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Abstract
Purpose Proprotein convertase subtilisin/kexin type 9 (PCSK9) and lipoprotein (a) (Lp[a]) levels are associated with cardiovas-
cular risk. To investigate PCSK9 and Lp(a) levels of children born after assisted reproduction technologies (ART) compared with
naturally conceived (NC) controls.
Methods In this exposure-matched cohort study, 73 racial-, sex-, and age-matched children (mean age 98 ± 35 months) of ART
(intracytoplasmic sperm injection [ICSI] n = 33, classic in vitro fertilization [IVF] n = 40) and 73 NC children were assessed.
Blood lipid profile, including PCSK9 and Lp(a) levels, was measured. Children were grouped according to age (< 8 years, 8–
10 years, ≥ 10 years).
Results In the overall population, PCSK9 levels were related to total cholesterol, low-density lipoprotein, and systolic blood
pressure, while Lp(a) levels were related to age, apolipoprotein-B, birth weight, height, waist-to-hip ratio, insulin resistance,
insulin, and high-sensitivity C-reactive protein. No significant differences were observed regarding lipid biomarkers between
ART and NC children. However, a significant interaction was found between age groups and conception method (p < 0.001)
showing that PCSK9 levels increase with age in ARTchildren, while they decline with age in NC offspring. IVF children showed
higher levels of adjusted mean Lp(a) than ICSI (13.5 vs. 6.8 mg/dl, p = 0.010) and NC children (12.3 vs. 8.3 mg/dl, p = 0.048).
Conclusions We show that PCSK9 levels increase with age in ART children, indicating a gradual deterioration of lipidemic
profile that could lead to increased cardiovascular risk. Moreover, our results indicate that ART method may be of importance
given that classic IVF is associated with higher levels of Lp(a).
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Introduction

Since the introduction of assisted reproduction technolo-
gies (ΑRT) in clinical practice, including classic in vitro
fertilization (IVF) and Intracytoplasmic sperm injection
(ICSI), several studies have addressed concerns regard-
ing the long-term health of the offspring and have re-
vealed indications of an adverse cardiovascular/
cardiometabolic (CV) outcome [1]. In specific, elevated
arterial blood pressure, pulmonary hypertension, right
ventricle systolic dysfunction, as well as abnormal arte-
rial stiffness, endothelial dysfunction, and carotid athero-
sclerosis have been observed in apparently healthy chil-
dren born by ART [2]. Several pathophysiologic mecha-
nisms have been implicated in the CV abnormalities ob-
served in the ART children, such as epigenetic alterations
and environmental factors affecting early embryogenesis
and intrauterine fetal development [2]. Intriguingly, the
observed CV alterations have not been linked to an im-
paired lipid profile regarding classic lipid parameters,
such as total cholesterol (TC), triglycerides (TGL), low-
density lipoprotein (LDL-C), and high-density lipopro-
tein (HDL-C) [3–5].

Proprotein convertase subt i l is in/kexin type 9
(PCSK9), an enzyme mainly produced by hepatocytes,
plays a pivotal role in the regulation of lipid metabolism
by affecting the degradation of LDL-C receptors
expressed in hepatocyte surface [6]. PCSK9 levels are
associated with metabolic markers, such as fasting glu-
cose, insulin, homeostasis model assessment of insulin
resistance (HOMA-IR), total cholesterol, LDL-C, triglyc-
erides, HDL-C, apolipoproteins A1 and B, and body
weight [7, 8]. Importantly, PCSK9 levels are markers of
increased CV risk [9, 10]. Regarding children and ado-
lescents, serum PCSK9 concentrations vary according to
sex and age [7].

Elevated serum lipoprotein (a) (Lp[a]) values are the
strongest inherited risk marker for premature CV events
[11]. Lp(a) presents structural similarities with LDL-C
and plasminogen and exhibits a strong proatherogenic
and proinflammatory effect on the arterial wall [11].
Lp(a) levels are genetically determined and unrelated to
birth weight [12], while they increase with age until ado-
lescence [13].

Although gestational age affects both fetal Lp(a) and
PCSK9 values [14, 15], no studies have investigated the
effect of the reproductive process on PCSK9 levels, while
limited and inconclusive findings regarding Lp(a) values
are available. The purpose of this study was to explore
whether ART methods affect plasma PCSK9 and Lp(a)
levels by investigating children conceived by ART in
comparison to naturally conceived (NC) children with
normal birth.

