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Cardiovascular health of
offspring conceived by assisted
reproduction technology: a
comprehensive review
Jie Li†, Yang Liu†, Hefeng Huang* and Li Jin*

Obstetrics and Gynecology Hospital, Institute of Reproduction and Development, Fudan University,
Shanghai, China
Recently, the use of assisted reproductive technology (ART) has rapidly
increased. As a result, an increasing number of people are concerned about
the safety of offspring produced through ART. Moreover, emerging evidence
suggests an increased risk of cardiovascular disease (CVD) in offspring
conceived using ART. In this review, we discuss the epigenetic mechanisms
involved in altered DNA methylation, histone modification, and microRNA
expression, as well as imprinting disorders. We also summarize studies on
cardiovascular changes and other risk factors for cardiovascular disease, such
as adverse intrauterine environments, perinatal complications, and altered
metabolism following assisted reproductive technology (ART). Finally, we
emphasize the epigenetic mechanisms underlying the increased risk of CVD in
offspring conceived through ART, which could contribute to the early
diagnosis and prevention of CVD in the ART population.
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1 Introduction

Assisted reproductive technology (ART) encompasses a range of procedures, including

in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), oocyte donation (OD),

superovulation, freeze-thawing, and other related techniques. The use of ART has

increased in recent years owing to the increasing incidence of infertility in the

population. In the United States, approximately 1.9% children are conceived through

ART (1); similarly, over 1.0% of all births result from ART in mainland China (2).

Moreover, it is predicted that over 150 million children, or 1.4% of the global

population, will be conceived with ART by the end of the century (3).

It is widely accepted that the risk of developing diseases is linked to critical

developmental periods such as the periconceptional, prenatal, and early postnatal stages

(4). Barker’s Developmental Origins of Health and Disease (DOHaD) theory suggests

that changes in the conception microenvironment during both the intrauterine and

postnatal periods can result in long-term damage, particularly in the form of

cardiovascular and metabolic diseases (5, 6). Recently, adverse environmental exposure

of oocytes during the pre-gestational period has shown to have lasting effects on

offspring (7). Thus, concerns have been raised that ART techniques may interfere with

early development and lead to long-term disorders in offspring.
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The primary reason for premature death in China is due to

cardiovascular disease (CVD) (8, 9). Additionally, in the

Western, there has been a gradual rise in the frequency and

prevalence of cardiovascular diseases, whether they are congenital

or acquired, which has contributed to changes in risk factor

profiles among children and young adults (10). Thus, CVD in

offspring conceived via ART has received considerable attention,

and emerging evidence suggests congenital heart defects (CHD)

and an increased cardiovascular risk in offspring conceived using

ART (11–21). In this comprehensive review, we collected

evidence from humans and animals to explore the epigenetic

alterations induced by ART and their subtle consequences on

offspring cardiovascular health.
2 Epigenetic modification and
ART-induced cardiovascular dysfunction

To ensure the quality of embryos and pregnancy outcomes,

gametes are protected from environmental stress in the female

reproductive tract by the tubal fluid during the pre-fertilization

period in vivo. Despite efforts to minimize in vivo environmental

stimuli during ART procedures, they still differ from those in the

female reproductive tract. IVF and ICSI are two common ART

used to help couples conceive. The process of IVF involves

stimulating the ovaries to produce multiple eggs, retrieving the

eggs, fertilizing them with sperm in a laboratory dish, and then

transferring the resulting embryos into the uterus. ICSI is a type of

IVF that involves injecting a single sperm directly into an egg to

facilitate fertilization. Both procedures offer hope to couples

struggling with infertility. More specifically, the ART setting

involves exposure to a range of stimuli, including superovulation

(22), cryopreservation (23, 24), exposure to various types of lights

(25), fluctuations in pH and temperature (26, 27), changes in

oxygen tension (28), culture media that contain specific substances

such as Fe2+ and Cu2+ (29), and gamete or embryo manipulation.

All these ART interventions act during gamete-imprinted gene

reprogramming and embryonic gene demethylation (30). Thus,

with exquisite sensitivity to environmental insults, the trajectories

of gametic and embryonic development can be easily affected.

Epigenetics is the study of changes in gene expression that occur

without alterations to the underlying DNA sequence. Epigenetic

modifications can influence gene expression by modifying

chromatin structure and DNA accessibility. These modifications

can be influenced by environmental factors and can have long-

lasting effects on an organism’s phenotype (31). The relationship

between epigenetics, cardiac development, and disease has been

supported by a growing body of evidence (32). Epigenetic

markers, such as DNA methylation and histone modification, are

established in germ cells and maintained throughout embryonic

development and postnatal life (33). Controlled ovarian

stimulation acts during the period when the imprinted genes of

oocytes are reprogrammed, while in vitro embryo culture acts

during the sensitive period of gene demethylation (30).

Consequently, ART can cause epigenetic dysregulation in embryos

and adult offspring, ultimately affecting cardiovascular health.
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2.1 DNA methylation

DNA methylation is a type of epigenetic modification that

involves the addition of methyl groups to cytosine or adenine

bases in DNA. This process primarily occurs in CpG (5′-C-
phosphate-G-3′) dinucleotides (34). Non-CpG methylation is

found in embryonic stem cells and non-dividing cells, such as

neurons, and plays a role in regulating cell type-specific functions

(35). CpG sites are highly concentrated in genomic regions called

CpG islands, which are mainly located in promoter regions and

are typically unmethylated. CpG sites outside of these islands are

often methylated in mammals (36). DNMT3A and DNMT3B

(DNA methyltransferase 3A and 3B) are responsible for de novo

DNA methylation (37).
2.1.1 ROS and its role in the DNA methylation
process

Oxidative stress (OS) is associated with excess reactive oxygen

species (ROS) and a decrease in antioxidant enzymes (38). To

ensure the quality of embryos and the outcome of pregnancy,

gametes in the female reproductive tract are protected from

environmental stress by tubal fluid during the pre-fertilization

period. After shedding cumulus cells, the embryo depends on

tubal fluid and internal antioxidant activities to gain protection

against ROS-induced stress. All the external stimuli mentioned

above may induce high ROS production in the ART setup

(Figure 1). Excess ROS has been proposed to cause severe damage

during embryonic development, and increasing evidence shows

that the production of ROS is important for the development of

the heart and the pathogenesis of cardiovascular disease (39, 40).

A theory of ROS induction has recently been proposed to

explain the mechanisms underlying the establishment of DNA

hypermethylation or hypomethylation (41–43). Elevated levels of

ROS and DNA methylation have been observed in various types

of cancer cells (43). ROS attack-induced hydroxylation of

methylcytidine generates 5hmC, which disrupts the accurate

transmission of genomic methylation patterns (44). ROS facilitate

the hypermethylation of NDRG2 promoters in a manner that is

dependent on DNMTs, key enzymes in DNA methylation (45).

Moreover, ROS can induce site-specific hypermethylation by

upregulating DNMTs or forming new DNMT-containing

complexes (43). However, as ROS can affect numerous cellular

processes, alternative mechanisms may contribute to DNA

methylome alterations (46).
2.1.2 The relationship between imprinting
abnormalities in ART offspring and CHD

Genomic imprinting is an epigenetic process that affects a

specific set of mammalian genes, resulting in a monoallelic

expression pattern that is inherited from one parent. To

distinguish between parental alleles, imprinted genes are marked

epigenetically in gametes at imprinting control elements using

DNA methylation at the very least (47).

According to a recent study, ART causes abnormal expression

of 1,060 genes in the mouse heart. The genes identified are mainly
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FIGURE 1

All the external stimuli including superovulation, cryopreservation (23, 24), exposure to various types of lights, fluctuations in pH and temperature,
changes in oxygen tension, culture media that contain specific substances such as Fe2+ and Cu2+, and gamete or embryo manipulation may
induce high ROS production in the ART setup. Adding antioxidants such as melatonin to the culture medium and administering antioxidant
supplements to the offspring may protect their cardiovascular health by suppressing ROS production.
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associated with RNA synthesis, processing, and the development of

the cardiovascular system. The core interacting factors include

Ccl2, Ptgs2, Rock1, Mapk14, Agt, and Wnt5a. Further

investigation revealed that 42 epigenetic modifiers were

abnormally expressed in the heart. In addition, in the hearts of

ART offspring, the expression of imprinted genes Dhcr7, Igf2,

Mest, and Smoc1 was found to be reduced, whereas the DNA

methylation levels of the Igf2- and Mest-imprinting control

regions (ICRs) were abnormally increased (19). Superovulation in

adult mice has also been linked to alterations in Sgce and Zfp777

imprinted genes, whereas in vitro culture of follicles from the

early pre-antral stage resulted in globally reduced methylation

and heightened variability at imprinted loci in blastocysts (48).

Additionally, non-stimulated oocytes had lower methylation

percentages in the imprinted genes APEG3, MEG3, and MEG9

and were higher in TSSC4 compared to stimulated oocytes in a

bovine model. In terms of the CGI of imprinted genes, non-

stimulated oocytes had higher methylation percentages of MEST

(PEG1), IGF2R, GNAS (SCG6), KvDMR1, ICR, UMD, and IGF2.

