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Observations suggest that ART induces vascular dysfunction both in humans and animals
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Introduction

Developmental origin of adult diseases
Epidemiological studies have shown an association be-
tween pathological events occurring during early life 
and the development of cardiovascular and metabolic 
disease in adulthood, leading to the “Barker’s hypothe-
sis of fetal programming of adult disease” [1]. In line 
with this hypothesis, we have shown that transient 
peri natal hypoxia induces pulmonary vascular dys-
function that predisposes to exaggerated hypoxic pul-
monary hypertension in young apparently healthy 
adults [2], and preeclampsia induces pulmonary and 
systemic vascular dysfunction in young apparently 
healthy offspring [3]. Taken together, these data dem-
onstrate that environmental insults occurring during 
the perinatal period and the last trimester of gestation 
have important long-term consequences for the regula-
tion of the cardiovascular system in humans. Studies in 
a mouse model of preeclampsia indicate that the al-
tered vascular responsiveness in the offspring is related 
to epigenetic changes [4]. Assisted reproductive tech-
nologies (ART) involve the manipulation of early 
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 embryos during a period when they may be particu-
larly vulnerable. In line with this concept, recent evi-
dence indicates that ART represents a novel important 
example of this problem [5–7].

Studies in humans

Vascular dysfunction in children conceived by 
means of assisted reproductive technologies
The prevalence of infertility has been estimated to be 
9% worldwide [8]. ART has allowed millions of infertile 
couples to have children, and in developed countries 
ART children now make up for 2% to 5% of births [9]. 
In a recent study, we found that ART children display 
marked generalised vascular dysfunction, as evi-
denced by a roughly 30% higher hypoxic pulmonary 
artery pressure, a 25% lower flow-mediated dilation 
(FMD), a markedly faster pulse-wave velocity (PWV) 
and increased intima-media thickness (IMT) in ART 
than in control children (fig. 1) [7]. In order to exclude 
confounding factors that could contribute to ART-in-
duced vascular dysfunction, we studied vascular 
function in parents of ART children, children con-
ceived after ovarian hyperstimulation alone and nat-
urally conceived siblings of ART children. Vascular 
function was normal in all these groups (fig. 1), sug-
gesting that ART per se induces vascular dysfunction. 
In the pulmonary circulation, this defect predisposes 
to exaggerated hypoxic pulmonary hypertension, al-
ready during childhood. In the systemic circulation, 
endothelial dysfunction, increased vascular stiffness 
and IMT represent early steps in the development of 
atherosclerosis and are independent risk factors for 
premature cardiovascular morbidity [10].
Recent data suggest that vascular dysfunction in ART 
children may be reversible [11]. In ART mice, vascular 
dysfunction is related to decreased vascular endothe-
lial nitric oxide (NO) synthase expression and NO syn-
thesis (see below) [5]. We speculated that a similar 
mechanism underpins vascular dysfunction in ART 
children. We found that vascular dysfunction in ART 
children was associated with increased oxidative stress 
and decreased plasma NO [11]. Antioxidant administra-
tion normalised oxidative stress and plasma NO and 
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improved endothelial function in the systemic and pul-
monary circulation. These data show that in young in-
dividuals ART-induced vascular dysfunction is subject 
to redox-regulation and potentially reversible [11]. 

Blood pressure in children conceived by means 
of assisted reproductive technologies
Among the potential long-term consequences of ART-
mediated vascular dysfunction, arterial hypertension 
may represent an important problem [12]. In our study, 
arterial blood pressure was not different between ART 
and control children (mean age 11.1 years) [7]. Belva et al. 
also found no difference in arterial blood pressure be-
tween 14-year-old ART and naturally conceived adoles-
cents [13]. However, in a larger study (225 ART children 
and 225 spontaneously conceived control children) in-
cluding older subjects (age 8–18 years), Ceelen et al. 
found that office systolic and diastolic blood pressure 
were higher in ART children than in controls [14]. Taken 
together these data suggest that the prevalence of HTA 
in this population may increase with increasing age. 
Consistent with this concept, adult ART mice display ar-
terial hypertension (see below).
Additional studies using ambulatory blood pressure 
monitoring (ABPM) are needed in this population in 
order to follow the evolution of arterial blood pres-
sure and to determine whether ART-induced vascular 
dysfunction translates into arterial hypertension.

