heart and blood vessels, such
as hypertension, coronary artery disease (CAD), and heart
failure. This disease is particularly common amongmiddle-
aged and elderly populations. CVD is a major public health
issue and remains one of the leading causes of mortality
globally [23]. Despite the implementation of comprehen-
sive prevention and treatment strategies in various coun-
tries, the global burden of CVD continues to increase, par-
ticularly in Asia [24,25]. The global advancement in life
expectancy is projected to decelerate from 2016 to 2040,
partly due to the stagnation of improvements in CVD man-
agement [25]. Increasing evidence indicates that intesti-
nal microbial derivatives and their metabolites are associ-
ated with the onset of CVDs, including atherosclerosis (AS)
[26], heart failure (HF) [27], hypertension [28], and atrial
fibrillation (AF) [29]. In healthy adults, enteroviruses are
predominantly eukaryotic viruses; however, phages domi-
nate most of the gut virome in patients with CVD [30]. This
observation highlights the significance of enteroviruses as a
crucial component of the intestinal microbiota, highlighting
the need for further in-depth study and discussion regarding
their role in CVD. Herein, we investigated the relationship
between the gut virome and the onset and progression of
CVDs and systematically reviewed the latest research ad-
vancements related to the gut virome in this context.

2. Methods: Literature Search and Synthesis
This study employed a systematic literature review

approach, with literature searches covering authoritative
databases such as PubMed, Web of Science, and China Na-
tional Knowledge Infrastructure (CNKI). The core search
strategy is demonstrated using PubMed as an exam-
ple: (“gut virome” OR “bacteriophage” OR “viral micro-
biome”) AND (“cardiovascular disease” OR “CVD” OR
“atherosclerosis”). During the screening process, priority
was given to experimental/clinical studies involving the re-
lationship between the gut virome and CVD, as well as the
potential role of the gut virome in the development of CVD.
The included studies were then comprehensively evaluated
and analyzed to understand how the gut virome affects the
occurrence and development of cardiovascular diseases by
influencing the host’s gut microbiota and immune response.

3. Human Gut Virome
Recently, the virome has become a major area of fo-

cus in the research on the human intestinal microbiome.
Viruses, classified as non-cellular microorganisms, exist
within living cells and reproduce through a specific replica-
tion mechanism. Historically, humans categorized viruses
as “pathogenic agents” that cause diseases, including in-

fluenza, acquired immune deficiency syndrome (AIDS),
and viral hepatitis. However, due to advancements in high-
throughput sequencing technologies, it is increasingly evi-
dent that healthy individuals carry a considerable number of
viruses, with the gastrointestinal tract frequently exhibiting
the highest viral colonization [14]. Enterovirus DNA repre-
sents approximately 10% of the total DNA in the intestinal
tract, making up approximately 5.8% of the overall DNA
of intestinal microorganisms [31]. Additionally, each gram
of intestinal content contains approximately 109 virus-like
particles (VLPs) [14].

The human gut virome’s composition is complex,
marked by its diversity, specificity, and stability. It pri-
marily includes giant, eukaryotic, and prokaryotic viruses
and those originating from plants [32]. Camarillo-Guerrero
et al. [33] analyzed approximately 30,000 human intesti-
nal metagenomes, successfully obtaining >140,000 hu-
man enterovirus genomes and approximately 3000 refer-
ence genomes of cultured intestinal bacteria. A year-long
follow-up study by Shkoporov and Hill [31] on the gut vi-
rome of 10 adults revealed that healthy individuals’ gut vi-
romes exhibit a considerable degree of individual variabil-
ity coupled with relative stability. Nishijima et al. [34]
examined over 4000 human gut viromes and identified 97
factors affecting the virome structure, which included age,
gender, and diet. Diseases and medications have the most
substantial influence on the virome. The virome in the in-
testine interacts with the intestinal microbiota and host im-
munity, playing a crucial role in human health and disease.

3.1 Gut Virome and Intestinal Microecology

The intestines host a diverse array of microorganisms,
including prokaryotic bacteria, eukaryotic fungi, archaea,
protozoa, and viruses. Bacteriophages are the most abun-
dant viral forms present in the human gut virome within this
diverse ecosystem [35]. These viral agents possess a sim-
ple structure, primarily comprising capsid proteins and nu-
cleic acids. Bacteriophages adhere to specific receptors on
the surface of host cells through their capsid proteins, sub-
sequently delivering their nucleic acids into the cells. They
progress through several phases, which include nucleic acid
replication, protein synthesis, and progeny assembly within
the host cells, thus facilitating their proliferation [36]. The
interplay between enteroviruses, intestinal bacteria, and in-
testinal fungi is crucial in maintaining intestinal homeosta-
sis and significantly affects human health and disease.

