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Abstract: Background: Cardiovascular health develops across the life course and may be influenced by 

conditions acting before birth, congenital cardiac anatomy, altered ventricular loading, surgical 

palliation, and environmental exposures. The supplied literature describes overlapping pathways 

involving endothelial dysfunction, oxidative stress, inflammation, abnormal hemodynamics, autonomic 

imbalance, and chronic venous congestion. 

Objective: To integrate findings from the provided literature on developmental cardiovascular 

influences, congenital heart disease, right ventricular dysfunction, Fontan physiology, Fontan-

associated liver disease, infectious cardiac injury, and ambient air pollution. 

Methods: An integrative narrative review was conducted using the supplied articles as the principal 

evidence base. Findings were organized thematically according to developmental, myocardial, 

hemodynamic, systemic, infectious, and environmental mechanisms. Because the sources are 

heterogeneous reviews and clinical literature, no pooled statistical analysis was performed. 

Results: The literature identifies developmental vascular and metabolic alterations as potential 

contributors to later cardiovascular susceptibility. In congenital heart disease, pressure or volume 

loading, fibrosis, electromechanical dyssynchrony, abnormal coronary perfusion, restricted filling, and 

ventricular interaction may contribute to right ventricular dysfunction. Fontan physiology is associated 

with chronic venous congestion and multisystem complications, including hepatic disease. Ambient air 

pollution is linked in the reviewed literature with oxidative stress, inflammation, endothelial 

dysfunction, autonomic imbalance, and coagulation abnormalities. 

Conclusion: Cardiovascular outcomes are shaped by interacting developmental, anatomical, 

hemodynamic, systemic, infectious, and environmental factors. The findings support a life-course 

approach with longitudinal surveillance and attention to both cardiac and extracardiac consequences, 

while recognizing that developmental exposures are contributors to risk rather than deterministic 

predictors for individuals. 
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Introduction 

Cardiovascular disease is commonly discussed in relation to adult risk factors such as dyslipidemia, 

hypertension, obesity, smoking, diabetes, and sedentary behavior. The developmental-origins 

literature, however, indicates that cardiovascular susceptibility can begin much earlier in life. Gillman 

describes evidence that conditions during early development can influence later cardiovascular and 

metabolic outcomes, while also emphasizing that birth weight is an imperfect marker of the complex 

prenatal pathways involved [1]. 

Balistreri further develops this concept by describing fetal cardiovascular programming as an 

interaction between the gestational environment and the developing organism. The reviewed 

mechanisms include epigenetic regulation, endothelial dysfunction, altered vascular development, 

vascular stiffness, changes in lipid metabolism, and effects associated with maternal 

hypercholesterolemia, diabetes, obesity, smoking, and environmental pollutants [2]. 
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Congenital heart disease provides a second important perspective. Santens et al. emphasize that right 

ventricular function is a major determinant of clinical status in congenital heart disease. Pressure and 

volume loading, electromechanical dyssynchrony, myocardial fibrosis, abnormal coronary perfusion, 

restricted filling, and ventricular interaction can all contribute to impaired right ventricular 

performance [3]. 

The Fontan circulation demonstrates how altered cardiac anatomy can have consequences beyond the 

myocardium. Deal and Jacobs describe late Fontan failure in association with reduced cardiac output, 

chronic venous congestion, arrhythmias, exercise limitation, ventricular dysfunction, protein-losing 

enteropathy, and other complications. The more recent pediatric literature on Fontan-associated liver 

disease extends this systemic concept by describing chronic hepatic congestion, tissue hypoxia, 

fibrosis, portal hypertension, and other long-term hepatic consequences [4]. 

Environmental exposure provides another pathway linking external conditions to cardiovascular 

morbidity. Kumar and Vellapandian describe particulate and gaseous pollutants as triggers of oxidative 

stress, systemic inflammation, endothelial dysfunction, autonomic imbalance, and coagulation 

abnormalities. Machado et al. provide a distinct infectious example in Chagas heart disease, where 

myocardial infection and inflammatory injury can result in cardiomyopathy, arrhythmias, heart failure, 

and thromboembolic complications [5]. 

The objective of this integrative review was therefore to synthesize these themes into a life-course 

framework and to identify the principal mechanisms and clinical consequences supported by the 

supplied sources [6]. 

 

Materials And Methods 

This article was designed as an integrative narrative review based on the literature supplied for the 

assignment. The source set addressed developmental origins of cardiovascular disease, fetal 

cardiovascular programming, congenital heart disease and right ventricular dysfunction, failing Fontan 

circulation, Fontan-associated liver disease, Chagas heart disease, and cardiovascular effects of 

ambient air pollution. 

