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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Exercise helps in lowering inflammation 
and slows plaque buildup in arteries.

• Exercise aids in improving heart recov
ery after a myocardial infarction and 
reduces stroke risk.

• Exercise reshapes heart failure manage
ment through refining gut health, mito
chondrial function and metabolic 
health.

• Exercise maintains an immune and in
flammatory balance, reducing CVD risk 
and plaque formation.

A B S T R A C T

Cardiovascular diseases remain the leading cause of global mortality, and growing evidence shows that regular exercise is one of the most effective non- 
pharmacological strategies to prevent and modify their progression. Exercise exerts its benefits on the cardiovascular system in multiple ways. It improves lipid 
metabolism by lowering LDL-cholesterol, reducing triglycerides, and increasing HDL-cholesterol, which provides a protective function by slowing atherosclerotic 
plaque development. Exercise also reduces chronic inflammation by lowering circulating inflammatory markers and shifting immune cells toward anti-inflammatory 
profiles. In addition, regular physical activity enhances autonomic balance, increases heart rate variability, and supports healthier blood pressure regulation. 
Mitochondrial function and antioxidant capacity improve with exercise, helping to reduce oxidative stress and support overall cardiac health. Exercise further in
fluences vascular and metabolic health through epigenetic mechanisms, myokine release, and favorable changes in the gut microbiome.

These molecular and systemic adaptations translate into meaningful clinical benefits, including improved recovery after myocardial infarction, better heart failure 
management, and a reduced risk of ischemic and hemorrhagic stroke. Overall, regular physical activity is a powerful and accessible tool for reducing cardiovascular 
disease risk and promoting long-term health.
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1. Introduction

Cardiovascular diseases refer to the pathologies surrounding the 
heart and its circulation system; the most prominent cardiovascular 
diseases include heart failure, myocardial infarction, stroke, and pe
ripheral artery disease [1,2]. Despite the continuous growth in the field 
of cardiovascular therapeutics, the global increase in deaths due to 
cardiovascular disease is still on the rise. To battle this persistent in
crease, efforts need to shift towards prevention by aiming at the root 
causes. One promising strategy would be to focus on beneficial lifestyle 
interventions, particularly on physical activity and exercise. It not only 
reduces the occurrence of conventional risk factors but also promotes 
longevity of cardiovascular health by aiming at its molecular and sys
temic level [3–6]. The benefit of incorporating exercise in one's lifestyle 
not only aids in building a healthy cardiovascular system but also acts as 
a systemic regulator, efficiently regulating communication between 
different organs [7].

Exercise acts by orchestrating a series of metabolic, immune, and 
endocrine signals that work together to sustain healthy cardiovascular 
resilience. For example, certain muscle-derived signaling molecules like 
exerkines can influence immune cell behavior and vascular tone, while 
adaptations in both adipose tissue and intestine further modulate 
inflammation and lipid balance [7,8]. Most importantly, these effects 
extend beyond risk factor modification, providing a molecular basis for 
exercise as both preventive and reparative across different cardiovas
cular pathologies. This integrated viewpoint emphasizes why exercise 
frequently works where single-target therapies do not, and it shows how 
it can serve as a catalyst for therapeutic approaches [9,10].

Apart from its well-known role in fitness and weight management, 
exercise is also being recognized for its role in improving cardiovascular 
health. Unlike pharmacological interventions, which mostly focus on a 
single target, exercise tends to have a broad effect and could potentially 
reshape the entire physiological environment [11,12]. It influences 
sympathetic and parasympathetic activity and helps maintain metabolic 
adaptations in the body and cardiac remodeling, and thus exercise 
provides both preventive and reparative benefits [13–15]. These effects, 
upon accumulating over time, help in reinforcing resilience against the 
slow progression of atherosclerosis and the sudden onset of myocardial 
infarction or stroke. Through population studies, physically active in
dividuals have demonstrated a lower rate of cardiovascular morbidity 
and mortality in comparison to those with a sedentary lifestyle [12,16,
17].

In this narrative review, we summarize the latest evidence of how 
exercise promotes cardiovascular health. We focus on how incorpo
rating small changes in lifestyle can lead to an overall change in the 
trajectory of developing cardiovascular disease and maintaining a 
healthy life.

2. Effects of exercise on the cardiovascular system and systemic 
adaptations

2.1. Impact of exercise on lipids and metabolomics

Lipid metabolism is one of the most crucial mechanisms that in
fluences cardiovascular health. Dyslipidemia, increased levels of low- 
density lipoprotein cholesterol (LDL-C) along with reduced levels of 
high-density lipoprotein cholesterol (HDL-C) and increased tri
glycerides, plays a critical role in the development of CVDs and, 
crucially, atherosclerosis. LDL particles become modified upon entering 
the arterial wall, which further promotes the formation of foam cells, a 
well-established initial step towards the development of atherosclerosis. 
Low HDL-C is linked to reduced cholesterol removal from blood vessels, 
which further supports plaque growth. High triglycerides and their 
remnant particles also add to cardiovascular risk, as many population 
studies show they are associated with faster plaque progression [18,19]. 
One potential goal in the prevention of atherosclerosis or CVDs caused 