3.1.1 Gut Virome and Intestinal Bacteria
Phages in the gut virome directly affect the compo-

sition, quantity, and characteristics of host bacteria [14]
and create cascading effects on other bacterial communi-
ties by modifying their interactions. This regulation af-
fects bacterial metabolism and viability, subsequently in-
fluencing various metabolites, including amino acids, pep-
tides, carbohydrates, lipids, and nucleotides [37]. A pre-
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vious study has demonstrated that the Bacteroidetes phage
BV01 modifies the transcriptional activities of host genes,
thereby affecting bile acid metabolism [38]. Bile acids
and their secondary metabolites produced by intestinal mi-
croorganisms are closely associated with conditions such
as hypertension, AS, arrhythmia, heart failure, and several
metabolic disorders [39,40]. Consequently, phage colo-
nization induces alterations in intestinal bacterial composi-
tion and metabolism, factors essential for host health. Fur-
thermore, phages are instrumental in facilitating gene trans-
fer across bacterial communities. Phages can transfer DNA
between bacterial cells, which can introduce new functions
into their genomes and may impact bacterial adaptability
and virulence [41,42]. Additionally, horizontal gene trans-
fer mediated by phages can enhance the stability of these
bacterial communities, potentially clarifying the long-term
involvement of the gut virome in managing certain diseases
[43]. Moreover, the relationship between phages and bac-
teria extends beyond direct defensive and counter-defense
interactions; it includes genetic exchange and mutations,
thus playing a key role in their co-evolution. This ongo-
ing coexistence exemplifies a continuous co-evolutionary
balance, fundamentally stemming from the persistent adap-
tation and conflict between both entities. In the intestinal
environment, phages and bacteria are mutually dependent
and exist in a fluctuating equilibrium [44], where any dis-
ruption could result in disease.

3.1.2 Gut Virome and Intestinal Fungi
Besides bacteria and viruses, the human gastrointesti-

nal tract harbors fungal communities, constituting approx-
imately 0.1% of the overall microbial population in the in-
testines. These fungi are essential for maintaining intesti-
nal homeostasis and can influence the onset and progres-
sion of various diseases. A previous study has demonstrated
that intestinal fungi might influence the infection and repli-
cation mechanisms of enteroviruses by modifying the in-
testinal environment [45]. For instance, the presence of
these fungi can modify the immune response in intestinal
epithelial cells, subsequently impacting the infectivity of
enteroviruses [46]. This complex interaction compels us to
investigate the effects of fungi and viruses in studies related
to intestinal health and diseases. Investigating the associa-
tion between intestinal fungi and enteroviruses is a signifi-
cant yet somewhat overlooked field of research. Gaining a
more profound understanding of this relationship may shed
light on further disease mechanisms and pave the way for
innovative treatment approaches in the future.

3.2 Gut Virome and Host Immunity
3.2.1 Gut Virome and Intestinal Mucosal Barrier

The intestinal mucus layer primarily comprises
mucins that are heavily glycosylated and secreted by goblet
cells in the intestine. The small intestine possesses a single
layer of mucus gel, while the colon comprises two sepa-

rate layers: an outer loose layer inhabited by commensal
bacteria and an inner dense layer that is sterile. This intesti-
nal mucus barrier comprises the mucus layer, antimicrobial
peptides (AMPs) [47] secreted by Paneth cells located at the
base of the epithelial crypts in the small intestine, and se-
creted immunoglobulin A (sIgA) [48]. This barrier serves
as the primary physical defense within the intestine, effec-
tively preventing direct interactions between pathogens and
epithelial cells [49]. A previous study has demonstrated
a significant prevalence of phages within the mucus bar-
rier, with their concentration in the mucosal layer being 4.4
times higher than that in the surrounding non-mucosal area
[50]. Phages can adhere to the intestinal mucus by inter-
acting with glycan residues in mucus proteins through the
immunoglobulin-like domain of their capsid proteins [51].
Under conditions of low to moderate mucin levels, the T4
phage can momentarily bind to mucin using the Hoc pro-
tein, which decelerates its movement and promotes sub-
diffusion within the mucus layer. This movement enhances
the T4 phage’s ability to efficiently locate adhering bacterial
hosts within the localmucus network, subsequently increas-
ing the likelihood of interactions between phages and bac-
terial hosts while strengthening the antibacterial response
[52]. Therefore, the mucus barrier is essential for protect-
ing intestinal epithelial cells from enterovirus attacks and
facilitating interactions between phages and bacteria.

3.2.2 Gut Virome and Intestinal Epithelial Barrier

Intestinal epithelial cells are essential for the selec-
tive absorption of nutrients and for establishing an intesti-
nal epithelial barrier that is crucial for regulating inter-
actions between pathogenic microorganisms and immune
cells within the intestine. Previous studies demonstrated
that the gut virome may engage directly with intestinal ep-
ithelial cells, which are equipped with pattern recognition
receptors (PRRs) that enable the detection of enteroviral
particles. Additionally, the gut virome may interact with
the epithelial barrier indirectly, with intraepithelial lympho-
cytes (IELs) within the intestinal mucosa playing a cru-
cial role in gut immune defense. The abundance of exter-
nal antigens in the intestine allows IELs to perform sig-
nificant immune functions while exhibiting immunosup-
pressive characteristics, thereby protecting the intestinal ep-
ithelial barrier from damage due to excessive immune re-
sponses [53]. Besides, it is widely recognized that en-
teroviruses predominantly infiltrate the human body when
the intestinal epithelium is compromised or its permeabil-
ity is altered; however, experimental evidence reveals that
phages can cross the epithelial barrier even under normal
physiological conditions [54]. For instance, Escherichia
coli phages administered orally can traverse epithelial bar-
riers and migrate to remote organs, including the spleen,
thereby triggering immune responses [55]. Research has
uncovered two primary mechanisms through which phages
can penetrate the intestinal epithelium: through internaliza-
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tion using the endocytic pathway and through transcytosis.
Besides these two methods, while the Trojan horse theory
remains to be conclusively validated, there is a possibility
that phages may infiltrate epithelial cells by targeting bacte-
ria, thus aiding in the crossing of the epithelial barrier [56].
The gut virome interacts with the intestinal epithelium di-
rectly and indirectly and can navigate through the epithe-
lial barrier to exert regulatory influences on distant organs.
This may be the key to the role of the gut virome in CVD
development.

