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Abstract
Background  Perinatal growth and nutrition have been shown to be determinants in the programming of different 
tissues, such as adipose tissue, predisposing individuals to metabolic alterations later in life. Previous studies have 
documented an increased risk of metabolic disturbances and low-grade inflammation in prepubertal children with a 
history of extrauterine growth restriction (EUGR). The aim of this study was to evaluate possible alterations resulting 
from impaired growth during early childhood and their impact on young adult health.

Methods  This is a longitudinal, descriptive and analytical study of a cohort with a history of EUGR recruited at 
prepubertal age and followed up for 10 years until the end of puberty. Anthropometric measurements, blood 
pressure, biochemical parameters related to lipid and carbohydrate metabolism and plasma adipokines and cytokines 
were analyzed.

Results  Compared with prepubertal children, young adults EUGR presented increased abdominal circumference 
percentiles. Moreover, insulin levels and the homeostatic model assessment for insulin resistance (HOMA-IR) index 
were higher in young adults, with a considerable proportion of participants (22%) becoming insulin-resistant after 
pubertal development. In contrast, arterial hypertension was observed in 36% of prepubertal children compared 
with 18% of postpubertal young adults. Lipid values were within normal ranges without differences. Adiponectin and 
leptin remained at similar levels in adulthood, with a decrease in resistin.

Conclusion  Individuals with a history of EUGR have increased metabolic risk in adulthood, which emphasizes the 
importance of clinical follow-up from childhood to prevent the development of further future associated diseases.
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Background
Extrauterine growth restriction (EUGR) is a frequent 
comorbidity associated to prematurity. In the absence of 
consensus, some authors define EUGR as a weight devel-
oped below the 3rd percentile (3p) (or below the 10th 
percentile, 10p) at 36 weeks corrected gestational age 
(GA) and/or at the time of discharge [1–3]. The EUGR 
condition not only increases the risk of mortality in pre-
term newborns [4, 5] but also potentially increases the 
risk of both short- and long-term metabolic disorders [6, 
7].

Nutritional status during critical development periods, 
such as the perinatal period, is crucial for proper meta-
bolic programming later in life. Fetal growth restriction 
(FGR) [8, 9] along with accelerated neonatal weight gain 
after preterm birth (up to 3 months post-term) is asso-
ciated with the development of cardiovascular diseases 
(CVDs) in early adulthood [10–12]. Similarly, EUGR has 
been associated with cardiometabolic risk [7, 13, 14] and 
with long-term neurodevelopmental impairment during 
infancy [5, 15–17].

Overall, prenatal and early postnatal nutrition has been 
extensively studied for its association with various factors 
that may influence the development of certain diseases or 
serve as protective agents. These factors include, among 
others, the programming of adipose tissue [18] and the 
gut microbiota [19]. This underscores the importance of 
early detection and management of EUGR in preterm 
infants, as this condition occurs in neonatal units and 
is potentially preventable through an early detection 
and individualized nutritional strategies. Furthermore, 
emerging research studies suggest that malnutrition dur-
ing the early days of life may lead to the onset of various 
CVDs [20, 21]. However, the mechanisms underlying this 
link between early nutrition and cardiovascular health 
remain unclear.

Hemodynamic redistribution, cardiovascular remodel-
ing, increased arterial thickness, perinatal inflammation, 
oxidative stress and altered adipogenesis in response 
to inadequate nutrition may all play a role in this early 
programming [7, 18, 22]. Alterations in adipokine pro-
files and a low-grade level of inflammation have been 
reported in children with a history of EUGR [6, 23]. The 
most metabolically relevant adipokines include adipo-
nectin, resistin and leptin, which are secreted in response 
to changes in adipocyte glycerol storage and inflamma-
tion [24]. Moreover, overexpression of cytokines such 
as tumor necrosis factor α (TNF-α), C-reactive protein 
(CRP), interleukin (IL)-6, IL-8, IL-1β, monocyte chemo-
tactic protein 1 (MCP-1) or plasminogen activator inhibi-
tor-1 (PAI-1) contribute to the development of chronic 
or low-grade systemic inflammation [25]. Further-
more, recent studies conducted by our research group 
revealed that children with a history of EUGR exhibit 

an impaired antioxidant system enzyme profile [23, 26], 
elevated blood pressure (BP) [6, 7] and higher plasma 
levels of proinflammatory biomarkers compared with 
their preterm and term counterparts [7, 27], leading to an 
increased risk of CVDs.