by dyslipidemia would be lifestyle changes, i.e., by incorporating reg
ular exercise in one's life. This intervention leads to changes at both 
molecular and systemic levels that directly lead to reduced cardiovas
cular risk [19–21]. At molecular levels, exercise works by upregulating 
lipoprotein lipase (LPL) in muscles, which in turn accelerates the 
clearance process of triglyceride-rich lipoproteins from the circulation, 
which leads to increased production of cardioprotective HDL particles 
[22,23,24]. In parallel, exercise upregulates adiponectin, which is an 
adipokine that helps in improving insulin sensitivity. Insulin sensitivity 
describes how well the body's tissues respond to insulin to take up 
glucose and regulate metabolism. When insulin sensitivity improves, 
muscles take up more glucose, which reduces the liver's need to produce 
glucose and triglycerides. This leads to lower circulating triglycerides 
and fewer lipid residues entering the vascular wall. Better insulin 
sensitivity also decreases the release of free fatty acids from adipose 
tissue, further reducing hepatic triglyceride production. Together, these 
changes support a healthier metabolic profile and lower cardiovascular 
risk [25]. This exerts anti-inflammatory and anti-atherogenic actions on 
the vascular endothelium. Lipid catabolism and systemic energy balance 
are also enhanced by increased endurance activity, which causes 
secretion of fibroblast growth factor 21 (FGF21), this in turn leads to 
reduced deposition of atherogenic lipids within the vascular wall [26,
23,27,28]. A key signaling pathway that regulates this process is 
AMP-activated protein kinase (AMPK). Exercise activates AMPK in 
skeletal muscle and other tissues, and this shifts the metabolism towards 
fatty acid oxidation [29,30]. This activation in turn enhances muscle 
lipid utilization and reduces hepatic triglyceride production, thereby 
improving insulin sensitivity [31].

Exercise also plays a role in modifying adipose tissue, as fat distri
bution is a key determinant for CVD. Beyond acute signaling, exercise 
modifies white and brown adipose tissues by altering their mitochon
drial activity [32,33]. This is exerted by upregulation of uncoupling 
protein-1 (UCP-1) and mitochondrial biogenesis; this in turn lowers 
low-grade inflammation, improves lipid clearance, and promotes a 
healthy metabolic profile that protects against atherogenesis. These 
molecular changes underline the clinical benefits of exercise [34,35].

Physically active individuals demonstrate higher HDL-C and lower 
LDL-C, reduced triglycerides, and improvements in lipoprotein quality 
[36,37]. Importantly, these changes lead to plaque stabilization through 
the formation of a thick fibrous cap, smaller lipid cores, and reduced 
inflammation in the atherosclerotic lesion. These changes are important 
as they lead to reduced risk of plaque rupture, which can lead to 
myocardial infarction and ischemic stroke. Altogether, these data show 
how exercise modulates the lipid-metabolic axis by coordinating with 
several mediators like LPL, adiponectin, and AMPK and reduces 
atherogenic burden and strengthens overall cardiovascular health 
[37–39]. The improvements in lipid metabolism described above help 
explain how exercise exerts its beneficial effects in slowing atheroscle
rosis progression. By lowering LDL-C, raising HDL-C, reducing tri
glycerides, and decreasing vascular inflammation, exercise directly 
reduces several major risk factors that drive plaque formation. These 
molecular and metabolic changes translate into slower progression of 
atherosclerosis and more stable plaques. Because exercise improves lipid 
handling and reduces inflammatory activity in the arterial wall, its ef
fects are consistently associated with lower rates of coronary events. The 
clinical manifestation of atherosclerosis primarily begins with the cor
onary and carotid arteries and is one of the leading causes of mortality 
with coronary heart disease (CHD) [40]. Numerous factors have been 
identified as the cause of atherosclerosis; lifestyle and genetic factors 
influence the disease's progression and clinical symptoms. Defects in 
lipid and lipoprotein metabolism play a significant role in this devel
opment. The results of cholesterol-lowering medication intervention 
trials highlight the link between elevated plasma cholesterol levels, 
especially low-density lipoprotein (LDL) cholesterol, and CHD [41–43]. 
HDL cholesterol levels are inversely correlated with the occurrence of 
atherosclerotic CHD, according to numerous epidemiological studies. In 
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addition to its well-known cardioprotective function in reverse choles
terol transport, high-density lipoprotein (HDL) possesses 
anti-inflammatory and anti-oxidative properties. HDL is indeed a sig
nificant CHD risk indicator [44–46]. Exercise's positive effects include 
increased HDL cholesterol and decreased adiposity, triglyceride levels, 
the ratio of total cholesterol to HDL cholesterol, and an estimated 
10-year risk of coronary heart disease [47,48] (Fig. 1).

2.2. Impact of exercise on immunity

A sedentary lifestyle promotes low-grade chronic inflammation. 
Low-grade chronic inflammation is persistent low-level activation of the 
immune system, which is accompanied by continuous release of in
flammatory molecules in low levels [49]. It sustains endothelial 
dysfunction, which further leads to an enhanced process of atherogen
esis and worsened post-infarct remodeling. This chronic inflammatory 
state also increases the expression of adhesion molecules on the vessel 
wall, making it easier for immune cells to enter the artery and promote 
plaque formation [50,51]. As a result, inflammation not only accelerates 
atherogenesis but also impairs the heart's ability to heal after an 
infarction, leading to worse remodeling outcomes. Exercise in this case 
helps by reprogramming the immune network. Certain circulating bio
markers of cardiovascular risk, like tumor necrosis factor-alpha (TNF-α), 
interleukin 6 (IL-6), and C-reactive protein (CRP), show reduced levels 
upon persistent exercise, especially aerobic training [39,52,53]. Exer
cise reduces interleukin (IL-1β/IL-18) signaling, which drives plaque 
instability, by attenuating activation of NF-κB and the NLRP3 inflam
masome. Mechanistic research in murine models indicates that exercise 
suppresses NLRP3 inflammasome activation in metabolic and cardio
vascular contexts by reducing the production of IL-1β and IL-18 (e.g., 
aerobic exercise downregulates NLRP3 signaling in adipose tissue and 
macrophages in experimental models), further stabilizing atheroscle
rotic plaques. Moreover, human studies from peripheral blood mono
nuclear cells show that chronic moderate-intensity exercise significantly 
attenuates NLRP3 inflammasome activation in healthy adults, suggest
ing translational relevance of its inhibition. Nonetheless, direct 
demonstration of exercise-induced NLRP3 suppression within human 
atherosclerotic plaque tissue remains limited [54–56].