3.2.3 Gut Virome and Immune Cells

Bacteriophages comprise the largest viral community
in the human gut virome, while eukaryotic viruses are es-
sential in the onset of diseases in the body. Different types
of viruses engage with the immune system through vari-
ous mechanisms. Phages affect the intestinal bacterial pop-
ulation by integrating genes and causing bacterial lysis,
which allows them to indirectly modulate human immune
responses [57]. Furthermore, when they penetrate the in-
testinal epithelial barrier, phages may engage with dendritic
cells (DCs) and macrophages, activating humoral immu-
nity and thus having a direct effect on the immune system.
Miedzybrodzki et al. [58] reported that phages can reduce
reactive oxygen species (ROS) population during infec-
tions from Gram-negative bacteria by interacting with neu-
trophils and lipopolysaccharide (LPS) and lysing the bacte-
ria, which lessens organ damage. Similarly, Miernikiewicz
et al. [59] reported that the bacteriophage T4 tail synthase
gp12 can modify the structure of LPS by binding to it,
thereby affecting the inflammatory response triggered by
LPS. Hence, phages can affect inflammation [59]. How-
ever, it is crucial to recognize that phages can produce pro-
inflammatory responses. In the course of bacterial infec-
tions, phages produced after infecting harmful bacteria can
be taken up by immune cells, which activate antiviral re-
sponses that hinder bacterial clearance and worsen the in-
fection [60]. Gogokhia et al. [61] reported that phage cap-
sid proteins and DNA may prompt DCs to release IFN-γ,
consequently aggravating colon inflammation.

Similar to gut microbiota, eukaryotic viral infections
produce beneficial and detrimental effects on the host. Re-
search associated with noroviruses has demonstrated that
in germ-free or antibiotic-treated mice, MNV-CR6 can re-
verse immune deficiency through type I interferon (IFN-
1)-dependent development of lymphocytes [62]. How-
ever, MNV-CR6 leads to distorted morphology and im-
paired function of Paneth cells in Atg16L1HM mice, re-
sulting in reduced immune function [63]. Interleukin-22
(IL-22), predominantly generated by type 3 innate lym-
phocytes (ILC-3) within the intestine, is essential for in-
testinal tissue repair and the modulation of intestinal mi-
crobiota [64]. Research suggests that the activation of the
ILC-3 and IL-22 pathways is a key element in how murine
norovirus (MNV) enhances intestinal repair and increases

survival rates in 3-week-old wild-type mice infected with
the Gram-negative bacterium Citrobacter rodentium [65].
Upon viral infection, the nucleic acid is identified by the in-
trinsic PRRs located on intestinal epithelial cells and innate
immune cells, prompting these immune cells to generate
inflammatory mediators, including interferon, interleukin,
and tumor necrosis factor, to eliminate the virus, leading
to intestinal inflammation. Conversely, studies indicate
that inwild-typemice infectedwithmouse cytomegalovirus
(MCMV), IFN-I can transmit signals throughmacrophages,
which stimulates the proliferation of epithelial cells across
multiple organs, including the colon [66]. Furthermore, T
cells and B cells are crucial in viral infections [67,68]. Re-
search indicates that mice devoid of T cells and B cells ex-
hibit increased vulnerability to chronic rotavirus infections.
During acute MNV infection, CD8+ T cells exhibit en-
hanced capabilities for virus clearance, thereby facilitating
more effective recovery from infection compared to what is
observed in chronic MNV infection [69].

The interaction between enteroviruses and immune
cells is complex and multifaceted. This relationship resem-
bles the symbiotic interactions between bacteria and the hu-
man body.

4. Gut Virome and CVD
Recent research increasingly demonstrates that the

human gut virome is significantly associated with human
health and various diseases. Its impact goes beyond in-
flammatory bowel disease (IBD) [70] and irritable bowel
syndrome (IBS) [71], encompassing conditions such as di-
abetes mellitus (DM) [72], alcohol-related liver disease
(ALD) [73], and additional health issues. Furthermore, the
gut virome’s involvement in CVDs, including hyperten-
sion, AS, AF, heart failure, and viral myocarditis, has been
recognized [74], highlighting the need for increased focus.

4.1 Hypertension
Hypertension is a cardiovascular disease characterized

by the persistent elevation of systemic arterial blood pres-
sure. This syndrome presents a considerable risk for a range
of cardio-cerebral diseases, including stroke, CAD, and HF.
According to the first “Global Hypertension Report” pub-
lished by the World Health Organization in 2023, a study
from 2019 demonstrated that 33% of individuals aged 30–
79 were affected by hypertension globally (which is cate-
gorized as a systolic blood pressure (SBP) of≥140 mmHg,
a diastolic blood pressure (DBP) of ≥90 mmHg, or those
receiving medication). Annually, approximately 10 mil-
lion people die of high systolic blood pressure [75]. The
onset of hypertension is mainly linked to a combination of
genetic predispositions [76] and environmental factors, in-
cluding salt consumption [77], obesity [78], stress [79], and
the intake of alcohol [80]. However, the precise origins
of hypertension have yet to be fully identified. Recently,
a growing body of research has demonstrated a significant
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association between the emergence of hypertension and gut
microorganisms [81]. Although the interactions between
gut bacteria, their metabolites, and hypertension have been
thoroughly investigated, the relationship between the gut
virome and hypertension remains under-researched.