The literature was examined for information concerning five broad domains: developmental influences 

on cardiovascular structure and function; mechanisms of myocardial and endothelial dysfunction; 

abnormal hemodynamic loading in congenital heart disease; systemic consequences of Fontan 

physiology; and inflammatory, oxidative, autonomic, thrombotic, or infectious pathways affecting the 

cardiovascular system. Findings were grouped thematically rather than quantitatively. 

The Results section presents a descriptive synthesis. Numerical estimates were not pooled because the 

supplied sources differ in populations, study designs, outcomes, and clinical contexts. The article 

should therefore be interpreted as a literature-based integrative review rather than an original 

epidemiological or experimental study. 

 

Results 

The reviewed literature converged on several interconnected domains of cardiovascular vulnerability. 

Developmental exposures were associated with later vascular and metabolic susceptibility; congenital 

heart disease altered ventricular loading and mechanics; Fontan physiology generated chronic venous 

and systemic consequences; infectious myocardial injury could produce progressive cardiomyopathy; 

and air pollution activated several pathways relevant to cardiovascular morbidity [7]. 

Table 1. Several interconnected domains of cardiovascular vulnerability 

Domain 
Principal 

mechanisms 

Major 

cardiac/systemic 

outcomes 

Evidence from 

supplied literature 

Developmental 

cardiovascular 

influences 

Epigenetic changes; 

altered fetal vascular 

development; 

endothelial 

dysfunction; altered 

metabolism 

Later susceptibility to 

hypertension, 

atherosclerosis, 

coronary disease and 

metabolic disorders 

Gillman; Balistreri 

Right ventricular Pressure/volume Reduced exercise Santens et al. 
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dysfunction in 

congenital heart 

disease 

loading; fibrosis; 

dyssynchrony; 

abnormal coronary 

perfusion; restricted 

filling; ventricular 

interaction 

capacity, heart-failure 

symptoms and 

impaired ventricular 

performance 

Fontan circulation 

Passive pulmonary 

flow; elevated venous 

pressure; reduced 

cardiac output; 

chronic congestion; 

arrhythmias 

Exercise limitation, 

cyanosis, arrhythmias, 

protein-losing 

enteropathy and 

multisystem disease 

Deal & Jacobs 

Fontan-associated 

liver disease 

Chronic hepatic 

congestion; tissue 

hypoxia; progressive 

fibrosis 

Advanced fibrosis, 

cirrhosis, portal 

hypertension and 

hepatocellular 

carcinoma risk 

Zientarska et al. 

Ambient air pollution 

Oxidative stress; 

systemic 

inflammation; 

endothelial 

dysfunction; 

autonomic imbalance; 

coagulation 

abnormalities 

Increased 

cardiovascular 

morbidity and 

vascular events 

Kumar & 

Vellapandian 

Chagas heart disease 

Direct myocardial 

infection and 

inflammatory injury 

Dilated 

cardiomyopathy, heart 

failure, arrhythmias, 

cardioembolism and 

stroke 

Machado et al. 

1. Developmental influences 

The developmental-origins literature indicates that cardiovascular susceptibility can be established 

during critical developmental windows. Gillman discusses associations between lower birth weight 

and later insulin resistance, metabolic syndrome, type 2 diabetes, and ischemic cardiovascular 

disease, while stressing the complexity of prenatal pathways. Placental function, uteroplacental 

blood flow, fetal metabolism, maternal smoking, gestational diabetes, and glucocorticoid exposure 

are among the factors discussed [8]. 

Balistreri adds mechanistic detail through epigenetic regulation, including microRNA activity, 

DNA methylation, and histone modification. The vascular endothelium is repeatedly identified as 

an important target. Developmental disturbances may therefore influence vascular structure and 

function long before clinical cardiovascular disease becomes apparent [9]. 

2. Right ventricular dysfunction in congenital heart disease 

The congenital heart disease literature emphasizes the dependence of ventricular function on 

loading conditions. The right ventricle normally operates at a lower pressure than the left ventricle; 

when exposed to systemic pressure or chronic volume stress, structural and mechanical adaptation 

may occur. Persistent loading, dyssynchrony, fibrosis, impaired coronary perfusion, restricted 

filling, and ventricular interaction can contribute to dysfunction [10]. 

Santens et al. describe the value of integrating symptoms and exercise capacity with imaging, 

hemodynamic assessment, and selected biomarkers. NT-proBNP, troponin T, galectin-3, growth 

differentiation factor 15, and fragmented QRS are discussed as potentially relevant markers in 

appropriate congenital heart disease populations [11]. 