In this context, the risk of developing metabolic pathol-
ogies during childhood and puberty in individuals with a 
history of EUGR highlights the need to monitor the tran-
sition of these patients into adulthood, since there is no 
literature about the evolution later in life. Therefore, the 
principal aim of the present study (BIORICA-10) was to 
compare the metabolic and inflammatory status of indi-
viduals with a history of EUGR at the prepubertal stage 
and after puberty as young adults. These findings will 
contribute to evaluating the risk of developing metabolic 
diseases associated with the EUGR condition during the 
transition from childhood to young adulthood.

Materials and methods
Study design
The present study was designed as a cohort study. Partici-
pants with a history of EUGR were evaluated during their 
prepubertal age and in their young adulthood stage. The 
inclusion criterion for the EUGR group was a perinatal 
weight below the 3p at 36 weeks corrected GA and/or at 
the time of home discharge, to be more restrictive [1–3]. 
The exclusion criteria included neonatal pathologies not 
associated with the EUGR condition or any actual pathol-
ogy that could alter lipid or carbohydrate profiles or 
inflammation status.

Analyses were conducted at two different time points: 
prepuberty and after the pubertal stage was concluded. 
Participants with a history of EUGR were recruited at 
pubertal Tanner stage I, without any metabolic disease 
that could influence the study results, and anthropomet-
rics and hormonal analysis were assessed. These partici-
pants were re-evaluated after puberty, 10 years after the 
first evaluation. Of the initial 38 EUGR participants [6, 
23], five lacked data at one of the two time points. There-
fore, the final number of participants included in the 
study was 33.

Clinical history, physical examination, and 
anthropometric and blood pressure measurements
Perinatal clinical data, along with personal and family 
health records, were collected from the individuals clini-
cal history, as previously published [6, 23]. No significant 
family disease history among the participants warranted 
exclusion from our analysis. An extended physical explo-
ration was conducted in all participants by the research 
physician. Pubertal status was established on the basis of 
Tanner stages and confirmed by sex hormone analyses. 
Body weight, height and waist circumference (WC) were 
measured according to standardized procedures, with 
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the participants in minimal clothing, barefoot and fasted 
overnight. Body weight, height and WC percentiles were 
calculated using representative Spanish tables stratified 
by age and sex [28–30]. With respect to WC, percen-
tiles are available from age 5 onward. Height and body 
weight were categorized into 3 percentiles blocks: <25p, 
26-75p, and > 75p. To estimate abdominal fat, WC was 
measured because it correlates adequately with intra-
abdominal fat [31, 32]. WC was categorized into 2 blocks: 
Participants with < 90p were classified as having a normal 
WC whereas those with ≥ 90p were considered to have 
abdominal fat [33, 34]. For all percentiles, participants 
older than 18 years were assigned the values established 
for 18-year-olds, as growth and development are consid-
ered complete by this age. Furthermore, body mass index 
(BMI, kg/m2) and BMI z score were calculated for all 
participants using the standard growth percentile charts 
for the Spanish population [29]. Overweight and obesity 
were defined as BMI z scores ≥ 1 and ≥ 2, respectively, in 
participants under 18 years old and BMI ≥ 25 and 30 kg/
m2 in those older than 18 years [35]. Moreover, they were 
classified as underweight and/or short stature if their 
percentiles were below 3p [36].