A previous study demonstrated that the rate of iso-
lation for enteroviruses in patients with hypertension and
hypertensive heart failure (HHF) was significantly greater
than what was seen in the group with normal blood pres-
sure. Among the enteroviruses identified, echoviruses,
along with coxsackievirus B5, exhibited the most signif-
icant isolation rates [82]. In addition, a separate study en-
compassing 1030 participants found an association between
coxsackievirus and hypertension [83]. As a result, the po-
tential association between coxsackievirus, categorized as
an enterovirus, and hypertension calls for additional re-
search. Moreover, enterovirus A71 has been linked to hy-
pertension. A retrospective analysis involving patients with
severe hand, foot, and mouth disease demonstrated that
15% of those patients developed hypertension [84]. This
occurrence could be associated with the systemic inflam-
matory response and acute cardiovascular injury triggered
by enterovirus A71 [85].

Recently, substantial findings regarding the gut vi-
rome in patients with hypertension have emerged due to
advancements in metagenomic high-throughput sequenc-
ing technology. A comprehensive cohort study conducted
in Japan demonstrated the association between the gut vi-
rome and 1941 patients with hypertension [34]. Han et al.
[86] made extensive use of publicly available data resources
to carefully analyze 196 fecal metagenomic datasets as-
sociated with hypertension, uncovering that enteroviruses
are more responsive than bacteria for diagnosing hyper-
tension at an early stage. The viruses identified during
this investigation included Streptococcus virus phiAbc2,
Cronobacter phageCR3, andC.medinalis granulovirus, po-
tentially affecting the onset of hypertension [86]. Addition-
ally, a correlation analysis between blood pressure and the
gut virome conducted by Ye HL et al. [87] revealed that
Pagevirus was positively related to SBP and DBP, while as-
sociations were observed between Mimivirus and Deltaen-
tomopoxvirus with SBP. Furthermore, the Betterkatz virus
exhibited a positive correlation with DBP, and the Tara-
nis virus exhibited a negative correlation with SBP. The
researchers discovered a tandem relationship between the
oral and gut virome concerning hypertension [87]. Fur-
thermore, experiments with animals indicated that the en-
terovirus group of mice with Ang II-induced hypertension
revealed non-significant differences in comparison to the
control group. A diet rich in fiber could alleviate Ang II-
induced hypertension through intricate interactions with in-
testinal bacteria and phages [88], thus deepening our under-
standing of the interplay between diet, phages, and hyper-
tension (Table 1, Ref. [34,82–84,86–88]).

4.2 AS and Coronary Heart Disease (CHD)
AS is a common disease that significantly threatens

human health. One form of AS is CAD. A significant fea-
ture of AS lesions is the deposition of lipids beneath the
intima in particular areas of the artery, which is associ-
ated with the proliferation of smooth muscle cells and com-
ponents of the fibrous matrix, leading to the formation of
atherosclerotic plaques [89]. When AS affects the coro-
nary arteries, it may result in complete blockage of the
vessel and subsequent myocardial infarction; similarly, if
it occurs in the blood vessels of the brain, such obstruc-
tions may cause cerebral infarction, often referred to as
stroke. This condition constitutes the fundamental patho-
logical basis for ischemic diseases affecting the cardiovas-
cular and cerebrovascular systems [90]. The mechanisms
behind AS are complex and multifaceted. Previous studies
have demonstrated that the theories related to its pathogen-
esis predominantly include inflammation [91], lipid accu-
mulation [92], oxidative stress [93], and damage to the en-
dothelium, among other factors. However, there is no sin-
gular theory that can completely explain the pathogenesis
of AS. Apart from the known risk factors such as hyperten-
sion, diabetes, hypercholesterolemia, and smoking, other
elements, including life stress and environmental factors,
can significantly contribute [94]. Data indicates that AS is
the major cause of death and illness among patients with
various cardiovascular diseases globally, with deaths re-
lated to AS comprising approximately 50% of cardiovascu-
lar disease-related deaths in Western nations [95]. Thus, in-
vestigating the underlying mechanisms and potential treat-
ments for AS is crucial.

A significant relationship exists between viral infec-
tions and AS [96]. The infection caused by human cy-
tomegalovirus (HCMV) is considered a major factor in the
development of AS [97]. HCMV is a double-stranded DNA
virus that is classified within the beta subfamily of her-
pesviruses. This virus can infect various organs, including
the intestines [98]. Numerous studies have demonstrated a
correlation between HCMV seropositivity and an increased
risk of coronary AS [99,100]. These studies have indicated
the association between viral infections and AS.