Methods

Study population

In this prospective, exposure-matched cohort study, we
measured plasma PCSK9 levels from 73 Greek Caucasian
c h i l d r e n (me an a g e 98 ± 35 mon t h s ) o f ART
(intracytoplasmic sperm injection: n = 33, classic in vitro
fertilization: n = 40) from the First Department of
Obstetrics and Gynecology of the University of Athens
and 73 racial-, sex-, and age-matched NC children among
healthy children routinely examined at the BAghia Sophia^
Children’s Hospital, who served as controls. All children
studied were healthy, receiving no medications. A detailed
medical history of the participants was obtained from the
files, the children’s health books, and their parents. The
presence of parental dyslipidemia was self-reported.
Results from the initial cohorts used in the study have been
previously described [4, 5, 16] (see also Supplemental
Methods). Inclusion criteria were age ≥ 2–≤ 16 years,
stored plasma samples stored at − 80 °C, and available
laboratory results on lipid parameters.

All children were included only after informed written
consent was obtained from their parents or guardians. The
study protocol was approved by the Institutional Research
Ethics Committee and the Ethics Committee of the BAghia
Sophia^ Children’s Hospital. The procedures followed
were according to institutional guidelines and the
Declaration of Helsinki.

Laboratory examination

After an overnight fast, a morning blood sample was with-
drawn from children. Plasma or serum was separated by
centrifugation at 4000 rpm for 10 min at 4 °C and imme-
diately stored at − 80 °C for assay. Fasting glucose, insulin,
total cholesterol, triglycerides, HDL-C, LDL-C, apolipo-
protein-A1, apolipoprotein-B (apoB), Lp(a), high-
sensitivity interleukin-6 (hsIL-6), and high-sensitivity C-
reactive protein (hsCRP) were measured in all participants.
Serum glucose, total cholesterol, triglycerides, HDL-C,
and LDL-C were determined using the Siemens Advia
1650 Clinical Chemistry System (Siemens Healthcare
Diagnostics, Erlangen, Germany), apolipoprotein-A1, apo-
lipoprotein-B, Lp(a), and hs-CRP using latex particle–
enhanced immunonephelometric assay on the BN
ProSpec nephelometer (Siemens Healthcare Diagnostics,
Liederbach, Germany) and serum insulin automated
chemiluminescence Siemens ACS180 System Analyzer
(Siemens Healthcare Diagnostics). The insulin resistance
was estimated by the homeostasis model assessment of
insulin resistance (HOMA-IR) with the following formula:
fasting serum insulin (μU/l) times fasting plasma glucose
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(mg/dl) divided by 405. Measurements of the plasma
PCSK9 concentrations were performed using a high-sensi-
tivity, quantitative sandwich enzyme immunoassay
(Quantikine ELISA, R&D Systems Europe Ltd.). The
intra- and inter-assay coefficients of variation in our lab
were not higher than 7.5% and 10%, respectively.

Statistical analyses

Numeric data are expressed as the mean ± standard devia-
tion of the mean, whereas qualitative variables are present-
ed as absolute and relative frequencies. All variables were
tested for homogeneity of variance and normal distribu-
tion, using the Kolmogorov–Smirnov criterion. Non-
normally distributed parameters that were significantly
skewed before analysis were log-transformed and present-
ed as the median (25th–75th percentiles). Specifically,
PCSK9 levels, Lp(a), hsCRP, hsIL-6, glycemic measures,
body mass index (BMI), blood pressures, and triglycerides
were log-transformed due to their skewed distribution.
Most skewed variables had a remarkably good fit to normal
distribution after log transformation.

The role of age in the levels of PCSK9 and Lp(a) was
also evaluated when age was considered as a categorical
variable in the overall population. For the purpose of this
analysis, subjects were classified according to their age in
three groups (group 1 < 8 years [mean age = 5.7 ±
1.5 years], group 2 8–10 years [mean age = 8.9 ± 0.6 years],
and group 3 ≥ 10 years [mean age = 11.9 ± 1.2 years])
based on previous studies that have shown a different pro-
gression rate over time in children [7].

For continuous variables, between-group comparisons
were done by using Student t test or ANOVA. For categor-
ical or non-continuous variables, between-group compari-
sons were done by the chi-square or Kruskal–Wallis rank
tests. Linear correlations were evaluated by calculation of
the Pearson’s (r) or Spearman’s (ρ) correlation coefficient.
Preliminary analyses were performed to ensure no viola-
tion of the assumptions of normality, linearity, and
homoscedasticity.