Systolic blood pressure (SBP) and diastolic blood pres-
sure (DBP) were measured twice by the same observer 
with a Dinamap V-100. The participants rested in the 
supine position for ≥ 5 min, and a correct cuff was placed 
around the left arm. For participants under 18 years of 
age, BP percentiles were established according to age 
and sex; high BP (HBP) was defined as BP levels > 95p. 
In participants older than 18 years, HBP was defined as 
values ≥ 140/90 mmHg according to the European Society 
of Cardiology/European Society of Hypertension Guide 
from 2018 [37].

Dietary habits
Dietary intake across the two life stages was assessed 
using a semiquantitative food frequency questionnaire, 
which included common foods consumed in Spain [38]. 
Individuals or caregivers (at the prepubertal stage) and 
the own participants (at the young adulthood stage) were 
interviewed by a trained dietician, and the consumption 
frequency of each food item in the last four weeks was 
recorded as never or hardly often (1–3 times per month; 
once, 2–4 or 5–6 times per week; and once, 2–3, 4–6 
or > 6 times per day). Food intake data were converted 
into daily food volume/weight (in ml or g) to calculate 
the Dietary Quality Index (DQI) validated for children 
[39] and adolescents [40] and to assess the adherence to 
Spanish dietary recommendations. This DQI is based on 
the food-based dietary guidelines, which aim to address 
nutritional requirements at the population level to pro-
mote a healthy lifestyle. The major components of this 
DQI are dietary quality, dietary diversity and dietary 

equilibrium. The detailed technical aspects of the DQI 
have been described in other sources [40, 41]. To com-
pute the DQI, the percentages of each component were 
extracted and the mean of them was calculated, with 
higher scores reflecting higher dietary recommendation 
compliance. The score was calculated at both the prepu-
bertal and young adult stages.

Plasma metabolic parameters, proinflammatory 
biomarkers and adipokines
Blood samples were collected from EUGR participants at 
the prepubertal and young adult stages after a 12-h over-
night fasting period, while the participants were in a rest-
ing position lying down and using an indwelling venous 
line. The general biochemical parameters were deter-
mined within 2-h of blood collection and other aliquots 
were stored at − 80 °C until the analysis of cytokines and 
adipokines.

The general biochemical parameters were performed 
by standardized laboratory methods at the Reina Sof ía 
University Hospital (Córdoba, Spain) using the Architect 
c16000 and i2000SR autoanalyzers (Abbott Diagnostics®, 
Abbot Laboratories, Madrid Spain). External and inter-
nal quality controls were performed according to the 
hospital protocols. A lipid profile including plasma total 
cholesterol (TC), high-density lipoprotein cholesterol 
(HDLc), low-density lipoprotein cholesterol (LDLc), tria-
cylglycerols (TGs), apolipoprotein A and B, and markers 
of carbohydrate metabolism such as glucose and insulin 
were measured [42–44]. To define dyslipidemia, cutoffs 
on HDLc and TGs levels, which are components on the 
metabolic syndrome (MetS) definition were used. For 
children ≤ 18 years old, HDLc and TG percentiles were 
obtained to classify the lipidemia status following the cri-
teria of Olza et al. (2011) and Rúperez et al. (2018) [45, 
46]: impaired HDLc (low) ≤ 10p and hypertriglyceride-
mia ≥ 90p. Individuals over 18 years old were classified 
according to the adult ranges established for plasma lev-
els: impaired HDLc (low) < 40 mg/dl and hypertriglyceri-
demia > 150 mg/dl [47]. To conduct these classifications, 
the ObMetrics platform was used (version 1.0, Granada, 
Spain) [48]. To determine insulin resistance, the Homeo-
static Model Assessment for Insulin Resistance (HOMA-
IR) index was calculated using the formula: insulin 
(mU/l) × glucose (mmol/l)/22.5. The cutoff point of 
HOMA-IR was considered 2.5 in the prepubertal stage 
[46] and 3.0 in young adults as suggested for the adult 
population [44].

