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Abstract 

Congenital heart defects are the most common malformations in newborns and the leading cause of 

morbimortality due to congenital abnormalities. Being a result of genetic susceptibility and environmental 

exposure, a portion of these anomalies could be preventable by managing modifiable risk factors. Given that 

maternal obesity is a predisposing factor for obstetric and fetal complications, this review aims to explore its 

association with congenital heart disease, while addressing mechanisms underlying its pathophysiology at cellular 

and molecular levels. For this purpose, a series of searches were carried out on the PubMed database and additional 

articles were identified via citation search. This review highlights the role of placental dysfunction, pro-

inflammatory state, systemic oxidative stress and adiponectin decrease, brought on by maternal obesity, in the 

disruption of fetal cardiac development and consequent occurrence of congenital heart disease. Overall, obesity 

seems to impair essential cellular processes involved in cardiogenesis, inflicting long-lasting damage to fetal cells. 

Literature remains inconsistent regarding the role of confounding factors such as gestational weight gain, 

gestational diabetes and maternal diet. Further investigation is needed concerning pre-conceptional and gestational 

prevention and management strategies suited for these mothers.    

 

Keywords: Congenital heart defects, fetal cardiac development, maternal obesity, placental dysfunction, 

inflammation, oxidative stress, adiponectin, diagnosis, prevention. 

 

 

Resumo 

As malformações cardíacas congénitas são as anomalias mais comuns nos recém-nascidos e representam a 

principal causa de morbimortalidade associada a doenças congénitas. Uma vez que resultam da interação entre 

suscetibilidade genética e exposição ambiental, uma parte destas anomalias poderá ser prevenida pelo controlo de 

fatores de risco modificáveis. Tendo em conta que a obesidade materna é um fator predisponente para 

complicações obstétricas e fetais, esta revisão tem como objetivo explorar a sua associação com as malformações 

cardíacas congénitas, abordando os mecanismos subjacentes à sua fisiopatologia a nível celular e molecular. Para 

tal, foram realizadas múltiplas pesquisas na base de dados PubMed e identificados artigos adicionais através de 

pesquisa por citações. Esta revisão destaca o papel da disfunção placentária, do estado pró-inflamatório, do stress 

oxidativo e da redução da adiponectina, induzidos pela obesidade materna, na disrupção do desenvolvimento 

cardíaco fetal e consequente ocorrência de malformações cardíacas. De forma geral, a obesidade parece 

comprometer processos celulares essenciais na cardiogénese e causar insultos duradouros nas células fetais. A 

literatura permanece inconsistente quanto ao papel de fatores confundidores, como o ganho ponderal gestacional, 

a diabetes gestacional e a dieta materna. É crucial apostar na investigação de estratégias de prevenção e 

acompanhamento, tanto no período pré-concecional como durante a gravidez, adequadas a estas mulheres. 

 

Palavras-chave: Malformações cardíacas congénitas, desenvolvimento cardíaco fetal, obesidade materna, 

disfunção placentária, inflamação, stress oxidativo, adiponectina, diagnóstico, prevenção. 
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Introduction 

Currently, congenital heart defects (CHD) constitute the leading group of malformations in newborns 

worldwide with an estimated prevalence of 6-10 in 1.000 live births (with a geographical variance) [1, 2]. 

Likewise, in Portugal the prevalence is 8,3 in 1.000 live births [3].  

These CHD are the main cause of infant mortality due to congenital abnormalities as well as overall 

perinatal mortality [2, 4], also causing high morbidity and need of surgical procedures early in life, with a high 

burden of medical expenses [5]. Nowadays, due to the evolution in identification and treatment of these 

conditions, most of these patients reach older stages in life, yet with a remarkably high cost in terms of quality of 

life [2]. In addition, some studies state that these cases are increasing, however in others they appear to be 

decreasing, and this disparity may be due to innovation of therapeutics or to diagnostic techniques and subsequent 

termination of pregnancies [2, 6].  

In fact, CHD are defined by a functional or structural malformation of the heart or great blood vessels, 

developed during gestation [2]. They have various levels of severity and can appear by themselves or combined, 

noting that the most common are atrioventricular septal defects (AVSD), coarctation of the aorta (CoA), 

transposition of the great arteries (TGA), tetralogy of Fallot (ToF) and univentricular heart (UVH) [7]. In Portugal 

the more frequently seen are ventricular septal defects (VSD), followed by atrial septal defects (ASD), CoA, ToF 

and pulmonary stenosis [3]. Furthermore, they can be diagnosed from the prenatal or neonatal period until later 

in childhood [8]. Besides, in the last 20 years, there has been an increase in CHD discovered prenatally, which 

adds even more weight to this problem once the numbers of terminated pregnancies are also taken into account 

[7].  

Despite being unclear, the pathophysiology of these anomalies is believed to result from an interplay of 

genetic and environmental agents [8]. Even with an incomplete comprehension of the etiology of these diseases, 

there are some maternal risk factors with well-established associations with CHD, for example: maternal age (over 

35 years), chronic diseases (such as diabetes mellitus), teratogenic medications or drugs, multiparous mothers 

(over three births), multi-fetal pregnancies, infections (such as rubella) and smoking while pregnant [1, 5, 7]. The 

difference in prevalence in certain regions of the globe may also point to the influence of pollution or to the limited 

access to medical services and to antenatal ultrasounds [5].  

Additionally, the frequence of CHD is higher in children of overweight or obese mothers, compared to 

other recognized maternal factors, yet the relation between these heart defects and maternal body mass index 

(BMI) is not fully understood [8].  

 

On the other hand, obesity (BMI ≥ 30 kg/m2) is a very prevalent disease that keeps increasing in our 

society, affecting more and more women of reproductive age with an estimate of about 40% of obese women in 

the 20 - 39 age bracket [7]. In Portugal, a study conducted in 2016 determined that approximately 21% of women 

above 18 years old were obese. This condition’s etiology is intricate and multifactorial, involving the disruption 

of hormonal balance and causing many changes in the normal physiology of the organism [9].  

When it comes to gestational obesity, it affects significantly both generations by posing risks for short-

term and long-term complications: exemplifying, the mother has a higher risk of pregnancy and peripartum 

complications (like gestational diabetes, preeclampsia, sepsis) and of maintaining cardiovascular (CV) diseases 

for life (like hypertension), as well as the offspring may suffer from difficulties at birth and has higher chances of 
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numerous developmental abnormalities [4,10]. In fact, some studies suggest that there is a dose-effect association 

between changes in interpregnancy BMI and fetal malformations and adverse perinatal outcomes [7]. It must also 

be noted that the large adipose panicle will limit the visibility of the transabdominal ultrasound, making it more 

difficult to detect fine abnormalities simply by this method; however, this can be compensated by combining a 

transvaginal approach [11].  

 

Therefore, since maternal obesity may be a potentially modifiable factor, preventing it can enable the 

reduction of these malformations. Hence, it is relevant to seek a better understanding of the link between maternal 

high BMI and CHD [4]. Having that in mind, this review will focus on the teratogenic effect caused by this 

maternal condition, looking for a pathophysiological connection or a molecular explanation. 

 

Methods 

For this review to be constructed it was used the PubMed database, optimizing the search by using the 

most relevant keywords, such as “gestational obesity” and “congenital malformations”, and MeSH terms, namely 

“Obesity, Maternal" and "Heart Defects, Congenital", by themselves and in combination. This search was assisted 

by PubMed’s Advanced Search Builder and was limited to English-language articles published since 1995. 

Additionally, some articles were identified via citation search. The first search took place in September 2024 and 

the last was in May 2025. After obtaining the literature needed, it was submitted to thorough selection. Firstly, by 

examining the title and abstracts of the publications, excluding the ones that did not reflect the theme of this 

review. Then the full text was read, and the articles were finally included based on their quality and relevance 

regarding the objective being studied. This process is documented according to the PRISMA 2020 guidelines 

(Fig.1).  

  

Figure 1. Search results flowchart according to PRISMA 2020 guidelines  
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Maternal obesity – an overview  

Maternal obesity is a term used to describe pregnancies in women with a BMI of 30 kg/m2 or more. 

In fact, BMI (weight in kg divided by the square of height in meters) is a measure to objectively assess how body 

weight will affect health [12], being the gold standard to define obesity. In this situation, it is usually calculated 

using the pre-pregnancy weight and height, if these are unknown, they can be measured at the first prenatal 

consultation [13], usually and ideally in the first trimester [14].  

The percentage of obesity in women of child-bearing age continues to increase, representing a 

worldwide concern, especially in developed and industrialized countries [15]. Studies point that in the USA more 

than half of pregnancies have a BMI above the considered normal weight [16](overweight: 25 to 29,9 kg/m2; 

obese: 30 to 39,9 kg/m2; morbid obesity or class III: 40 to 49,9 kg/m2; superobese: ≥ 50 kg/m2 [17]) and about 

8% of women in reproductive age are morbidly obese. In fact, many women who are obese or overweight do not 

perceive themselves as such, which can be a contributing factor to the high number of obese pregnancies, since 

no effort is made to lose weight before conception [16]. Moreover, approximately 60% of obese gravidas gain 

more gestational weight (GWG) than what is considered healthy. To clarify, there is pre-pregnancy obesity, which 

is the most common and the main focus of this review, and/or a woman can become excessively heavy during 

gestation due to exaggerated GWG [18], however both of these conditions have similar or overlapping outcomes 

and their biological consequences and pathways have been difficult to differentiate [16].  

 

Notably, it has been proven that maternal obesity poses a high risk of complications for the mother 

such as hypertensive disorders (eclampsia, preeclampsia, gestational hypertension), gestational diabetes mellitus 

(DM) (risk about three times higher), cardiovascular events (for example infarction, stroke, arrhythmias), 

thromboembolic events, difficulties in labor and delivery (like the need for cesarean section, amniotomy, 

augmentation, anesthesia complications, hemorrhage, impaired wound healing, infections and longer 

hospitalization) [13,16], overall increased maternal morbimortality [14], breastfeeding issues [16], among others. 

Furthermore, there is a strong likelihood of future or long-time conditions such as coronary heart disease, 

cerebrovascular disease, metabolic syndrome (about two times more risk to develop type 2 DM later in life), 

chronic hypertension and more years of life potentially lost [19].  

When it comes to offspring, it is shown in numerous studies that maternal obesity has both a negative 

impact at birth as well as teratogenic effects [15]. In fact, it increases the chances of miscarriages [16], stillbirths, 

hydramnios, intrauterine growth restriction (IUGR), macrosomia, large for gestational age (LGA) as well as SGA, 

excessive neonatal adiposity, dystocia, lower APGAR scores, required resuscitation measures at delivery, birth 

trauma and so forth. Likewise, there is a strong association to congenital malformations, the most frequent being 

neural tube defects and cardiovascular defects, followed by orofacial clefts, hydrocephaly, rectal or anorectal 

atresia, hypospadias, anomalies of the ventral wall, and such others [10, 20, 21, 22]. Understandably, there is a 

greater need for neonatal intensive care (NICU) for infants of obese mothers when compared to normal weight 

pregnancies [23] (approximately 3,5 times more NICU admissions [12]). In a long-term point of view, maternal 

obesity increases the chances of infantile disrupted cardiometabolic status [19] with effects such as early obesity 

and metabolic syndrome, type 2 DM, CV diseases as well as neoplasms, osteoporosis, neurodevelopmental delay 

[10], and asthma [18]. According to the “Barker’s hypothesis”, the adverse environment in utero and the mother’s 
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nutritional status will influence embryogenesis and organogenesis, leaving an indelible mark on the offspring’s 

organ structure and systems [24].  