Multivariate analysis was performed by using analysis
of covariance (ANCOVA). In ANCOVA, age, gender as
well as a relevant lipid parameter (LDL-C for PCSK9 and
apoB for Lp[a]) that were statistically significantly associ-
ated with each lipid biomarker were incorporated into the
models as confounders. When ANOVA or ANCOVA
yielded a significant difference between groups, the
Bonferroni test for post-hoc comparisons was applied to
compare each two of these subgroups. Exact p values <
0.05 were considered statistically significant. Data analy-
ses were performed with SPSS software, version 24
(Chicago, IL).

Results

Baseline characteristics

The characteristics of the children included in the study,
divided into groups according to the conception method,
are shown in Tables 1 and 2. ART children were more often
prematurely born with a lower birth-weight and birth
length and had older parents compared to NC children.
No significant differences were observed in most biochem-
ical, lipid, and anthropometric parameters, including
PCSK9 and Lp(a). There was only a non-significant trend
for higher diastolic blood pressure (DBP), lower systolic
blood pressure (SBP), and increased inflammatory status in
ART children.

Associations of PCSK9 and Lp(a) with children’s
characteristics

In the univariate model of the overall population, circulat-
ing PCSK9 levels were related to total cholesterol, LDL-C,
and SBP. In the univariate model of the NC children, cir-
culating PCSK9 levels were related to age, total cholester-
ol, LDL-C, HDL-C, apoB, birth length, height, and waist-
to-hip ratio. In the univariate model of the ART children,
circulating PCSK9 levels were related marginally to age
and BMI and significantly to HOMA-IR and insulin.
Levels of PCSK9 were not different based on fetal growth
(either SGA or LGA) in both the control, the ART, and the
overall population (p > 0.05) (Table 3).

In the univariate model of the overall population, cir-
culating Lp(a) levels were related to age, apoB, birth
weight, height, waist-to-hip ratio, HOMA-IR, insulin,
and hsCRP. In the univariate model of the NC children,
circulating Lp(a) levels were related to age, birth weight,
HOMA-IR, insulin, and waist-to-hip ratio. In the univari-
ate model of the ART children, circulating Lp(a) levels
were related to age, apoB, height, BMI, glucose,
HOMA-IR, insulin, SBP, and waist to hip ratio. Levels
of Lp(a) were not different based on fetal growth (either
SGA or LGA) in both the control, the ART, and the over-
all population (p > 0.05) (Table 4).

The effect of ART method on PCSK9 and Lp(a) levels

A two-way between groups ANCOVA was conducted to
explore the impact of the method of ART conception
(ICSI vs. IVF) on levels of PCSK9 after adjusting for
age (used as a continuous variable instead of a categorical
variable because of the small number of children in each
age group), gender, and LDL-C. The comparison of each
method (ICSI or IVF) with NC did not show any statisti-
cally significant differences on PCSK9 levels (p = 0.565
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and p = 0.255, respectively). Moreover, there were no sta-
tistically significant differences between each method
(p = 0.922).

Further, we explored the impact of the method of ART
conception (ICSI vs. IVF) on levels of Lp(a) after
adjusting for age (as a continuous variable), gender, and
apoB. Contrary to PCSK9 levels, levels of Lp(a) were
statistically higher in classic IVF children compared to
ICSI children (adjusted mean = 13.5 mg/dl with 95% CI
[9.8–19.1] vs. adjusted mean = 6.8 mg/dl with 95% CI
[4.6–9.8], p = 0.01; Fig. 1). Moreover, the main effects
for age, gender (adjusted mean for girls = 12.0 mg/dl with
95% CI [8.9–16.2] vs. adjusted mean for boys = 6.3 mg/dl
with 95% CI [4.3–9.5]), and apoB were all statistically
significant (p = 0.018, p = 0.015 and p = 0.004, respec-
tively) in the model (adjusted R2 of the model = 0.259).
IVF children also had higher levels of Lp(a) compared to
NC children (adjusted mean = 12.3 mg/dl with 95% CI
[9.1–17.0] vs. adjusted mean = 8.3 mg/dl with 95% CI
[6.5–10.5], p = 0.048). Furthermore, only the main effect
for age was statistically significant (p = 0.003) in the
model (adjusted R2 of the model = 0.103).