In another region around IGF2, non-stimulated oocytes had

lower methylation percentages than stimulated oocytes (22).

Imprinting aberrations in SNRPN are involved in the

pathogenesis of CHD (49). A study that followed children over

time found who were conceived through ICSI had a higher

incidence of SNRPN DMR hypermethylation. This occurrence
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remained stable even after the children reached seven years of

age, indicating that these changes may persist over time (50). In

addition to humans, oocyte vitrification can also result in the

loss of Snrpn DNA methylation in mouse blastocysts. This loss

of methylation is primarily caused by a reduction in DNMTs

after oocyte vitrification (51).

It was reported that the skewed sex ratio is a result of

developmental defects during the peri-implantation stage, which

predominantly affect females. An imbalanced sex ratio, which

serves as an indicator of reproductive hazards, has been reported

in mouse (52), bovine (53), porcine (54) embryos as well as in

newborns from human IVF procedures (55, 56). Male bias has

been observed in both mammals and humans (52, 56). Given that

women have a more favorable cardiovascular risk profile than

men, particularly at younger ages (57), this sex bias may

contribute to the increasing CVD risk following ART.

Furthermore, these defects were reported to be caused by impaired

imprinted X chromosome inactivation (iXCI) due to reduced

expression of Rnf12/Xist in mice (52). Although humans do not

undergo imprinted XCI like mice, they still exhibit a male bias in

IVF. This suggests that impaired X chromosome inactivation may

occur due to reasons other than imprinting in humans.

Although there is evidence of an increase in imprinting

disorders in children conceived through IVF and ICSI, there is

currently insufficient evidence to establish a link between ART
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and the methylation of other imprinted genes. Further

controlled studies using standardized methodologies in larger

and more clinically defined populations are required to better

understand the relationship between ART and the methylation

of imprinted genes.
2.1.3 eNOS and Ang II: potential therapeutic
targets

Vasculature from ART mice displayed endothelial

dysfunction and increased stiffness, which could lead to

arterial hypertension in vivo. The underlying mechanism was

shown to be the decreased expression and function of

endothelial eNOS, which is an isoform of nitric oxide synthase

that is specific to endothelial cells (14). eNOS in endothelial

cells (ECs) produces nitric oxide (NO), which contribute to

the maintenance of proper vascular tone and systemic

hemodynamics (58). Hypermethylation of the eNOS promoter

can lead to decreased expression and function of endothelial

eNOS, which can cause endothelial dysfunction and increased

vascular stiffness in ART mice. This could lead to arterial

hypertension in vivo (14). Moreover, addition of melatonin to

culture media prevents the ART-induced eNOS

dysmethylation and normalizes vascular dysfunction (59).

Melatonin is known for its strong antioxidant activity, which

helps scavenge free radicals, such as ROS (60). Using a culture

medium containing antioxidants or vitrification and warming

solutions supplemented with antioxidants has been shown to

have a significant positive impact on the in vitro development

of mouse preimplantation embryos, as well as on subsequent

fetal development post-transfer (59, 61–63). In children with

ART, the short-term use of oral antioxidants has also been

found to have beneficial effects on vascular function (64).

The renin-angiotensin system (RAS) is a crucial physiological

system that is responsible for regulating blood pressure and

ensuring proper fluid and electrolyte balance within the body. In

this system, angiotensin II (Ang II) is the primary effector

hormone that acts as a systemic hormone and locally produced

factor (65). Recent research discovered that ART-conceived mice

showed an increased expression of myocardial AT1R, which

encodes the type 1 receptor of Ang II, beginning at three weeks

after birth. This increase was confirmed at 10 weeks and 1.5

years of age compared to the non-IVF group (66). Another study

found that the vasoconstrictor response to ANG II was

significantly higher in ART mice than that in non-ART mice.

This increased response was associated with increased AT1R

expression. The study also found that hypomethylation of two

CpG sites located in the At1bR promoter led to increased gene

transcription, further contributing to exaggerated vasoconstrictor

responsiveness in ART mice (67). In human, a previous study

reported that the IVF-ET group showed decreased mRNA

expression of DNMT3A in the umbilical vein and

hypomethylation of the AGTR1 gene, which codes for AT1R.

These results indicate that IVF-ET treatments can alter Ang II-

mediated vasoconstriction in umbilical veins, possibly due to

increased expression of AT1R caused by dysmethylation (68).
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2.2 Other epigenetic alternations in
ART offspring

2.2.1 Histone modification
In addition to DNA methylation, histone modification is

another crucial epigenetic mechanism. Trimethylation of lysine 4

(K4) and 27 (K27) of histone H3 (H3K4me3 and H3K27me3,

respectively) is associated with gene activation and repression,

respectively (69). Research studies have shown that histone lysine

methylation plays a crucial role as an epigenetic regulator of

heart development. Abnormalities during this process can lead to

cardiac anomalies (32). According to the study by Maldonado

et al. (70), the levels of H3K4me3 were approximately 20%

lower, while the levels of H3K27me3 were higher in frozen-

thawed bovine blastocysts compared to fresh embryos. Based on

this hypothesis, the observed phenomenon was thought to be

caused by cellular stress, particularly oxidative stress. To test this

hypothesis, the blastocysts were placed under either normoxic

(5%) or hyperoxic (20%) conditions and it was demonstrated

that the levels of H3K4me2 and H3K9me2 were altered. Another

study showed that the histone and chromatin status of mouse

embryos was altered by in vitro culture rather than by prior

vitrification and warming (71).
2.2.2 Micro RNA
Micro RNA (miRNA) are small non-coding RNA molecules

approximately 22 bp in length. It can bind to the three prime

untranslated region (3’UTR) of target mRNAs, causing cleavage

or translational repression (72). They play a significant role in

cardiac muscle proliferation and differentiation (73).

Dysregulated miRNA expression profiles have been observed in

IVF-TE human placental tissues (74) and mouse embryos (75).

Elevated levels of miR-100, miR-297, and miR-758 have been

observed in the myocardial tissue of mice conceived through IVF

compared to naturally bred mice of the same age (66), which

might contribute to cardiovascular malformations by RAS. In

addition, miR-1 (76), miR-206 (76) and miR-421 (77) might

contribute to the pathology of tetralogy of Fallot (TOF), the most

common type of cyanotic CHD. However, owing to limited

research, the association between altered miRNAs in IVF

offspring and CVD risk remains unclear.
3 Cardiovascular alterations induced
by assisted reproductive technology

3.1 Alterations in cardiac structure
and function

Cardiac remodelling and dysfunction have been reported in

ART compared to spontaneously conceived fetuses (17, 78),

which could persist in infants, children, and adolescents (15, 79,

80). A recent study found lower LV systolic function in ART

subjects compared to spontaneously conceived peers. However,

after adjusting for birth weight percentiles and gestational age,
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M-mode-assessed LV systolic function showed no significant

differences between the groups (21). Similarly, lower diastolic

function in ART subjects was found in another study after

adjusting for age, birth weight percentile, and gestational age

(81), and there were no significant differences in LV diastolic

function between the two groups.

CHD is the most prevalent type of birth defect and is

characterized by congenital malformations of the heart walls,

valves, and blood vessels (82). A large retrospective cohort study

consisting of 507,390 patients reported a significant association

between ART and CHD in general, without specifying the

subtype. However, after assessing the mediation of twin

pregnancies (which accounted for 87% of the total), the same

correlation was found to be statistically insignificant (83). In a

2018 cohort study, an increased incidence of CHD (1.8% vs. 1%)

was reported without specifying the subtype. Upon further

analysis, it was found that the incidence of nonsevere CHD was

higher in children conceived through ART (2.2%) compared to

those conceived naturally (1%). However, when considering

severe CHD, the incidence was comparable between ART and

NC (1.4% and 1.2%, respectively) (84). Recently, a systematic

review extracted twenty-four studies on the incidence of CHD in

ART was conducted between January 2011 and May 2022 (20).

It concluded that the incidence of CHDs among offspring

conceived by IVF was 3% and decreased to 1% for major CHDs

only. Compared to non-ART pregnancies, there appears to be an

increased risk of CHDs in ART pregnancies, particularly minor

cases that do not require surgical correction. However, evidence

is insufficient to determine the actual risk of developing major

CHDs. Additionally, certain confounding factors such as

maternal age and male infertility may play a critical role in

determining the increased risk of CHDs (85–87).

Owing to the conflicting results among studies, further research

is needed to validate the evidence and accurately determine the risk

of alterations in cardiac structure and function following ART

pregnancies. More extensive research with larger sample sizes

and extended follow-up periods is warranted.
3.2 Abnormal blood pressure

Increased arterial blood pressure was found in ART-conceived

offspring (11, 88) compared to the control group. As mentioned

previously, this could be a consequence of vascular dysfunction

(88). Pulmonary hypertension in ART-conceived children has

been reported under hypoxic and normoxic stress (13, 79, 89,

90), which may be attributed to decreased pulmonary vascular

distensibility (89). A meta-analysis of over 35,000 mostly child

offspring found that ART (compared to natural conception)

resulted in similar blood pressure, heart rate, and glucose levels

but higher cholesterol levels. Additionally, a long-term follow-up

of 17,244 births (244 of which were ART) showed that children

conceived through ART tended to have lower predicted systolic

(SBP) and diastolic blood pressure (DBP) during childhood.