Recently, driven by developments in high-throughput
metagenomic sequencing technologies, there has been a
growing focus in research on the association between CHD
and the gut virome. Clinical case-control investigations
have demonstrated that the gut virome of patients with
CHD significantly contrasts with that found in healthy in-
dividuals. One investigation highlighted that Siphoviridae
was significantly more prevalent in the virome of patients
with CHD [101], while another identified Virgaviridae and
Microviridae as the major types of viruses in those with
CHD [102]. A substantial cohort study in China analyzed
variations in phage populations, demonstrating that several
phages exhibited increased abundance or reduction in the
gut microbiomes of patients with CHD compared to healthy
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Table 1. Research works investigating the relationship between the gut virome and hypertension.
Disease/Model Subjects Determination Main Findings References

Hypertension, dilated
cardiomyopathy (DCM),
HHF/humans

70 personal stool specimens (65 patients and 5
controls)

Hypertension, DCM, HHF, and enteroviruses
correlations

Patients with hypertension, HHF, and DCM exhibited a higher rate of
isolation for enteroviruses, especially Coxsackie-B5-viruses and

echoviruses, than the controls.

[82]

Hypertension/humans 1300 Chinese Mongolians aged ≥30 (488
patients with hypertension and 942

normotensive participants)

Using enzyme-linked immunosorbent assay
to detect IgG antibodies for Coxsackie viruses

Significant association between seroprevalence of Coxsackie virus and
hypertension.

[83]

Hypertension caused by
hand, foot, and mouth
disease (HFMD)/humans

147 severe patients with HFMD Patients’ data were analyzed and presented as
mean ± standard deviation or percentages

15.5% of the 147 severe patients with HFMD had hypertension. [84]

Hypertension/humans 4198 Japanese personal fecal samples Metagenomic sequencing data of fecal
samples

1941 individuals exhibited a significant association between hypertension
and gut virome.

[34]

Hypertension/humans 196 fecal samples
Identification of the viral and bacterial

composition of fecal samples
-For hypertension in the early stage, enteroviruses are more responsive

than bacteria in diagnosis.
[86]

-Streptococcus virus phiAbc2, Cronobacter phage CR3, and C. medinalis
granulovirus can affect the onset of hypertension.

Hypertension/humans
180 samples, including feces, subgingival

plaques, and saliva
Metagenomic sequencing of viruses and

bacteria of oral and fecal samples

-Pagevirus was positively related to SBP and DBP. [87]
-Mimivirus and Deltaentomopoxvirus were positively related to SBP.

Betterkatz virus exhibited a positive correlation with DBP.
-Taranisvirus exhibited a negative correlation with SBP.

-A Tandem between oral and gut virome in hypertension was discovered.

Hypertension/mice
4 male C57BL/6J mice per group were

implanted with minipumps containing saline
or angiotensin II, and 4 male C57BL/6J mice

per group with a diet rich in resistant
starches or a diet lacking resistant starches

Characterization of bacterial and viral
genomes, sequencing bulk and VLPs dsDNA

-Enterovirus group of mice with Ang II-induced hypertension exhibited
non-significant differences in comparison to the control group.

[88]

-Diets rich in fiber could alleviate Ang II-induced hypertension through
complex interactions with intestinal bacteria and phages.

HHF, hypertensive heart failure; SBP, systolic blood pressure; DBP, diastolic blood pressure; VLPs, virus-like particles.

6

https://www.imrpress.com


Table 2. Research works investigating the relationship between gut virome and AS and CHD.
Indication/Model Subjects Determination Main Findings Reference

ACVD/humans 214 patients and 171
controls

Identify viral operational
taxonomic unit (vOTU) and
analyze changes in their

abundance

Significant increase in viral richness and a visible
alteration in virome structure.

[101]

CHD/humans 37 patients and 6
controls

Viral metagenomic investigation
of fecal samples

-Virgaviridae and Microviridae were the two
dominant viruses found in the enteric virome of

patients with CHD.

[102]

ACVD/humans 218 patients and 187
controls

Viral and bacterial metagenomic
investigation of fecal samples

The gut microbiota of patients with ACVD
exhibited a higher abundance of

Enterobacteriaceae and Streptococcus spp.

[26]

CHD/mice
15 mice in the CHD

group and 15 mice in the
sham group

Enteroviral metagenomics and
serum UPLC–MS/MS

metabolomics

- 24 different species of the virus have been found. [103]
- Tsarbombavirus may be associated with the

dominant genus of CHD-associated metabolites.
AS, atherosclerosis; CHD, coronary heart disease; ACVD, atherosclerotic cardiovascular disease.

Table 3. Research works investigating the relationship between gut virome and AF.
Indication/Model Subjects Determination Main Findings Reference

AF/humans
50 patients and
50 controls

Combined with metagenomic
data, enterovirus signaling was

analyzed

- The associations of Synechococcus phage
S−SM1 and Cronobacter phage CR5 with

bacterial species were tight but dampened in AF

[109]

- The gut viral signatures are associated with AF.
AF, atrial fibrillation.

controls. The recognized hosts of phages associated with
CHD primarily comprised bacteria from the Enterobac-
teriaceae and Streptococcus families [26]. Additionally,
recent studies have demonstrated that Tsarbombavirus is
a potentially valuable phage regarding CHD. It can af-
fect the microbiota and metabolic pathways associated
with CHD. Among the involved metabolites, sn-glycero-
3-phosphocholine and glycerophosphocholine are recog-
nized as key differential metabolites about lipid metabolism
in CHD, demonstrating a robust positive relationship with
Tsarbombavirus [103].