The effect of age and conception method on PCSK9
and Lp(a) levels (Figs. 2 and 3)

A two-way between groups ANCOVAwas conducted to ex-
plore the impact of age groups and method of conception
(ART vs. NC) on levels of PCSK9 after adjusting for gender
and LDL (adjusted R2 of the model = 0.118). The interaction
effect between the method of conception and age groups was
statistically significant, F (2, 138) = 8.66, p < 0.001; specifi-
cally, PCSK9 levels of ART children increased with age in
contrast to NC children whose levels of PCSK9 declined with
age (Fig. 2). There were also non-statistically significant
trends for associations of LDL-C levels, F (1, 138) = 3.17,
p = 0.077, and method of conception, F (1, 138) = 2.90, p =
0.091, with PCSK9 levels. The main effects of gender and age
groups were not statistically significant (p = 0.218 and p =
0.785, respectively). The same analysis was conducted with
age as a continuous variable confirming the results of our
initial model showing statistically significant associations of
PCSK9 levels (adjusted R2 of the model = 0.119) with the
interaction between method of conception and age, F (1,
140) = 14.72, p < 0.001; LDL levels, F (1, 140) = 3.93, p =

Table 1 Characteristics of the
study population Variable Control (n = 73) IVF–ICSI (n = 73) p value

Age (months) 98 ± 35 97 ± 35 0.867

Boys, n (%) 26 (36) 28 (38) 0.732

Birth data

Gestational age (weeks n = 64/60) 38.0 ± 2.1 36.0 ± 2.8 < 0.001

Preterm birth, n (%) 14 (19) 29 (40) 0.006

Birth weight (g, n = 70/61) 3013.7 ± 609.8 2417.7 ± 672.2 < 0.001

SGA, n (%) 13 (18) 25 (34) 0.024

LGA, n (%) 3 (4) – 0.08

Birth length (cm, n = 68/47) 49.8 ± 3.4 47.7 ± 3.7 0.003

Primiparous, n (%) 28 (38) 50 (69) < 0.001

Singleton birth, n (%) 60 (82) 43 (59) 0.002

Parental characteristics

Maternal dyslipidemia, n (%) 7 (10) 8 (11) 0.785

Maternal age at birth (years, n = 73/58) 31.7 ± 5.0 36.4 ± 5.3 < 0.001

Paternal dyslipidemia, n (%) 12 (16) 12 (16) 1.000

Paternal age at birth (years, n = 72/55) 35.5 ± 5.1 39.1 ± 5.8 < 0.001

Children’s characteristics

Systolic blood pressure (mmHg, n = 70/65) 105.0 (100.0–110.0) 100.0 (90.0–110.0) 0.064

Diastolic blood pressure (mmHg, n = 70/65) 60.0 (50.0–60.0) 60.0 (50.0–70.0) 0.067

Height (cm) 130.5 ± 19.3 131.0 ± 18.7 0.892

BMI (kg/m2) (n = 73/71) 17.7 (15.7–21.0) 17.6 (15.4–21.0) 0.923

Waist-to-hip ratio (n = 71/72) 0.93 ± 0.08 0.91 ± 0.09 0.163

Prepubertal stage (Tanner I), n (%) 13 (18) 14 (19) 0.831

Categorical variables are presented as absolute and relative frequencies, while continuous variables as mean value
± SD for normally distributed and median value (25th–75th percentiles) for skewed variables

SGA small for gestational age, LGA large for gestational age, BMI body mass index
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0.049; and method of conception, F (1, 140) = 11.60, p =
0.001.

Lp(a) levels were significantly associated with age groups F
(2, 137) = 4.07, p = 0.019 and with apoB levels, F (1, 137) =
8.73, p = 0.004. We also explored the impact of age groups and
method of conception (ART vs. NC) on levels of LogLp(a) after
adjusting for gender and apoB (adjusted R2 of the model =

0.082). The interaction effect between the method of conception
and age groups was not statistically significant,F (2, 137) = 1.56,
p = 0.214 (Fig. 3). The main effects of gender and method of
conception were not statistically significant (p = 0.355 and p =
0.207, respectively). The same analysis was conducted with age
as a continuous variable confirming the results of our initial
model (adjusted R2 of the model = 0.114, data not shown).