Cardiac dysfunction in children conceived by 
means of assisted reproductive technologies
A very recent study showed that children conceived by 
means of ART manifest cardiac and vascular remodel-
ling in utero that persists in early postnatal life [15]. This 
study compared cardiac function and morphology in 
100 foetuses conceived with ART and 100 control preg-
nancies. In ART foetuses, the myocardial wall was 
thicker and the longitudinal heart function was de-
creased, as shown by a decreased tricuspid ring dis-
placement, impaired relaxation and dilated atria. These 
signs of cardiovascular remodelling persisted at 
6 months of age. However, it is not known how they will 
evolve later in life. To provide such information, we re-
cently assessed cardiac function in older ART children 
and adolescents (Von Arx R et al.). We found that, 
whereas left ventricular function was normal and com-
parable to that of naturally conceived children, right 
ventricular end-diastolic area was increased (cardiac re-
modelling) and right ventricular diastolic function was 
impaired, particularly under stressful conditions (high 
altitude exposure). These data suggest that ART-induced 
cardiac remodelling persists into adulthood and may 
predispose to cardiac dysfunction later in life.
To assess long-term consequence of ART on cardiovas-
cular function and mortality, and examine potential 
underlying mechanisms, we studied mice generated 
by ART. 

Figure 1: Vascular function in children conceived by means of assisted reproductive technologies (ART), control children and 

their parents. Flow-mediated dilation (FMD, panel A), pulse wave velocity (PWV, panel B), intima-media thickness (IMT, panel C) 

in children conceived by ART or conceived naturally (control). FMD in sterile and fertile parents (panel D). FMD in children con-

ceived after ovarian hyperstimulation, ART or control (panel E). FMD in siblings, one conceived naturally and the other by ART 

(panel F). 
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Studies in mice

Vascular dysfunction in mice generated  
by assisted reproductive technologies
Consistent with data in humans, we found that ART 
induces systemic vascular dysfunction also in mice, 
as evidenced by decreased endothelial-dependent 
mesenteric artery vasodilation (fig. 2 panel A) and 
 increased carotid artery stiffness (fig. 2 panel B) [5]. 
Notably, this vascular dysfunction in vitro translated 
into arterial hypertension in vivo in adult ART mice 
(fig. 2 panel C). To study the long-term consequences 
of ART-induced vascular dysfunction, we compared 
the lifespan of ART mice with that of control mice fed 
a Western-style high-fat diet. The lifespan was 
roughly 25% shorter in ART than in control mice, 
demonstrating the long-term consequences of ART-
induced cardiovascular dysfunction (fig. 2 panel D).

Underlying mechanisms
The demonstration of ART-induced cardiovascular 
dysfunction in normal fertile mice strengthens the 

concept that ART per se is the main culprit causing 
this problem. 
ART implies manipulation of the embryo during a 
vulnerable period with increased epigenetic activity 
(fig. 3 panel A) [6]. The term “epigenetics” refers to 
chromatin-based mechanisms that regulate gene ex-
pression without affecting the DNA sequence and can 
be transmitted to the next generation(s). The best 
studied epigenetic mechanisms involve DNA methyla-
tion (fig. 3 panel B) and histone modifications (acetyl-
ation and methylation) [16]. Several observations 
 indicate that epigenetic mechanisms underpin ART-
induced cardiovascular alterations. First, male ART 
mice transmit vascular dysfunction to the next gener-
ation. Second, the methylation of the promoter of the 
endothelial nitric oxide synthase (eNOS) gene in 
 vascular tissue is increased in ART mice. Third, DNA 
dysmethylation of the eNOS translated into decreased 
eNOS expression in the vasculature and decreased 
vascular NO synthesis in ART compared with control 
mice. Taken together, these findings indicate that in 
mice, ART alters the entire chain of events starting 