Studies on this subject are scarce, making it chal-
lenging to ascertain the consistent direction of gut vi-
rome changes in CHD; these findings strongly suggest that
changes in the gut virome are closely associatedwith the on-
set and progression of AS and CHD (Table 2, Ref. [26,101–
103]). Considerable work remains to be done in the future.

4.3 AF
AF is a common sustained arrhythmia that frequently

arises from the remodeling of the atria due to various car-
diac conditions. This disorder substantially increases the
risk of death, stroke, heart failure, cognitive impairment,
and dementia, which negatively affects the quality of life of
patients [104]. The incidence of AF increases with age, and
as the global population ages, it is anticipated that AF will
considerably strain healthcare systems and society [105].
Despite progress in AF ablation technology providing more
treatment alternatives, a previous study has demonstrated

that approximately 50% of those affected still need repeat
procedures [106]. The mechanisms behind AF are unclear,
highlighting the need for additional research into the funda-
mental processes associated with this condition.

Numerous studies have demonstrated that gut mi-
croorganisms substantially influence human health and dis-
ease. Approximately 40% of patients with AF report gas-
trointestinal issues, including indigestion [107]. Accord-
ingly, there is a growing need to focus on intestinal microe-
cology within AF studies. The complex interplay between
gut microbiota andAF has received considerable agreement
within the scientific community [108]. However, stud-
ies examining the association between enteroviruses and
AF are still in their early phases. A recent case-control
study discovered notable shifts in enteroviral composition
and diversity among patients with AF [109]. Specifically,
there was a substantial increase in the levels of Streptococ-
cus virus DT1 and Pseudomonas phage in those with AF,
while the association of Synechococcus phage S-SM1 and
Cronobacter phage CR5 with bacterial species was signif-
icantly reduced. Hence, the researchers formulated a risk
prediction model, indicating that the gut virome could be
valuable for screening and stratifying individuals at high
risk for latent AF (Table 3, Ref. [109]). In this regard, Li
N et al. [110] proposed the idea of a gut-immune-cardiac
axis, indicating that gut microbiota might increase AF risk
by affecting the immune system, thereby indirectly leading
to AF development. This mechanism could serve as a path-
way through which the gut virome promotes AF.
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Table 4. Research works investigating the relationship between gut virome and HF.
Disease/Model Subjects Determination Main Findings References

PAH/humans Stool specimens of 18 patients
with type 1 PAH and 13 controls

Shotgun metagenomic analyses
of viromes of stool specimens

Lactococcal phages were
relatively decreased while
Enterococcal was enriched.

[115]

HF, heart failure; PAH, pulmonary arterial hypertension.

Table 5. Research works investigating the relationship between gut virome and viral myocarditis.
Disease/Model Subjects Determination Main Findings References

AVMC/mice 20 pathogen-free male
BALB/c mice

Determination of GM composition and metabolites in
the colon by 16S rRNA gene sequencing and

ultra-high-performance liquid
chromatography-tandem mass spectrometry

(UHPLC-MS/MS) untargeted metabolomics profiling

CVB3 infection may alter
intestinal microbiota and its

metabolic balance.

[121]

AVMC, acute viral myocarditis; CVB3, coxsackievirus B3; GM, gut microbiome; BALB/c, Baggalb/c.

4.4 HF
HF is a clinical condition predominantly caused by

structural and/or functional abnormalities within the heart.
This syndrome results in elevated intracardiac pressure
and/or insufficient cardiac output at rest or during physical
activity, presenting various clinical symptoms [111]. Addi-
tionally, HF signifies the advanced stage of CVDs, includ-
ing hypertension, and correlates with the decompensation
phase of cardiac insufficiency. For many years, researchers
have investigated the association between the development
of HF and changes in intestinal microbiota [112], although
a clear causal link has not yet been confirmed [113].

Ischemia and hypoxia are frequently associated with
heart failure. Decreased blood flow to the intestines re-
sults in intestinal ischemia, swelling, and inflammation.
This sequence of events undermines the intestinal barrier
function and disturbs the balance of intestinal microorgan-
isms, enabling these microorganisms and their metabolites
to enter the bloodstream. Pathogenic bacteria and viruses
can trigger inflammatory responses, while trimethylamine
N-oxide found in their byproducts is essential in the de-
velopment and progression of conditions such as AS and
HF. However, short-chain fatty acids in these metabolites
demonstrate protective properties against inflammation and
vascular injury [114]. A previous study has demonstrated
that patients with chronic HF exhibit a marked increase in
pathogenic bacteria and Candida proliferation within their
intestines as their health declines, particularly when com-
pared to healthy individuals [27]. However, the connec-
tion between enteroviruses, another key element of gut mi-
crobiota, and heart failure has not been thoroughly investi-
gated. Recent studies have revealed that the levels of ente-
rococcal phages change in cases of irreversible right heart
failure caused by pulmonary arterial hypertension (PAH)
and that this alteration is associated with the levels of en-
terococci present (Table 4, Ref. [115]). The involvement
of enteroviruses in heart failure development and progres-
sion is unclear and deserves additional research.