However, as they entered young adulthood, there were slight

indications of higher SBP and triglyceride levels. It’s worth
Frontiers in Cardiovascular Medicine 05
noting that most of these differences were not statistically

significant (91).

Ovarian hyperstimulation syndrome (OHSS) is a significant

and potentially dangerous complication of IVF. It is

characterized by increased levels of estradiol in the bloodstream,

enlargement of the ovaries with cysts, and a shift of fluid from

the blood vessels to other areas of the body (92). According to a

prior investigation, controlled ovarian hyperstimulation during

IVF results in offspring with significantly higher SBP than those

born through modified natural cycles (93). Accordingly, another

study revealed that the systolic blood pressure SBP and DBP in

children aged 3–6 years, who were conceived naturally, were

significantly lower compared to the OHSS-ET group (94).

According to a meta-analysis conducted in 2017, a total of 19

studies were reviewed to better understand the health outcomes of

children born through IVF-ICSI compared to those conceived

naturally. These studies included 2,112 IVF-ICSI offspring and

4,096 naturally conceived offspring across various age groups

from childhood to early adulthood. This study revealed that IVF-

ICSI offspring had notably higher blood pressure levels than

naturally conceived offspring. The weighted mean differences and

confidence intervals were 1.88 mmHg [95% CI: 0.27, 3.49] for

SBP and 1.51 mmHg [95% CI: 0.33, 2.70] for DBP, indicating a

significant difference between the two groups (95).

Five animal studies reported varied results on the SBP/DBP

and the mean blood pressures of the children at a specific time

point between 9 and 52 weeks of age (14, 59, 67, 96, 97). Three

studies conducted on 12–14-week-old male mice using telemetry

(14, 59, 67) found that the mice conceived via IVF exhibited

significantly higher mean fixed and continuous arterial pressures.

Additionally, a study reported that female mice conceived

through IVM had increased SBP levels at 1.5 years of age, but no

significant increase was observed in male mice or those

conceived through IVF or ICSI (97). More importantly, long-

term exposure to high blood pressure can lead to structural

abnormalities (98). Thus, differences in blood pressure are

clinically important for early intervention of cardiac structure

alterations in ART offspring.
3.3 Vascular dysfunction

A research team from Switzerland. paid significant attention to

cardiovascular risks among ART offspring, both in humans (13,

88) and mice (14, 59). After assessing markers of early

atherosclerosis in children (mean age, 11 years) who were

conceived naturally and by ART (13), they found that carotid-

femoral pulse-wave velocity (PWV), a proxy for elastic artery

stiffness, was significantly faster in children who were conceived

by ART than in control children. Defective flow-mediated

dilation (FMD) of the brachial artery, which is related to

endothelial dysfunction (99), and greater carotid intima-media

thickness (cIMT) have also been found in children from ART. At

the 5-year follow-up, the team reassessed the vascular function in

these children (88). The alterations in FMD of the brachial

artery, PWV, and cIMT were not only found to be persistent,
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but may also have the potential to translate into arterial

hypertension, which has been demonstrated in several studies in

humans (11, 15, 88). Furthermore, greater cIMT was confirmed

in a smaller cohort (100). In addition to humans, ART mice

exhibit signs of endothelial dysfunction and increased stiffness

(14, 59, 101), which can even be transmitted to their offspring by

male ART mice (14).

Conversely, a recent study in humans showed no differences in

early markers of atherosclerosis (cIMT and arterial stiffness)

between ART and non-ART groups at ages 22–35 years (102,

103). The study focused on individuals in early adulthood and

used noninvasive techniques to identify early markers of

subclinical atherosclerosis. However, the researchers did not

examine the links between these markers and clinical

cardiovascular events. Another study also found no significant

difference in vascular function between children, adolescents, and

young adults conceived through assisted reproductive technology

and their spontaneously conceived peers (104). However, given

the limited sample size in this study (66 ART and 86 naturally

conceived offspring), larger multi-center studies are necessary to

gather clinical evidence.

Collectively, ART may interfere with early development and

lead to premature vascular dysfunction in the offspring,

potentially due to the variety of in vitro manipulations and

cultures from gametes to embryos involved in the technology.

However, the relationship between these techniques and early

atherosclerotic disorders has not been clearly defined and

requires further investigation.
3.4 Cardiovascular risk factors in ART
populations

3.4.1 Perinatal complications
ART is often associated with adverse pregnancy outcomes,

including fetal growth restriction, low birth weight, and preterm

birth (PTB) (105), all of which are associated with higher CVD

rates in adulthood (106–108). ART is also associated with an

increased incidence of preeclampsia in mothers (109–111), which

could have a negative effect on systemic and pulmonary vascular

function of the offspring (12).

3.4.2 Altered metabolism in ART offspring
Metabolic syndromes in the progression of CVDs, such as

obesity, diabetes, dyslipidemia, and impaired glucose

metabolism, are known cardiovascular risk factors (112). ART

offspring show altered glucose homeostasis and exacerbated

obesity in mice and humans (97, 113). In a recent study, ART

offspring in childhood were found having similar TG levels, but

higher TC (HDLc and LDLc) levels compared to NC; however,

these differences were not observed in young adulthood. In

contrast, as age increased, those conceived by ART had higher

TG and lower HDLc levels than NC, although the differences

were small and not statistically significant by age 26 (114).

Higher TG levels are known to increase future cardiovascular

disease risk, which might suggest an increased risk in ART-
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conceived offspring (115). Moreover, elevated maternal estrogen

levels after ovulation induction have been linked to higher total

cholesterol and low-density lipoprotein cholesterol levels in

newborns (116). In mice, ICSI or in vitro oocyte maturation

(IVM) has a significant impact on the hepatic expression and

methylation of INSIG-SCAP-SREBP from young to old age

(97), and these alterations are involved in cardiometabolic

changes (117, 118). Collectively, these metabolic disorders may

serve as early indicators of CVD risk (106, 119).
3.4.3 Adverse intrauterine environment
The significance of the intrauterine environment cannot be

overstated, as it serves as a mediator of the environment

during vital developmental periods. Numerous studies have

shown that an inadequate maternal diet (120), stress

(121), and hormonal imbalances during pregnancy (122, 123)

can affect the developmental programming of future

generations. Women who undergo ART may face various

challenges, including endocrine issues, advanced maternal age,

chronic pelvic inflammation, and insulin resistance (124), all

of which could contribute to cardiovascular dysfunction in the

offspring. In addition, increased susceptibility to perinatal

complications such as low birth weight and PTB during ART

pregnancy may be partly due to a compromised intrauterine

environment (95).
4 Conclusion and future perspectives

Although many studies have indicated a correlation between

ART and an increased risk of CVDs among offspring, there is

still conflicting evidence and no clear conclusion has been

reached. Epigenetic alterations in ART populations have been

reported in multiple studies, but the underlying mechanisms

remain unclear. ROS could be one of the culprits for the high

ROS production induced by external stimuli in the ART setup,

and adding antioxidants to the culture media could mitigate

the damage. Dysmethylation of AGTR1 and eNOS are shown

to be associated with abnormal blood pressure levels. By

applying the ROS inhibitor melatonin, the hypermethylation of

eNOS can be effectively prevented. However, considering

that ROS can affect numerous cellular processes, alternative

mechanisms may contribute to epigenetic alterations.

Moreover, considering the multifactorial nature of CVDs,

adverse intrauterine environments, perinatal complications,

and altered metabolism may play roles in the development of

CVDs in ART offspring. Further research with larger, well-

defined clinical ART populations and standardized

methodologies is required, and more epigenetic experiments

are needed to elucidate the potential mechanism of epigenetic

inheritance in cardiovascular alterations in ART offspring.