Changes in signaling processes are mirrored by changes at cellular 
levels. Exercise promotes anti-inflammatory changes in lymphocytes 
and monocytes, and it aids macrophages in transforming into the anti- 
inflammatory phenotype. The anti-inflammatory/reparative pheno
type of macrophages is associated with an improved efferocytosis and 
reduced necrotic-core expansion in atherosclerosis; thereby, exercise 
helps in creating an intricate balance between cell repair and inflam
mation by acting on the immune levels [57–59]. Moreover, exercise also 
tends to exert its influence on the adaptive immune system: systematic 
reviews show expansion and/or functional activation of regulatory T 
cells (Tregs) after exercise, a change linked to lower endothelial acti
vation and better vascular homeostasis [60]. Exercise has also been 
shown to affect the immune system by modulating cell adhesion mole
cules (CAMs). CAMs play an important role in leukocyte recruitment and 
migration. Several studies have shown that different types of exercises 
can regulate their activity and behavior [61–63]. Another distinctive 
contributor to the immune effects of exercise is the regulation of the 
exocrine environment and exercise-induced signals from muscle and 
other tissues. These signals propagate anti-inflammatory effects 
system-wide, improving endothelial nitric-oxide bioavailability, damp
ening monocyte adhesion, and tuning immune-cell metabolism. Several 
contemporary reviews and human omics studies have shown that single 
bouts and training blocks trigger coordinated proteomic, metabolomic, 
and immune shifts that are consistent with reduced inflammation and 
vascular protection [7,64–66].

Another potent target, nitric oxide (NO), is a strong mediator of 
vascular modulations induced by exercise. In active muscle, vasodila
tation creates a pressure gradient, which in turn raises blood flow and 
causes upstream arteries to produce more NO. Therefore, greater 
microvascular flow can be made possible without lowering muscle 
perfusion pressure through NO-mediated dilatation of feed arteries. 
Regular exercise seems to alter this system, which may contribute to the 
lower cardiovascular risk associated with a trained state [67–69]. These 
molecular and cellular adaptations after exercise can translate into 
slower atherosclerotic progression with less proteolytic activity in pla
ques, leading to stable plaques, as well as better post-MI healing with 
improved cardiac remodeling [70,71]. Additionally, exercise has been 
shown to modulate the gut microbiota [72] by increasing short-chain 
fatty acid (SCFA) production (butyrate, propionate) via microbiome 
remodeling [73,74]. This immune-inflammatory reframing helps 
explain why exercise leads to better outcomes (Fig. 2).

2.3. Impact of exercise on the neuro-immune axis

The autonomic nervous system is important for regulating heart rate, 
cardiac output, vascular tone, and blood pressure. In healthy in
dividuals, balanced sympathetic and parasympathetic activity ensures 
efficient cardiac function, appropriate vasodilation, and stable blood 
pressure control. This balance also supports normal baroreflex sensi
tivity and maintains healthy heart-rate variability, which are strong 
indicators of cardiovascular resilience. Regular shifts in autonomic tone 
during daily activity help preserve flexible vascular responses and pro
tect against blood pressure instability [75,76]. In cardiovascular disease, 
autonomic balance becomes disrupted: sympathetic activity is persis
tently elevated while vagal tone is reduced, contributing to hyperten
sion, endothelial dysfunction, and increased arrhythmic risk. Reduced 
baroreflex sensitivity and higher catecholamine release further worsen 
ventricular remodeling and promote disease progression. These auto
nomic abnormalities are consistently seen in heart failure, coronary 
artery disease, and myocardial infarction, where they predict poorer 
outcomes [77–79].

One of the major triggers leading to the onset of cardiovascular 
diseases is dysregulation between the immune system and the auto
nomic nervous system. Overstimulation of the sympathetic nervous 
system, combined with the suppression of vagal function, can lead to 
chronic inflammation with cardiac remodeling [80,81–83]. Exercise 

Fig. 1. Exercise improves circulating lipid profiles by reducing LDL cholesterol 
and triglycerides while increasing HDL levels. Through activation of AMPK, it 
enhances fatty acid oxidation and insulin sensitivity, reduces vascular inflam
mation, slows atherosclerosis progression, and promotes stabilization of 
atherosclerotic plaques, thereby lowering overall cardiovascular risk.
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here has the capability to optimize the relation between the 
neuro-immune system and cardiovascular diseases by affecting the 
autonomic nervous system (ANS) and the immune system [84,85]. 
However, excessive physical activity may upset the balance between the 
formation of reactive oxygen species (ROS) and antioxidant defenses, 
potentially leading to cellular damage and maladaptive immunological 
responses, even if moderate exercise has been shown to have car
dioprotective effects [86–88].

By encouraging angiogenesis and cardiac development, the brain- 
derived neurotropic factor (BDNF) is an essential signaling molecule 
that keeps the heart's vascular wall intact. Exercise helps in regulating 
this factor by increasing the amount of circulating BDNFs, which further 
support neural plasticity and vascular nitric oxide signaling [89,90]. 
Synthesis of this protein in humans during disease progression (e.g., 
multiple sclerosis, type-2 diabetes) shows a short-term increase in BDNF 
circulation with exercise training [91–93].

Fig. 2. Exercise reduces circulating pro-inflammatory mediators in circulation, thereby attenuating atherogenesis and promoting enhanced healing post-MI. It in
duces anti-inflammatory reprogramming of immune cells by polarization toward M2 macrophages, leading to a reduced necrotic core expansion within athero
sclerotic plaques. In parallel, it increases regulatory T cell (Treg) abundance, leading to decreased endothelial activation and suppression of NLRP3 inflammasome 
signaling, collectively promoting plaque stabilization and reduced cardiovascular risk.

