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ROLE OF PROBIOTICS IN THE PREVENTION
AND MANAGEMENT OF CARDIOVASCULAR DISEASES:
INSIGHTS FROM A DOXORUBICIN-INDUCED MODEL

Cardiovascular diseases (CVDs), particularly acute myocardial infarction, represent a critical global health concern
driven by multifactorial risk factors, including hypercholesterolemia. While conventional lipid-lowering therapies re-
main effective, their side effects and limitations have prompted the exploration of alternative approaches. Probiotics,
postbiotics, and functional foods have emerged as innovative strategies capable of modulating the gut microbiota to
enhance lipid metabolism and mitigate oxidative stress and inflammation, offering new possibilities for CVD man-
agement. This review emphasizes the significance of doxorubicin-induced models in studying CVD mechanisms and
evaluating therapeutic potentials. By leveraging insights into the gut-microbiota-heart axis, these models facilitate
the development of novel interventions targeting hypercholesterolemia-induced CVDs. Cholesterol-lowering probiotic
strains and functional food products stand out for their ability to provide safer complementary options to tradi-
tional therapies. Advancing research in this field requires optimizing experimental models, investigating molecular
pathways, and translating findings into clinical practice through rigorous trials. The integration of these innovative
solutions holds the potential to improve cardiovascular health, address unmet clinical needs, and reduce the global
burden of CVDs.
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Cardiovascular disease (CVD) remains the lead-
ing cause of nearly one-third of deaths world-
wide, despite advancements in pharmacological
interventions, such as statin therapy, over the
past decades. Among these diseases, acute my-
ocardial infarction (MI) stands out as the most
fatal, with approximately three million cases re-
ported annually (Starovoitova et al., 2025; Wang
et al., 2024b; WHO, 2023). According to the
World Health Organization (WHO), CVDs ac-
counted for estimated 17.9 million deaths glob-
ally in 2023, representing 32% of all fatalities
(Tsao et al., 2023).

Hypercholesterolemia is a key contributor to
CVD, metabolic syndrome, and type 2 diabe-
tes. Elevated levels of total cholesterol (TC) and
low-density lipoprotein cholesterol (LDL-C)
significantly increase the risk of CVD events,
with a 1% rise in TC correlating with a 2—3%
higher risk of heart disease. Conversely, reduc-
ing LDL-C by 1% can lead to a more than 1%
decrease in CVD risk (Starovoitova et al., 2025;
Jianga et. al., 2020; Wargocka-Matuszewska et
al, 2023; Hansen et al., 2024; Wang et al., 2024b;
Upadhyay, 2023). The pathological consequenc-
es of hypercholesterolemia, including athero-
sclerosis, stroke, and xanthomas, are summa-
rized in Table 1.

Cholesterol management in hypercholester-
olemic patients typically involves medications
(such as statins, fibrates, ezetimibe, inhibition
of angiopoietin-related protein 3 (ANGPTL3)
and apolipoprotein C-III (apoC-III) etc.),
and lifestyle modifications (such as improved
diet and physical activity) (Starovoitova et al.,
2025; Morofuji et al., 2022; Duan et al., 2022;
Khan et al., 2020). However, the side effects
and contraindications of lipid-lowering drugs
have prompted growing interest in alternative
approaches, including probiotics, prebiotics,
postbiotics, and functional foods (Starovoitova
et al., 2024; Moludi et al., 2021; Wu & Chiou,
2021; Oniszczuk et al., 2021; Fernandez-Cal-
deron et al., 2022; Dixon et al., 2020; Aswani et
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al., 2021; Neverovskyi et al., 2021; Daliri et al.,
2022; Pushpass et al., 2022; Frappier et al., 2022;
Romero & Duarte, 2023; Taslim et al., 2023; Yil-
maz & Arslan, 2022).

Recent studies highlight the gut microbiome
as a promising target for CVD prevention and
treatment (Starovoitova et al., 2025; Starovoito-
va et al., 2024; Prete et al., 2020; Oniszczuk et
al., 2021; Wang et al., 2024b; Romero & Duarte,
2023). Dysbiosis and altered microbial metab-
olites have been implicated in conditions such
as hypertension, heart failure, and ischemic
heart disease (Schupack et al.,2022; Wang et al.,
2024b; Jianga et al., 2020; Yang et al., 2023; Lei
et al., 2023a; Lei et al., 2023b; Ghanbari et al.,
2024; Romero & Duarte, 2023; DiRienzo, 2024;
Antony & de Leon, 2018; Masenga et al., 2022;
Habib et al., 2019).