4.5 Viral Myocarditis
Myocarditis is an inflammatory condition that can be

localized or widespread, impacting cardiac tissue. Symp-
toms can range from mild manifestations, including chest
discomfort and slight dyspnea, to severe situations that may
result in acute cardiogenic shock [116]. The primary trigger
for myocarditis is viral infection [117], with coxsackievirus
B3 (CVB3) responsible for approximately 25% of viral my-
ocarditis cases among enteroviruses [118]. In the gastroin-
testinal tract, coxsackievirus works with adenovirus to in-
vade host cells by leveraging the coxsackie and adenovirus
receptor (CAR) [119], which activates systemic viremia and
promotes an inflammatory response in the vasculature. The
virus is subsequently spread to the heart through systemic
circulation, where it attaches to receptors on cardiomy-
ocytes. After uncoating, the virus replicates inside these
myocardial cells. Considering CVB3 specifically, its vi-
ral protease 2A causes damage, apoptosis, and cardiomy-
ocyte necrosis [120]. This initial stage marks the activa-
tion of the innate immune response in reaction to the virus.
In the following stage, the adaptive immune response takes
precedence. The immune system identifies the infectedmy-
ocardial cells, resulting in the infiltration of macrophages,
NK cells, and T cells, which specifically attack and de-
stroy the infected myocardial cells. These immune cells
release significant amounts of cytokines, worsening my-
ocardial injury and leading to cardiac systolic dysfunction.
In the later phases, as the viral load diminishes, most pa-
tients may see a restoration of cardiac systolic function;
however, some patients may not fully regain myocardial
function and can develop a chronic condition [117]. Re-
cent studies demonstrated that CVB3 infection may alter
intestinal microbiota and its metabolic balance, potentially
providing new insights into the pathogenesis of acute viral
myocarditis (AVMC) (Table 5, Ref. [121]).

8

https://www.imrpress.com


5. Discussion
5.1 Possible Mechanisms of Gut Virome and CVD

The gut virome, a collection of enteroviruses in the
gastrointestinal tract, is implicated in the pathogenesis of
CVDs, particularly through its interactions with the im-
mune system and its effects on cardiac tissues. For in-
stance, CVB is a well-studied pathogen associated with
myocarditis, and it evades the host’s immune response,
particularly by modulating type I IFN signaling pathways.
The type I IFN response is essential for controlling viral
infections, and enteroviruses have evolved various strate-
gies to antagonize this pathway, facilitating their replica-
tion and persistence in cardiac tissues [122]. In CVB, stud-
ies have demonstrated that specific viral RNA forms, in-
cluding the 5′-terminally deleted variants, can impair IFN-
β production in cardiomyocytes [123]. This impairment
leads to a reduced antiviral response, which permits the
virus to replicate more effectively and contributes to my-
ocarditis development [123]. These viral forms in the heart
can lead to chronic inflammation and damage, key fac-
tors in the progression of dilated cardiomyopathy. Fur-
thermore, enteroviruses can manipulate host cellular pro-
cesses to enhance their replication. For instance, they can
hijack cellular machinery and pathways, including the mi-
tochondrial antiviral signaling pathway, to evade apopto-
sis and prolong their replication cycle. This manipulation
can lead to cellular stress and damage, further contribut-
ing to cardiac dysfunction [122,124]. The interaction be-
tween the gut virome and the host immune system is com-
plex, as these viruses can induce pro-inflammatory and anti-
inflammatory responses, which may influence the sever-
ity of cardiac injury. Furthermore, the role of the gut vi-
rome in CVD is not limited to direct viral effects. Emerg-
ing evidence demonstrates that enteric viruses can interact
with the gut microbiome, potentially influencing systemic
inflammation and immune responses that affect cardiovas-
cular health. The gut microbiome is essential in modulat-
ing inflammation and immune responses, and its interaction
with enteroviruses may have implications for CVD patho-
genesis [125]. The gut virome contributes to the pathogene-
sis of CVD primarily through the induction of myocarditis,
evasion of the immune response, and manipulation of host
cellular processes. The interplay between the gut virome,
the immune system, and the gut microbiome highlights the
complexity of these interactions and their potential impact
on cardiovascular health. Understanding these mechanisms
is crucial for developing targeted therapies and preventive
strategies against enterovirus-induced CVDs.

5.2 Current Challenges
Research on the gut virome has advanced our under-

standing of its intricacies and significance for human health;
however, it encounters substantial limitations that impede
comprehensive understanding. A primary obstacle is the
considerable genetic variability of intestinal viruses, which

complicates their description and categorization. Numer-
ous viruses are unclassified or insufficiently understood,
partly because of the lack of adequate reference databases
and the prevalence of conserved genes across viruses, fre-
quently termed ‘viral dark matter’ [126,127]. This vari-
ability makes precisely identifying viral species and under-
standing their roles within the gut ecosystem challenging.
Another vital concern pertains to the methodological con-
straints associated with virome studies. Conventional se-
quencing techniques, including polymerase chain reaction
amplification, may introduce biases that affect the detec-
tion of low-abundance viral genomes, leading to an incom-
plete representation of virome composition [126,128]. This
highlights the need for more advanced sequencing tech-
nologies for more precise virome characterization. Fur-
thermore, our current knowledge regarding the functional
roles of enteroviruses is limited. Although certain stud-
ies have started investigating the interactions between the
gut virome and intestinal bacteria, the detailed mechanisms
through which the gut virome influences host health and
disease are largely unexplored [101,129]. For instance, the
capacity of phages to adjust bacterial populations and, thus,
host immune responses is an area that demands additional
research to clarify the virome’s effect on health outcomes
[130]. Additionally, there are considerable gaps in our com-
prehension of the interactions between enteroviruses and
fungi. The causal relationship between the gut virome and
CVD is largely unclear, and clinical studies investigating
gut virome-related treatments are limited. Given that the
gut virome can vary significantly at different stages of the
same disease and among individuals with the same con-
dition [131], it is challenging to ascertain the consistent
direction of changes in the gut virome and whether these
alterations are causative or consequential in CVD. Addi-
tional large-scale human cohort trials and translational ani-
mal studies are essential to better evaluate trends and causal
relationships. While progress is being made in studying the
gut virome, substantial gaps persist. Addressing these chal-
lenges is essential for enhancing our understanding of the
gut virome and its role in CVD.