Fig. 3. Exercise shifts autonomic regulation toward reduced sympathetic and enhanced parasympathetic activity, resulting in improved heart rate variability (HRV) 
and reduced stress. In parallel, exercise regulates neuro-immune interactions by lowering chronic inflammation and correcting immune dysregulation.
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Muscles upon exercise release certain signaling molecules called 
myokines, like BDNF and interleukin 6 (IL-6). This plays a vital role in 
muscle recovery after exercising and modulates brain function [81]. 
Exercise, therefore, promotes interorgan communication, which leads to 
lowered systemic inflammation and enhances neuroprotection [7,94,
95]. Repeated training sessions direct the autonomic tone more toward 
greater parasympathetic and lower sympathetic drive, manifesting in a 
higher heart rate variability (HRV) and a lower resting heart rate, ad
aptations linked to better prognosis in both healthy and diseased pop
ulations [96,97]. Exercise also exerts its influence on the most important 
mechanoreceptors, the baroreceptors, which play a crucial role in 
transmitting information from changes in blood pressure within the 
autonomic system. This leads to a lowered risk of arrhythmogenic in
cidents and an optimized ventricular filling phase during stress [94,98,
99].

In sum, the neuro-immune-muscle axis is a systems-level substrate 
through which exercise delivers cardiovascular protection (Fig. 3).

2.4. Impact of exercise on the intestine and microbiome

The gut microbiome refers to the bacteria that live in the gastroin
testinal tract and help regulate digestion, metabolism, and immune 
function. Many studies have shown that these microbes influence 
inflammation and lipid metabolism, both of which are important for 
cardiovascular health. The gut microbiota is a key factor in maintaining 
metabolic and cardiovascular homeostasis [100,101]. Frequent resis
tance or endurance training has been shown to make significant en
hancements of microbial diversity and specifically enriches taxa that 
produce short-chain fatty acids (SCFAs) [102,103]. These changes in the 
gut microbiome through exercise play an important role in the patho
genesis of CVDs [73]. By activating G protein-coupled receptors, SCFAs 
like acetate, propionate, and butyrate promote fatty acid oxidation, 
inhibit de novo lipogenesis, and reduce endothelial and macrophage 
inflammation in general. This, in turn, strengthens the endothelial bar
rier, limits lipopolysaccharide (LPS) translocation and subsequent 
Toll-like-receptor-4 signaling in the vascular walls [104–107]. In 
experimental models, SCFAs have shown to strengthen intestinal barrier 
function and attenuate innate inflammatory signaling, including 
NLRP3-related pathways (e.g., by enhancing tight junctions and 
reducing inflammasome activation in epithelial cells). However, in 
human studies, exercise has shown to modify gut microbiota composi
tion by enhancing SCFA production, which correlates with improved 
systemic inflammatory profiles, although direct causal links to vascular 
or plaque-level NLRP3 modulation need further exploration [108,109].

Additionally, exercise also acts on trimethylamine-N-oxide (TMAO) 
metabolism. This is a small nitrogen-containing organic compound that 
is produced by the gut microbiota. Physically active individuals often 
exhibit reduced values of trimethylamine-N-oxide (TMAO) and its mi
crobial precursors, which are linked to reduced atherogenesis and 
improved endothelial function [110–112]. Through modulation of bile 
acid profiles and SCFA signaling, these microbial shifts contribute to 
favorable hepatic lipid handling, characterized by decreased tri
glycerides and increased HDL. The gut–brain interface further mediates 
neuroprotective and autonomic benefits, as SCFAs and microbial me
tabolites regulate vagal activity and hypothalamic inflammation [113]. 
These findings indicate that exercise-induced microbiome remodeling 
and increased SCFA availability can lessen systemic and vascular 
inflammation during atherosclerotic progression. Although SCFAs are 
thought to enhance gut barrier function and reduce endotoxemia, direct 
evidence linking exercise-derived SCFAs to endothelial tight-junction 
regulation or leukocyte adhesion in humans remains limited [114]. 
Overall, exercise successfully helps in maintaining cardiovascular health 
by transforming the gut ecosystem into an anti-inflammatory, meta
bolically adaptive network [115,116]. Cross-sectional analyses show 
that a higher cardiorespiratory fitness is associated with greater mi
crobial functional profiles as well as α-diversity (the mean species 

diversity in a site at a local scale), after considering diet and body 
composition adjustments. Furthermore, interventional studies show that 
short-term aerobic training increases microbial richness and alters 
community composition. Comparisons between endurance athletes and 
sedentary controls show a higher variance in microbial diversity and 
enrichment of metabolic pathways and fecal concentrations of SCFAs in 
athletes [117–119]. Ex-vivo and animal studies show that oral butyrate 
administration in ApoE− /− mice is able to reduce fatty streaks in aortas 
and change the plaque composition, whereas in the ex-vivo model of 
endothelial cells and macrophages, it results in a lower production of 
ROS and NO, leading to anti-inflammatory effects. However, there is 
limited clinical evidence to relate the effects of SCFAs and altered 
composition of atherosclerotic plaque in humans [107,120] (Fig. 4).

3. Systemic signaling networks: exercise modifies immunity, 
metabolism, and vascular health

3.1. Exerkines and myokines

During exercise, the skeletal muscles act as an endocrine organ by 
releasing exerkines into the circulation. Some of the key exerkines 
released are irisin, IL-15, FGF21, myonectin, and BDNF. These mole
cules, in turn, influence distant tissues such as the endothelium, adipose 
tissue, liver, and central nervous system [121,122]. Irisin, a molecule 
secreted by muscles, helps in browning white adipose tissue, which 
further improves mitochondrial oxidative capacity and systemic lipid 
metabolism. FGF21, on the other hand, modulates glucose and lipid 
turnover, enhances endothelial nitric-oxide synthase (eNOS) activation, 
and protects cardiomyocytes against oxidative stress, and IL-15 facili
tates lipid oxidation and supports anti-inflammatory immune pheno
types. BNDF helps in shaping a stable neuro-heart communication that 
strengthens the autonomic nervous system [123–127]. Myonectin helps 
to reduce inflammation and apoptosis in the heart, especially in acute 
myocardial injury [128].

Through these modulations, exercise leads to systemic homeostasis 
of metabolic, vascular, and neuronal circuits, underscoring its dual 
preventive and reparative cardiovascular role.