This article aims to provide a comprehensive
analysis of the potential applications of probi-
otics, postbiotics, and functional foods for both
the prevention and treatment of cardiovascular
diseases. In our previous studies, we have evalu-
ated various experimental models of cardiovas-
cular diseases to assess the therapeutic effects
of probiotic microorganisms with proven cho-
lesterol-lowering activity in vivo. Among these
models, the doxorubicin-induced model is par-
ticularly advantageous, as doxorubicin exhibits
both acute and chronic cardiotoxicity and has
been widely used to induce heart failure in var-
ious animal species (Starovoitova et al., 2025;
Starovoitova et al., 2024). Building on this foun-
dation, the present study focuses on analyzing
the therapeutic effects of probiotic strains with
pronounced hypocholesterolemic activity in in
vivo models of cardiovascular diseases.

Probiotics’ and postbiotics’ mechanisms in
CVD prevention. Probiotics offer significant
protective benefits against CVDs through sever-
al mechanisms, including enhancing the epithe-
lial barrier function, competing with pathogens
for nutrients and adhesion sites, modulating im-
mune responses, and reducing oxidative stress
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(Sanchez et al., 2017). These effects are medi-
ated by the restoration of gut microbiota bal-
ance and the promotion of anti-inflammatory
pathways. Probiotics also contribute to lowering
cholesterol levels, managing blood pressure, and
mitigating key factors like oxidative stress and
inflammation, which are involved in atheroscle-
rosis — a primary risk factor for coronary heart
disease and stroke (Oniszczuk et al., 2021; Yang
et al., 2023; Vasquez et al., 2019; Brandsma et
al., 2019; Scarlatescu et al., 2024; Gebrayel et al.,
2022). Key mechanisms include:

n cholesterol metabolism: probiotics deconju-
gate bile acids, reduce their resorption, incorpo-
rate cholesterol into their cell membranes, and
convert cholesterol to coprostanol for excretion;

» short-chain fatty acid (SCFA) synthesis:
SCFAs modulate physiological activities such
as immune regulation, cellular differentiation,
and lipid dynamics. The SCFAs, namely acetate,
propionate, and butyrate, are integral to the
metabolism of glucose, cholesterol, and lipids.
Research has demonstrated that butyrate sup-
presses the activity of 3-hydroxy-3-methylglu-

taryl coenzyme A (HMG CoA) reductase, the
key enzyme controlling endogenous cholester-
ol biosynthesis, and mitigates the conversion of
primary bile acids to secondary bile acids due
to colonic acidification. HMG CoA reductase is
downregulated by cholesterol originating from
the degradation of internalized LDL-C, and its
inhibition stimulates the expression of hepatic
LDL receptors, thereby promoting the catabo-
lism of LDL-C;

= reduction of trimethylamine N-oxide (TMAO):
this compound is linked to atherosclerosis;

» downregulation of the Niemann-Pick CI-like
1 (NPCIL1) gene, which is associated with cho-
lesterol absorption in the intestines. Probiotic
strains Lactobacillus rhamnosus BFE5264 and
Lactobacillus plantarum NR74 have been shown
to influence cholesterol absorption through the
downregulation of NPCI1L1 expression (Bhat et
al., 2019). This downregulation may contribute
to reducing cholesterol uptake in the intestines
and its reuptake in the liver;

» bile acid metabolism: probiotics, particular-
ly lactobacilli, enhance bile salt hydrolase (BSH)

Table 1. Common diseases associated with high cholesterol levels

Disease

Causes

Pathophysiological effects

Atherosclerosis

Stroke

Cardiovascular disease

Xanthomas
(associated with familial
hypercholesterolemia)

Tangier disease
(familial HDL deficiency)

Buildup of fats, cholesterol, and other
substances on and within artery walls

Blocks blood supply to part of the
brain or occurs when a blood vessel
in the brain bursts.

Disease of the heart or blood vessels

An autosomal dominant genetic dis-
order characterized by disturbances
in lipoprotein metabolism

Inherited disorder characterized by
significantly low levels of HDL cho-
lesterol

Causes arteries to narrow, blocking
blood flow. Plaque may also rupture,
leading to blood clots.

Parts of the brain become damaged
or die, leading to paralysis or numb-
ness in the face, arm, or leg.

Coronary heart disease, heart at-
tacks, blood clots (thrombosis), and
the buildup of fatty deposits inside
arteries.