As can be seen, the consequences are vast and affect both mother and child, as well as in a short- and 

long-term manner [10]. Therefore, and because of the markedly high prevalence of this condition, many studies 

have taken place to explore these associations and understand the pathophysiology behind maternal obesity.  

 

Firstly, it is crucial to understand that pregnancy is a tremendously dynamic period in which the female 

body goes through extreme changes in hormonal, physical and humoral levels that aim to provide the best 

environment for the fetus to grow [15]. The pregnant body adapts its composition (proliferation and hypertrophy 

of uterus and breast tissues, increase of cardiac output, volemia expands, reduction of blood pressure, respiratory 

work increases, etc.) and metabolic basal rate [24, 25]. It is also relevant to note that gestation on its own provokes 

a complex rearrangement of the endocrine homeostasis, promoting a diabetogenic status and an increase in 

circulating free fatty acids (FFA) [24].  

 

Diving into obesity, it is mostly an excess in adiposity, which leads to anatomical and metabolic 

constraints [15]. Expressed simply, the pathophysiological mechanism that explains the onset of obesity is a 

disturbance in the equilibrium between food intake and its output as energy according to a certain metabolic rate 

and influenced by an interplay between genetic predisposition, epigenetic changes and environment – for this 

reason there can be weight changes due to the slightest imbalance –, hence obesity’s etiology may range from 

eating disorders to grave hormonal issues [9, 12, 15].  

The adipose tissue can be distributed subcutaneously or can be confined in the abdomen, which 

configures the visceral deposit. The latter is the most concerning, causing higher insulin resistance (higher 

postprandial insulin in about 50 to 60% compared to normal physiological levels [26]) and consequently 

overproduction of FFA, lipoproteins and higher levels of leptin. Thus, this disorder is associated with 

hyperglycemia (independently of the presence of DM), dyslipidemia, a pro-thromboembolic state [20, 18, 27], 

disturbances of the immune system, microbiome and other hormonal axis [16]. Adipocytes are responsible for 

these phenomena since they secrete inflammatory mediators, proteins and cytokines (like TNFα and IL-1) and 

inhibit the adiponectin production [18, 19], generating a chronic systemic inflammatory state that is characterized 

by the rising of acute-phase proteins and oxidative stress, eventually damaging cells and several tissues [23].  

Henceforth, these alterations are equally present in pregnant obese women. This means that they 

exhibit, when compared to a normal pregnancy, higher serum glucose and concentrations of insulin, molecules 

that can go through the placenta. Additionally, obese women’s levels of adiponectin are lower and this has a direct 

effect on the placenta: even more insulin resistance as well as higher transport of nutrients to the fetus [20]. 

Similarly, on a molecular scale there is a display of pro-inflammatory cytokines in the placental tissue [16] and 

reactive oxygen species (ROS) caused by the chronic state of inflammation, resulting in endothelial damage and 

even greater compromise of placental activity. This way, the effect of the superimposed insulin resistance, that 

obesity causes on pregnancy, will jeopardize the growth of the fetoplacental unit and its gene expression – which 

is a major cause of its display of inflammatory mediators along with the systemic pro-inflammatory state. 

Likewise, obese pregnancy is linked to lipotoxicity as another possible pathway to influence offspring’s 

development in utero.  
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Also worth highlighting that the first two months of gestation is probably the most important time 

window of the interaction with maternal metabolism. In fact, the first trimester fetus does not secrete insulin 

autonomously, being fully exposed to hyperglycemia.  

Notably, some possible pathways that explain this causality are disruptions on cell migration and 

differentiation, a boost of apoptosis, impairment of autophagy and ultimately disruption of organogenesis due to 

this excessive exposure and transport of nutrients through the placenta – mainly glucose [27]. When it comes to 

lipotoxicity, it results from the reaction between FFA and ROS that produces oxidized lipids, which are cytotoxic 

and capable of influencing gene expression. This way, lipotoxicity can affect placental and fetal development 

[28]. Additionally, insulin and leptin are elevated and can act as growth factors, this way increasing progesterone 

levels, which can imperil oocyte’s maturation and quality. This means that maternal obesity may have an impact 

on placentation and on embryogenesis since the periconception period [18]. Under these circumstances, it is clear 

that the fetus in utero will be affected by the mother’s metabolic and biochemical derangement [23], and given 

that obesity is an increasingly common reality, there are many hypotheses and studies taking place to unravel 

these molecular pathways [16].  

 

Finally, another aspect to take into consideration when discussing obesity’s impact on pregnancy is 

the decreasing quality of ultrasound (US) imaging with the rising of the BMI, knowing that this technique is the 

cornerstone of prenatal surveillance and screening. Numerous studies show that there is an unsatisfactory 

sonographic visualization of structural anomalies in the presence of adipose tissue, that is an echogenic structure, 

therefore the US beam must go through a greater depth of tissue that is going to attenuate it and diminish the 

resolution of the resulting image. Besides, the inability of the patient to lie in an adequate position also interferes 

with the quality of this exam.  

Naturally, the outcomes of these constraints are improper diagnosis, longer duration of the US, 

repeated examinations and the need for more refined imaging techniques. In fact, the measurement of nuchal 

translucency and assessment of the nasal bone is also impaired and the most difficult structures to evaluate are the 

heart and spine [17] (about 37,3% of suboptimal US visualization in obese women [21]). In order to compensate 

for this obstacle, it can be performed a fetal MRI – especially when there is a need to better describe an apparent 

anomaly –, transvaginal ultrasound – depending on the fetus’ position – or 3D or 4D imaging techniques. Some 

studies point that monitoring should be more rigorous in these cases, with an early echocardiography [29] and 

more frequent US imaging [17]. In this regard, some authors argue that these pregnancies should be classified as 

high-risk, highlighting the importance of a frequent cardiac ultrasound monitoring in order to detect impactful 

malfunctions as soon as possible [20].  

Similarly, obesity poses a technical difficulty to perform invasive procedures (amniocentesis and 

sampling of chorionic villus) needed when suspecting a fetal malformation or aneuploidy. In the same note, 

laboratory studies (like βhCG and maternal serum α-protein) can be inaccurate given the mother’s altered 

metabolic status [17]. 
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Maternal obesity and placental function 

The placenta is a crucial organ for a successful pregnancy that establishes the functional connection 

between the maternal and fetal circulation. Thus, to enable a fruitful fetal development, the placenta takes on a 

plethora of functions, posing as a gut, liver, kidneys, lungs and even glands to the evolving fetus. This means, in 

a nutshell, that it is responsible for the flow of nutrients and gases from the mother’s circulation to the fetus and 

eliminates waste and toxins, expressing enzymes of the P450 complex. It also secretes various hormones (growth 

hormones, activins, relaxin, steroidal hormones) that stimulate fetus growth, maternal adaptation to the pregnancy 

and acts as a shield against microorganisms, with its own innate immune defenses and passive humoral immunity 

via maternal immunoglobulins [30, 31]. Similarly, the placenta secretes inflammatory cytokines, justifying their 

increased serum levels in a normal pregnancy [26]. In general, the placenta conveys the maternal metabolic 

scenario and general environment to the fetus, being the central regulator of its development and maturation [32].  

 

Briefly, from an anatomical and histological point of view, the placenta is comprised of trophoblasts, 

endothelial cells, stromal cells and immune cells [33]. Its functional unit or uteroplacental unit is the tree of 

chorionic villi. These structures consist of fetal blood vessels wrapped in syncytiotrophoblast that has direct 

contact with maternal blood coming from the spiral arteries, being the epithelium responsible for the production 

of the placental hormones [26]. On a molecular level, it relies on the mitochondria to keep up with its constant 

massive activity, generating energy in the form of ATP almost exclusively via aerobic respiration [32].  

 

Thus, the placenta is an extremely complex and yet transient structure, which means its timespan is 

limited, lasting from embryogenesis to term [30, 31]. In fact, the placenta originates from the trophoblast, in other 

words, it is a heterogeneous tissue derived from the fetus (trophectoderm) – resulting in sexual dimorphism with 

different responses to, for instance, inflammatory or redox stress [26,32]. To be properly formed, there are several 

signaling mechanisms and pathways (namely Wnt, Notch, interleukins, growth factors like TGFβ and VEGF) that 

make the trophoblast proliferate, migrate, invade and adapt. Later there are factors that contribute to an appropriate 

attachment of the placenta and the development and remodeling of its vasculature, since the metabolic needs of 

the fetus are constantly increasing. These mechanisms include expression and repression of genes, epigenetic 

agents and post-transcriptional events. For this reason, the dysregulation of any of these phenomena can cause 

major issues, for example changes in the vasculosyncytial membrane thickness, alterations in the normal 

characteristics of villi or a deficient or excessive amount of nutrient carriers will gravely alter the supply of 

essential elements to the fetus [31]. After all, correct placentation and optimal placental function is crucial to 

uphold the maternal-placental-fetal triad – an axis with a pivotal role both on embryogenesis and prenatal 

development as well as on postnatal status of heath and predisposition to disease known as programming [30].  

 

On a side note, when it comes to the role of the placenta in the fetus’ heart development, curiously, 

these organs develop simultaneously, both interacting as they follow a meticulous choreography of processes. 

Additionally, for proper cardiogenesis, besides the precise expression of genes and signaling pathways, there are 

indispensable biomechanical forces that affect its anatomy and cell differentiation – a gradient of pressures to 

which the placenta contributes with its blood flow [34]. In fact, as highly vascular structures with an 
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interdependent development, it has been proven that placental dysfunction – for one the dysfunction of its 

endothelium – is linked to impaired fetal cardiovascular developing and abnormal cardiomyocytes [35].  

 

As seen before, obesity features an environment of low-grade chronic inflammation, oxidative stress, 

of pronounced hyperinsulinemia, dyslipidemia, hormonal imbalance (higher levels of leptin, growth factors like 

IGF-1 and lower levels of adiponectin), intestinal dysbiosis and, consequently, endothelial dysfunction. 

Henceforth, these pregnancies’ metabolic derangement tampers, right from the beginning, with the normal 

placental function on several interacting fronts [26, 36, 37]:  

 

Firstly, it is believed that the obesogenic status promotes an excessive nutrient supply to the fetus. To 

this end, insulin – it is relevant to note that the placenta maintains most of its insulin sensitivity, contrary to the 

resistance of the peripheral tissues – contributes by activating placental glucose and amino acid transporters. 

Similarly, leptin increases placental lipolysis [26] – hydrolyzing triglycerides into FFA that go into placental 

circulation, later being esterified and causing accumulation of triglycerides both in placental and fetal tissues [38] 

– and promotes activation of amino acid carriers through the villi. In the opposite way, the deficit of adiponectin 

equally allows the excessive nutrient exchange, mostly aberrant glucose transport [20,26]. And finally, when it 

comes to IGF-1, this growth factor that is also increased, activates glucose transport in particular through GLUT1. 