3.2. Energy-sensing pathways and oxidative stress mitigation

Mitochondria play a central role in supplying energy to the car
diomyocytes, and in healthy individuals they maintain efficient ATP 
production and low levels of oxidative stress. Regular exercise enhances 
mitochondrial biogenesis, improves respiratory capacity, and increases 
antioxidant defences, all of which support optimal cardiac function. In 
cardiovascular disease, however, mitochondria become less efficient, 
produce more reactive oxygen species, and show impaired ATP gener
ation, contributing to contractile dysfunction and disease progression. 
Mitochondrial damage is also linked to maladaptive remodeling after 
myocardial infarction and heart failure. Exercise helps counter these 
defects by improving mitochondrial quality control and restoring more 
balanced energy metabolism. These adaptations are key contributors to 
the cardioprotective effects of long-term physical activity [129–131]. 
Exercise helps in maintaining cellular energy homeostasis and mito
chondrial stability, primarily by regulating the AMPK-mTORC1 axis. 
During exercise, the high levels of AMP/ATP released stimulate the 
AMPK axis, which in turn improves post-infarct cardiac function. This 
stimulation of AMP/ATP also promotes fatty acid oxidation and inhibits 
HMG-CoA reductase, thereby reducing cholesterol production. Simi
larly, mTORC1 is suppressed by AMPK, thereby reducing inflammatory 
cell production and excessive protein synthesis [132–134,135]. Mito
chondrial dysfunction, an essential source of excess reactive oxygen 
species (ROS), contributes to oxidative stress in cardiovascular disease. 
Therefore, the mitochondrial improvements induced by exercise not 
only enhance energy production but also reduce ROS generation, 
creating a foundation for oxidative-stress mitigation.
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Oxidative-stress mitigation plays an important role in exercise- 
mediated cardioprotection. Chronic inflammatory responses and 
oxidative stress are common characteristics of endothelial dysfunction 
and cardiovascular diseases [136,137]. Oxidative stress is a strong 
stimulus driving the pathogenesis and development of several CVDs. It 
makes individuals susceptible to cardiovascular risks like hypertension, 
atherosclerosis, ischemic heart disease, and cardiomyopathy [137].

In clinical research and animal models, elevated ROS levels have 
been linked to vascular dysfunction [138–140]. Several reports have 
shown that ROS-mediated activation of retrograde signaling pathways, 
such as NF-κB, results in chronic low-grade systemic inflammation that 
promotes the development of vascular disease in the elderly [141–143]. 
Also, Machi et al. [137] reported that elevated tissue oxidative stress 
may be linked to heart function impairment. While endothelial function, 
vascular tone, and heart function are thought to benefit from low levels 
of ROS, excessive ROS production can interfere with cellular signaling 
and cause cellular damage, thereby promoting atherosclerotic progres
sion [137,144]. During myocardial infarction, excess mitochondrial 
ROS damage heart cells and worsen long-term healing by disrupting 
mitochondria, triggering inflammation, and promoting cell death [145,
146]. Increased antioxidant capacity and reduced oxidative stress levels 
are exercise-induced benefits that maintain cellular homeostasis. Ac
cording to a recent study, eight weeks of cardiovascular exercise (CVE) 
training improved total antioxidant capacity (TAC) and lessened 
oxidative stress-induced heart damage in rats [147]. In Wistar rats with 
chronic heart failure, eight weeks of CVE training (swimming) improved 
left ventricular end-diastolic pressure, raised levels of the 
anti-inflammatory cytokine IL-10, lowered TBARS in skeletal muscle, 
and decreased lipid peroxidation [148,149]. Similarly, in 
post-myocardial infarction HF mice, CVE training over an 8-week period 
reduced cardiac endoplasmic reticulum stress by restoring cardiac pro
teasome activity, which is linked to better left ventricular (LV) function 
and exercise capacity [150]. In rats with aortic stenosis-induced heart 
failure, Gomes et al. [151] have demonstrated that low-intensity exer
cise training for 8 weeks enhanced cardiac structure and function, 
decreased oxidative stress, maintained antioxidant enzyme activity, and 
increased the phosphorylation of extracellular signal-regulated kinase 
(ERK) 1/2, without any changes in NADPH oxidase activity or NF-κB 
pathway protein expression [152].

3.3. Epigenetic reprogramming and post-transcriptional modulation

Epigenetic mechanisms, such as DNA methylation and histone 
modification, regulate this process by controlling whether specific genes 
are turned on or off. In atherosclerosis, harmful epigenetic changes can 
promote inflammation, impair endothelial function, and increase lipid 
accumulation in the arterial wall. Exercise has been shown to reverse 
many of these adverse patterns by enhancing beneficial histone acety
lation and reducing DNA methylation at genes involved in anti- 
inflammatory and antioxidant pathways. Through these well- 
established effects, exercise-driven epigenetic remodeling contributes 
to slowing plaque progression and improving vascular health [153,154].

Beyond altering acute signaling, exercise also induces epigenetic 
modifications that confer cardiovascular protection. Exercise leads to an 
increased activation of AMPK, which in turn leads to an increased 
phosphorylation of histone deacetylase 4 (HDAC4), which is an epige
netic repressor responsive to stress and protects against heart failure. 
This leads to an improved cardiac function in conditions of pressure 
overload or heart failure [155,156].

Exercise can also alter miRNA expression levels in cardiac tissues, 
leading to advantageous changes in heart function. One of the most 
researched miRNAs, miR-1, is elevated after aerobic exercise in both 
humans and rats, improving cardiac contractility and promoting the 
heart's structural and functional remodeling [157–159]. By modulating 
the pro-apoptotic and anti-apoptotic balance, exercise training can 
decrease the risk of coronary artery disease, heart failure, and cardio
myopathy. Similarly, miR133a levels rise in response to endurance ex
ercises like marathons [160–162]. These results point to the preventive 
function of miR-133 against pathological cardiac remodeling. Another 
important miRNA that is elevated by different types of exercise, such as 
high-intensity interval training and aerobic exercise, is miR-21 [163,
164]. Several positive outcomes have been linked to the upregulation of 
miR-21, including the improvement of lipid metabolism, which can be 
especially helpful in conditions like hyperlipidemia and heart failure, 
and the downregulation of programmed cell death protein 4 (PDCD4), 
which can reduce apoptosis [165,166].