Table 3 Univariate relation of
LogPCSK9 to relevant variables
in the total cohort, control group
and ART group

Independent variable Overall cohort Controls ART

Beta p value Beta p value Beta p value

Age (years) − 0.405 < 0.001 0.227 0.053

Total cholesterol (mg/dl) 0.186 0.025 0.388 0.001

LDL-C (mg/dl) 0.180 0.029 0.312 0.007

HDL-C (mg/dl) 0.249 0.034

ApoB (mg/dl) 0.258 0.027

Birth length (cm) − 0.332 0.006 0.225 0.059

Body mass index (kg/m2)

Height (cm) − 0.430 p < 0.001

Waist-to-hip ratio 0.279 0.019

HOMA-IR 0.252 0.034

Insulin (mU/l) 0.262 0.027

Systolic blood pressure (mmHg) 0.199 0.021

PCSK9 proprotein convertase subtilisin/kexin type 9,ARTassisted reproductive technologies, LDL-C low-density
lipoprotein, HDL-C high-density lipoprotein, ApoB apolipoproteinB, HOMA-IR homeostasis model assessment
of insulin resistance

Table 2 Biochemical
characteristics of the study
population

Variable Control (n = 73) IVF–ICSI (n = 73) p value

Lipid biomarkers

Total cholesterol (mg/dl) 169.0 ± 25.7 168.3 ± 24.0 0.871

LDL-C (mg/dl) 100.5 ± 21.0 100.3 ± 20.9 0.962

HDL-C (mg/dl) 56.7 ± 11.5 56.7 ± 11.0 0.988

Τriglycerides (mg/dl) 52.0 (39.0–71.5) 50.0 (41.0–62.5) 0.754

ApoA1 (mg/dl) 154.0 ± 19.2 150.2 ± 21.7 0.259

ApoB (mg/dl, n = 73/72) 72.6 ± 15.9 74.8 ± 15.1 0.411

Lp(a) (mg/dl) 6.5 (3.5–17.3) 9.2 (2.6–24.8) 0.277

PCSK9 (ng/ml) 184.4 (133.8–235.5) 189.2 (148.7–226.8) 0.515

Glycemic biomarkers

Glucose (mg/dl) 83.0 (77.5–88.0) 84.0 (77.5–88.0) 0.854

Insulin (mU/l, n = 72/71) 5.14 (4.32–8.55) 6.20 (4.10–12.50) 0.392

HOMA-IR (n = 72/71) 1.096 (0.856–1.839) 1.274 (0.816–2.473) 0.454

Inflammatory biomarkers

hsCRP (mg/l, n = 32/64) 0.39 (0.15–0.71) 0.52 (0.21–1.40) 0.086

hsIL-6 (pg/ml, n = 43/68) 1.09 (0.60–1.93) 1.25 (0.72–1.99) 0.443

Categorical variables are presented as absolute and relative frequencies, while continuous variables as mean value
± SD for normally distributed and median value (25th–75th percentiles) for skewed variables

LDL-C low-density lipoprotein, HDL-C high-density lipoprotein, ApoA1 apolipoproteinA1, ApoB
apolipoproteinB, Lp(a) lipoprotein (a), PCSK9 proprotein convertase subtilisin/kexin type 9, HOMA-IR homeo-
stasis model assessment of insulin resistance, hsCRP high-sensitivity C-reactive protein, hsIL-6 high-sensitivity
interleukin-6
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Discussion

We demonstrated for the first time that PCSK9 levels increase
with age in ART children in contrast to NC children in whom
they decline and that Lp(a) values increase with age in both
groups, albeit more abruptly in ART. Children conceived by
classic IVF have significantly higher levels of Lp(a) than those
conceived by ICSI. These changes occurred in the absence of
differences in background lipid profile and may have implica-
tions for future CV risk.

PCSK9 and ART

Plasma PCSK9 concentrations were similar in ART and NC
offspring in the present study that addressed the effect of the
conception method (ART vs. NC) in humans. Interestingly, only
one animal study has shown elevated expression of the sterol
regulatory element-binding transcription factor 1 (SREBF1) gene

product, a keymolecule in the regulation of lipidmetabolism and
of PCSK9 expression, in the livers of IVF mice [17]. Data, yet
inconclusive, exist for small for gestational age neonates. In one
study, PCSK9 levels of children born after intrauterine growth
restriction were lower than those of controls, while no significant
differences were detected in the other studies [15].