Figure 2: Endothelial function, arterial stiffness, arterial blood pressure and life span in mice generated with ART and control 

mice. Acetylcholine-induced mesenteric-artery vasodilation in vitro (panel A), carotid artery pressure diameter relationship in 

vitro (panel B; OD, outer diameter) and mean arterial blood pressure measured by telemetry in vivo (panel C). Kaplan-Meier 

survival curves of ART and control mice fed with normal chow (NC) or with a high-fat diet (HFD) (panel D). 
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from eNOS promoter methylation and ending in pre-
mature vascular aging and arterial hypertension (fig. 3 
panel C) [6]. Finally, epigenetic alterations can be re-
versed by drugs such as histone deacethylase inhibi-
tors (i.e., butyrate) [4]. We found that butyrate admin-
istration normalised eNOS promoter methylation and 
vascular function in ART mice, and prevented the 
transmission of this problem to the next generation 
[5]. Collectively these data indicate that ART induces 
premature vascular ageing and hypertension in mice 
by an epigenetic mechanism. 
We then started out to test for specific events during 
embryo culture that may contribute to ART-induced 
epigenetic and cardiovascular alterations. The time 
passed by the embryo on the culture medium before 
its transfer to the recipient mother may play a role. We 
therefore compared vascular function in mice born af-
ter implantation of two cell embryos (24 h in culture 
media) and blastocysts (86 h in culture media). Vascu-
lar dysfunction was comparable in the two groups, 
suggesting that shortening the culture time does n0t 
prevent ART-induced vascular dysfunction. In line 
with this observation, altered methylation patterns 
and gene expression are already detectable in two cell 

stage embryos [17]. Taken together, these data suggest 
that suboptimal culture conditions contribute to ART-
induced epigenetic alterations and vascular dysfunc-
tion. In line with this hypothesis, preliminary data in 
mice suggest that modification of the culture media 
may attenuate ART-induced epigenetic alterations and 
vascular dysfunction in mice [18].

Conclusion

In conclusion, these observations suggest that ART 
per se induces vascular dysfunction both in humans 
and animals. In mice, endothelial dysfunction and 
arterial hypertension are induced during the embryo 
development in culture media by an epigenetic 
mechanism. A similar mechanism may also under-
pin ART-induced vascular dysfunction in humans. 
Comparison with young populations with similar 
vascular dysfunction at a young age and known car-
diovascular complications later in life (i.e., preec-
lampsia), suggest that ART may represent an impor-
tant novel risk factor predisposing to premature 
cardiovascular morbidity and mortality (fig. 4) [19]. 
Given the young age of this population (the first ART 

Figure 3: Role of epigenetic mechanisms in vascular dysfunction in mice generated with assisted reproductive technologies 

(ART). Vulnerable periods during pregnancy coincide with high epigenetic activity (panel A). DNA hypermethylation, one of the 

main epigenetic mechanism, inhibits DNA transcription (panel B). In ART mice the entire chain, starting with eNOS gene hyper-

methylation and ending up with vascular dysfunction and arterial hypertension (panel C). From: Rimoldi SF, Sartori C, Rexhaj E, 

Cerny D, Von Arx R, et al. Vascular dysfunction in children conceived by assisted reproductive technologies: underlying mecha-

nisms and future implications. Swiss Med Wkly. 2014;144:w13973, with permission.
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child was born in 1978), the magnitude of the prob-
lem is not yet known, since clinically manifest 
cardio vascular disease has not had time to develop. 
Now, however, it is already important to avoid tradi-
tional cardiovascular risk factors in this population 
and to detect early cardiovascular alterations with 
the aim to prevent or at least optimally treat cardio-
vascular complications. 
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Figure 4: Schematic representation of prenatal, perinatal and childhood factors that may lead to epigenetic alterations that alter 

cardiovascular function and determine cardiovascular risk later in life. 
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