Acute training has been shown to induce DNA methylation changes 
that are not immediately restored to pre-exercise baseline levels [167]. 
Pilotto et al. (2024) successfully proved that the cells from the human 

Fig. 4. Exercise increases microbial diversity, enhances production of short-chain fatty acids (SCFAs), and lowers trimethylamine-N-oxide (TMAO) levels. These 
exercise-induced microbial changes strengthen the gut barrier, reduce systemic inflammation, and support cardiovascular health.
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skeletal muscle have the capability to retain an epigenetic memory 
based on high intensity interval training and CpG methylation signa
tures have the capability to retain their alterations after a period of 
detraining, despite decline in physiological adaptations [168]. Circu
lating miRNAs have been linked to plaque composition in coronary ar
tery disease patients, and exercise induced changes in specific miRNAs 
have been linked to a decrease in plaque burden. However, there has not 
been any direct confirmation within the plaque tissue itself. Further
more, there is currently a limitation in evidence showing sustained 
molecular reprogramming in relation with long-lasting plaque stabili
zation [169,170].

4. Clinical effects of exercise on cardiovascular health

4.1. Myocardial infarction and post-infarct remodeling

Exercise training has a beneficial effect on several aspects of cardiac 
structure and function, especially after myocardial infarction (MI). In 
recent MI patients, it has been proven that early exercise training im
proves left-ventricular perfusion and contractility and is often associated 
with less adverse remodeling on follow-up imaging [171–173]. 
Exercise-based cardiac rehabilitation consistently reports better reduced 
all-cause mortality and reinfarction [174,175].

In experimental MI models, endurance training reduces inflamma
tory remodeling and scar thinning. Treadmill exercise or voluntary 
running in mice after MI attenuates expression of pro-inflammatory 
mediators in the infarct border zone, limits wall thinning, and reduces 
LV remodeling by attenuating inflammation [176,177]. Similar studies 
in rats show that aerobic or swimming training reduces myocardial 
fibrosis and improves diastolic and systolic function post-MI [178,179].

A central mechanism through which exercise confers protection after 
acute myocardial infarction is mitochondrial regulation. Mitochondrial 
dysfunction plays a key role in heart failure after an acute MI [180]. 
Long-term exercise training enhances replication of mitochondrial DNA, 
thereby upregulating PGC-1α, a master regulator of mitochondrial 
metabolism that is known to be inducible following exercise and is 
reduced in later stages of MI. In experimental myocardial infarction 
models, exercise augments PGC-1α signaling and mitochondrial 
biogenesis. There is strong evidence for skeletal muscle PGC-1α eleva
tion, most of the evidence for exercise induced cardiac mitochondrial 
adaptations in humans comes from enhanced heart metabolic perfor
mance [181,182,183]. Significantly, long-term exercise may be helpful 
to improve the early adaptive response of mitochondrial biogenesis in 
the acute phase of MI, which may be linked to an upregulation of 
PGC-1α. Overall, chronic exercise reduced infarct size, limited car
diomyocyte apoptosis and autophagy, and improved myocardial meta
bolic profile in the acute MI setting [182,184–186].

4.2. Contractile dysfunction and heart failure

Exercise training through several autonomic and myocardial adap
tations in the heart can lead to the prevention of heart failure. These 
autonomic adaptations help to enhance autonomic balance and reduce 
arrhythmic burden, both of which are often disrupted in HF [187,188]. 
Physiologic cardiac remodeling appears as concentric remodeling with 
resistance training and eccentric remodeling with endurance training, 
depending on the hemodynamic load applied [189]. Nonetheless, there 
is a great deal of flexibility in these remodeling patterns. Studies of two 
weeks of forced bed rest, which produced LV mass decreases compatible 
with cardiac atrophy and were avoided by supine exercise training, best 
demonstrate this [190].

In fact, exercise has been shown to reduce apoptotic signaling in 
cardiomyocytes in animal models. In a rat model, moderate exercise 
raised the expression of heat shock protein 70, which is known to 
decrease cardiomyocyte death, and attenuated age-associated increases 
in the Bax/Bcl-2 ratio (Bax and Bcl-2 are cytosolic proteins, with a 

higher ratio encouraging apoptosis) [191,192].

4.3. Stroke and cerebrovascular health

Regular exercise has been shown to reduce hypertension and obesity, 
improve glucose and lipid metabolic abnormalities, and lessen abnormal 
blood rheological characteristics. Overall, it leads to a decrease in 
ischemic and haemorrhagic stroke [193–196]. These benefits occur 
because exercise improves vascular function, helps maintain healthier 
blood pressure over time, and reduces the buildup of atherosclerotic 
plaque in major cerebral arteries. Regular physical activity also supports 
better endothelial health, which contributes to more stable cerebral 
blood flow. Together, these well-documented effects explain why 
physically active individuals consistently show lower stroke risk in large 
epidemiological studies. Exercise increases cerebrovascular resilience to 
ischemic injury through several experimentally confirmed changes 
[197]. One of the most regularly documented methods includes an in
crease in neurotrophic factors, particularly BDNF. Voluntary running 
boosts BDNF expression in the hippocampus, increasing neuro
protection, synaptic plasticity, and neurogenesis [198,199–202].