These altered levels of circulating insulin, leptin, adiponectin and growth factors will activate mTOR signaling, 

further boosting the transport of nutrients as well as protein synthesis and placental mitochondrial activity. This 

overload of nutrients is the main cause of overgrowth of obese mothers’ offspring – hyperglycemic fetuses with 

greater adipocyte reserve that are more propense to cardiovascular diseases and obesity later in life – and many 

mechanisms and pathways are yet to be uncovered that link this overflow of nutrients leaking from the placenta 

to fetal development errors [26].   

 

As previously stated, adipocytes have endocrine functions, one of them being the secretion of pro-

inflammatory cytokines like adipokines [39, 33]. Hence, maternal obesity leads to higher levels of IL-6, IL-8, IL-

1β, TNFα (mainly in female fetuses), MCP-1 and C-reactive protein in the bloodstream and enrichment of immune 

signaling pathways. Understandably, a greater quantity of receptors for those cytokines, like CXCR2, was found 

in placental cells that were subjected to these conditions. Meanwhile, studies point to hyperactive intracellular 

signaling pathways such as STAT3 and p38 MAPK [26]. When it comes to immune cell distribution, some articles 

point to a higher infiltration of macrophages, while others found more neutrophils in placental tissue [26,32]. 

Likewise, neutrophils were found in the umbilical cord and its blood vessels, indicating fetal inflammation [40]. 

These cellular agents contribute to the secretion of the aforementioned cytokines and TLR4, consequently 

attracting more inflammatory cells and enhancing tissue damage and metabolic deregulation [26,32]. 

Additionally, there can be seen more CD4+ lymphocytes T helper type 1 (Th1), when it would be expected anti-

inflammatory Th2 [33]. This way, studies show a mild and persistent placental inflammation as a usual finding in 

the pregnancies of obese mothers [26]. This uncontrolled inflammation modifies the global placental function as 

well as contributes to the flow of FFA into the fetal circulation [32]. It is believed that the inter and intracellular 

inflammation impairs DNA repair systems, henceforth enhancing placental cells’ DNA damage, and may as well 

induce apoptosis and premature deterioration of this temporary organ [41]. Besides, obesity makes the pregnant 
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woman more susceptible to the occurrence of inflammatory events such as vasculitis, chronic villitis, 

chorioamnionitis or funisitis [39]. 

 

Furthermore, in obese mothers’ placentas there is a significantly heightened oxidative and nitrative 

stress, proven to be another factor contributing to its cellular damage and dysfunction [32]. In fact, evidence has 

demonstrated the presence of elevated levels of pro-oxidant biomarkers and reduced antioxidant molecules in 

maternal circulation and umbilical cord blood [38]. Indeed, physiologically in pregnancy the levels of ROS and 

nitric oxide (NO) are boosted, as a consequence of an overall elevated metabolic activity and high partial pressure 

of oxygen in the blood. These molecules are mainly originated by the large number of mitochondria in placental 

cells – knowing that the primary source of endogenous reactive species is mitochondrial [42]. Despite this 

inevitable production of superoxide and NO in the placenta, the redox balance is maintained by its own system of 

antioxidant defense. However, in obese pregnancies there is an even more increased metabolic activity and 

production of free radicals without increased scavenging capacity of these reactive species. On the contrary, the 

placental oxidative control mechanisms are lost [32,38]. Additionally, in the proliferating endothelium there is an 

increase of VEGF expression that stimulates more production of NO [43]. This way, an immense oxidative and 

nitrative stress state rapidly sets in, with ROS and NO produced by various cell types, including immune cells and 

trophoblast. Additionally, it has been shown that this decreased antioxidant capability of the trophoblast coupled 

with the increased placental lipid content, placental lipase activity, circulating FFA and placental accumulation 

of triglycerides promotes a local state of uncounteracted lipotoxicity [32,38,44]. Broadly speaking, oxidative 

damage of the placenta is responsible for its early senescence [45]. Indeed, this redox imbalance compromises the 

maternal-placental-fetal unit, affecting embryogenesis and fetal development since the fetus lacks antioxidant 

defenses [38,46]. 

 

When it comes to mitochondrial efficiency it has been proven to be inversely proportional to body 

adiposity, meaning it decreases with the increase in adipose tissue. This decline in ATP generation is not 

counterbalanced by alternative mechanisms [32]. Indeed, it is apparent that obesity is associated with 

mitochondrial dysfunction in various tissues, such as adipose, heart, skeletal muscle and liver. The primary 

rationale underlying this phenomenon concerns the pro-oxidant environment – which in turn is caused by 

exacerbated metabolic activity – that impairs nucleic acids as well as proteins and lipids, altering the mtDNA 

(downregulating about 50% of genes) and mitochondrial structure [42]. In particular, the placenta consumes a 

massive amount of energy and mitochondrial activity is even more increased in placentas of obese mothers due 

to the hormonal environment and surplus of nutrients in the bloodstream [32]. When adding to this hyperactivity 

the long-lasting oxidative and nitrative stress, as previously discussed, mitochondrial function can be gravely 

jeopardized, culminating in the inhibition of aerobic respiration, that becomes unable to provide for the energetic 

needs. This phenomenon establishes a vicious cycle that constitutes the core mechanism of placental dysfunction 

in maternal obesity [42]. Similarly, the inflammatory state of the tissue filled with cytokines exacerbates this 

damage, further decreasing oxidative phosphorylation [32].  
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To reiterate, the placenta has a relatively short lifespan, thus macroscopic and microscopic changes, 

like epigenetic abnormalities, are anticipated to manifest upon its senescence. One of these findings has to do with 

its methylome, which gradually increases as gestation progresses [32]. In fact, in pregnancies of obese mothers, 

the DNA methylation of placental cells at any stage of gestation is significantly higher than in pregnancies of lean 

mothers and even compared to those complicated by preeclampsia or gestational diabetes. It can be seen that 

maternal obesity also influences the patterns of this methylation [26, 33]. Certainly, this DNA hypermethylation, 

namely of promotor regions, leads to a repression of the transcription of the genes affected. Subsequently, authors 

defend that the mother's nutritional status will modify the epigenetic structure of the offspring's genome – 

particularly during the zygote stage – and, therefore, its genetic expression. The discovery of altered patterns of 

CpG islands and DNA methylation in cord blood samples provides corroborating data to this hypothesis of fetal 

epigenetic modifications [33]. As a result, It is possible to conclude that these methylation profiles of placental 

cells are related to the outcome of the pregnancy, affecting embryogenesis and development [32].  

 

Finally, it is fitting to consider another important front of placental dysfunction: endothelial 

dysregulation, which is as a consequence of these aggressions. It is known that obesity leads to a chronic activation 

of endothelial cells and to an impairment of its function due to this upregulation, coupled with the oxidative stress, 

inflammation, mitochondrial insufficiency and epigenetic events [33,47]. Equally, studies conducted in animals 

detected that the overload of nutrients can cause aberrant expression of genes associated with placental 

angiogenesis and cellular growth in mice, reduced vascularity of the placenta in ovine species and placental 

ischemia in nonhuman primates [48]. This endothelial dysfunction may extend to the circulation of the fetus, the 

same way the malformations in placental blood vessels will impact the fetus’ vascular development [47]. This 

way, an insufficient vascular perfusion can be seen, that will affect both the mother and the fetus, noting that 

maternal obesity can be highly associated with placental vascular lesions [33].  

 

Summing up, obesity promotes placental dysfunction through the dysregulation of nutrient carriers, 

accumulation of nutrients – namely lipids – in its tissue, oxidative and nitrative stress, mitochondrial dysfunction 

and decreased aerobic respiration, stimulation of inflammatory pathways and infiltration of immune cells,  

epigenetic factors – namely the hypermethylation of DNA – and, lastly, endothelial dysfunction and abnormalities 

in vasculature and blood supply [26,32,33]. Nevertheless, it is relevant to highlight that, in the literature reviewed, 

there is a great difficulty in isolating the changes of placentas complicated only by obesity. Likewise, there are 

many studies performed in animal models; however, the reliability of these findings when transposing to human 

pathophysiology is debatable. Significant gaps remain in this area of research [32]. 
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Maternal obesity and inflammation   

Inflammation is commonly recognized as a response to cell injury, mediated by cytokine storms and 

chemokines that trigger various cellular events. However, it also plays a central role in other physiological 

processes [49]. During a normal pregnancy, the maternal immune system undergoes significant adaptations, just 

as the entire body does. This immune modulation occurs in three main stages: first, implantation and placentation, 

which are predominantly pro-inflammatory phases; second, a prolonged state of immunosuppression that extends 

throughout most of the gestation and is maintained until the peripartum period; and finally, the peripartum stage 

itself, which is again marked by inflammation – essential for parturition [49,50, 51]. Additionally, the immune 

system plays a fundamental role in protecting the fetus from microorganisms and other harmful factors. One major 

challenge is the maternal cellular immune response, which could potentially reject the fetus as an allograft due to 

the presence of paternal antigens and genetic material that is distinct from the maternal self [50,52]. The crucial 

role of the immune system in pregnancy is further underscored by the fact that leukocytes constitute approximately 

40% of decidual cells [49].  

 

Understandably, it is now known that immunosuppression is not the sole feature essential for a healthy 

gestation. Rather, there must be an interplay between systemic and local inflammation [53]. With that in mind, it 

is after nidation that a tolerant landscape must be established, and this is settled by the suppression of Th1 cells 

and upregulation of Th2, shifting to a predominantly anti-inflammatory response as the pregnancy progresses. In 

particular, Th1 cells promote a pro-inflammatory environment by polarizing macrophages to the M1 phenotype 

and secreting cytokines like IFN-γ, IL-2 and IL-17; nonetheless, as previously stated, these lymphocytes are 

important in early stages of gestation by facilitating the implantation of the embryo and placentation by boosting 

uterine NK cells. To rephrase, an abnormally prolonged Th1 response hinders proper fetal development causing 

malformations and infant disorders, and can also lead to miscarriage, intra-uterine infection, preeclampsia and 

preterm delivery. Therefore, as already mentioned, normal pregnancy is inherently a systemic pro-inflammatory 

state with a crescent importance of Th2 immunity in its course promoting immunotolerance for the fetus which 

allows it to develop and grow properly. These Th2 cells induce M2 phenotype macrophages that secrete IL-10 

(especially in the last trimester) and IL-1Rα and are present in decidual tissue, greatly contributing to the 

environment of tolerance [51, 52]. Equally, other stromal decidual cells and trophoblasts favor the M2 phenotype 

macrophages by secreting M-CSF and IL-10 [49].  