Persistent hypercholesterolemia

Significantly reduced levels of high-
density lipoprotein (HDL) choles-
terol in the blood
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activity, promoting bile acid biotransformation
and improving lipid metabolism (Chen et al.,
2023; Robles-Vera et al., 2020a; Robles-Vera
et al. 2020b; Starovoitova et al., 2024; Prete et
al., 2020; Hassan et al,, 2019; Redinbo, 2020;
Prete et al., 2020; Bhat et al., 2019; Daliri et al.,
2022; Alaqil et al., 2020; Jia et al., 2023; Asan-
Ozusaglam & Gunyakti, 2019; Park et al., 2018;
Bendali et al., 2017; Singhal et al., 2019; Zhang
etal., 2017; Saikia et al., 2018; Bidura et al., 2019;
Majeed et al., 2019; Huang et al., 2021; Haldar
& Gandhi, 2019; Tom et al., 2021; Pimenta et
al., 2018; Palaniyandi et al., 2020; Yusuf et al.,
2020; Fernandez-Calderon et al., 2022; Dixon et
al., 2020; Aswani et al., 2021; Neverovskyi et al.,
2021; Pushpass et al., 2022; Frappier et al., 2022;
Romero & Duarte, 2023; Taslim et al.,, 2023;
Din, 2019; Qiu, 2018; O’'Morain & Ramyji, 2020;
Jiang et al., 2020; Hassan, 2020).

Recent evidence highlights the potential of
probiotics, synbiotics, and postbiotics, includ-
ing functional food, in managing dyslipidem-
ia — a key risk factor for CVDs. Despite their
promise, randomized controlled trials (RCTs)
evaluating their effects on lipid profiles, includ-
ing triglycerides, LDL-C, total cholesterol, and
HDL-C levels, have shown moderate-to-high
heterogeneity (Ghorbani et al., 2023). These
variations are influenced by factors such as par-
ticipant health conditions, dosage, and inter-
vention duration:

= dosage: lower probiotic doses (<1x10'* CFU/
day) demonstrated superior efficacy in reducing
the total cholesterol and LDL-C levels compared
to higher doses. This finding challenges the as-
sumption that higher doses yield better out-
comes, suggesting that lower doses may better
support commensal microbial growth and ac-
tivity (Liang et al., 2021; Companys et al., 2020;
Mo et al., 2019).

» duration: supplementation lasting >12
weeks showed more pronounced improvements
in the serum triglyceride levels than shorter in-
terventions, emphasizing the importance of sus-

60

tained use for optimal benefits (Ghorbani et al.,
2023; Liang et al., 2021; Companys et al., 2020;
Mo et al., 2019).

» clinical relevance: probiotics, synbiotics,
postbiotics, and functional supplements effec-
tively lower triglycerides and the LDL-C levels
beyond minimum clinically important differ-
ence (MCID) thresholds, underscoring their
therapeutic potential, particularly in individu-
als with hypercholesterolemia or hypertriglyc-
eridemia. However, their impact on HDL-C and
total cholesterol levels was less pronounced, ex-
cept in specific high-risk populations (Yan et al.,
2019; Liu et al., 2019; Jiang et al., 2020; Wang et
al., 2020; Dixon et al., 2020).

The mechanisms underlying these benefits
are multifaceted. Probiotics modulate lipid me-
tabolism by influencing bile acid production,
reducing intestinal cholesterol absorption, and
enhancing fecal excretion. SCFAs, produced
during dietary fiber fermentation, reduce in-
flammation, improve lipid profiles, and miti-
gate atherogenesis. SCFAs also activate path-
ways such as peroxisome proliferator-activated
receptor alpha (PPARa) and bile acid receptor
FXR, enhancing triglyceride metabolism and
remodeling HDL particles.

Additionally, probiotics exhibit anti-inflam-
matory properties by inhibiting nuclear factor
kappa-light-chain-enhancer of activated B cells
(NF-kB) signaling, reducing pro-inflammatory
cytokines, and strengthening the gut barrier in-
tegrity. These actions further support their car-
dioprotective role by addressing the inflamma-
tory components of CVD pathology (Ghorbani
et al., 2023; Yan et al., 2019; Hadi et al., 2021).