Furthermore, selected inflammatory biomarkers were 
measured in the plasma. CRP levels were also quantified 
using the autoanalyzer Architect c16000 by turbidimetric 
immunoassay with latex particles. In addition, cytokines 
such as neural growth factor (NGF), IL-6, IL-8, IL-1β, 
MCP-1, TNF-α, and PAI-1 and adipokines such as leptin, 
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resistin and adiponectin were analyzed in duplicate on a 
Luminex 200 system with XMap technology (Luminex 
Corporation, Austin, TX, USA) using human monoclonal 
antibodies (Milliplex Map Kit, Millipore, Billerica, MA, 
USA). Assay reproducibility was tracked to ensure that 
the values obtained were reliable (inter- and intra-assay 
coefficient of variation < 10%).

Statistical analysis
Data are reported as counts and proportions for cat-
egorical variables and as the mean ± standard error (SE) 
for continuous variables. All continuous variables were 
tested for normality and outliers using Q‒Q plots and his-
tograms. Two CRP values (one for each evaluated period) 
identified as outliers (> Q3 + 1.5 x IQR) were removed, 
along with one IL-8 value from the young adulthood 
period. The prepubertal to postpubertal progression of 
body composition and cardiometabolic risk markers were 
analyzed using two approaches: (1) For comparison of 
quantitative data between periods, a general linear model 
for repeated measures (GLM-RM) was used, adjusting 

for initial age, sex and BMI (as appropriate). The mean 
and SE values adjusted from the models were extracted, 
along with the pairwise differences (∆); (2) For categori-
cal data, longitudinal differences were evaluated by linear 
mixed-effects (lme) models using the `nlme` package [49, 
50]. To consider individual variations, a random effect for 
participants was included to account for repeated mea-
sures. Time was included as a fixed effect to capture the 
change in variables over the two time points. To visual-
ize the progression of cardiometabolic status from the 
prepubertal to the postpubertal stage, Sankey plots were 
constructed using the `ggsankey`, `ggplot2` and `dplyr` 
R packages [51].

Pearson’s correlation coefficient (r) was calculated to 
establish the relationships between cardiometabolic vari-
ables. A significant correlation was defined as a value of r 
greater than 0.300. For dietary habits, to evaluate whether 
the DQI differed between the prepubertal and postpu-
bertal stages, a paired t-test was performed. Data analy-
ses were conducted using the SPSS Statistics 25 software 
(IBM SPSS, Inc., IBM, New York. USA) for the GLM-RM, 
and R statistical package (4.3.2 version) for the lme mod-
els. The P value was considered significant at < 0.05.

Results
The prepubertal and postpubertal periods are referred 
in the present study as child and young adult groups, 
respectively. Some variations between the child and 
young adult stages were found regarding anthropometry, 
blood pressure and biochemical markers (Table 1). After 
puberty, the BMI of the study population was maintained 
within normal values. Among prepubertal children, 6% 
(n = 2) were underweight (weight < 3p) and 12% (n = 4) 
had short stature (height < 3p). In adulthood, these condi-
tions increased to 15% (n = 5) for underweight and 18% 
(n = 6) for short stature.

Figure  1 shows the evolution of body weight (A) and 
height (B) between the two stages expressed as percen-
tile ranges (< 25p, 26-75p, and > 75p). More than half of 
the children in the weight < 25p remained within this 
range after reaching puberty. Among the 4 children 
whose weight percentiles were > 75 during the prepu-
bertal stage, the values decreased to lower percentiles 
(Fig.  1A). Similarly, for height, 61% of prepubertal chil-
dren remained in < 25p in the postpubertal stage, with 
only 2 children moving to > 75p (Fig. 1B). Nevertheless, 
no significant differences were observed between the two 
periods in either weight or height percentiles (lme model 
p = 0.711 and p = 0.640, respectively).