Nevertheless, recently it has been demonstrated that this interplay between Th1 and Th2 cells is an 

oversimplification of the entire process that protects the fetus from being a target of the maternal immune system 

[49]. The delicate harmony of uterine NK cells – which are the most numerous cells in decidual tissue and undergo 

a long period of inhibition [51] –, macrophages, dendritic cells and other types of lymphocytes (like regulatory T 

cells), all present in the uterine lining, is crucial to make sure that the pregnancy develops correctly. It is also 

relevant to note that the various inflammatory components are indispensable even for the differentiation of the 

gravid uterus or decidualization process, influencing the microenvironment from the very first moment after 

conception. Finally, animal and human models show that these uterine immune cells behave in a slightly different 

manner than the corresponding cells in the periphery – due to factors secreted by decidual stroma cells around 

them like prolactin, VEGF or TGFβ. These cells (uNK, macrophages, DC, T cells) maintain reactive ability, yet 

the tolerant environment is predominant due to their respective ligands (HLA-C, G, E) [49].  
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Cytokines play a crucial role in immune cell differentiation and communication, being produced both 

systemically and at the maternal-fetal interface. They influence the pregnancy’s outcomes through multiple 

pathways, including their effects on the placenta, as discussed in the previous section, and their ability to cross 

the placental barrier and directly impact the fetus. The balance between pro- and anti-inflammatory cytokines is 

essential, as the regulation of cytokine gradients contributes to the three main stages of immunomodulation in an 

uncomplicated pregnancy, as previously mentioned [49,51,52]. For instance, pro-inflammatory cytokines (such 

as IL-1, IL-6, and TNFα) can induce systemic insulin resistance, whereas anti-inflammatory cytokines (such as 

IL-10) help preserve insulin sensitivity, exerting a protective effect [54]. Additionally, cytokines can influence 

the embryo even before implantation, while it travels through the oviduct. Some cytokines have embryotoxic 

effects, such as IFN-γ, members of the TNF family, and TRAIL, which can lead to developmental errors or even 

embryo loss from the earliest stages. Conversely, others have embryotrophic properties, such as IGF-1 and GM-

CSF, promoting implantation and adaptation to the uterine environment [55].  

To summarize, this modulated system is comprised by a complex interaction among lymphocytes 

(Treg cells, Th1 cells, Th2, Th17, Th22, uterine NK cells), neutrophils, macrophages and dendritic cells, which 

will rearrange along the pregnancy and accordingly to the environment required, being coordinated via 

intracellular communication – with their secreted cytokines that point to a more or less inflammatory response 

[50, 51]. In a normal pregnancy, this coordination of elements contributes greatly to the precise transformation of 

the uterus, nidation, placentation, development and growth of the fetus and parturition (Fig. 2). 

 

 

Figure 2. The role of inflammation in pregnancy. Inflammation is of constant importance throughout 

pregnancy; starting from conception there is a pro-inflammatory environment marked by type 1 inflammation that 

enables the transformation of uterine tissue (decidualization) to accommodate the product of conception 

(implantation). Here there is an interplay of cytokines produced by the zygote, fallopian tissue, endometrial and 

other maternal tissues that allows adjustments from all the agents with the ultimate goal being the survival and 
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viability of the zygote. Secondly, the implantation of the blastocyst is a process greatly aided by immune cells 

like uNK cells. Afterwards the trophoblast starts invading the maternal decidua. This phenomenon is the beginning 

of the formation of the placenta and throughout the whole process (placentation) the immune system plays a key 

role in promoting proper angiogenesis and expansion. In the second trimester, that is the main period for 

development, maturation and rapid growth, there is a shift to type 2 immunity, creating a tolerogenic status that 

inhibits rejection of the fetus. This shift (greater importance of Th2 cells, Treg, M2) is promoted and maintained 

by decidual and placental signals. Here immune cells become non-reactive to fetal antigens while still 

communicating among each other. Finally, there is another shift to pro-inflammation that boosts labor along with 

other stimuli from mother and offspring. M1 – type 1 phenotype macrophages; M2 – type 1 phenotype 

macrophages. Created in BioRender. Meneses, H. https://BioRender.com/sbhrthy (accessed on 25 March 2025). 

 

Meanwhile, obesity, complementing previous topics, is marked by a significant dysregulation of 

immune function [52]. This metabolic state, being a consequence of an overload of nutrients and metabolites, 

leads to a prolonged low-grade inflammation on a systemic level – with an excessive production and release of 

deleterious cytokines (mainly IL-8, IL-6, TNFα, IFN-γ, adipokines) as well as with an impaired function and 

coordination of the immune cells [50, 54].   

As seen before, this adipose tissue, apart from being comprised by a larger and higher number of 

adipocytes, differs from lean individuals due to an infiltration of immune cells, like monocytes that differentiate 

into macrophages with the pro-inflammatory phenotype M1, which contributes to the aforementioned potentiation 

of endocrine function, releasing adipokines (namely leptin) and cytokines into systemic circulation [54]. This 

aberrant inflow of immune cells is a result of increased death of adipocytes caused by the high lipotoxicity in this 

tissue which also explains the excessive and perpetuated release of cytokines with pro-inflammatory action into 

the circulation – many with chemotaxic effect, culminating in a loop of positive feedback, along with the 

accumulation of cells with a shift to type 1 phenotype [49]. Among these increased pro-inflammatory cytokines 

there are some that will exacerbate the metabolic anomalies by interfering in insulin signaling, contributing to the 

vicious cycle of obesity, inflammation and metabolic dysfunction [56].  

Furthermore, obesity can also cause dysbiosis of the maternal gut which can be another predisposing 

factor for the aberrant inflammation, since microbiota is able to modulate immunity and is vital in sustaining the 

competence of maternal-fetal immune function [57, 58]. On the other hand, it is unclear if the dysbiosis present 

in obesity is the cause or a consequence of the state of low-grade chronic inflammation, since the inflammatory 

response inflicts a metabolic change in the gut allowing other bacteria to thrive [59].  

 

In respect of the impact of maternal obesity in pregnancy, bearing in mind that these conditions have 

similar characteristics, for example when it comes to the presence of a low-grade maintained inflammatory state 

or to the insulin resistance, they can have a synergistic effect on each other, perpetuating and increasing the 

proportions of these alterations [49, 54]. In other words, inflammation plays a key role in both obesity and 

gestation, thus it is reasonable to believe that there is an upregulation of several mediators which is responsible 

for many complications [53].  

Consequently, it is believed that each pregnancy can be differently affected by inflammatory 

dysfunction according to its duration, magnitude and content of signals. This way, the direct impact of obesity-

https://biorender.com/sbhrthy
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induced inflammation on the fetus must be thoroughly studied [49]. Throughout the literature reviewed, it was 

noted that this inflammation is a possible insult to pregnancy since the formation of the zygote until the moment 

of birth [50, 55], with evidence of elevated systemic biomarkers (predominantly in the third trimester) [60].  

 

As seen before, the maternal aberrant inflammation expands to the placenta and intrauterine milieu, 

reaching the fetus. Namely cytokines, which can easily get to the fetus’ circulation through the placenta, will 

disrupt the epigenome, shape genetic expression, cause erroneous apoptosis, inflict cellular stress and compromise 

the response to it and, ultimately, impair overall development [53, 55]. Subsequently, some studies have found 

pro-inflammatory cytokines present in fetal plasma, brain and liver [53]; however, in most studies these results 

are controversial – these inconsistencies can be attributed to the different timings of the pregnancies, the types of 

samples collected, diet consumed, sex of the fetus, biological particularities of different populations, among many 

confounding factors that are challenging to comprehend [51, 53]. With this said, MCP-1 (a chemokine that recruits 

monocytes, DC, and T cells) and IL-6 appear to be the cytokines most consistently found in obese mother’s 

pregnancies as well as the serum protein CRP [61]. 

In the same line of thought, the excessive nutrient traffic into fetal cells, which is frankly potentiated 

by these various pro-inflammatory cytokines, also contributes to the upregulation of inflammatory pathways in 

its own tissues [53, 55]. 

 

Similarly, immune cell imbalances, both systemically and within decidual tissues and the placenta, 

can have significant consequences. For instance, leukocyte dysfunction in uterine tissue—such as abnormally 

activated NK cells observed in some animal models—may contribute to fetal development disorders. Obesity 

further disrupts the presence and activity of these uterine immune cells, ultimately disturbing the delicate balance 

required for the different stages of gestation. This includes impairing the tolerogenic environment necessary for 

pregnancy maintenance, altering the decidualization process, and affecting the function and structure of the spiral 

arteries [49]. Some researchers suggest that certain maternal immune cells, including T cells (Th1, Th17), B cells, 

and monocytes, may cross the placenta and infiltrate fetal tissues. In fact, studies in mouse models indicate that 

the predominant type 1 inflammatory response can promote this phenomenon [53, 61].  

 

Moreover, paradoxically, an excess of pro-inflammatory elements can predispose individuals to both 

viral and bacterial infections by impairing the innate and adaptive immune responses. This immune dysfunction 

increases the risk of developing conditions such as chorioamnionitis, sepsis, abdominal wall infections, and wound 

infections, among others. Additionally, microorganisms may reach the fetus either by crossing the placenta 

directly or by using immune cells, such as neutrophils, as carriers. Consequently, the risk of fetal infections is 

heightened.  

Furthermore, it has been hypothesized that infections during pregnancy may contribute to congenital 

fetal anomalies, in addition to other complications such as preterm delivery [50].  

Hence, with all of this in mind, some studies show that the wrongful activation of the fetus’ 

immunologic functions can affect its own health and be an important risk factor for malformations and disease 

programming later in life [50] (Fig. 3).  
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In the same frame, an original study developed to compare the immune function in pregnancies with 

a diagnosed fetal CHD with the one of mothers carrying not affected fetus concluded that there were outstandingly 

higher levels of chemokine MIP-1α in plasma samples from cases other than controls. This molecule is responsible 

for monocyte chemotaxis, is produced by macrophages and has been reported to be increased in decidual tissue 

in patients with recurrent miscarriages. Other cytokines like INF-γ were detected, however, not with the same 

significance. It was shown an apparent correlation between CHD in pregnancies with increased MIP-1α and 

overall higher M1 response in vitro. This strengthens the hypothesis that cardiac developmental abnormalities can 

be brought on by the dysregulation of maternal inflammatory elements with a prominent role played by cytokines 

[52]. 

 

 

Figure 3. The impact of maternal obesity’s inflammation in pregnancy. Obesity is characterized by an 

overabundance of adipose tissue, particularly visceral, caused by an imbalance between nutrient intake and energy 

output, usually with excessive food apport compared to the basal metabolism. This leads to an overload of 

nutrients that disrupts the metabolic environment. Namely excessive lipid content induces lipotoxicity that harms 

adipocytes, ultimately generating an infiltration of immune cells like M1 macrophages. In this scenario this tissue 

becomes an important source of inflammatory mediators like chemokines, cytokines and adipokines, culminating 

in a systemic state of low-grade inflammation. Among many consequences, this can cause dysbiosis or, on the 

other hand, the inflammation can be potentiated by gut microbiota alterations also induced by obesity. When an 

obese woman becomes pregnant, there will be a disruption of normal inflammatory modulation. This will have a 

direct impact on the fetus: nutrient overload on fetal tissues can cause inflammation; pro-inflammatory cytokines 

will go through the placenta reaching fetal cells causing activation of wrongful pathways with alterations of gene 

expression, cell stress and apoptosis; there is also a dysfunction on local uterine leukocytes, hampering their state 

of tolerance; finally, this inflammatory disarrangement increases susceptibility to microorganisms that can 

escalate to fetal infections and activation of immune pathways. M1 – type 1 phenotype macrophages. Created in 

BioRender. Meneses, H. https://BioRender.com/aagy3d0 (accessed on 26 March 2025).  

https://biorender.com/aagy3d0
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Maternal obesity and oxidative stress  

Oxidative stress is characterized by an imbalance between pro-oxidant molecules – such as ROS, NO, 

and malondialdehyde (MDA) – and antioxidant substances, including glutathione, enzymes, and vitamins, which 

help restore the redox balance through their scavenging activity [62,63]. Reactive oxygen species, like the 

superoxide radical, are the main pro-oxidant elements, having unpaired electrons that make these substances 

strongly reactive to lipids, proteins and DNA, interacting and changing these molecules – namely by peroxidation 

of lipids, protein inactivation, catabolism of nucleotides, among other processes [62, 64] –, ultimately jeopardizing 

the structure of membranes and the integrity of the cell and its organelles [65]. Accordingly, oxidative stress can 

be a significant source of genotoxicity [66] and, notably, this noxious environment can lead to mutations and 

major teratogenicity [62,63].  