One of the principal novel findings of our study was the
increase of PCSK9 levels with age in ART children, in con-
trast to those of NC offspring, in whomwe observed a decline
of PCSK9 with age. Notwithstanding the conception method,
previous studies had shown a significant association of circu-
lating PCSK9 with age [7, 18]. Of note, in a study performed
in white youth aged 9–16 years old, a reduction of PCSK9
levels was observed in boys, while the opposite was found in
girls. This study was carried 10 years ago, and a non-validated
across laboratories ELISA method was used [7].

The increase of PCSK9 values with age in ART children
was independent of total cholesterol and LDL-C levels.

Fig. 1 Adjusted geometric mean
LogLp(a) concentrations and
95% confidence intervals for
comparisons between children
conceived with a classic in vitro
fertilization and children
conceived with intracytoplasmic
sperm injection (a) and between
children conceived with a classic
in vitro fertilization and normally
conceived children (b)

Table 4 Univariate relation of
LogLp(a) to relevant variables in
the total cohort, control group and
ART group

Independent variable Overall cohort Controls ART

Beta p value Beta p value Beta p value

Age (years) 0.269 0.001 0.240 0.041 0.301 p = 0.010

ApoB (mg/dl) 0.214 0.010 0.290 0.014

Birth weight (g) − 0.183 0.037 − 0.323 0.006

Body mass index (kg/m2) 0.298 0.012

Height (cm) 0.263 0.001 0.324 0.005

Waist-to-hip ratio − 0.350 < 0.001 − 0.361 0.002 − 0.331 0.004

HOMA-IR 0.319 < 0.001 0.322 0.006 0.310 0.008

Insulin (mU/l) 0.316 < 0.001 0.340 0.004 0.293 0.013

Glucose (mg/dl) 0.240 0.040

Systolic blood pressure (mmHg) 0.262 0.035

hsCRP (mg/l) 0.241 0.018

Lp(a) lipoprotein (a), ApoB apolipoprotein B, HOMA-IR homeostasis model assessment of insulin resistance,
hsCRP high-sensitivity C-reactive protein
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Ample evidence suggests a modest correlation of PCSK9 con-
centrations with LDL-C [6]. While the modest sample of our
study may account for this discrepancy, methodologic issues,
such as the wide range of measured PCSK9 values and the
simultaneous estimation of inactive forms of PCSK9, hamper
comparison of findings within literature [6].

Mechanisms The possible underlying mechanisms of a
PCSK9 increase with age in ART children are multiple.
First, methylation of the genes regulating lipid metabolism
has been previously shown in ART offspring [19]. As these
epigenetic alterations may remain during the life span [20],

they may also induce modifications of PCSK9 concentrations
with time. In addition, early postnatal intravenous lipid admin-
istration for the nutrition of newborns in order to improve their
survival may lead to alterations of PCSK9 values [21]. ART-
induced impaired hormonal activity might also explain the
differential effect of puberty on PCSK9 levels according to
the conception mode. Specifically, circulating dehydroepian-
drosterone sulfate and luteinizing hormone values in IVF-
conceived girls are elevated compared to controls [22]. It
should also be noted that circulating PCSK9 depends on the
physiologically occurring increases in estrogen and growth
hormone secretion and insulin resistance during puberty [23,
24]. Finally, while Lp(a) levels are largely genetically deter-
mined [25], to what degree this is true for PCSK9, it is cur-
rently unknown. Accordingly, paternal characteristics could
have played a significant role in our results. This should be
addressed in future studies.

LP(a) and ART

There were no differences between ART and NC children
regarding Lp(a), and these findings are in accordance with
previous studies from our group [4, 5]. To the best of our
knowledge, no other relevant data are available. It is, however,
interesting, that in our study, Lp(a) levels increase with age
and this increase was more prominent and abrupt in ART
children than in NC children. Lp(a) levels are genetically reg-
ulated and ample evidence suggests that plasma Lp(a) levels
increase from birth reaching their peak at the age of 2 years
[26]. It should be noted that other investigators have shown an
increase of Lp(a) values in adolescents aged 11–17 years and
in adults [27].

Effect of different assisted reproduction techniques

No direct comparison between different ART methods had
been previously performed regarding lipid parameters. In only
one study, differences in the transcription of genes affecting
lipid metabolism/catabolism in blastocysts obtained from
ICSI vs. classic IVF were addressed [28]. We found that chil-
dren born by IVF showed elevated Lp(a) levels compared to
ICSI and NC offspring, while no difference was found with
regard to serum PCSK9 levels. These are in line with our
findings in a recent study from our group [4] that showed a
trend for higher Lp(a) levels in IVF born children compared to
NC children.