Overall, more attention should be paid to the CVD risks in

offspring conceived through ART, which could not only

contribute to the early diagnosis and prevention of CVD but

also improve the safety and precision of ART.
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1287060
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1287060
Author contributions

LJ: Writing – review & editing, Funding acquisition. JL:

Writing – original draft, Writing – review & editing. YL: Writing

– original draft, Writing – review & editing. HH: Funding

acquisition, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This work is supported by the National Key R&D Program

of China (2021YFC2700603, 2022YFC2702504), the National Natural

Science Foundation of China (82088102), Collaborative Innovation

Program of Shanghai Municipal Health Commission (2020CXJQ01).
Frontiers in Cardiovascular Medicine 07
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Sunderam S, Kissin DM, Zhang Y, Jewett A, Boulet SL, Warner L, et al. Assisted
reproductive technology surveillance—United States, 2017. MMWR Surveill Summ.
(2020) 69(9):1–20. doi: 10.15585/mmwr.ss6909a1

2. Yang X, Li Y, Li C, Zhang W. Current overview of pregnancy complications and
live-birth outcome of assisted reproductive technology in mainland China. Fertil Steril.
(2014) 101(2):385–91. doi: 10.1016/j.fertnstert.2013.10.017

3. Faddy MJ, Gosden MD, Gosden RG. A demographic projection of the
contribution of assisted reproductive technologies to world population growth.
Reprod Biomed Online. (2018) 36(4):455–8. doi: 10.1016/j.rbmo.2018.01.006

4. Sanchez-Garrido MA, Garcia-Galiano D, Tena-Sempere M. Early programming
of reproductive health and fertility: novel neuroendocrine mechanisms and
implications in reproductive medicine. Hum Reprod Update. (2022) 28(3):346–75.
doi: 10.1093/humupd/dmac005

5. Barker DJ. The fetal origins of coronary heart disease. Eur Heart J. (1997) 18
(6):883–4. doi: 10.1093/oxfordjournals.eurheartj.a015368

6. Barker DJ. The origins of the developmental origins theory. J Intern Med. (2007)
261(5):412–7. doi: 10.1111/j.1365-2796.2007.01809.x

7. Chen B, Du YR, Zhu H, Sun ML, Wang C, Cheng Y, et al. Maternal inheritance of
glucose intolerance via oocyte TET3 insufficiency. Nature. (2022) 605(7911):761–6.
doi: 10.1038/s41586-022-04756-4

8. Yang G, Wang Y, Zeng Y, Gao GF, Liang X, Zhou M, et al. Rapid health transition
in China, 1990–2010: findings from the global burden of disease study 2010. Lancet.
(2013) 381(9882):1987–2015. doi: 10.1016/s0140-6736(13)61097-1

9. Zhou M, Wang H, Zhu J, Chen W, Wang L, Liu S, et al. Cause-specific mortality
for 240 causes in China during 1990-2013: a systematic subnational analysis for the
global burden of disease study 2013. Lancet. (2016) 387(10015):251–72. doi: 10.
1016/s0140-6736(15)00551-6

10. Andersson C, Vasan RS. Epidemiology of cardiovascular disease in young
individuals. Nat Rev Cardiol. (2018) 15(4):230–40. doi: 10.1038/nrcardio.2017.154

11. Ceelen M, van Weissenbruch MM, Vermeiden JP, van Leeuwen FE, Delemarre-
van de Waal HA. Cardiometabolic differences in children born after in vitro
fertilization: follow-up study. J Clin Endocrinol Metab. (2008) 93(5):1682–8. doi: 10.
1210/jc.2007-2432

12. Jayet PY, Rimoldi SF, Stuber T, Salmòn CS, Hutter D, Rexhaj E, et al. Pulmonary
and systemic vascular dysfunction in young offspring of mothers with preeclampsia.
Circulation. (2010) 122(5):488–94. doi: 10.1161/circulationaha.110.941203

13. Scherrer U, Rimoldi SF, Rexhaj E, Stuber T, Duplain H, Garcin S, et al. Systemic
and pulmonary vascular dysfunction in children conceived by assisted reproductive
technologies. Circulation. (2012) 125(15):1890–6. doi: 10.1161/circulationaha.111.
071183

14. Rexhaj E, Paoloni-Giacobino A, Rimoldi SF, Fuster DG, Anderegg M, Somm E,
et al. Mice generated by in vitro fertilization exhibit vascular dysfunction and
shortened life span. J Clin Invest. (2013) 123(12):5052–60. doi: 10.1172/JCI68943

15. Valenzuela-Alcaraz B, Crispi F, Bijnens B, Cruz-Lemini M, Creus M, Sitges M,
et al. Assisted reproductive technologies are associated with cardiovascular remodeling
in utero that persists postnatally. Circulation. (2013) 128(13):1442–50. doi: 10.1161/
circulationaha.113.002428
16. Wang C, Lv H, Ling X, Li H, Diao F, Dai J, et al. Association of assisted
reproductive technology, germline de novo mutations and congenital heart defects
in a prospective birth cohort study. Cell Res. (2021) 31(8):919–28. doi: 10.1038/
s41422-021-00521-w

17. Bi W, Xiao Y, Wang X, Cui L, Song G, Yang Z, et al. The association between
assisted reproductive technology and cardiac remodeling in fetuses and early infants: a
prospective cohort study. BMC Med. (2022) 20(1):104. doi: 10.1186/s12916-022-
02303-6

18. Mizrak I, Asserhoj LL, Lund MAV, Kielstrup LR, Greisen G, Clausen TD, et al.
Cardiovascular function in 8- to 9-year-old singletons born after ART with frozen and
fresh embryo transfer. Hum Reprod. (2022) 37(3):600–11. doi: 10.1093/humrep/
deab284

19. Chen H, Zhang L, Yue F, Cui C, Li Y, Zhang Q, et al. Effects of assisted
reproductive technology on gene expression in heart and spleen tissues of adult
offspring mouse. Front Endocrinol (Lausanne). (2023) 14:1035161. doi: 10.3389/
fendo.2023.1035161

20. Gullo G, Scaglione M, Lagana AS, Perino A, Andrisani A, Chiantera V, et al.
Assisted reproductive techniques and risk of congenital heart diseases in children: a
systematic review and meta-analysis. Reprod Sci. (2023). 30(10):2896–906. doi: 10.
1007/s43032-023-01252-6

21. Sciuk F, Vilsmaier T, Kramer M, Langer M, Kolbinger B, Li P, et al. Left
ventricular systolic function in subjects conceived through assisted reproductive
technologies. Front Cardiovasc Med. (2023) 10:1059713. doi: 10.3389/fcvm.2023.
1059713

22. Lopes JS, Ivanova E, Ruiz S, Andrews S, Kelsey G, Coy P. Effect of
superovulation treatment on oocyte’s DNA methylation. Int J Mol Sci. (2022) 23
(24):16158. doi: 10.3390/ijms232416158

23. Zribi N, Feki Chakroun N, El Euch H, Gargouri J, Bahloul A, Ammar Keskes L.
Effects of cryopreservation on human sperm deoxyribonucleic acid integrity. Fertil
Steril. (2010) 93(1):159–66. doi: 10.1016/j.fertnstert.2008.09.038

24. Zhang Z, Mu Y, Ding D, Zou W, Li X, Chen B, et al. Melatonin improves the
effect of cryopreservation on human oocytes by suppressing oxidative stress and
maintaining the permeability of the oolemma. J Pineal Res. (2021) 70(2):e12707.
doi: 10.1111/jpi.12707

25. Khodavirdilou R, Pournaghi M, Oghbaei H, Rastgar Rezaei Y, Javid F,
Khodavirdilou L, et al. Toxic effect of light on oocyte and pre-implantation embryo:
a systematic review. Arch Toxicol. (2021) 95(10):3161–9. doi: 10.1007/s00204-021-
03139-4

26. Larkindale J, Knight MR. Protection against heat stress-induced oxidative
damage in Arabidopsis involves calcium, abscisic acid, ethylene, and salicylic acid.
Plant Physiol. (2002) 128(2):682–95. doi: 10.1104/pp.010320

27. Will MA, Clark NA, Swain JE. Biological pH buffers in IVF: help or
hindrance to success. J Assist Reprod Genet. (2011) 28(8):711–24. doi: 10.1007/
s10815-011-9582-0

28. Bontekoe S, Mantikou E, van Wely M, Seshadri S, Repping S, Mastenbroek S.
Low oxygen concentrations for embryo culture in assisted reproductive
technologies. Cochrane Database Syst Rev. (2012) (7):Cd008950. doi: 10.1002/
14651858.CD008950.pub2
frontiersin.org

https://doi.org/10.15585/mmwr.ss6909a1
https://doi.org/10.1016/j.fertnstert.2013.10.017
https://doi.org/10.1016/j.rbmo.2018.01.006
https://doi.org/10.1093/humupd/dmac005
https://doi.org/10.1093/oxfordjournals.eurheartj.a015368
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://doi.org/10.1038/s41586-022-04756-4
https://doi.org/10.1016/s0140-6736(13)61097-1
https://doi.org/10.1016/s0140-6736(15)00551-6
https://doi.org/10.1016/s0140-6736(15)00551-6
https://doi.org/10.1038/nrcardio.2017.154
https://doi.org/10.1210/jc.2007-2432
https://doi.org/10.1210/jc.2007-2432
https://doi.org/10.1161/circulationaha.110.941203
https://doi.org/10.1161/circulationaha.111.071183
https://doi.org/10.1161/circulationaha.111.071183
https://doi.org/10.1172/JCI68943
https://doi.org/10.1161/circulationaha.113.002428
https://doi.org/10.1161/circulationaha.113.002428
https://doi.org/10.1038/s41422-021-00521-w
https://doi.org/10.1038/s41422-021-00521-w
https://doi.org/10.1186/s12916-022-02303-6
https://doi.org/10.1186/s12916-022-02303-6
https://doi.org/10.1093/humrep/deab284
https://doi.org/10.1093/humrep/deab284
https://doi.org/10.3389/fendo.2023.1035161
https://doi.org/10.3389/fendo.2023.1035161
https://doi.org/10.1007/s43032-023-01252-6
https://doi.org/10.1007/s43032-023-01252-6
https://doi.org/10.3389/fcvm.2023.1059713
https://doi.org/10.3389/fcvm.2023.1059713
https://doi.org/10.3390/ijms232416158
https://doi.org/10.1016/j.fertnstert.2008.09.038
https://doi.org/10.1111/jpi.12707
https://doi.org/10.1007/s00204-021-03139-4
https://doi.org/10.1007/s00204-021-03139-4
https://doi.org/10.1104/pp.010320
https://doi.org/10.1007/s10815-011-9582-0
https://doi.org/10.1007/s10815-011-9582-0
https://doi.org/10.1002/14651858.CD008950.pub2
https://doi.org/10.1002/14651858.CD008950.pub2
https://doi.org/10.3389/fcvm.2024.1287060
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1287060
29. Guérin P, El Mouatassim S, Ménézo Y. Oxidative stress and protection against
reactive oxygen species in the pre-implantation embryo and its surroundings. Hum
Reprod Update. (2001) 7(2):175–89. doi: 10.1093/humupd/7.2.175