 

The mitochondria  is the main source of cellular energy, produced as ATP, and is a key agent in the 

metabolism of nutrients, yet the process of aerobic respiration is the main generator of ROS. In fact, its genetic 

information is particularly sensitive to oxidative damage [62,67]. The mtDNA responds to this harm by repairing 

and copying itself, leading to mitochondrial hyperactivity and consequently more oxidant molecules are 

synthesized due to an impaired consumption of oxygen. In other words, when ROS accumulate and cause 

dysfunction, an inability to meet cellular needs arises and this reduced energy supply can trigger uncontrolled 

apoptosis [62, 65, 67]. Notwithstanding, ROS and other pro-oxidant agents also have important physiological 

roles in intercellular signaling [65], and, lately, the importance of this redox homeostasis is more and more studied 

in terms of its essential function for normal organic development and function [64]. Therefore, it is the 

disproportion between pro and antioxidant elements that leads to tissue oxidation, which in turn causes cellular 

damage and subsequently triggers pathological phenomena. [62].  

 

Oxidative stress’ implication in pregnancy is an important factor to be considered. Nevertheless, as 

with inflammation, moderate levels of pro-oxidant species contribute to a successful pregnancy, stimulating 

placentation and participating in the initial phase of the embryo’s development and organogenesis [63, 64] – since 

it influences the pathways that lead to cell proliferation, apoptosis and differentiation [68]. Similarly, it is vital to 

maintain a physiological balance between pro and antioxidant elements, promoted mainly by the placenta – its 

increased mitochondrial activity induces oxidative stress along with ROS in the mother’s circulation, but there is 

a placental antioxidant defense system –, this way mitigating cell damage, as mentioned in the corresponding 

section [63, 64]. In fact, along gestation there is a well calculated increase of oxygen levels that is essential to 

cover for the basal needs of the mother and offspring; however, from these high concentrations of O2, inevitably, 

a small portion is reduced incompletely, originating more ROS [65].  

In contrast, when there is an exacerbated level of pro-oxidant elements without a parallel increase in 

scavenging capacity, oxidative stress sets in and can impair the embryo from its earliest stage, throughout its 

maturation and growth along the trimesters until birth. Many studies have associated oxidative attack with 

complications such as miscarriage, preeclampsia, IUGR, chromosomal anomalies and fetal malformations, with 

a prominent focus on the direct teratogenic effect [62, 63, 64]. Similarly, oxidative stress has a potential role in 

the disruption of cardiogenesis [69], since it can hamper gene expression of progenitor cardiac cells and suppress 

the differentiation and maturation of cardiomyocytes, all while increasing cell death and decreasing proliferation 
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[70] – lower predicted oxidative stress based on lifestyle and diet was correlated to less risk of CHD, proving the 

importance of redox balance in the development of the fetal heart [68].   

Consistently, reproductive cells are especially vulnerable to oxidative damage, which can lead to 

difficulties in conceiving and to sub-optimal zygotes, as demonstrated in animal models with a preexisting chronic 

condition such as obesity [62]. Additionally, it has been validated that the lack of antioxidants promotes cell injury 

and developmental disorders [64].  

With the impact of oxidative damage in pregnancy in mind, some authors suggest the implementation 

of an oxidative balance score that is inversely proportional to oxidative stress, meaning that a higher score 

indicates a heathier lifestyle and better redox equilibrium. This score enables to take into account the cumulative 

factors of oxidation and lifestyle, helping to understand the influence of oxidative stress in adverse pregnancy 

outcomes [68]. 

 

Furthermore, it is believed that obesity is a major metabolic disruptor that leads to an environment of 

chronic systemic oxidative stress [63]. Knowing that oxidative stress is tightly linked to the metabolism of lipids 

[71], obesity, along with causing tissular hypoxia, leads to a high concentration of circulating FFA that can 

contribute to the disruption of the mitochondrial membrane and its loss of integrity, releasing ROS and 

potentiating the metabolic dysfunction – in turn more lipids accumulate in various tissues and inflammation is 

amplified [67, 72]. Additionally, there is an increase in the peroxidation of lipids and a substantial decrease of 

enzymes with antioxidant properties crucial to counteracting pro-oxidant species [73]. Studies show that oxidative 

stress biomarkers in obese women are systemically heightened, as are also increased in the circulation of obese 

expectant mothers – demonstrated by detecting NO and MDA [62, 63]. Moreover, the inflammatory environment 

detailed in the previous topic contributes, through various pathways, to the generation of more pro-oxidant 

molecules, that in return fuel more inflammation and mitochondrial malfunction, all in a continuous loop [67].  

 

Pregnant and obese women display higher pro-oxidant molecules, dysregulated defenses and lesser 

antioxidant elements compared to lean gravidas [74]. Adding obesity to pregnancy, the nutrient overload and its 

excessive apport to the intrauterine milieu will lead to an even more exaggerated mitochondrial activity resulting 

in abnormal ROS production both locally – mostly by the impaired placenta and endometrial lining – and 

systemically, exerting epigenetic changes and direct DNA damage, ultimately compromising the embryo’s 

development and growth [62, 72, 75, 76] (Fig. 4 ).  

Supporting these concepts, it has been demonstrated in obese animal models a hyperactivity of 

oocyte’s and zygote’s mitochondria with evidence of a higher level of ROS and oxidation, as opposed to a 

decrease in glutathione levels [62]. Embryos of obese mares also display modified expression of genes involved 

in lipid metabolism, oxidative, mitochondrial and endoplasmic reticulum stress [77]. Indeed, it is believed that 

this disequilibrium reaches and affects the fetus, leaving a lasting mark on its mitochondria. Research conducted 

in animal models shows altered mitochondrial function in newborn’s cardiac and hepatic tissues, as well as in 

skeletal muscle cells and the hypothalamus. Likewise, there is more data showing reduced scavenging capacity 

and antioxidant agents in the offspring’s heart and liver [65].  
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This way, a high fat maternal diet (associated with excessive BMI) is proven to result in a state of 

increased lipid peroxidation and oxidative stress in the offsprings tissues, followed by a poor response to this pro-

oxidative environment – with evidence of reduced activity of superoxide dismutase 2 and catalase. These 

alterations can be found at critical points in the development of the fetus [71]. On top of that, research indicates 

that the higher the magnitude of oxidative stress, the greater the risk of congenital abnormalities [64]. 

 

Figure 4. The redox balance in lean versus obese pregnancy. When the levels of pro-oxidant molecules are 

counterbalanced by antioxidants there is an environment favorable to the proper development of pregnancy. 

Oxygen and nitritive species are important for intercellular communication as well as for coordination of 

physiological processes by stimulating cell proliferation and correct differentiation. They play a role in early 

development of the embryo, placentation and contribute to the proper growth of the fetus. It is mostly the placenta 

that generates locally the pro-oxidant molecules, having a parallel ability to counteract oxidative stress by 

increasing antioxidant elements. Obesity disrupts homeostasis, by promoting oxidation and depleting the 

scavenging capacity. Oxidative stress sets in due to this imbalance. This oxidative damage is genotoxic and 

decreases aerobic respiration, leading to rampant cell death. Finally, there is a high teratogenic and embryotoxic 

potential that can lead to miscarriage, fetal malformations as well as other pregnancy complications. Created in 

BioRender. Meneses, H. https://BioRender.com/uoeozsc (accessed on 24 April 2025).  

https://biorender.com/uoeozsc
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Adiponectin-related dysfunction in placental glucose transport of women with obesity 

Adiponectin is a protein synthesized by adipocytes [78] encoded in the APM1 or ADIPOQ gene 

located in the long arm of chromosome 3 [79,80]. Its most active and abundant form is the high molecular weight 

adiponectin (HMW). This adipokine has several roles, such as anti-inflammatory and anti-proliferative [79], 

however its main function is endocrine – increasing sensitivity to insulin in several tissues, mostly in skeletal 

muscle and hepatic tissue and improving pancreatic β cells performance. Therefore, adiponectin promotes β-

oxidation of fatty acids and is a key factor for the cellular uptake of glucose, playing a consequential role in its 

homeostasis [80, 81]. In fact, there are receptors for this adipokine in several tissues such as the brain, the 

endometrium, the ovaries and the placenta [79]. This way, adiponectin will have an important influence on the 

placental nutrient transporters, especially of glucose [78, 81]. 

 

The placenta has a plethora of nutrient carriers located on its basal membrane and microvilli, with the 

dominant category being of glucose transporters – since it is the major nutrient transported, reflecting the great 

needs for it. This handover of glucose is directly proportional to maternal glycemia, being regulated by the GLUTs 

family of membrane proteins (which name the corresponding carrier) – it can be noted that among the existing 

glucose transporters these are the most widely agreed to be present in the human placenta. With this being said, it 

is crucial to point out that maternal glucose is the main source of energy for both the placenta and offspring, 

assuming a key role in the growth and proper development of the fetus [82]. When it comes to adiponectin’s 

function in pregnancy, it contributes to placentation with a pro-invasive and pro cell migration effect on the 

trophoblast, besides its important role in the fine adjustment of glycemia – by promoting glucose uptake by 

skeletal muscle and liver, this way regulating its availability – and placental nutrient transport [79].   

 

Obesity leads to a decrease in adiponectin production and its circulating levels [78], whilst being 

known that low concentrations of this adipokine are associated with increased insulin resistance and type 2 DM, 

dyslipidemia, hypertension, among other complications [81]. Nonetheless, this inhibition of adiponectin 

production in obesity is not yet fully understood and can be due to gene polymorphisms (as occurs in maternal 

DM), to the state of hypoxia that the adipose tissue is in, or can be due to the effect of pro-inflammatory cytokines 

– derived also from adipose tissue like IL-6, IL-8 or TNF-α – that lessen adiponectin mRNA, among other factors 

not yet investigated [80, 83, 84]. Curiously, when it comes to the APM1 gene polymorphisms, these can be a 

factor predisposing to obesity, meaning that the lower adiponectin concentrations compared to lean individuals 

can be potentiated by the excess BMI or can be a contributing factor that makes the individual susceptible to 

weight gain and insulin resistance [85, 86].  Likewise, it is proven that obese pregnant women have lower total 

adiponectin and HMW levels when compared to lean gravidas [81, 87], although in the umbilical cord higher 

concentrations can be found [79]. Moreover, adiponectin is able to convey the effects of obesity into the placenta, 

affecting placental carrier function, in a sense that its deficiency will lead to an uncontrolled increase in nutrient 

influx to the fetus. Accordingly, adiponectin levels have notorious effects in fetal development, namely inversely 

proportionally on fetal growth, being hypothesized its correlation with glucose transport [78,81].  