Moreover, specific bacterial strains, particu-
larly from the Lactobacillus and Bifidobacterium
genera, have shown significant promise. Mul-
ti-strain probiotics demonstrated greater effec-
tiveness than single-strain formulations, high-
lighting the potential of combined strategies for
comprehensive lipid management (Ghorbani et
al., 2023; Lakshmanan et al., 2021).
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Doxorubicin and its effect on CVDs. Doxo-
rubicin (DOX) was discovered in 1969 as a ho-
molog of daunorubicin and was isolated from
a soil bacterium, Streptomyces peucetius. DOX
is an anthracycline antibiotic, and its toxic ef-
fect on cardiomyocytes is an important research
area. DOX can cause cardiotoxicity in a dose-de-
pendent manner. A meta-analysis of 22,815
DOX-treated patients revealed that 17.9% of
them developed subclinical cardiac dysfunc-
tion, and 6.3% experienced clinical heart fail-
ure. Among the identified risk factors, cumula-
tive dosage remains the most critical predictor
of doxorubicin-induced cardiotoxicity (DIC)
(Linders et al., 2024).

Despite extensive research, the mechanisms
underlying DIC remain controversial due to
discrepancies in experimental conditions. In
human patients, blood concentrations of DOX
after administration typically range from 0.025
to 0.250 umol/L. However, in vitro studies of-
ten employ doses exceeding 1 pmol/L. Further-
more, animal models such as mice and rats can
tolerate significantly higher concentrations,
with tolerable blood levels reaching 0.7—2.1
pumol/L (10—30 mg/kg) (Rawat et al., 2021).
This species-specific tolerance suggests that dif-
ferent mechanisms may drive DIC in rodents
versus humans.

DOX exerts its cardiotoxic effects through
multiple pathways:

» DNA damage and epigenetic modifications.
In the nucleus, DOX induces DNA damage,
disrupts epigenetic regulation, and shortens tel-
omeres. These alterations compromise cellular
repair mechanisms and contribute to myocardi-
al dysfunction.

» calcium dysregulation. In the cytoplasm,
DOX inhibits calcium reuptake, leading to ele-
vated intracellular calcium levels. This dysregu-
lation impairs cardiomyocyte contractility and
promotes cell stress.

» mitochondrial dysfunction. DOX directly
increases mitochondrial reactive oxygen spe-
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cies (ROS) production and inhibits the electron
transport chain, amplifying oxidative stress
(Linders et al., 2024).

The combined effects of these cellular distur-
bances manifest themselves through hypertro-
phy, diastolic dysfunction, atrial fibrillation, pro-
longed QT intervals, and myocardial fibrosis.

Rodents display greater resilience to DOX
compared to humans, necessitating higher dos-
ages in preclinical studies. Importantly, the con-
centration-dependent activation of distinct mo-
lecular pathways implies that the mechanisms
of DIC in animal models may not fully replicate
those in human physiology. This divergence
underscores the need for careful interpretation
of preclinical data and its translation to clinical
settings.

In vivo small animal (rodent) models of dox-
orubicin-induced CVDs. In our previous study,
we have discussed various small animal models
of CVDs for evaluating the cholesterol-lower-
ing activity of probiotic strains. It was shown
that the DOX-induced CVD model is one of
the best perspective in vivo models for evalu-
ating the cholesterol-lowering activity of pro-
biotic strains in human CVDs caused by high
cholesterol levels (Starovoitova et al., 2025).
Therefore, this section of the article focuses on
utilizing this model to evaluate the prophylactic
and therapeutic potential of probiotic microor-
ganisms in mitigating human cardiovascular
diseases associated with elevated cholesterol
levels in the host.

Emerging evidence suggests that alterations
in the composition and function of intestinal
microbiota, known as dysbiosis, are intricately
linked to the progression of DIC via the regu-
lation of the gut-microbiota-heart axis. Despite
these associations, the precise role of gut micro-
biota and its metabolites in the pathogenesis of
DIC remains largely unexplored, warranting fur-
ther investigation (Huang et al., 2024).

In experimental work (Spivak et al., 2013a),
it was shown that the optimal cumulative
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DOX dose for inducing congestive heart fail-
ure (CHF) was 12.45 mg/kg. At higher doses,
more than 40% of the animals died, while low-
er doses did not induce significant clinical or
general ultrasound (US) criteria for CHF. Con-
gestion, accompanied by weight gain, led to re-
duced animal mortality. The suggested model,
involving an optimal DOX dose of 2.5 mg per
animal and a cumulative dose of 12.45 mg/kg
administered in four intraperitoneal (IP) injec-
tions every three days, can be used for research
purposes. Moreover, 30 nm gold nanoparticles
(AuNPs) and their AuNPs-Simdax conjugate
have demonstrated promising biosafety and
biocompatibility profiles in both in vitro and
in vivo studies. AuNPs-Simdax and AuNPs ex-
hibit comparable cardioprotective effects in rat
models of DOX-induced CVD, with both sur-
passing the efficacy of Simdax alone (Spivak et
al., 2013b).