30. Monk D, Mackay DJG, Eggermann T, Maher ER, Riccio A. Genomic imprinting
disorders: lessons on how genome, epigenome and environment interact. Nat Rev
Genet. (2019) 20(4):235–48. doi: 10.1038/s41576-018-0092-0

31. Bird A. Perceptions of epigenetics. Nature. (2007) 447(7143):396–8. doi: 10.
1038/nature05913

32. Wang G, Wang B, Yang P. Epigenetics in congenital heart disease. J Am Heart
Assoc. (2022) 11(7):e025163. doi: 10.1161/JAHA.121.025163

33. Millership SJ, Van de Pette M, Withers DJ. Genomic imprinting and its effects
on postnatal growth and adult metabolism. Cell Mol Life Sci. (2019) 76(20):4009–21.
doi: 10.1007/s00018-019-03197-z

34. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, et al.
Human DNA methylomes at base resolution show widespread epigenomic differences.
Nature. (2009) 462(7271):315–22. doi: 10.1038/nature08514

35. Lee JH, Park SJ, Nakai K. Differential landscape of non-CpG methylation in
embryonic stem cells and neurons caused by DNMT3s. Sci Rep. (2017) 7(1):11295.
doi: 10.1038/s41598-017-11800-1

36. Bird A, Taggart M, Frommer M, Miller OJ, Macleod D. A fraction of the mouse
genome that is derived from islands of nonmethylated, CpG-rich DNA. Cell. (1985) 40
(1):91–9. doi: 10.1016/0092-8674(85)90312-5

37. Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian
development. Science. (2001) 293(5532):1089–93. doi: 10.1126/science.1063443

38. Agarwal A, Maldonado Rosas I, Anagnostopoulou C, Cannarella R, Boitrelle F,
Munoz LV, et al. Oxidative stress and assisted reproduction: a comprehensive review
of its pathophysiological role and strategies for optimizing embryo culture
environment. Antioxidants (Basel). (2022) 11(3):477. doi: 10.3390/antiox11030477

39. Panth N, Paudel KR, Parajuli K. Reactive oxygen Species: a key hallmark of
cardiovascular disease. Adv Med. (2016) 2016:9152732. doi: 10.1155/2016/9152732

40. Liang J, Wu M, Chen C, Mai M, Huang J, Zhu P. Roles of reactive oxygen species
in cardiac differentiation, reprogramming, and regenerative therapies. Oxid Med Cell
Longev. (2020) 2020:2102841. doi: 10.1155/2020/2102841

41. Campos AC, Molognoni F, Melo FH, Galdieri LC, Carneiro CR, D’Almeida V,
et al. Oxidative stress modulates DNA methylation during melanocyte anchorage
blockade associated with malignant transformation. Neoplasia. (2007) 9
(12):1111–21. doi: 10.1593/neo.07712

42. Ziech D, Franco R, Pappa A, Panayiotidis MI. Reactive oxygen species (ROS)–
induced genetic and epigenetic alterations in human carcinogenesis.Mutat Res. (2011)
711(1-2):167–73. doi: 10.1016/j.mrfmmm.2011.02.015

43. Wu Q, Ni X. ROS-mediated DNA methylation pattern alterations in
carcinogenesis. Curr Drug Targets. (2015) 16(1):13–9. doi: 10.2174/
1389450116666150113121054

44. Valinluck V, Sowers LC. Endogenous cytosine damage products alter the site
selectivity of human DNA maintenance methyltransferase DNMT1. Cancer Res.
(2007) 67(3):946–50. doi: 10.1158/0008-5472.Can-06-3123

45. Zhao Y, Fan X, Wang Q, Zhen J, Li X, Zhou P, et al. ROS promote hyper-
methylation of NDRG2 promoters in a DNMTS-dependent manner: contributes to
the progression of renal fibrosis. Redox Biol. (2023) 62:102674. doi: 10.1016/j.redox.
2023.102674

46. Khosravizadeh Z, Khodamoradi K, Rashidi Z, Jahromi M, Shiri E, Salehi E, et al.
Sperm cryopreservation and DNA methylation: possible implications for ART success
and the health of offspring. J Assist Reprod Genet. (2022) 39(8):1815–24. doi: 10.1007/
s10815-022-02545-6

47. Barlow DP, Bartolomei MS. Genomic imprinting in mammals. Cold Spring Harb
Perspect Biol. (2014) 6:2. doi: 10.1101/cshperspect.a018382

48. Saucedo-Cuevas L, Ivanova E, Herta AC, Krueger F, Billooye K, Smitz J, et al.
Genome-wide assessment of DNA methylation alterations induced by
superovulation, sexual immaturity and in vitro follicle growth in mouse blastocysts.
Clin Epigenetics. (2023) 15(1):9. doi: 10.1186/s13148-023-01421-z

49. Zhao X, Chang S, Liu X, Wang S, Zhang Y, Lu X, et al. Imprinting aberrations of
SNRPN, ZAC1 and INPP5F genes involved in the pathogenesis of congenital heart
disease with extracardiac malformations. J Cell Mol Med. (2020) 24(17):9898–907.
doi: 10.1111/jcmm.15584

50. Whitelaw N, Bhattacharya S, Hoad G, Horgan GW, Hamilton M, Haggarty P.
Epigenetic status in the offspring of spontaneous and assisted conception. Hum
Reprod. (2014) 29(7):1452–8. doi: 10.1093/humrep/deu094

51. Cheng KR, Fu XW, Zhang RN, Jia GX, Hou YP, Zhu SE. Effect of oocyte
vitrification on deoxyribonucleic acid methylation of H19, Peg3, and snrpn
differentially methylated regions in mouse blastocysts. Fertil Steril. (2014) 102
(4):1183–90.e1183. doi: 10.1016/j.fertnstert.2014.06.037

52. Tan K, An L, Miao K, Ren L, Hou Z, Tao L, et al. Impaired imprinted X
chromosome inactivation is responsible for the skewed sex ratio following in vitro
fertilization. Proc Natl Acad Sci U S A. (2016) 113(12):3197–202. doi: 10.1073/pnas.
1523538113
Frontiers in Cardiovascular Medicine 08
53. Wrenzycki C, Lucas-Hahn A, Herrmann D, Lemme E, Korsawe K, Niemann H.
In vitro production and nuclear transfer affect dosage compensation of the X-linked
gene transcripts G6PD, PGK, and Xist in preimplantation bovine embryos. Biol
Reprod. (2002) 66(1):127–34. doi: 10.1095/biolreprod66.1.127

54. Torner E, Bussalleu E, Briz MD, Yeste M, Bonet S. Embryo development and sex
ratio of in vitro-produced porcine embryos are affected by the energy substrate and
hyaluronic acid added to the culture medium. Reprod Fertil Dev. (2014) 26
(4):570–7. doi: 10.1071/rd13004

55. Dean JH, Chapman MG, Sullivan EA. The effect on human sex ratio at birth by
assisted reproductive technology (ART) procedures–an assessment of babies born
following single embryo transfers, Australia and New Zealand, 2002–2006. Bjog.
(2010) 117(13):1628–34. doi: 10.1111/j.1471-0528.2010.02731.x

56. Maalouf WE, Mincheva MN, Campbell BK, Hardy IC. Effects of assisted
reproductive technologies on human sex ratio at birth. Fertil Steril. (2014) 101
(5):1321–5. doi: 10.1016/j.fertnstert.2014.01.041

57. Walli-Attaei M, Rosengren A, Rangarajan S, Breet Y, Abdul-Razak S, Sharief
WA, et al. Metabolic, behavioural, and psychosocial risk factors and cardiovascular
disease in women compared with men in 21 high-income, middle-income, and low-
income countries: an analysis of the PURE study. Lancet. (2022) 400
(10355):811–21. doi: 10.1016/s0140-6736(22)01441-6

58. Farah C, Michel LYM, Balligand JL. Nitric oxide signalling in cardiovascular
health and disease. Nat Rev Cardiol. (2018) 15(5):292–316. doi: 10.1038/nrcardio.
2017.224