5.3 Future Directions

Studies on the association between gut virome and
CVD are in their early stages; however, their potential im-
pact on cardiovascular health is increasingly recognized,
emphasizing significant opportunities for future investiga-
tion in this field. As research in this area evolves, several
future directions that may enhance our understanding of the
gut virome’s impact on cardiovascular health can be iden-
tified. One promising avenue is investigating the associa-
tion between gut virome and gut microbiome, particularly
how these interactions affect cardiovascular health. Recent
studies have indicated that the gut microbiota can modu-
late the effects of viruses and vice versa [132,133], indicat-
ing a complex interplay that may affect inflammation and
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metabolic processes related to CVD. Understanding these
interactions can lead to new therapeutic strategies that tar-
get the virome and microbiome to mitigate cardiovascular
risk factors. Another critical direction for future research
is identifying and characterizing specific viral species as-
sociated with CVD. While some studies have begun to in-
vestigate the gut virome in relation to conditions such as
AS, there remains a significant gap in knowledge regard-
ing which specific viruses are implicated in cardiovascu-
lar diseases [101]. Investigating the presence and abun-
dance of particular phages and their relationships with bac-
terial hosts could provide insights into their roles in disease
mechanisms, including inflammation and lipid metabolism
[134]. Moreover, developing advanced metagenomic and
metatranscriptomic techniques is essential for a more com-
prehensive understanding of the gut virome. These tech-
nologies can facilitate the identification of viral genomes
and their functional roles within the gut ecosystem, allow-
ing researchers to assess how viral infections may affect
host metabolism and immune responses related to CVD.
Such approaches may aid in understanding the dynamics of
viral populations over time and their potential shifts in re-
sponse to dietary changes or disease states [134,135]. Ad-
ditionally, longitudinal studies that track changes in the gut
virome in relation to cardiovascular health over time will
be essential. These studies can help establish causal rela-
tionships between viral dynamics and cardiovascular out-
comes, providing a clearer insight into how the virome may
affect disease progression or recovery. Such research may
identify potential biomarkers for early detection of CVDs
based on virome composition [136]. Furthermore, the ther-
apeutic potential of modulating the gut virome offers an ex-
citing direction for future research [137,138]. Investigat-
ing the effects of interventions, including probiotics, pre-
biotics, or fecal microbiota transplantation, on the gut vi-
rome and its subsequent impact on cardiovascular health
may lead to innovative treatment strategies [139,140]. Ex-
isting studies have demonstrated that the gut virome ex-
hibits long-term efficacy in treating specific diseases [141],
and in some cases, it exhibits greater efficacy than fecal bac-
terial transplantation [142,143]. This highlights the signif-
icant potential of the gut virome in disease management.
Integrating findings from gut virome research with broader
epidemiological studies on cardiovascular health could en-
hance our understanding of the public health implications of
gut viruses. Recent studies have demonstrated that high-fat
diets [144], alcohol consumption [73,145], obesity [146],
and stress [147] can alter the intestinal microbiota, includ-
ing gut virome, by impacting host immunity. These factors
contribute to the risk of CVD. By correlating virome pro-
files with lifestyle factors, dietary habits, and genetic pre-
dispositions, researchers can better understand themultifac-
torial nature of CVD and the role of the gut virome within
this context.

6. Conclusion
This review represents the first systematic exploration

of the relationship between the gut virome and CVD, inte-
grating virome-centric evidence into the CVD pathogenesis
framework and comprehensively synthesizing the latest ad-
vancements in gut virome research within this context. In
contrast, previous reviews have primarily focused on asso-
ciations between the gut bacterial microbiome and CVD.
We delineate the unique mechanistic pathways through
which gut viruses modulate host physiology—including
microbial community dynamics, immune regulation, and
metabolic reprogramming. Our analysis integrates cutting-
edge findings from viral metagenomics and large-scale clin-
ical cohort studies, establishing an innovative framework
that transcends conventional bacteria-centric paradigms.
The proposed holistic perspective not only reveals previ-
ously underappreciated therapeutic targets within the vi-
rome but also pioneers novel research dimensions for CVD
intervention strategies. However, current limitations in
sample size and methodological heterogeneity necessitate
further validation through rigorously designed multicenter
studies with extended follow-up periods.In conclusion, fu-
ture studies on the gut virome and CVD should focus on
investigating the complex interactions between viruses and
the gut microbiome, identifying specific viral species re-
lated to CVD, employing advanced sequencing technolo-
gies, conducting longitudinal studies, investigating thera-
peutic interventions, and integrating findings with broader
epidemiological data. These directions can significantly ad-
vance our understanding of the role of the gut virome in
cardiovascular health and disease, paving the way for new
preventive and therapeutic strategies.
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