Another study (Abu-Elsaad et al, 2015) has
demonstrated that probiotics and antioxidants
significantly mitigate DIC through functional
food. Sprague-Dawley rats were divided into
five groups: an enriched diet group (yogurt,
green tea extract, carrots), a carvedilol group, a
combined treatment group, and control groups.

Cardiomyopathy was induced by intraperitoneal
injection of DOX (2.5 mg/kg) every 48 hours for
two weeks. The enriched diet normalized the QT
interval, reduced heart-to-body weight ratios,
and lowered the serum angiotensin-II (Ang-II)
and atrial natriuretic peptide (ANP) levels. His-
topathological analysis revealed reduced vacu-
olization and fibrosis, while biochemical assays
showed decreased creatine kinase-membrane
bound (CK-MB), lactate dehydrogenase (LDH),
triglycerides, cholesterol, LDL-C, and tissue
malondialdehyde (MDA) levels. Additionally,
increased Na+K+ ATPase and cardiac reduced
glutathione (GSH) levels were observed, along
with reductions in TNF-a and IL-6. The find-
ings suggest that functional food containing
Lactobacillus acidophilus, green tea, and carrots
improves cardiac integrity and contractility in
DIC by modulating oxidative stress and inflam-
matory mediators.

The next investigation (Afonso et al., 2023) fo-
cused on evaluating the effects of different dox-
orubicin (DOX) dosages on the cardiovascular
dysfunction in Wistar rats. Rats were divided
into groups receiving DOX at 2, 4, or 5 mg/kg/
week (cumulative doses: 8, 16, and 20 mg/kg, re-
spectively) for four weeks, with a saline-treated

Table 2. Data on the modeling of doxorubicin-induced CVD in small-animal models (rodents)

Sex, age

Dose of DOX

Administration frequency

Wistar (weighing 180—200 g)
Wistar (180—200 g)

Wistar (180—200 g)
Adult male Sprague-Dawley (300—350 g)
Male Sprague—Dawley (300—400 g) 25 mg/kg

Male Wistar (225—280 g) 18 mg/kg

Male Sprague-Dawley (220—250 g)
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4 mg/kg > 12 mg/kg

Rat

Cumulative dose 2.49 mg/ani- |4 times a week
mal or 12.45 mg/kg
Cumulative dose 3.03 mg/ani- |5 times a week
mal or 15.15 mg/kg
Cumulative dose 12.0 mg/kg —
2.5 mg/kg > 15 mg/kg

every 48 hours for two weeks
For 3 days; on 12th,

13th, and 14th days

For three days in the

study

3 times: 1, 6, 11 days
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control group. Physiological parameters such as
blood pressure, heart rate, and LF/HF ratio (au-
tonomic activity marker) were measured, along
with cardiac collagen content. Key findings in-
cluded dose-dependent cardiovascular changes:
hypotension, bradycardia, increased fibrosis,
and impaired autonomic control at cumulative
doses >16 mg/kg. These results highlight the
importance of DOX dose in inducing cardiovas-
cular dysfunction.

The study (Pan et al., 2022) utilized a rat mod-
el to investigate biomarkers of acute and chronic
myocardial injury induced by DOX. Acute in-
jury was modeled with a single intraperitoneal
dose of DOX (40 mg/kg), showing elevated cre-
atine kinase (CK), fatty acid-binding protein 3
(FABP3), and cardiac troponin I (cTnI) levels,
with ¢Tnl peaking at 8 hours. Chronic injury
was induced via weekly caudal vein injections of
DOX (1—3 mg/kg) for up to 8 weeks, revealing
significant increases in ¢Tnl, FABP3, and miR-
146b, with c¢Tnl and miR-146b demonstrating
high predictive value for chronic damage.