59. Rexhaj E, Pireva A, Paoloni-Giacobino A, Allemann Y, Cerny D, Dessen P, et al.
Prevention of vascular dysfunction and arterial hypertension in mice generated by
assisted reproductive technologies by addition of melatonin to culture media. Am
J Physiol Heart Circ Physiol. (2015) 309(7):H1151–56. doi: 10.1152/ajpheart.00621.2014

60. Tamura H, Jozaki M, Tanabe M, Shirafuta Y, Mihara Y, Shinagawa M, et al.
Importance of melatonin in assisted reproductive technology and ovarian aging. Int
J Mol Sci. (2020) 21(3):1135. doi: 10.3390/ijms21031135

61. Truong TT, Soh YM, Gardner DK. Antioxidants improve mouse
preimplantation embryo development and viability. Hum Reprod. (2016) 31
(7):1445–54. doi: 10.1093/humrep/dew098

62. Truong T, Gardner DK. Antioxidants improve IVF outcome and subsequent
embryo development in the mouse. Hum Reprod. (2017) 32(12):2404–13. doi: 10.
1093/humrep/dex330

63. Truong TT, Gardner DK. Antioxidants increase blastocyst cryosurvival and
viability post-vitrification. Hum Reprod. (2020) 35(1):12–23. doi: 10.1093/humrep/
dez243

64. Rimoldi SF, Sartori C, Rexhaj E, Bailey DM, de Marchi SF, McEneny J, et al.
Antioxidants improve vascular function in children conceived by assisted
reproductive technologies: a randomized double-blind placebo-controlled trial. Eur
J Prev Cardiol. (2015) 22(11):1399–407. doi: 10.1177/2047487314535117

65. van Thiel BS, van der Pluijm I, te Riet L, Essers J, Danser AH. The renin-
angiotensin system and its involvement in vascular disease. Eur J Pharmacol. (2015)
763(Pt A):3–14. doi: 10.1016/j.ejphar.2015.03.090

66. Wang Q, Zhang Y, Le F, Wang N, Zhang F, Luo Y, et al. Alteration in the
expression of the renin-angiotensin system in the myocardium of mice conceived
by in vitro fertilization. Biol Reprod. (2018) 99(6):1276–88. doi: 10.1093/biolre/ioy158

67. Meister TA, Soria R, Dogar A, Messerli FH, Paoloni-Giacobino A, Stenz L, et al.
Increased arterial responsiveness to angiotensin II in mice conceived by assisted
reproductive technologies. Int J Mol Sci. (2022) 23(21):13357. doi: 10.3390/
ijms232113357

68. Zhang M, Lu L, Zhang Y, Li X, Fan X, Chen X, et al. Methylation-reprogrammed
AGTR1 results in increased vasoconstriction by angiotensin II in human umbilical
cord vessel following in vitro fertilization-embryo transfer. Life Sci. (2019)
234:116792. doi: 10.1016/j.lfs.2019.116792

69. Jiang Z, Wang Y, Lin J, Xu J, Ding G, Huang H. Genetic and epigenetic risks of
assisted reproduction. Best Pract Res Clin Obstet Gynaecol. (2017) 44:90–104. doi: 10.
1016/j.bpobgyn.2017.07.004

70. Maldonado MB, Penteado JC, Faccio BM, Lopes FL, Arnold DR. Changes in tri-
methylation profile of lysines 4 and 27 of histone H3 in bovine blastocysts after
cryopreservation. Cryobiology. (2015) 71(3):481–5. doi: 10.1016/j.cryobiol.2015.09.001

71. Jahangiri M, Shahhoseini M, Movaghar B. H19 and MEST gene expression and
histone modification in blastocysts cultured from vitrified and fresh two-cell mouse
embryos. Reprod Biomed Online. (2014) 29(5):559–66. doi: 10.1016/j.rbmo.2014.07.
006

72. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
(2004) 116(2):281–97. doi: 10.1016/s0092-8674(04)00045-5

73. Chen JF, Mandel EM, Thomson JM, Wu Q, Callis TE, Hammond SM, et al. The
role of microRNA-1 and microRNA-133 in skeletal muscle proliferation and
differentiation. Nat Genet. (2006) 38(2):228–33. doi: 10.1038/ng1725

74. Yang S, Zheng W, Yang C, Zu R, Ran S, Wu H, et al. Integrated analysis of hub
genes and MicroRNAs in human placental tissues from in vitro fertilization-embryo
transfer. Front Endocrinol (Lausanne). (2021) 12:774997. doi: 10.3389/fendo.2021.
774997
frontiersin.org

https://doi.org/10.1093/humupd/7.2.175
https://doi.org/10.1038/s41576-018-0092-0
https://doi.org/10.1038/nature05913
https://doi.org/10.1038/nature05913
https://doi.org/10.1161/JAHA.121.025163
https://doi.org/10.1007/s00018-019-03197-z
https://doi.org/10.1038/nature08514
https://doi.org/10.1038/s41598-017-11800-1
https://doi.org/10.1016/0092-8674(85)90312-5
https://doi.org/10.1126/science.1063443
https://doi.org/10.3390/antiox11030477
https://doi.org/10.1155/2016/9152732
https://doi.org/10.1155/2020/2102841
https://doi.org/10.1593/neo.07712
https://doi.org/10.1016/j.mrfmmm.2011.02.015
https://doi.org/10.2174/1389450116666150113121054
https://doi.org/10.2174/1389450116666150113121054
https://doi.org/10.1158/0008-5472.Can-06-3123
https://doi.org/10.1016/j.redox.2023.102674
https://doi.org/10.1016/j.redox.2023.102674
https://doi.org/10.1007/s10815-022-02545-6
https://doi.org/10.1007/s10815-022-02545-6
https://doi.org/10.1101/cshperspect.a018382
https://doi.org/10.1186/s13148-023-01421-z
https://doi.org/10.1111/jcmm.15584
https://doi.org/10.1093/humrep/deu094
https://doi.org/10.1016/j.fertnstert.2014.06.037
https://doi.org/10.1073/pnas.1523538113
https://doi.org/10.1073/pnas.1523538113
https://doi.org/10.1095/biolreprod66.1.127
https://doi.org/10.1071/rd13004
https://doi.org/10.1111/j.1471-0528.2010.02731.x
https://doi.org/10.1016/j.fertnstert.2014.01.041
https://doi.org/10.1016/s0140-6736(22)01441-6
https://doi.org/10.1038/nrcardio.2017.224
https://doi.org/10.1038/nrcardio.2017.224
https://doi.org/10.1152/ajpheart.00621.2014
https://doi.org/10.3390/ijms21031135
https://doi.org/10.1093/humrep/dew098
https://doi.org/10.1093/humrep/dex330
https://doi.org/10.1093/humrep/dex330
https://doi.org/10.1093/humrep/dez243
https://doi.org/10.1093/humrep/dez243
https://doi.org/10.1177/2047487314535117
https://doi.org/10.1016/j.ejphar.2015.03.090
https://doi.org/10.1093/biolre/ioy158
https://doi.org/10.3390/ijms232113357
https://doi.org/10.3390/ijms232113357
https://doi.org/10.1016/j.lfs.2019.116792
https://doi.org/10.1016/j.bpobgyn.2017.07.004
https://doi.org/10.1016/j.bpobgyn.2017.07.004
https://doi.org/10.1016/j.cryobiol.2015.09.001
https://doi.org/10.1016/j.rbmo.2014.07.006
https://doi.org/10.1016/j.rbmo.2014.07.006
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1038/ng1725
https://doi.org/10.3389/fendo.2021.774997
https://doi.org/10.3389/fendo.2021.774997
https://doi.org/10.3389/fcvm.2024.1287060
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1287060
75. Tan K, Wang X, Zhang Z, Miao K, Yu Y, An L, et al. Downregulation of miR-
199a-5p disrupts the developmental potential of in vitro-fertilized mouse blastocysts.
Biol Reprod. (2016) 95(3):54. doi: 10.1095/biolreprod.116.141051

76. Wu Y, Ma XJ, Wang HJ, Li WC, Chen L, Ma D, et al. Expression of Cx43-related
microRNAs in patients with tetralogy of fallot. World J Pediatr. (2014) 10(2):138–44.
doi: 10.1007/s12519-013-0434-0

77. Bittel DC, Kibiryeva N, Marshall JA, O’Brien JE. MicroRNA-421 dysregulation is
associated with tetralogy of Fallot. Cells. (2014) 3(3):713–23. doi: 10.3390/cells3030713

78. Rizzo G, Pietrolucci ME, Mappa I, Bitsadze V, Khizroeva J, Makatsariya A, et al.
Fetal cardiac remodeling is affected by the type of embryo transfer in pregnancies
conceived by in vitro fertilization: a prospective cohort study. Fetal Diagn Ther.
(2020) 47(10):772–8. doi: 10.1159/000508987

79. von Arx R, Allemann Y, Sartori C, Rexhaj E, Cerny D, de Marchi SF, et al. Right
ventricular dysfunction in children and adolescents conceived by assisted reproductive
technologies. J Appl Physiol (1985). (2015) 118(10):1200–6. doi: 10.1152/japplphysiol.
00533.2014