In animal models, obesity seems to contribute to the overexpression and hyperactivity [88] of GLUT1, 

GLUT3 and GLUT4, with an increase in glucose transport that might lead to changes in fetal growth, namely 

overgrowth. Indeed, it can be seen that in obese rodent models there is an upregulation of the expression of GLUT1 
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and GLUT3 proteins and, consistently, in humans an association of adiponectin and altered expression of placental 

GLUT1 has been observed. Similarly, studies show that adiponectin supplementation of obese mice leads to a 

decrease in GLUT3 proteins. However, a study mentions that these changes brought by maternal obesity in 

placental transport of glucose only affect the later trimesters, having minor influence in early pregnancy [82].  

Nevertheless, the effect of increased glycemia from the earliest stages of pregnancy due to the reduced 

uptake by other tissues, related to insulin resistance in the absence of adiponectin, cannot be underestimated. 

Subsequently, the most vulnerable period of the development of the zygote and embryo is surrounding conception 

and early gestation, bearing in mind that the heart’s formation starts in this early phase and is completed around 

the embryo’s middle stage. Hence, an environment of high glucose and insulin resistance from early stages is 

associated with a disturbance of fetal heart development [80]. Many studies establish a correlation between 

adiponectin gene polymorphisms and congenital heart malformations in mothers with gestational DM; however, 

the literature does not explore this association in the specific context of maternal obesity [80 ,89].  

 

Additionally, the offspring of obese mothers tend to display an elevated concentration of glucose in 

cord blood due to the increased transport of glucose through the placenta. In fact, glucose is significantly increased 

in fetal blood [78]. In this line of thought, studies show that this mechanism of increased glucose transport in 

maternal obesity seems to be a key element associated with LGA newborns as well as the programming of 

metabolic diseases, in other words, the predisposition to develop obesity, metabolic syndrome, diabetes and 

cardiovascular complications [88]. 

 

Maternal obesity and fetal cardiac development 

To further comprehend this review, the normal process of cardiogenesis must be addressed. The heart 

is formed over a series of four major overlapping stages, with the contribution of cells from different populations, 

primarily derived from the mesoderm. These are mostly cardiac precursor cells – named the first and second heart 

fields, adjacent to each other –, and also non-cardiac pools such as the neural crest cells and pre-epicardial 

progenitors [90, 91].  

In fact, the neural crest cells are indispensable for the emergence of the septa in the outflow tract – 

later major vessels –, for the constitution of the conduction system and of the cardiac ganglia, beyond their role 

in the genesis of several other organs – namely of the nervous peripheral system and craniofacial tissues [90, 92].    

Furthermore, the unfolding of the cardiac formation is dynamic and sequential, with the need for 

genetic and epigenetic regulation to ensure a harmonious progress. Some of the signaling molecules essential for 

this rhythmic coordination are nodal, sonic hedgehog and bone morphogenetic proteins, NOTCH signaling 

pathway, Wnt, retinoic acid, fibroblast growth factors, among others that control multiple cardiac transcription 

factors (like GATA4 and 5, SRF and Nkx2.5) encoded by several genes. In fact, for the initial promotion of 

cardiogenesis there is the contribution of the TGF-β superfamily – namely BMP 2 and 4, TGF-β and activin –, 

along with FGF 2, 4 and 8. This way, organogenesis, in this case the making of the heart, is dependent of genetic 

factors and influenced by environmental exposures for its proper completion [90, 91].   
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This process commences around day 8 to 18 after conception, after gastrulation, starting by the 

organization of the cardiac areas and, subsequently, of a crescent-shaped structure – derived from the first field – 

that ultimately forms two tubes lined internally by endotheliocytes and covered by cells from myocardial lineage. 

At around 4 to 8 weeks of gestation comes the morphogenetic stage, where a linear single heart tube with 

bifurcated terminations is formed in the midline and, after loops, rotation and widening of this structure, appear 

the primordial structures that constitute the four chambers of the heart – also originating from the second heart 

field. Meanwhile, from day 30 starts the septation, growth and remodeling of the primordial chambers. It is during 

this stage that the auricles and ventricles take form. Finally, during the fetal stage, from the 16th week until birth, 

the heart goes through histodifferentiation and maturation of its tissues, developing the valve’s architecture, with 

its papillary muscles and tendinous cords, as well as the separation of the outflow tracts, coronary vessels and 

electric impulse conduction system [90].  

Accordingly, each stage is marked by the proper genetic expression that enables the changes to happen. 

In fact, the heart is among the first organs to initiate its development in the embryonic phase [93], and its function 

is the first identifiable sign of independent activity of the fetus, objectified by ultrasound [94]; however, only 

around the 35th week after conception, is the heart’s morphogenesis finally complete [90].  

 

Moreover, the looping of the initial heart tube is a very complex mechanism and the key to obtaining 

the outline of the heart's final anatomy, which requires differentiation and proliferation cycles for the tube’s 

widening and for the formation of the chambers. With this said, disturbances at this phase of cardiogenesis can be 

the cause of heart malformations such as defects of the outflow tract derived from abnormal rotation – leading, 

for instance, to a TGA. Many studies suggest that these mechanisms are regulated by interactions of TGF-β and 

Smad proteins, Wnt and β-catenin, among other signaling pathways that induce or inhibit epithelial-mesenchymal 

transformations [90].  

After the completion of the looping, it can be seen the image of a formed heart, where an atrial septum 

primum starts to form – generating the ostium primum – along with a ventricular septum, followed by the opening 

of the atrial ostium secundum and formation of the septum secundum, giving rise to the foramen ovale, which 

persists until a few days or weeks after birth [90].   

 

When it comes to hemodynamics, the embryo’s and later fetal cardiovascular system goes through 

alterations in circulating velocities in order to achieve its anatomical and functional maturity, all while ensuring 

the required blood supply for the development of the various other organs. In fact, around the sixth week of 

gestation appears a particular pattern for the first heart contractions and between the 2nd and 3rd trimesters there 

is adequate compliance – these correspond to the two main cardiac cycle periods identifiable in its development 

[94].  

Thus, besides the aforementioned factors crucial for this process, mechanistic comes into play, being 

essential for the proper development of the chambers and valves, and these biomechanical forces – like 

intracardiac pressure, strain and wall shear stress – are mediated by the placenta [34, 95]. Therefore, the state of 

placental vessels, for example increased vascular resistance, has a direct impact on the developing circulation of 

the fetus and consequently on its growing heart, which will suffer from an increased afterload. Similarly, studies 
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show that an abnormal insertion of the umbilical cord can be correlated to cardiac malformations, just as twin-to-

twin placental transfusion is associated to cardiac dysfunction and erroneous remodeling in both fetuses [95].  

 

In brief, proper morphogenesis requires the calculated contribution of mechanisms such as cell 

division, apoptosis, differentiation, maturation, migration and mechanical forces. In reality, genetic expression 

acts as the orchestrator of these phenomena, enabled by epigenetic processes and factors external to the fetus. 

Overall, errors in any of these steps will disrupt the process and lead to more or less drastic consequences in the 

offspring’s heart and circulatory system. 

 

Nevertheless, as shown above, the beginning of the development of the embryonic elements that will 

constitute the heart takes place very early in gestation, when many women may be unaware of the pregnancy. For 

this reason, they may not act cautiously enough regarding possible teratogenic agents, being exposed to substances 

or situations that can easily hamper cardiac development [90].  

Furthermore, important factors that can impact the upcoming heart are the maternal age and maternal 

comorbidities, like asthma and metabolic homeostasis disruption (such as the opposite extremes of BMI or 

gestational diabetes), the father’s sperm quality, maternal infections such as rubella, deficiency of folic acid, 

smoking and alcohol consumption, among others, that can for example interfere with the quality of gametes, cause 

genetic disturbances or epigenetic changes. These aspects, according to the particular pregnancy stage that is most 

significantly affected by them, may be the cause of either subtle changes in cardiac structure and/or function or 

of major heart malformations [90,96]. 

 

To elaborate further, it is believed that the maternal metabolic state can impact the fetal heart’s 

morphogenesis through a series of several intertwined mechanisms. In line with previous sections, there can be 

an important detrimental impact on the mitochondria of the fetus’ cardiomyocytes, which can be correlated to 

hyperglycemia, leading to an impaired function, structural abnormalities and overall decreased aerobic respiration 

and increased cell death. Likewise, glucose can interact directly with proteins that bind to RNA, modulating the 

expression of genes. Other mechanisms involve ROS as the agent of both immediate and long-term cardiac cell 

damage. Finally, nutritional abnormalities are known to exert severe damage on cardiac tissue through 

methylation of DNA, histone proteins modification and expression of non-coding and microRNA [93]. 

 

When it comes to maternal obesity, studies support the hypothesis that it disrupts the embryonic 

development of the heart through alterations on the transcriptome and proteome with consequent changes on 

cellular level [97]. Specifying its impact, there is evidence of altered histone codification, related to metabolic 

phenomena like the overload of nutrients and consequent increased susceptibility to cardiac pathology. Similarly, 

studies point to an upregulation of a specific microRNA that can mimic MAPK signaling pathways and promote 

myocardial hypertrophy [93]. These changes appear to be similar to those present in a hyperglycemic 

environment, however murine models with normal serum glucose also developed them, which can be explained 

by the lipotoxicity inherent to obesity along with the gradually increasing insulin resistance [20,97]. Consequenly, 

signaling pathways, like the semaphorin proteins, crucial for the migration of neural crest cells, seem particularly 
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altered in a recent study, just as the Wnt/planar cell polarity signaling, responsible for cardiac cell movement, 

polarization and shape [97].  

 

Besides, oxidative stress has been confirmed as a main teratogenic agent derived from maternal 

obesity, disrupting several organelles such as the endoplasmic reticulum, the mitochondria, the cytoskeleton, 

among others, and ultimately triggering apoptosis in developing heart structures. Furthermore, as discussed in the 

respective section, ROS hampers the maturation, proliferation and potential for differentiation of cardiomyocytes 

mostly via DNA impairment [97].  

 

Another factor to acknowledge is the disruption of the normal structure and function of the placenta, 

due to a complex interaction of factors that ultimately leads to an impaired angiogenesis and an increase in 

vasoconstriction. This has a direct effect on the developing heart, since it leads to pathological hemodynamic 

alterations, as well as limiting blood supply to the growing fetus – resulting in an aberrant heart development 

while attempting to maintain its output [20, 98]. Another aspect that can potentiate myocardial hypertrophy, 

besides the increased afterload, is the nutrient overload, that results in hyperglycemia and insulin resistance [99], 

as well as chronic low-grade inflammation, which leads to high levels of pro-inflammatory molecules such as 

TGF-β and CRP. These induce a wrongful accumulation of collagen between fetal cardiomyocytes, with this 

promoting fibrosis that increases the thickness of the walls and weakens both the relaxation and contractile 

functions [100] – this mechanism has been found in ovine animal models, with evidence of impaired 

cardiomyocyte contractile capacity at term [101]. 