High-intensity interval training (HIIT) has
the potential to exacerbate cardiotoxicity, par-
ticularly when performed shortly after DOX ad-
ministration. This is due to the acute increase in

reactive oxygen species (ROS) production dur-
ing the exercise, with the extent of ROS gener-
ation being influenced by the exercise duration
and intensity. Therefore, in another pilot study
(Legault et al., 2024) of female C57BL/6 mice,
aged 70 days, a single bolus of DOX was ad-
ministered via intravenous tail vein injection at
a dose of 20 mg/kg. Three exercise groups un-
derwent a single high-intensity interval exercise
(HIIE) session, consisting of 16 sets of 1-minute
intervals at 85—90% of peak running speed, at
1 day, 2 days, and 3 days post-DOX injection.
Echocardiographic assessments were conduct-
ed under light anesthesia (isoflurane 0.5—1%)
before and 7 days after DOX injection. On day
9, the animals were sacrificed, and their hearts
were collected for morphometric and histolog-
ical analyses. This study demonstrated that a
single session of HIIE did not exacerbate acute
DOX-induced cardiotoxicity. However, the tim-
ing of the exercise session relative to DOX ad-
ministration and compliance with the exercise
regimen may influence the extent of DOX-in-
duced cardiac dysfunction.

Information about features of doxorubicin-in-
duced CVD small-animal models is summarized
in Table 2.

Route of administration

Toxicity assessment

Reference

models
1P General ultrasound
1P General ultrasound

Intrapleurally, intravenously
IP
IP
1P

1P

Ultrasonography
Histopathological analysis
Echocardiography (ECHO), histology

Electrocardiogram (ECG)

ECHO

ISSN 1028-0987. Microbiological Journal. 2025. (4)

Spivak et al., 2013a
Spivak et al., 2013a
Spivak et al., 2013b
Abu-Elsaad et al, 2015
Baris, etal. 2019

Aygun & Gul 2019

Wang et al. 2019
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Sex, age

Dose of DOX

Administration frequency

Male Sprague-Dawley
12 weeks

Male Wistar

4 weeks

Male, Wistar
(200—300 g)
Male (220—250 g)

Male
Sprague-Dawley 7 weeks (174—213 g)
Wistar

1 mg/kg >10 mg/kg

Three cumulative doses: 7.5, 10
or

12.5 mg/kg

1.25 mg/kg > 20 mg/kg

2.5 mg/kg > 15 mg/kg

40 mg/kg (10 ml/kg)

2 mg/kg/week, DOX8,n =8

10 times every day

Once a week for
6 weeks

4 days a week during for 4 weeks
Six equal injections over a period of
two weeks

Once

4 weeks

12 weeks 4 mg/kg/week, DOX16,n =8
5 mg/kg/week, DOX20,
n=38
Mouse
Male 5 mg/kg —
12—14 weeks
Female 4 mg/kg > 24 mg/kg 3 times a week
10 weeks
Female 8 mg/kg > 24 mg/kg Weekly
10—12 weeks
Male Cumulative 15 mg/kg —
8 weeks
Male Cumulative 25 mg/kg —
8 weeks
— Cumulative 25 mg/kg —
15—16 weeks
Male 20 mg/kg Once
9—10 weeks
Male 15 mg/kg Once
10 weeks
Male 4 mg/kg > 20 mg/kg Weekly
8 weeks
Male 10 mg/kg Once
8 weeks
Male 15 mg/kg Once
6 weeks
Female C57bl/6 mice 20 mg/kg Once
Male C57BL/6j mice 2.5 mg/kg >15 mg/kg 3 weeks
8 weeks (six injections)
(20—25g)
— 8 mg/kg > 24 mg/kg Weekly
64 ISSN 1028-0987. Microbiological Journal. 2025. (4)
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Continuation of Table 2

Route of administration

Toxicity assessment

Reference

1P

Intravenous injection (tailvein)

1P
1P

intraperitoneal

1P

models

1P
1P
1P
Subcutaneous pellets
Subcutaneous pellets
Subcutaneous pellets
1P
1P
1P
1P
P
intravenous tail vein

intraperitoneal

1P

ECHO, histology, troponin

ECHO, histology

ECHO, histology
ECG, histology
histopathological

ECG

Troponin

ECHO, troponin

MRI

Histology

Histology

MR, histology

ECHO, CK-MB, LDH, histology

ECHO, troponin, CK

ECHO, troponin, NT-proBNP, histology

Histology
ECHO, LDH, CK-MB, histology

histology
ECHO, biochemical detection

ECHO, histology

Medeiros-Lima et al. 2019

Chakouri et al. 2020

Aykan et al. 2020
Elhadidy et al. 2020
Pan et al., 2022

Afonso et al., 2023

Bai & Wang, 2019
Gioffré et al., 2019
Allen et al., 2019
Allen et al., 2019
Allen et al., 2019
Naresh et al., 2020
Mizuta et al., 2020
Hu et al., 2020
Sabatino et al., 2020
Peres Diaz et al. 2020
Ye et al. 2020