The second key mechanism through which exercise modulates 
ischemic cerebrovascular diseases is through regulating the production 
of VEGF and matrix metalloproteinase 2 (MMP2) after cerebral 
ischemia. This results in vascular remodeling and angiogenesis. Tread
mill training increases the production of VEGF and MMP-2 following 
cerebral ischemia, which further promotes cerebral blood flow and 
improves neurobehavioral scores; these effects are attenuated when 
VEGF is neutralized, implicating a VEGF–MMP-2–dependent pathway 
[203–205]. Furthermore, exercise preconditioning may also protect 
against ischemia/reperfusion injury by enhancing brain microvascular 
integrity via TNF-alpha, which increases integrin production [206].

5. Clinical translation: prescription exercise and responses by 
population

Endurance exercise is recommended at a minimum of 150 min per 
week of moderate-intensity activity (e.g., brisk walking, cycling) or 75 
min per week of vigorous-intensity activity (e.g., running, swimming). 
This can also be distributed throughout the week to cover the recom
mended hours, with additional strength training for muscles on an 
average of 2 days [207,208]. Exercise modality further influences out
comes. For example, aerobic training mostly focuses on improving 
cardiorespiratory fitness, whereas resistance sport helps in maintaining 
glucose metabolism, and muscular strength [209,210].

In a study with post-infarction heart failure patients, it has been 
shown that moderate intensity training improves lipid profiles, blood 
pressure, endothelial function, as well as inflammatory markers, 
whereas high intensity training has shown to produce increases in peak 
VO2 [211]. By adding weekly exercise routine leads to progressive de
creases in cardiovascular risk, although advantages level off at exceed
ingly high activity levels. Responses to exercise differ in various 
demographic and clinical settings. In middle-aged and older adults 
leading a sedentary life, a brief, moderate intensity aerobic exercise 
intervention (e.g., brisk daily walking for 12 weeks) can improve carotid 
artery compliance and restore vascular endothelial function [212]. In 
postmenopausal women, endurance exercise training enhances endo
thelial function, which is affected in the presence of estrogen, suggesting 
that vascular adaptations to exercise in women are significantly affected 
by hormonal status and may be diminished in estrogen deficient con
ditions [213].

Responses to exercise vary depending on the cardiovascular status at 
baseline. Training supports primary prevention by improving endothe
lial function, cardiometabolic risk profiles, and cardiorespiratory fitness 
in healthy individuals [214]. Supervised aerobic exercise improves peak 
VO2, functional capacity, and health-related quality of life in patients 
with chronic HFrEF while also modestly lowering the risk of 
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cardiovascular hospitalization. Exercise training enhances exercise 
tolerance and quality of life in HFpEF, but its effects on hard clinical 
outcomes are still unclear [215].

6. Conclusion

Exercise supports cardiovascular health in several way, the most 
common being improvements in cholesterol level, lowering inflamma
tion, enhancing insulin sensitivity, and strengthening blood vessels. 
Exercise also helps the heart to recover after injury, improves heart 
function in heart failure, and reduces the risk of stroke by supporting 
healthy blood pressure and brain blood flow. These benefits arise from 
changes in metabolism, immune activity, the nervous system, and even 
the gut microbiome. Because exercise influences many pathways at 
once, it provides beneficial effects that single medications cannot. 
Overall, regular physical activity, even in small amounts, can signifi
cantly lower the risk of cardiovascular disease and improve long-term 
health.

7. Future direction

Although exercise is well known to protect the heart and vessels, 
several questions remain for future research. More studies are needed to 
understand exactly how much and what type of exercise gives the best 
benefits for different individuals, especially those with existing heart 
disease. Although exercise clearly improves lipid metabolism, lowers 
inflammation, balances autonomic activity, strengthens mitochondrial 
function, and remodels the gut microbiome, it is still not fully under
stood how these mechanisms interact to slow atherosclerosis or prevent 
CVDs. More human studies using integrated multi-omics, microbiome 
profiling, and autonomic monitoring are needed to map these connec
tions. It will also be important to determine which types and intensities 
of exercise most effectively target specific mechanisms, such as NLRP3 
suppression, SCFA production, or epigenetic remodeling. Finally, to 
develop individualized, multi-system approaches for the prevention and 
treatment of cardiovascular disease, future research should examine 
how exercise might be integrated with newly developed treatments.

Declaration of generative AI and AI-assisted technologies in the 
manuscript preparation process

During the preparation of this work the authors used ChatGPT 
(ChatGPT based on GPT-5.2) language editing. After using this tool, the 
authors reviewed and edited the content as needed and take full re
sponsibility for the content of the published article.

Declaration of competing interest

The authors declare no conflicts of interest.

References

[1] Netala VR, Teertam SK, Li H, Zhang Z. A comprehensive review of cardiovascular 
disease management: Cardiac biomarkers, imaging modalities, pharmacotherapy, 
surgical interventions, and herbal remedies. Cells 2024 Sep 1;13(17):1471. 
https://doi.org/10.3390/cells13171471. PMID: 39273041; PMCID: 
PMC11394358.

[2] Flora GD, Nayak MK. A brief review of cardiovascular diseases, associated risk 
factors and current treatment regimes. Curr Pharm Des 2019;25(38):4063–84. 
https://doi.org/10.2174/1381612825666190925163827. PMID: 31553287.

[3] Nebuwa C, Omoike OJ, Fagbenro A, Uwumiro F, Erhus E, Okpujie V, Fadeyibi I, 
Adike O, Osadolor AO. Rising cardiovascular mortality despite increased resource 
utilization: insights from the nationwide inpatient sample database. Cureus 2024 
Apr 8;16(4):e57856. https://doi.org/10.7759/cureus.57856. PMID: 38721189; 
PMCID: PMC11078557.

[4] Mi MY, Perry AS, Krishnan V, Nayor M. Epidemiology and cardiovascular benefits 
of physical activity and exercise. Circ Res 2025 Jul 7;137(2):120–38. https://doi. 
org/10.1161/CIRCRESAHA.125.325526. Epub 2025 Jul 3. PMID: 40608856; 
PMCID: PMC12233137.