 

Finally, another intriguing factor possibly associated with fetal heart formation is the disruption of the 

maternal microbiota – previously demonstrated in this review to be another imbalance caused by obesity. Altered 

maternal gut microbiota can have a teratogenic action via the activation of signaling pathways that disrupt insulin 

sensitivity, by potentiating systemic inflammation, by contributing to a folate deficiency and by increasing the 

metabolic imbalance and altered lipid metabolism [58].  

 

To conclude, obesity during gestation exerts a detrimental impact on fetal heart development by 

disrupting the intrauterine homeostasis, placental function, inflammatory system and redox balance (Fig. 5). 

Additionally, there is a disruption of key factors responsible for the transcription of proteins and signaling 

molecules that regulate the cardiac progenitors’ differentiation, for the coordination of development and for a 

long-term gene maintenance. This way maternal obesity can be the cause of heart malformations, cardiac 

dysfunction – that can last from the first trimester, throughout the pregnancy and even after birth – and higher 

susceptibility to the development of CV diseases later in life when compared to lean mother’s offspring – fetal 

programming [102]. 



24 

 
 

 

Figure 5. The impact of maternal obesity on fetal cardiac development. Maternal obesity is a disruptive 

metabolic status with an overload of circulating nutrients, such as glucose and lipids, being associated to 

phenomena like insulin resistance and lipotoxicity. This condition is known to induce a chronic low-grade 

inflammatory state, increasing several pro-inflammatory mediators systemically, provoking oxidative stress, with 

increased ROS and decreased antioxidant defenses, disrupting the homeostasis of gut microbiota and, finally, 

culminating in an alteration of the intrauterine milieu and placental function. Cardiogenesis starts very early in 

gestation, being comprised of various phases coordinated by genetic expression and signaling pathways– for this 

process to be successful there must be present proper cell division, controlled cell death, differentiation, 

maturation, timely migration and polarization, in addition to mechanical forces. Through complex mechanisms, 

the pro-inflammatory molecules and ROS will inflict DNA damage, which can impact crucial genes responsible 

for heart development. Similarly, hyperglycemia and lipotoxicity, along with inflammation and oxidative stress, 

will cause epigenetic alterations that lead to errors in the process of DNA expression and RNA transcription and 

transduction. In fact, these alterations cause proteome and transcriptome abnormalities, leading to the deficit of 

important components for the functioning of signaling pathways. Likewise, gut dysbiosis contributes to 

exacerbating the metabolic imbalance, while also producing metabolites that hinder these intracellular pathways. 

Lastly, obesity leads to placental malfunction and, along with the pro-inflammatory and oxidative state, there is 

poorer angiogenesis and an increase in vascular resistance that leads to inadequate blood flow to the fetus and 

increased afterload for the forming heart, culminating in hemodynamic changes – this can impair the development 

of the chambers and the proper organization of tissues. This combination of pathological processes can result in 

improper embryogenesis and cardiogenesis, leading to malformations on a molecular, cellular and/or anatomical 

level. Created in BioRender. Meneses, H. https://BioRender.com/jzur61u (accessed on 25 May 2025). 

 

https://biorender.com/jzur61u


25 

 
 

Maternal obesity and risk of fetal congenital heart disease  

Congenital heart disease or congenital heart defects are, by definition, anatomical or functional 

malformations of the heart or great vessels that are present at the moment of birth, occurring at some point during 

the embryological and fetal development [103, 104, 105]. More precisely, these malformations can be 

characterized as a failure to complete the formation of the cardiac outline from the 1st to the 6th weeks of gestation 

[106]. 

It is estimated that there is an incidence of 4 or 6-10 in 1.000 live births, varying between countries 

and literature, and it is estimated that about 10% of the affected die within the first year of life [1, 2, 90, 103]. 

Consequently, these conditions have a high morbidity and mortality both at perinatal period and long-term [107]. 

In fact, these are the most common congenital defects diagnosed globally in newborns and the most frequent cause 

of death among infants diagnosed with any birth defect [105, 106].  

Besides, nearly 50 years ago the vast majority of children with these cardiac congenital malformations 

would die between the first days of life and the first 6 months after birth. However, nowadays, owing to the 

advances of overall knowledge and investigation, diagnostic technology, intensive pediatric care, medical 

approaches and cardiac surgery techniques, about 85% of offspring born with these conditions have a much longer 

life expectancy, reaching adulthood [103, 108]. 

 

These malformations can be classified according to their overall impact – in mild (or minor), moderate 

(or significative) and severe (or complex) –, which can be based on the structural abnormality, quality of life, 

mortality (meaning if the defect is life threatening), in the need for immediate measures and even on its expected 

psychological influence [103]. To be specific, mild defects include the ASD, VSD, patent ductus arteriosus 

(PDA), aortic valve stenosis, pulmonary stenosis, mitral regurgitation and CoA. For instance, the significative 

defects comprise ToF, hypoplastic right heart (HRHS), Ebstein anomaly, TGA, pulmonary atresia and 

cardiomyopathy. The complex defects correspond to a combination of the above, such as ASD and VSD, ASD 

and PDA, ASD plus VSD and PDA, ASD and aortic stenosis, ASD and tricuspid regurgitation [109].  

On the other hand, based on a more recent classification of the European Surveillance of Congenital 

Anomalies (EUROCAT), the malformations can be divided into two subgroups of severity. The minor or 

nonsevere comprise VSD, ASD, PDA, patent foramen ovale, persistent left superior vena cava, persistent right 

aortic arch, among others. The severe subgroup classified by EUROCAT are the ones that lead to a heart that 

functions as univentricular: UVH, HRHS, HLHS, Ebstein anomaly, truncus arteriosus, double outlet right or left 

ventricle, TGA, AVSD, ToF, pentalogy of Fallot, CoA, aortic stenosis/atresia, pulmonary atresia, mitral 

stenosis/atresia, tricuspid valve atresia, malformations of the coronaries, among others [7, 110].   

With this said, the most prevalent, with a tendency to increase, are milder defects such as ASD, 

followed by VSD and PDA. In contrast, the left ventricular outflow tract obstruction (LVOTO) has been 

decreasing. The temporal evolution of  the prevalence of these pathologies can be explained by earlier detection 

via prenatal diagnostic methods and consequent termination of pregnancies afflicted by major defects [111]. 

 

Despite their presence since the beginning of life, there are cases only identified at infancy or 

adolescence; however, at present, their diagnosis is usually perinatal [103]. Briefly, in a normal pregnancy, the 

screening of the heart’s condition first takes place in the morphological sonography of the second trimester 
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following the systematic steps suggested by the International Society of Ultrasound in Obstetrics and Gynecology 

[107]. Moreover, there is a subsequent indication for fetal echocardiogram – which is the gold standard for 

antenatal diagnosis [112] – if any risk factors for CHD are present or if the detailed ultrasound had any suspicious 

findings [107]. Alternatively, the American College of Cardiology recommends a fetal echocardiogram 

assessment when any morphological anomalies are detected, when there is family history of CHD, fetal arrythmias 

or maternal risk factors [112].  

Furthermore, the rate of antenatal detection ranges from 30 to 60%, according to the country, based 

on EUROCAT data. Later on, these CHD can be identified through newborn screening or further on if there are 

clinical manifestations [107].  

 

When it comes to the etiology of these conditions, studies point to a multifactorial cause, with an 

interaction between genetic factors and environmental exposures. These risk factors can either be maternal, 

paternal, fetal or external, also being either modifiable or non-modifiable.  

It seems consensual in the literature reviewed that the following maternal factors are associated to a 

higher risk of CHD: age of 35 years or higher – which can be related to chromosomal anomalies –, obesity, DM 

(pre-gestational or gestational), hypertension, autoimmune disorders, exposure to drugs (such as SNRIs or SSRI 

antidepressants like fluoxetine and paroxetine), exposure to lithium and chemicals (like solvents), and infections 

(such as rubella and measles). In addition, other studies point that smoking, alcohol ingestion, pollution, coffee 

intake and exposure to radiation may also be related to the development of CHD [104, 105, 106, 107, 113]. 

Likewise, family history is also presumably a risk factor for CHD – heredity was found especially in HLHS and 

bicuspid aortic valve [114]. Finally, there are also paternal factors that increase the risk of these anomalies, 

specifically the ones with the potential to decrease sperm quality – namely causing mutations and aneuploidies – 

like the father’s age ≥ 40 years, smoking and alcohol intake [105,106]. Notwithstanding, authors defend distinct 

levels of evidence strength for the causal association of many of these factors, which can be explained by the 

different populations evaluated, the different methodologies of studies, multiple confounding factors, among other 

unexpected and uncontrolled variables [115]. 

 

At last, diving into the main subject of this review, maternal obesity appears to have a strong 

correlation with the development of several congenital malformations, such as neural tube defects, CHD, orofacial 

clefts, anal atresia, omphalocele, hypospadias, limb defects, among others [116].  

When it comes to congenital heart disease, it seems to be, in fact, promoted by obesity, since an 

increased number of cases in mothers with higher BMI has been shown when compared to lean gravidas. With 

this said, the exact dose-effect  relationship is not yet clear, nor is the pathophysiology of this association [117]. 

Thereafter, it has been suggested that obese mother’s offspring have about a 17 - 32% increase in risk of having 

CHD when compared to normal weight mothers. Likewise, meta-analysis indicates that each increase in BMI of 

5 kg/m2 can lead to a 7% increase in the risk of CHD, yet this relationship is not linear. Nevertheless, observational 

research articles still show inconsistent results to prove this association [115, 117].  

Throughout this review several possible factors have been explored to approach the molecular basis 

of this causal relation. Hence, it was shown that the teratogenic effect of obesity is attributable to a conjuncture 

of factors, not only due to the abnormal metabolism of glucose or by direct damage of surplus nutrients [118].  
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In a nutshell, the exaggerated nutrient intake that surpasses metabolic needs will potentiate the 

accumulation of visceral adiposity. This increased adipose mass, that participates in endocrine functions, will be 

the cause of subclinical chronic inflammation – with increased levels of cytokines (MCP-1, IL-6, IL-8, TMFα, 

IFN-γ, among others), leptin, pro-coagulant factors and endocrine molecules such as estrogen –, of systemic 

oxidative stress, dysfunction of the endothelium, increased insulin resistance and hyperinsulinemia, and overall 

glucotoxicity and lipotoxicity. Additionally, obesity is linked to intestinal dysbiosis, which in turn can exacerbate 

the inflammation, oxidative stress and overall metabolic imbalance [37, 58]. Moreover, obese mothers have a 

higher susceptibility to developing diabetes – a well-known teratogenic condition – and hypertensive disorders – 

which themselves also constitute risk factors for cardiac developmental errors [105, 106, 118]. Besides, it is 

relevant to note that a less healthy diet with less intake of glutathione and folate, very common in these obese 

cases, can lead to a suboptimal uterine environment and errors in embryogenesis [114, 117]. This phenomenon 

occurs even when subjected to standard supplementation, given that these patients have a higher demand for folic 

acid than normal weight pregnant women [119, 120].  