With respect to adiposity, the BMI z score remained 
unchanged across the two stages (Table 1). While only 3% 
of children were overweight (n = 1), this percentage raised 
to 18% in young adulthood (n = 6), with no significant dif-
ferences in the evolution of weight status (p = 0.865). No 

Table 1  Variations of anthropometry, body composition, blood 
pressure and metabolic risk markers between pre-pubertal and 
young adult stages in subjects with a history of EUGR condition

Child Young Adult ∆ P-valuea

Age (years) 8.1 ± 3.1 16.2 ± 3
Sex (M/F) 29/4 29/4
Anthropometry, body composition and blood pressure
Weight (Kg) 25.15 ± 1 52.67 ± 2.26 25.15 ± 1.95 < 0.001
Height (cm) 121.08 ± 1.08 158.86 ± 1.54 37.77 ± 1.33 < 0.001
BMI (Kg/m2) 16.5 ± 0.46 20.69 ± 0.72 4.19 ± 0.64 < 0.001
BMI z score -0.47 ± 0.18 -0.29 ± 0.2 0.19 ± 0.22 0.388
WC (cm) 58.3 ± 1.5 72.35 ± 1.9 14.1 ± 2.04 < 0.001
SBP (mmHg) 112.5 ± 2.2 120.9 ± 2.2 8.4 ± 2.4 0.020b

DBP (mmHg) 69.3 ± 5 69.5 ± 4 0.23 ± 2.5 0.920b

HR (lpm) 83.4 ± 2.9 76.6 ± 3.4 -6.9 ± 3.74 0.079b

Carbohydrate metabolism
Glucose (mg/dl) 86.6 ± 1.5 87.2 ± 1.5 0.54 ± 0.97 0.785b

Insulin (µU/ml) 5.8 ± 0.5 10.6 ± 1.04 4.7 ± 1.05 < 0.001b

HOMA-IR 1.3 ± 0.1 2.3 ± 0.25 1.02 ± 0.26 0.001b

Lipid metabolism
TG (mg/dl) 64.5 ± 3.7 60.5 ± 5.5 -3.99 ± 6.2 0.500b

TC (mg/dl) 162.2 ± 5.2 151.4 ± 4.4 -10.8 ± 3.6 0.005b

HDLc (mg/dl) 54.05 ± 2.16 58.6 ± 2.2 4.5 ± 2.1 0.040b

LDLc (mg/dl) 95.1 ± 4.5 80.8 ± 3.5 -14.3 ± 3.16 < 0.001b

Apo A (mg/dl) 142.6 ± 4 130.6 ± 4.3 -11.93 ± 5.9 0.052b

Apo B (mg/dl) 65.9 ± 2.7 58.8 ± 2.15 -7.1 ± 2.09 0.002b

Abbreviations: Apo, Apolipoprotein; BMI, body mass index; DBP, diastolic 
blood pressure; EUGR, extrauterine growth restriction; HDLc, High-density 
lipoprotein; HR, heart rate; HOMA-IR, Homeostatic Model Assessment for 
Insulin Resistance; LDLc, Low-density lipoprotein; SBP, systolic blood pressure; 
TC, total cholesterol; TG, triacylglycerols; WC, waist circumference.

Data expressed as mean values ± standard error (SE) and differences (∆ ± SE).
a General linear model for repeated measures (GLM-RM) adjusted for initial age, 
sex and BMI (as appropriate b). Significant P-value in bold.
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Fig. 1  Evolution of anthropometric measurements in terms of percentile ranges of (A) weight and (B) height, and (C) adiposity status (waist circumfer-
ence) between the prepubertal and young adult stages in participants with a history of EUGR condition. WC, waist circumference
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participants exhibited obesity at any time point during 
the study. Nevertheless, a significant increase in WC per-
centile was observed (Fig. 1C). In deep, 68% of the partic-
ipants with a WC < 90p during childhood presented high 
abdominal adiposity (WC ≥ 90p) in early adulthood (lme 
model p = 0.012).

Among the children who had prepubertal HBP, 66.7% 
exhibited normal BP upon reaching puberty (lme model 
p = 0.023). Furthermore, 90% of those with normal BP 
during the prepubertal stage remained free of HBP after 
puberty (Fig. 2).