[5] Woodruff RC, Tong X, Khan SS, Shah NS, Jackson SL, Loustalot F, Vaughan AS. 
Trends in cardiovascular disease mortality rates and excess deaths, 2010-2022. 
Am J Prev Med 2024 Apr;66(4):582–9. https://doi.org/10.1016/j. 
amepre.2023.11.009. Epub 2023 Nov 14. PMID: 37972797; PMCID: 
PMC10957309.

[6] Vaduganathan M, Mensah GA, Turco JV, Fuster V, Roth GA. The global burden of 
cardiovascular diseases and risk: a compass for future health. J Am Coll Cardiol 
2022 Dec 20;80(25):2361–71. https://doi.org/10.1016/j.jacc.2022.11.005. Epub 
2022 Nov 9. PMID: 36368511.

[7] Chow LS, Gerszten RE, Taylor JM, Pedersen BK, van Praag H, Trappe S, 
Febbraio MA, Galis ZS, Gao Y, Haus JM, Lanza IR, Lavie CJ, Lee CH, Lucia A, 
Moro C, Pandey A, Robbins JM, Stanford KI, Thackray AE, Villeda S, Watt MJ, 
Xia A, Zierath JR, Goodpaster BH, Snyder MP. Exerkines in health, resilience and 
disease. Nat Rev Endocrinol 2022 May;18(5):273–89. https://doi.org/10.1038/ 
s41574-022-00641-2. Epub 2022 Mar 18. PMID: 35304603; PMCID: 
PMC9554896.

[8] Zhang N, Wang X, Feng M, Li M, Wang J, Yang H, He S, Xia Z, Shang L, Jiang X, 
Sun M, Wu Y, Ren C, Zhang X, Li J, Gao F. Early-life exercise induces 
immunometabolicepigenetic modification enhancing anti-inflammatory 
immunity in middle-aged male mice. Nat Commun 2024 Apr 10;15(1):3103. 
https://doi.org/10.1038/s41467-024-47458-3. PMID: 38600123; PMCID: 
PMC11006929.

[9] Chen J, Zhou R, Feng Y, Cheng L. Molecular mechanisms of exercise contributing 
to tissue regeneration. Signal Transduct Targeted Ther 2022 Nov 30;7(1):383. 
https://doi.org/10.1038/s41392-022-01233-2. PMID: 36446784; PMCID: 
PMC9709153.

[10] Geng J, Zhang X, Guo Y, Wen H, Guo D, Liang Q, Pu S, Wang Y, Liu M, Li Z, Hu W, 
Yang X, Chang P, Hu L, Li Y. Moderate-intensity interval exercise exacerbates 
cardiac lipotoxicity in high-fat, high-calories diet-fed mice. Nat Commun 2025 
Jan 12;16(1):613. https://doi.org/10.1038/s41467-025-55917-8. PMID: 
39800728; PMCID: PMC11725574.

[11] Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major cause of chronic 
diseases. Compr Physiol 2012 Apr;2(2):1143–211. https://doi.org/10.1002/ 
cphy.c110025. PMID: 23798298; PMCID: PMC4241367.

[12] Kraus WE, Powell KE, Haskell WL, Janz KF, Campbell WW, Jakicic JM, 
Troiano RP, Sprow K, Torres A, Piercy KL. PHYSICAL ACTIVITY GUIDELINES 
ADVISORY COMMITTEE*. Physical activity, all-cause and cardiovascular 
mortality, and cardiovascular disease. Med Sci Sports Exerc 2018;51(6):1270–81. 
https://doi.org/10.1249/MSS.0000000000001939. 2019 Jun;PMID: 31095084; 
PMCID: PMC6527136.

[13] Wang H, Xie Y, Guan L, Elkin K, Xiao J. Targets identified from exercised heart: 
killing multiple birds with one stone. npj Regen Med 2021 Apr 9;6(1):23. https:// 
doi.org/10.1038/s41536-021-00128-0. PMID: 33837221; PMCID: PMC8035363.

[14] Chen H, Chen C, Spanos M, Li G, Lu R, Bei Y, Xiao J. Exercise training 
maintainscardiovascular health: signaling pathways involved and potential 
therapeutics. Signal Transduct Targeted Ther 2022 Sep 1;7(1):306. https://doi. 
org/10.1038/s41392-022-01153-1. PMID: 36050310; PMCID: PMC9437103.

[15] Liu W, Meng P, Li Z, Shen Y, Meng X, Jin S, Hu M. The multifaceted impact of 
physical exercise on FoxO signaling pathways. Front Cell Dev Biol 2025 Aug 8;13: 
1614732. https://doi.org/10.3389/fcell.2025.1614732. PMID: 40861274; 
PMCID: PMC12370687.

[16] Oja P, Kelly P, Murtagh EM, Murphy MH, Foster C, Titze S. Effects of frequency, 
intensity, duration and volume of walking interventions on CVD risk factors: a 
systematic review and meta-regression analysis of randomised controlled trials 
among inactive healthy adults. Br J Sports Med 2018 Jun;52(12):769–75. https:// 
doi.org/10.1136/bjsports-2017-098558. PMID: 29858464.

[17] Gleeson M, Bishop NC, Stensel DJ, Lindley MR, Mastana SS, Nimmo MA. The anti- 
inflammatory effects of exercise: mechanisms and implications for the prevention 
and treatment of disease. Nat Rev Immunol 2011 Aug 5;11(9):607–15. https:// 
doi.org/10.1038/nri3041. PMID: 21818123.

[18] Wazir M, Olanrewaju OA, Yahya M, Kumari J, Kumar N, Singh J, Abbas Al- 
Itbi AY, Kumari K, Ahmed A, Islam T, Varrassi G, Khatri M, Kumar S, Wazir H, 
Raza SS. Lipid disorders and cardiovascular risk: a comprehensive analysis of 
current perspectives. Cureus 2023 Dec 31;15(12):e51395. https://doi.org/ 
10.7759/cureus.51395. PMID: 38292957; PMCID: PMC10825376.

[19] Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS, 
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