Legault et al. 2024
Wang et al., 2024a

Hu et al.,, 2024
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Ultrasound-guided evaluation of probiotic
efficacy in CVD models. Traditionally, research
on small laboratory animals (e.g., mice, rats)
has relied on euthanasia and dissection to ob-
tain anatomical and physiological data. Non-in-
vasive imaging methods, such as magnetic res-
onance imaging (MRI), have been employed;
however, these typically require high-cost,
specialized equipment with powerful magnetic
fields to achieve sufficient resolution for small
anatomical structures. Ultrasound biomicros-
copy (UBM) has also been utilized but remains
accessible only in a limited number of special-
ized centers (Spivak et al., 2013b; Spivak et al.,
2013¢; Bubnov et al., 2019).

In contrast, Spivak, Bubnov, and colleagues
have developed a model based on the applica-
tion of conventional ultrasound (US) diagnostics
using widely available equipment as a core tool
for dynamic in vivo monitoring in experimental
studies (Spivak et al, 2013a; Spivak et al, 2013b;
Spivak et al, 2013¢; Bubnov et al, 2019; Bubnov
et al, 2017a; Bubnov et al, 2017b). This approach
enables real-time assessment of structural and
functional parameters without the need for eu-
thanasia, thereby significantly reducing the num-
ber of animals required for longitudinal studies.

US has been demonstrated to provide several
key advantages in small animal models: 1) re-
al-time imaging; 2) high-quality and high-res-
olution images that outperform some other
imaging techniques when studying small struc-
tures using widely available equipment; 3) dy-
namic assessment of structural and functional
changes in organs and tissues throughout the
entire experiment; 4) non-invasive evaluation
of the vascular system using Doppler imaging;
5) non-invasive assessment of tissue density us-
ing sonoelastography; 6) effective guidance for
interventional procedures (e.g., injections or
biopsies); 7) screening studies involving a large
number of animals.

In the context of probiotic research related
to metabolic and liver disorders, US has proven
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particularly useful. In models of diet-induced
obesity, it enabled accurate measurement of
liver dimensions and visceral (mesenteric) fat
thickness in mice. Administration of probiot-
ic strains (e.g., Lactobacillus, Bifidobacterium)
resulted in observable reductions in liver size
and mesenteric fat, as quantified by US. These
changes correlated with decreases in body
weight and serum cholesterol levels. Important-
ly, US-derived parameters of liver condition and
fat distribution were found to be more sensitive
indicators of the metabolic status than body
weight alone. Moreover, US allowed estimation
of the visceral fat-to-muscle ratio, a recognized
marker of metabolic health, and was effective-
ly used for screening large experimental groups
(Spivak et al, 2013a; Spivak et al, 2013b; Spivak
et al, 2013¢; Bubnov et al, 2019; Bubnov et al,
2017a; Bubnov et al, 2017b).

US has also been employed for cardiovascular
assessment, including measurements of ejection
fraction, chamber dimensions, and identifica-
tion of pleural effusion. Given the well-estab-
lished links between the gut microbiota, met-
abolic syndrome, obesity, and cardiovascular
diseases such as atherosclerosis, the US meth-
odology proposed by Spivak and Bubnov holds
significant promise for evaluating the cardio-
metabolic impact of probiotic interventions in
experimental settings.

In summary, integration of US diagnostics
into experimental models represents a valuable,
non-invasive, and quantitative approach for the
longitudinal assessment of structural and func-
tional changes in vivo. This method has been
successfully applied to evaluate the effects of pro-
biotics and nanomaterials in models of obesity
and liver fibrosis, providing important insights
into their potential role in improving metabolic
and cardiovascular health.

Conclusions. CVDs, particularly acute my-
ocardial infarction, remain a foremost global
health challenge, driven by risk factors such as
hypercholesterolemia and compounded by the
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limitations and side effects of existing treat-
ments. While conventional lipid-lowering med-
ications are effective, their constraints have un-
derscored the need for alternative approaches.
Probiotics, postbiotics, and functional foods
have emerged as promising candidates for ad-
dressing the multifaceted pathology of CVDs by
modulating the gut microbiota, enhancing lipid
metabolism, and mitigating oxidative stress and
inflammation.