80. Cui L, Zhao M, Zhang Z, Zhou W, Lv J, Hu J, et al. Assessment of cardiovascular
health of children ages 6–10 years conceived by assisted reproductive technology.
JAMA Netw Open. (2021) 4(11):e2132602. doi: 10.1001/jamanetworkopen.2021.32602

81. Sciuk F, Vilsmaier T, Kramer M, Langer M, Kolbinger B, Li P, et al. Left
ventricular diastolic function in subjects conceived through assisted reproductive
technologies. J Clin Med. (2022) 11(23):7128. doi: 10.3390/jcm11237128

82. Mitchell SC, Korones SB, Berendes HW. Congenital heart disease in 56,109
births. Incidence and natural history. Circulation. (1971) 43(3):323–32. doi: 10.
1161/01.cir.43.3.323

83. Wen SW, Miao Q, Taljaard M, Lougheed J, Gaudet L, Davies M, et al.
Associations of assisted reproductive technology and twin pregnancy with risk of
congenital heart defects. JAMA Pediatr. (2020) 174(5):446–54. doi: 10.1001/
jamapediatrics.2019.6096

84. Patil AS, Nguyen C, Groff K, Wu J, Elliott J, Gunatilake RP. Severity of
congenital heart defects associated with assisted reproductive technologies: case
series and review of the literature. Birth Defects Res. (2018) 110(8):654–61. doi: 10.
1002/bdr2.1228

85. Jwa SC, Jwa J, Kuwahara A, Irahara M, Ishihara O, Saito H. Male subfertility and
the risk of major birth defects in children born after in vitro fertilization and
intracytoplasmic sperm injection: a retrospective cohort study. BMC Pregnancy
Childbirth. (2019) 19(1):192. doi: 10.1186/s12884-019-2322-7

86. Zhang L, Zhang W, Xu H, Liu K. Birth defects surveillance after assisted
reproductive technology in Beijing: a whole of population-based cohort study. BMJ
Open. (2021) 11(6):e044385. doi: 10.1136/bmjopen-2020-044385

87. Morimoto Y, Go K, Yamamoto H, Fukasawa Y, Nakai M, Morihana E, et al.
Conception by assisted reproductive technology in infants with critical congenital
heart disease in Japan. Reprod Biomed Online. (2022) 44(1):163–70. doi: 10.1016/j.
rbmo.2021.10.005

88. Meister TA, Rimoldi SF, Soria R, von Arx R, Messerli FH, Sartori C, et al.
Association of assisted reproductive technologies with arterial hypertension during
adolescence. J Am Coll Cardiol. (2018) 72(11):1267–74. doi: 10.1016/j.jacc.2018.06.060

89. Forton K, Motoji Y, Pezzuto B, Caravita S, Delbaere A, Naeije R, et al. Decreased
pulmonary vascular distensibility in adolescents conceived by in vitro fertilization.
Hum Reprod. (2019) 34(9):1799–808. doi: 10.1093/humrep/dez113

90. Alipour MR, Pezeshkpour Z, Namayandeh SM, Sarebanhassanabadi M.
Pulmonary arterial pressure in at-term in vitro fertilization neonates: a cross-
sectional study. Turk J Obstet Gynecol. (2020) 17(2):79–83. doi: 10.4274/tjod.
galenos.2020.74152

91. Elhakeem A, Taylor AE, Inskip HM, Huang JY, Mansell T, Rodrigues C, et al.
Long-term cardiometabolic health in people born after assisted reproductive
technology: a multi-cohort analysis. Eur Heart J. (2023) 44(16):1464–73. doi: 10.
1093/eurheartj/ehac726

92. Nastri CO, Ferriani RA, Rocha IA, Martins WP. Ovarian hyperstimulation
syndrome: pathophysiology and prevention. J Assist Reprod Genet. (2010) 27(2-
3):121–8. doi: 10.1007/s10815-010-9387-6

93. Seggers J, Haadsma ML, La Bastide-Van Gemert S, Heineman MJ, Middelburg
KJ, Roseboom TJ, et al. Is ovarian hyperstimulation associated with higher blood
pressure in 4-year-old IVF offspring? Part I: multivariable regression analysis. Hum
Reprod. (2014) 29(3):502–9. doi: 10.1093/humrep/det396

94. Zhu Y, Fu Y, Tang M, Yan H, Zhang F, Hu X, et al. Risk of higher blood pressure
in 3–6 years old singleton born from OHSS patients undergone with fresh IVF/ICSI.
Front Endocrinol (Lausanne). (2022) 13:817555. doi: 10.3389/fendo.2022.817555

95. Guo XY, Liu XM, Jin L, Wang TT, Ullah K, Sheng JZ, et al. Cardiovascular and
metabolic profiles of offspring conceived by assisted reproductive technologies: a
systematic review and meta-analysis. Fertil Steril. (2017) 107(3):622–31.e625.
doi: 10.1016/j.fertnstert.2016.12.007

96. Fernández-Gonzalez R, Moreira PN, Pérez-Crespo M, Sánchez-Martín M,
Ramirez MA, Pericuesta E, et al. Long-term effects of mouse intracytoplasmic
sperm injection with DNA-fragmented sperm on health and behavior of adult
offspring. Biol Reprod. (2008) 78(4):761–72. doi: 10.1095/biolreprod.107.065623
Frontiers in Cardiovascular Medicine 09
97. Le F, Lou HY, Wang QJ, Wang N, Wang LY, Li LJ, et al. Increased hepatic
INSIG-SCAP-SREBP expression is associated with cholesterol metabolism disorder
in assisted reproductive technology-conceived aged mice. Reprod Toxicol. (2019)
84:9–17. doi: 10.1016/j.reprotox.2018.12.003

98. Santos M, Shah AM. Alterations in cardiac structure and function in
hypertension. Curr Hypertens Rep. (2014) 16(5):428. doi: 10.1007/s11906-014-0428-x

99. Charakida M, Masi S, Lüscher TF, Kastelein JJ, Deanfield JE. Assessment of
atherosclerosis: the role of flow-mediated dilatation. Eur Heart J. (2010) 31
(23):2854–61. doi: 10.1093/eurheartj/ehq340

100. Zhang WY, Selamet Tierney ES, Chen AC, Ling AY, Fleischmann RR, Baker
VL. Vascular health of children conceived via in vitro fertilization. J Pediatr. (2019)
214:47–53. doi: 10.1016/j.jpeds.2019.07.033

101. Rexhaj E, Bloch J, Jayet PY, Rimoldi SF, Dessen P, Mathieu C, et al. Fetal
programming of pulmonary vascular dysfunction in mice: role of epigenetic
mechanisms. Am J Physiol Heart Circ Physiol. (2011) 301(1):H247–52. doi: 10.1152/
ajpheart.01309.2010

102. Halliday J, Lewis S, Kennedy J, Burgner DP, Juonala M, Hammarberg K, et al.
Health of adults aged 22–35 years conceived by assisted reproductive technology. Fertil
Steril. (2019) 112(1):130–9. doi: 10.1016/j.fertnstert.2019.03.001

103. Juonala M, Lewis S, McLachlan R, Hammarberg K, Kennedy J, Saffery R, et al.
American heart association ideal cardiovascular health score and subclinical
atherosclerosis in 22–35-year-old adults conceived with and without assisted
reproductive technologies. Hum Reprod. (2020) 35(1):232–9. doi: 10.1093/humrep/dez240

104. Oberhoffer FS, Langer M, Li P, Vilsmaier T, Sciuk F, Kramer M, et al. Vascular
function in a cohort of children, adolescents and young adults conceived through
assisted reproductive technologies-results from the Munich heARTerY-study. Transl
Pediatr. (2023) 12(9):1619–33. doi: 10.21037/tp-23-67

105. Pandey S, Shetty A, Hamilton M, Bhattacharya S, Maheshwari A. Obstetric and
perinatal outcomes in singleton pregnancies resulting from IVF/ICSI: a systematic
review and meta-analysis. Hum Reprod Update. (2012) 18(5):485–503. doi: 10.1093/
humupd/dms018

106. Mercuro G, Bassareo PP, Flore G, Fanos V, Dentamaro I, Scicchitano P, et al.
Prematurity and low weight at birth as new conditions predisposing to an increased
cardiovascular risk. Eur J Prev Cardiol. (2013) 20(2):357–67. doi: 10.1177/
2047487312437058

107. Dodson RB, Miller TA, Powers K, Yang Y, Yu B, Albertine KH, et al.
Intrauterine growth restriction influences vascular remodeling and stiffening in the
weanling rat more than sex or diet. Am J Physiol Heart Circ Physiol. (2017) 312(2):
H250–64. doi: 10.1152/ajpheart.00610.2016

108. Bavineni M, Wassenaar TM, Agnihotri K, Ussery DW, Lüscher TF, Mehta JL.
Mechanisms linking preterm birth to onset of cardiovascular disease later in
adulthood. Eur Heart J. (2019) 40(14):1107–12. doi: 10.1093/eurheartj/ehz025