The differences between children born with IVF or ICSI
may be explained preferentially by the difference in underly-
ing maternal pathology. In specific, the ICSI method is usually
used in case of paternal disease, so women who underwent
ICSI are expected to have less often cardiometabolic disorders
than those in the IVF method. The higher age of classic IVF
than ICSI children included in our study might drive the

Fig. 3 Mean LogLp(a) concentrations with the standard error of the mean
as error bars in age groups (< 8 years, 8–10 years and ≥ 10 years) accord-
ing to the method of conception (blue line: normally conceived children
and green line: children conceived with assisted reproduction technolo-
gies) and interpolation between these ages

Fig. 2 Mean LogPCSK9 concentrations with the standard error of the
mean as error bars in age groups (< 8 years, 8–10 years and ≥ 10 years)
according to the method of conception (blue line: normally conceived
children and green line: children conceived with assisted reproduction
technologies) and interpolation between these ages
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significant difference of serum Lp(a) between classic IVF and
ICSI offspring. In addition, since a significant independent
association of low birth weight in children aged 6 to 9 years
with increased Lp(a) concentrations has been previously dem-
onstrated [29], the observed difference of Lp(a) values may
stem from the lower birth weight of IVF children compared to
NC conceived offspring.

Classic lipid profile and ART

In our study, there were no differences in classic lipid pa-
rameters between ART and NC children. Literature data are
not conclusive. According to a recent meta-analysis, ART
children show marginally lower values of LDL-C than NC
children, while total cholesterol, HDL-C, and triglyceride
levels were similar in the two groups [1]. On the other
hand, a favorable metabolic profile consisting of higher
HDL-C and lower triglycerides was revealed in another
study [30]. Methodological limitations, such as a small
overall sample of the ART children studied (332), difficul-
ties in accurate matching of the comparison subgroups, and
the participation of children at different stages of puberty,
may account for these discrepancies [3].

Clinical implications

Since PCSK9 levels predict future cardiovascular risk [9,
10], our findings indicate that circulating PCSK9 levels
could serve as a predictor of increased CV risk in ART
children older than 10 years old. Due to the multiple fac-
tors affecting cardiovascular outcomes, it is not likely that
the impact of the conception method is mediated by only
one mechanism [22]. Accumulating evidence supports that
the increasingly used ART predisposes to alterations of the
cardiometabolic profile postnatally [2]. The increase of
PCSK9 levels with age in ART children underpins a grad-
ual deterioration of their lipidemic profile in the future.
Further, additional impaired cardiometabolic manifesta-
tions that have been reported in ART children, such as
elevated systolic and diastolic blood pressure and insulin
resistance, might be partially mediated by elevated PCSK9
concentrations. Indeed, PCSK9 levels have been associat-
ed with blood pressure levels [18] and with metabolic in-
dices, such as insulin and HOMA-IR [7]. This was evident
in our study too.

Finally, the elevated circulating Lp(a) levels revealed in the
classic IVF group compared to NC and ICSI offspring reveal a
differential impact of this method on lipid parameters and
consequently on cardiovascular risk, taking into account the
strong correlation between Lp(a) levels and future cardiovas-
cular events.

Limitations

Limitations and strengths of this study should be taken into
account. First, a modest number of ARTchildren were includ-
ed. Due to the medium-sized groups, we have adjusted for the
most clinically relevant covariates in the models. Despite this
modest sample size and number of covariates included, statis-
tically significant associations were revealed. Furthermore,
factors which may alter the results such as the proportion from
donor sperm and oocytes, as well as the ratio frozen/thawed
embryos, were not available in the present study. Our study
draws strength from assessing a large number of many path-
ophysiologic biomarkers that could have been affected by
ART, especially those related to lipid parameters.

We cannot exclude that concentrations of PCSK9 may
have changed during the years of storage before analysis.
However, storage time did not differ between ART children
and controls, and it seems unlikely that this factor would have
a systematically different effect between them.

Conclusions

This study demonstrates for the first time that PCSK9 levels
increase with age in ART, but not in NC, children, forecasting
a gradual deterioration of their lipidemic profile that could
progressively lead to increased cardiovascular risk in the fu-
ture. Further, the method of ART may be of importance
granted that IVF is associated with higher levels of Lp(a).
The results of this study emphasize the role of novel lipid
factors as early indices of latent cardiometabolic derange-
ments according to the conception method.
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