The utilization of doxorubicin-induced CVD
models has been instrumental in elucidating
the mechanisms underlying cardiotoxicity and
evaluating therapeutic interventions. These
models, when combined with advanced insights
into the gut-microbiota-heart axis, provide a
robust platform for assessing the prophylac-
tic and therapeutic potential of probiotics and
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POJIb [TPOBIOTUKIB Y IIPO®UIAKTHUIII
TA JIIKYBAHHI CEPIIEBO-CYIMHHMX 3AXBOPIOBAHb:
IOCBIJI, OTPMMAHUI HA JOKCOPYBILIMHOBI MOJIEJII

Cepueo-cymuuni 3axsoproauss (CC3), 30Kkpema roctTpuii iHpapKT MiOKap/a, € KPUTUIHOIO ITT06aIbHOI0 IPobITe-
MOIO OXOPOHU 370POB’s, 00YMOB/IEHOI0 6araro(haKTOPHUMI PUSUKAMIL, BKTIOYAIOUl TillepXojiecTeprHeMio. Xoda
TPamMLiliHI METORV SHYDKEHHS PiBHS JiMiAiB 3aMMIIaloThcs epeKTUBHMUMY, X HO6iIYHI eeKTH Ta 0OMeXKeHHS CTH-
MY/TIOBa/IM MOIIYK a/IbTePHATUBHUX HifxoxiB. IIpobioTnky, mocT6ioTnky Ta GyHKIIOHATbHI IPONYKTY XapUyBaH-
HA CTa/y IHHOBALIIHMMIU CTpATeTisiMM, AKi 3HaTHI MORYTIOBAaTY MiKpOOIOTY KMIIIeYHNKA, TIOKPAILyBaTI JIigHUI
0OMiH Ta 3MEHIIYBaTM OKCUAATVMBHUI CTpeC i 3aIajieHHs, BifKpyBao4yy HOBI MOXK/IMBOCTI 1 ynpasininaa CC3.
Y 11boMY OIJIAJ MZKPeCTIOEThCA 3HAYYIICTh MOJIeTIel], IHyKOBaHUX JOKCOPYOIMHOM, [/L1 BUBYCHH MeXaHi3MiB
CC3 Ta OLiHKY TepaIleBTIYHOTO MOTEHIfiaTy. 3aBsSKY BUKOPUCTAHHIO 3HAHb IIPO BiCh KMIIEYHNK-MIKpOOioTa-cep-
11e, i MOJIeTi COPUAI0TH PO3po0Ili HOBUX iHTepBeHIIii, cipsimoBanux Ha CC3, BUKIMKaHI riepxoecTepuHeMi€ro.
[Tpob6ioTnyHi mrTaMy, 10 3HIDKYIOTh PiBeHb XO/IECTEPUHY, Ta (PYHKIIOHAIbHI XapuOBi IPOAYKTU BUPISHAIOTHC
CBOEIO 3[aTHICTIO 3abe3mevyBaTy 61/Iblil Ge3MeuHi Ta JOMOBHIOYI BapiaHTI KO TpaguLiiiHuX Tepamiit. [loganpmmii
PO3BUTOK JOC/II/I>)XEHD Y L1iji Ta/y3i BMMarae OlnTMMisalii eKCIiepMMeHTalIbHUX MOJIETIel], BUBYEHHS MOJIEKY/IAPHUX
IUIAXIB Ta IepeBefieHHs OTPYMAHUX Pe3y/IbTaTiB y KNiHIYHY IPaKTUKY Yepes peTebHi BUITpoOyBaHH:A. [HTerparis
VX {HHOBaLiIIHUX pillleHb Ma€ MOTEHIIa [yIA MOKpallleHH: CeplieBO-CYAMHHOIO 3[J0POB s, 3aJOBONIEHHS HEBU-
pilreHyx KIiHIYHNX TOTpeb Ta 3HYDKeHHA I7o6anbHoro Taraps CC3.

Kniouosi cnosa: cepueso-cyOunHi 3axe60prosants, npobiomuxu, nocmoiomuku, QyHKuionanvHi npooykmu xap-
4yBaHHs, MIKpOOioma KuuleuHuka, memaobonim xonecmepury, 00KcopybiyuH-iHOyKo8ani Mooesi, mepanesmuymi
8MPYUAHHS

72 ISSN 1028-0987. Microbiological Journal. 2025. (4)