109. Almasi-Hashiani A, Omani-Samani R, Mohammadi M, Amini P, Navid B,
Alizadeh A, et al. Assisted reproductive technology and the risk of preeclampsia: an
updated systematic review and meta-analysis. BMC Pregnancy Childbirth. (2019) 19
(1):149. doi: 10.1186/s12884-019-2291-x

110. Chih HJ, Elias FTS, Gaudet L, Velez MP. Assisted reproductive technology and
hypertensive disorders of pregnancy: systematic review and meta-analyses. BMC
Pregnancy Childbirth. (2021) 21(1):449. doi: 10.1186/s12884-021-03938-8

111. Manna C, Lacconi V, Rizzo G, De Lorenzo A, Massimiani M. Placental
dysfunction in assisted reproductive pregnancies: perinatal, neonatal and adult life
outcomes. Int J Mol Sci. (2022) 23(2):659. doi: 10.3390/ijms23020659

112. Silveira Rossi JL, Barbalho SM, Reverete de Araujo R, Bechara MD, Sloan
KP, Sloan LA. Metabolic syndrome and cardiovascular diseases: going beyond
traditional risk factors. Diabetes Metab Res Rev. (2022) 38(3):e3502. doi: 10.
1002/dmrr.3502

113. Cerny D, Sartori C, Rimoldi SF, Meister T, Soria R, Bouillet E, et al. Assisted
reproductive technologies predispose to insulin resistance and obesity in male mice
challenged with a high-fat diet. Endocrinology. (2017) 158(5):1152–9. doi: 10.1210/
en.2016-1475

114. Bo L, Wei L, Shi L, Luo C, Gao S, Zhou A, et al. Altered local RAS in the liver
increased the risk of NAFLD in male mouse offspring produced by in vitro fertilization.
BMC Pregnancy Childbirth. (2023) 23(1):345. doi: 10.1186/s12884-023-05681-8

115. Holmes MV, Asselbergs FW, Palmer TM, Drenos F, Lanktree MB, Nelson CP,
et al. Mendelian randomization of blood lipids for coronary heart disease. Eur Heart J.
(2015) 36(9):539–50. doi: 10.1093/eurheartj/eht571

116. Meng Y, Lv PP, Ding GL, Yu TT, Liu Y, Shen Y, et al. High maternal serum
estradiol levels induce dyslipidemia in human newborns via a hepatic HMGCR
estrogen response element. Sci Rep. (2015) 5:10086. doi: 10.1038/srep10086

117. Brown MS, Goldstein JL. The SREBP pathway: regulation of cholesterol
metabolism by proteolysis of a membrane-bound transcription factor. Cell. (1997)
89(3):331–40. doi: 10.1016/s0092-8674(00)80213-5

118. Engelking LJ, Kuriyama H, Hammer RE, Horton JD, Brown MS, Goldstein JL,
et al. Overexpression of insig-1 in the livers of transgenic mice inhibits SREBP
processing and reduces insulin-stimulated lipogenesis. J Clin Invest. (2004) 113
(8):1168–75. doi: 10.1172/jci20978
frontiersin.org

https://doi.org/10.1095/biolreprod.116.141051
https://doi.org/10.1007/s12519-013-0434-0
https://doi.org/10.3390/cells3030713
https://doi.org/10.1159/000508987
https://doi.org/10.1152/japplphysiol.00533.2014
https://doi.org/10.1152/japplphysiol.00533.2014
https://doi.org/10.1001/jamanetworkopen.2021.32602
https://doi.org/10.3390/jcm11237128
https://doi.org/10.1161/01.cir.43.3.323
https://doi.org/10.1161/01.cir.43.3.323
https://doi.org/10.1001/jamapediatrics.2019.6096
https://doi.org/10.1001/jamapediatrics.2019.6096
https://doi.org/10.1002/bdr2.1228
https://doi.org/10.1002/bdr2.1228
https://doi.org/10.1186/s12884-019-2322-7
https://doi.org/10.1136/bmjopen-2020-044385
https://doi.org/10.1016/j.rbmo.2021.10.005
https://doi.org/10.1016/j.rbmo.2021.10.005
https://doi.org/10.1016/j.jacc.2018.06.060
https://doi.org/10.1093/humrep/dez113
https://doi.org/10.4274/tjod.galenos.2020.74152
https://doi.org/10.4274/tjod.galenos.2020.74152
https://doi.org/10.1093/eurheartj/ehac726
https://doi.org/10.1093/eurheartj/ehac726
https://doi.org/10.1007/s10815-010-9387-6
https://doi.org/10.1093/humrep/det396
https://doi.org/10.3389/fendo.2022.817555
https://doi.org/10.1016/j.fertnstert.2016.12.007
https://doi.org/10.1095/biolreprod.107.065623
https://doi.org/10.1016/j.reprotox.2018.12.003
https://doi.org/10.1007/s11906-014-0428-x
https://doi.org/10.1093/eurheartj/ehq340
https://doi.org/10.1016/j.jpeds.2019.07.033
https://doi.org/10.1152/ajpheart.01309.2010
https://doi.org/10.1152/ajpheart.01309.2010
https://doi.org/10.1016/j.fertnstert.2019.03.001
https://doi.org/10.1093/humrep/dez240
https://doi.org/10.21037/tp-23-67
https://doi.org/10.1093/humupd/dms018
https://doi.org/10.1093/humupd/dms018
https://doi.org/10.1177/2047487312437058
https://doi.org/10.1177/2047487312437058
https://doi.org/10.1152/ajpheart.00610.2016
https://doi.org/10.1093/eurheartj/ehz025
https://doi.org/10.1186/s12884-019-2291-x
https://doi.org/10.1186/s12884-021-03938-8
https://doi.org/10.3390/ijms23020659
https://doi.org/10.1002/dmrr.3502
https://doi.org/10.1002/dmrr.3502
https://doi.org/10.1210/en.2016-1475
https://doi.org/10.1210/en.2016-1475
https://doi.org/10.1186/s12884-023-05681-8
https://doi.org/10.1093/eurheartj/eht571
https://doi.org/10.1038/srep10086
https://doi.org/10.1016/s0092-8674(00)80213-5
https://doi.org/10.1172/jci20978
https://doi.org/10.3389/fcvm.2024.1287060
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Li et al. 10.3389/fcvm.2024.1287060
119. Barker DJ, Osmond C, Forsén TJ, Kajantie E, Eriksson JG. Trajectories of
growth among children who have coronary events as adults. N Engl J Med. (2005)
353(17):1802–9. doi: 10.1056/NEJMoa044160

120. Wang Y, Wang K, Du M, Khandpur N, Rossato SL, Lo CH, et al. Maternal
consumption of ultra-processed foods and subsequent risk of offspring overweight
or obesity: results from three prospective cohort studies. Br Med J. (2022) 379:
e071767. doi: 10.1136/bmj-2022-071767

121. Gu J, Guan HB. Maternal psychological stress during pregnancy and risk of
congenital heart disease in offspring: a systematic review and meta-analysis. J Affect
Disord. (2021) 291:32–8. doi: 10.1016/j.jad.2021.05.002
Frontiers in Cardiovascular Medicine 10
122. Risal S, Pei Y, Lu H, Manti M, Fornes R, Pui HP, et al. Prenatal androgen
exposure and transgenerational susceptibility to polycystic ovary syndrome. Nat
Med. (2019) 25(12):1894–904. doi: 10.1038/s41591-019-0666-1

123. Risal S, Li C, Luo Q, Fornes R, Lu H, Eriksson G, et al. Transgenerational
transmission of reproductive and metabolic dysfunction in the male progeny of
polycystic ovary syndrome. Cell Rep Med. (2023) 4(5):101035. doi: 10.1016/j.xcrm.
2023.101035

124. Hart RJ. Physiological aspects of female fertility: role of the environment,
modern lifestyle, and genetics. Physiol Rev. (2016) 96(3):873–909. doi: 10.1152/
physrev.00023.2015
frontiersin.org

https://doi.org/10.1056/NEJMoa044160
https://doi.org/10.1136/bmj-2022-071767
https://doi.org/10.1016/j.jad.2021.05.002
https://doi.org/10.1038/s41591-019-0666-1
https://doi.org/10.1016/j.xcrm.2023.101035
https://doi.org/10.1016/j.xcrm.2023.101035
https://doi.org/10.1152/physrev.00023.2015
https://doi.org/10.1152/physrev.00023.2015
https://doi.org/10.3389/fcvm.2024.1287060
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Cardiovascular health of offspring conceived by assisted reproduction technology: a comprehensive review
	Introduction
	Epigenetic modification and ART-induced cardiovascular dysfunction
	DNA methylation
	ROS and its role in the DNA methylation process
	The relationship between imprinting abnormalities in ART offspring and CHD
	eNOS and Ang II: potential therapeutic targets

	Other epigenetic alternations in ART offspring
	Histone modification
	Micro RNA


	Cardiovascular alterations induced by assisted reproductive technology
	Alterations in cardiac structure and function
	Abnormal blood pressure
	Vascular dysfunction
	Cardiovascular risk factors in ART populations
	Perinatal complications
	Altered metabolism in ART offspring
	Adverse intrauterine environment


	Conclusion and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