3. Fontan circulation and multisystem consequences 

The Fontan pathway creates a circulation in which pulmonary blood flow is driven largely by 

venous pressure rather than a dedicated subpulmonary ventricular pump. Deal and Jacobs describe 
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late Fontan failure as potentially progressive and multifactorial, involving ventricular dysfunction, 

arrhythmias, pathway obstruction, valve dysfunction, cyanosis, declining exercise capacity, protein-

losing enteropathy, and progressive pulmonary vascular abnormalities [12]. 

The systemic effects of this physiology are particularly important. Chronic venous hypertension and 

congestion can affect hepatic, lymphatic, gastrointestinal, pulmonary, and other organ systems. The 

supplied pediatric hepatology literature identifies Fontan-associated liver disease as a chronic 

complication characterized by passive hepatic congestion, chronic tissue hypoxia, and progressive 

fibrosis. The reported clinical spectrum includes advanced fibrosis, cirrhosis, portal hypertension, 

and a risk of hepatocellular carcinoma [13]. 

4. Environmental and infectious cardiovascular stressors 

The air-pollution review identifies particulate matter and gaseous pollutants, including nitrogen 

dioxide, sulfur dioxide, ozone, and carbon monoxide, as exposures associated with cardiovascular 

morbidity. Proposed mechanisms include oxidative stress, systemic inflammation, endothelial 

dysfunction, autonomic imbalance, and coagulation or thrombotic changes. These mechanisms 

overlap with pathways implicated in vascular injury and atherosclerosis [14]. 

Chagas heart disease illustrates a different mechanism of chronic cardiovascular injury. Machado et al. 

describe myocardial infection and inflammatory injury that may progress to dilated cardiomyopathy, 

conduction abnormalities, arrhythmias, heart failure, intracardiac thrombosis, cardioembolism, and 

stroke. Together, the infectious and environmental literature demonstrates that cardiovascular 

outcomes may be influenced by processes extending beyond conventional metabolic risk factors [15]. 

 

Discussion 

The principal finding of this integrative review is that the supplied literature supports a life-course 

model of cardiovascular health. Different source groups examine different clinical settings, yet several 

biological pathways recur. Endothelial dysfunction appears in developmental programming and air-

pollution literature; abnormal loading and mechanical stress are central to congenital heart disease; and 

chronic congestion links Fontan physiology to extracardiac organ injury. 

Developmental programming should not be interpreted as a deterministic explanation of adult disease. 

The reviewed literature supports an association between early-life conditions and later susceptibility, 

but human cardiovascular outcomes are influenced by multiple genetic, environmental, behavioral, and 

medical factors. This distinction is important when translating developmental evidence into clinical 

practice [16]. 

In congenital heart disease, the results emphasize the importance of understanding anatomy and 

physiology rather than considering ventricular dysfunction as an isolated finding. The right ventricle 

may be exposed to loading conditions for which it was not originally adapted. Longitudinal evaluation 

can therefore incorporate functional status, exercise capacity, imaging, biomarkers, rhythm assessment, 

and hemodynamic information according to the individual cardiac lesion. 

Fontan physiology demonstrates why cardiac follow-up should include extracardiac surveillance. 

Chronic venous pressure and reduced effective cardiac output can affect the liver, lymphatic system, 

gastrointestinal tract, lungs, and exercise capacity. Fontan-associated liver disease is therefore relevant 

to long-term care even when the primary clinical focus remains cardiovascular. 

Environmental exposures provide an additional population-level dimension. Oxidative stress, 

inflammation, endothelial dysfunction, autonomic changes, and coagulation abnormalities described in 

the air-pollution literature overlap with mechanisms involved in cardiovascular disease more broadly. 

However, the supplied sources do not establish a direct causal interaction between air pollution and the 

specific congenital populations discussed in this review; such a connection should therefore be 

considered a hypothesis rather than a demonstrated conclusion. 

Several limitations should be acknowledged. This was a narrative rather than systematic review, and 

the sources vary in design, population, and outcome definition. Numerical findings from different 

studies cannot be directly pooled. The review also depends on the scope of the supplied literature and 

should not be interpreted as an exhaustive search of all cardiovascular developmental research. 
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Conclusion 

The supplied literature supports an integrated life-course perspective on cardiovascular health. 

Developmental conditions may influence vascular and metabolic susceptibility; congenital heart 

disease can produce persistent abnormal ventricular loading; Fontan circulation can generate chronic 

multisystem consequences; infectious myocardial injury can lead to progressive cardiomyopathy; and 

environmental pollutants can activate inflammatory, oxidative, endothelial, autonomic, and 

coagulation pathways. These findings support longitudinal, multidisciplinary cardiovascular 

assessment that considers both cardiac function and systemic consequences. At the same time, 

developmental and environmental factors should be understood as contributors to cardiovascular risk 

rather than deterministic predictors of individual outcomes. 
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