 

All of these metabolic, vascular, inflammatory and redox alterations will contribute to a disruptive 

intrauterine milieu, disfunction of the placenta and, importantly, to impair signaling paths, alter gene expression 

and manipulate epigenetic mechanisms of the embryo. Ultimately, these insults lead to the inhibition of cellular 

processes like proliferation, differentiation, maturation and migration, of both cardiac and non-cardiac cells (like 

neural crest cells) indispensable for cardiogenesis, as mentioned in the previous section [97]. Analogously, there 

is also an impairment of the embryo’s stem cells, impaired cardiomyocyte function, possible accumulation of 

connective tissue, infiltration of inflammatory cells on fetal tissues and overall impairment of the heart’s 

morphogenesis [105, 117].  

 

In addition to the systemic consequences of this metabolic disarrangement, the maternal adipose layer 

can be a limiting factor for the proper early diagnosis of malformations in the antenatal period, by hindering the 

echographic window. This way, the increased independent risk for teratogenicity and fetal malformations is 

coupled with poor sonographic visibility, culminating in the termination of fewer pregnancies bearing severe fetal 

anomalies and a consequent higher prevalence of these disorders at birth [116, 118]. 

 

As a concluding remark, maternal obesity is believed to increase the risk for all cardiac defects, but it 

is more associated with certain subtypes of CHD like ASD and conotruncal or outflow tract defects. Moreover, 

reports also state increased incidence of complex defects, HLHS, CoA, AVSD and, arguably, VSD and ToF. It is 

also important to acknowledge the discrepancy in the results of several studies that may be due to different sample 

sizes, confounding factors and the prevalence of different subtypes of CHD in different populations [105, 116, 

118, 121]. 
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Discussion  
Congenital heart defects are anatomical or functional malformations of the heart or great vessels, 

present at birth, developed somewhere between embryological and fetal development [2, 103, 104, 105]. They 

constitute the main cause of infant morbimortality due to congenital abnormalities [2, 4, 5]. It is believed that the 

etiology of CHD is based on a complex interplay of genetic and environmental agents, with several modifiable 

and non-modifiable risk factors identified [1, 5, 7, 8]. This way, maternal obesity may be a condition worth 

investigating as a modifiable factor for CHD [4].  

Maternal obesity (BMI ≥ 30 kg/m2 pre-pregnancy or at the first consultation) seems to be a disruptive 

condition for pregnancy and fetal development in many ways, constituting a modifiable risk factor for adverse 

outcomes [4, 12]. In fact, obesity is a current epidemic, increasing among fertile women, being a disease with a 

high morbimortality [9, 15]. Therefore, this metabolic and anatomic disarrangement leads to complications, both 

for the mother – such as hypertensive disorders, gestational DM, cardiovascular and thromboembolic events, need 

for c-section and amniotomy, hemorrhage, infections, among others [13, 16] – and the fetus – macrosomia, IUGR, 

dystocia, birth trauma and lower APGAR scores, NICU admission, several malformations, higher susceptibility 

to cardiometabolic diseases later in life, and more [4, 12, 20, 21, 22] – with either immediate or long-term 

consequences [10].     

Broadly speaking, obesity induces in the pregnant woman a higher insulin resistance, a systemic 

inflammatory state [24] – with alterations of cytokines [50,54] and adipokine concentrations [20, 27, 78] – 

oxidative stress [62], increased circulating FFA and glucose – resulting in lipotoxicity and glucotoxicity [24, 27] 

– and intestinal microbiota dysbiosis [37,58]. Overall, obesity impacts the oocyte’s quality and all of the embryo’s 

and later fetal development [18].  

It is worth highlighting the influence of obesity on the fetoplacental unit. The nutrient overload coupled 

with hormonal imbalances (hyperinsulinemia, increased leptin and IGF-1, and decreased adiponectin) stimulate 

placental transporters – of glucose, amino acids and FFA –, delivering this surplus of nutrients to the fetus 

[20,26,38]. The placenta is also invaded by immune cells and cytokines [26,32], inducing early senescence due 

to DNA damage [41], as well as increasing the susceptibility to inflammatory events like vasculitis or even 

chorioamnionitis [39]. Likewise, heightened oxidative and nitritive stress in placental tissues contribute to its 

dysfunction and deterioration, while the antioxidant defenses are weakened [38,45,46]. These prior mechanisms 

also contribute to placental mitochondrial dysfunction, culminating in the inability to meet energy requirements 

through aerobic respiration [32,42]. Finally, obesity, through this interplay of processes, causes endothelial 

dysregulation, impairing placental angiogenesis and leading to an insufficient blood flow to the fetus [33,47,48]. 

In addition, the placenta plays a distinct role in cardiogenesis, being the source of biomechanical forces that 

influence the fetal heart’s anatomy and its cardiomyocytes [34,35]. 

As discussed above, obesity leads to a pro-inflammatory environment, that will negatively impact the 

fetus, with an increase in IL-8, IL-6, TNFα, IFN-γ, MCP-1, MIP-1α CRP, among other molecules that are 

characteristic of a type 1 inflammatory response [50, 52, 54]. Similarly, the immune cell population in the uterine 

landscape changes, with a disruption of the tolerant environment and abnormal activation of uNK cells [49]. These 

cytokines and immune cells will damage the decidua and placenta and, consequently, can be found in fetal tissues, 

disrupting genetic expression and inflicting cellular stress [52, 53,55]. Lastly, the imbalance of the immune system 

can even increase the susceptibility to maternal infection, which can reach the fetus [50].  
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Likewise, anti-inflammatory molecules like adiponectin are decreased [79]. This specific adipokine, 

when reduced, will increase glycemia, due to the reduced uptake by muscle and liver [79,80], and will potentiate 

the nutrient influx, namely glucose, through the placental carriers to the fetus [78,81]. This will lead to 

developmental errors similar to the ones associated with DM, even when this condition’s diagnostic criteria are 

not present [78,88,118].  

About the redox imbalance: obesity leads to an increase in pro-oxidant molecules, like ROS, NO and 

MDA, that is not counteracted by antioxidant species, which in turn are decreased, culminating in oxidative stress 

[63,74] – this is linked both to the excessive lipid peroxidation [73], tissular hypoxia [62,72] and the chronic low-

grade inflammatory state [67]. These abnormally increased pro-oxidant species have a well-known capacity of 

being reactive towards lipids, proteins and DNA, damaging the genetic information and impairing embryological 

and fetal development – genotoxicity and teratogenicity [62,64,65,71].  

Additionally, due to the large adipose panicle and anatomical restraints, maternal obesity limits the 

sonographic visibility of the fetus – crucial for monitoring the pregnancy and screening for potential 

malformations [17, 116, 118]. 

Thereafter, maternal obesity can hamper fetal cardiac development, that begins very early in gestation 

[90], on a molecular scale via the impairment of mitochondrial function, direct and indirect DNA damage – with 

genetic or epigenetic changes –, causing the alteration of the transcriptome and proteome, and consequent 

inhibition of the normal signaling pathways and involved molecules (NOTCH, Wnt, TGF-β, FGF, BMP, GATA 

transcription factors, SRF, and others) [93, 97]. Having embryogenesis in mind, the cellular processes needed for 

the heart’s formation will be hampered – proliferation, differentiation, maturation, migration and polarization 

[97]. For instance, the embryo’s stem cells pluripotent capacity can be limited, cardiac precursor cells may not 

differentiate or migrate properly, cardiomyocyte function can be abnormal and there can be fibrosis of heart tissue 

[101,105,117]. Similarly, the placental abnormalities will induce deleterious hemodynamic forces [98].  

These metabolic, inflammatory, oxidative and vascular changes have the potential to manifest at any 

time during pregnancy; however, congenital heart disease will occur if the earliest stages of embryogenesis are 

disrupted, noting that the defect will be more severe the earlier the cardiogenesis error occurs [90,96, 102].  

In light of the evidence reviewed, maternal obesity does increase the theoretical risk of all CHD, 

though studies show  a stronger association to ASD and outflow conotruncal defects and, debatably, HLHS, CoA, 

AVSD, VSD and ToF [105, 116, 118, 121].  

 

Upon examining the existing literature, some limitations were identified, that created a certain inability 

to objectively analyze all studies from the same point of view. Firstly, multiple articles use different 

epidemiological data concerning CHD, while not always identifying whether only live births were accounted or 

whether terminations and cases of CHD diagnosed after birth (for instance in nursery or childhood) were included 

as well. For this scenario we suggest including all cases in order to obtain a more reliable depiction of the actual 

reality. Likewise, questions remain about the impact of different classes of obesity as well as the differentiation 

of the impact of excessive GWG. Similarly, there remains the uncertainty of whether the impact of the 

aforementioned molecular mechanisms is different according to offspring’s sex. We suggest, as well, that special 

attention should be paid to other confounding factors, namely gestational DM, to clarify their different 

mechanisms of teratogenicity. Additionally, there should be a particular focus on recording active or passive 
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maternal exposures or paternal factors, which are often overlooked and can hamper results. Finally, another crucial 

factor that ought to be controlled and explored for a better understanding of the association here reviewed is the 

maternal diet, both before and during gestation.  

In order to address these limitations in current literature, we recommend perhaps carrying out a large-

scale cohort study with detailed data gathering. Another interesting possibility is a stratified analysis in 

population-based registries, in hopes to better elucidate the prevalence, the timing and biological pathways 

underlying the association between maternal obesity and congenital malformations, especially CHD. Lastly, 

investing in studies with animal or cellular models can continue to improve the knowledge of these molecular 

mechanisms. Randomized trials with pre-conceptional interventions can also be considered, with due regard for 

ethical concerns.  

 

All things considered, this review highlights key issues worth investigating in further studies, focusing 

on these pathological mechanisms, to better understand the causality of birth defects linked to maternal obesity. 

This way, improvements can be made in the prevention and early detection of these cardiac malformations, 

focusing on obesity’s management and ensuring optimum pre-conceptional care, proper supplementation and 

obstetric surveillance. 

 

Conclusion 
To summarize, obesity is an endocrine disease that leads to metabolic, inflammatory, oxidative and 

vascular changes. Hence, in the situation of maternal obesity, the intrauterine milieu reflects these changes, 

manifested by placental dysfunction, embryological and fetal consequences, as well as obstetrical difficulties. In 

this review it was shown that obese mothers are, indeed, more likely to have a child with CHD, and the 

pathophysiology of this association, at a cellular and molecular level, is becoming clearer. These biological 

pathways seem to be related to the nutrient overload, chronic low-grade inflammatory status, systemic oxidative 

stress and placental alterations, such as unrestrained nutrient transport and mitochondrial dysfunction. Finaly, as 

obesity seems to be a modifiable risk factor, there should be a greater investment in determining how and when 

to intervene in order to prevent the development of CHD, as well as to define the optimal techniques for early 

diagnosis in obese women. 
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