With respect to metabolic parameters, a significant 
increase were found in insulin and HOMA-IR levels 
from childhood to early adulthood (Table 1). As shown in 
Fig. 3A, a considerable proportion of participants became 
insulin resistant after pubertal development (lme model 
p = 0.032). In the lipid profile, the TC, LDLc and ApoB 
levels decreased while HDLc levels slightly increased in 
young adults compared with children (Table  1). How-
ever, when HDLc and TG were categorized to assess 

dyslipidemia, no significant differences were found (lme 
model p = 0.161 for HDLc and p = 0.572 for TG). Most of 
the participants presented a normal lipid profile (Fig. 3B 
and C), with only 2 children transitioning to hypertriglyc-
eridemia in adulthood.

Furthermore, the paired t-test conducted for DQI 
revealed no differences between childhood and early 
adulthood (p = 0.525), maintaining intermediate dietary 
compliance in both stages (52 ± 9.5% vs. 50.4 ± 10.4%, 
respectively). Since no changes were observed in dietary 
habits, this variable was not included in the statistical 
models to avoid over-adjustments.

The changes in inflammation markers and adipokines 
are detailed in Table  2. For IL-6 and IL-1β, more than 
50% of the values were out of the limit of sensitivity (0.2 
pg/mL and 0.4 pg/mL, respectively), rendering these bio-
markers inconclusive and thus excluded from analysis. 
Overall, a decrease in pro-inflammatory parameters such 
as the plasma levels of PAI-1, NGF, MCP-1, TNF-α and 
resistin, was observed upon reaching young adulthood.

Fig. 2  Changes in the proportion of hypertension in participants with a history of EUGR from the prepubertal to postpubertal stage. HBP, high blood 
pressure
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Fig. 3  Proportion of (A) insulin resistance, (B) HDLc and (C) triacylglycerols status from the prepubertal to young adult stage in participants with a history 
of EUGR. IR, insulin resistance; TGs, triacylglycerols
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Table  3 shows the relationships between cardiometa-
bolic markers and the main adipokines. WC, expressed 
as percentiles, was directly correlated with HOMA-IR 
and TG only in young adulthood, but was directly cor-
related with leptin at both stages. Furthermore, WC was 
inversely correlated with adiponectin and HDLc in young 
adulthood. SBP was correlated with lower levels of HDLc 

and adiponectin in young adulthood and with higher 
HOMA-IR in childhood. HOMA-IR, in turn, was directly 
related to leptin levels at both stages, and HDLc levels 
were directly correlated with adiponectin.

Discussion
In recent years, EUGR has gained increasing impor-
tance because its association with complications later in 
life. Traditionally, postneonatal discharge complications 
are attributed primarily to prematurity. Progressively, 
consequences derived from this condition have been 
described, such as long-term neurodevelopmental altera-
tions [52] and metabolic changes [7, 26]. In the present 
study, the evolution of different metabolic and inflam-
matory biomarkers was studied from childhood to adult-
hood in individuals with a history of EUGR. Given the 
clinical importance of preventing metabolic and CVDs in 
later life, early diagnosis and management of this growth 
retardation condition are essential for developing strate-
gies to prevent associated complications.

In the present EUGR cohort, the percentages of under-
weight and underheight increased in the young adult-
hood. They were higher than the Spanish national value 
(5% for underweight and 2.5-3% for short stature) [36, 
53, 54]. However, owing to the small sample size of 
our population, further studies are needed to confirm 
and extrapolate these results. Furthermore, it has been 
reported that the percentage of weight delay in EUGR 
(21%) is greater than that resulting in prematurity alone 
(6%) [7]. Interestingly, in our study, although approxi-
mately half of the participants had a body weight below 
25p, showed a WC exceeding 90p in young adulthood, 
indicating abdominal obesity. These data also support the 
idea of changes in adipose tissue in individuals who are 
overnourished or undernourished under intrauterine or 
extrauterine conditions [13, 18, 22] and the need for an 
adequate nutritional status during the perinatal period to 
prevent the risk of metabolic comorbidities later in life. 
Therefore, health status, including adult life, should be 
followed up over time.

During childhood, these individuals were compared to 
a reference group of children born at term without com-
plications [6, 23] showing higher BP levels, with nearly 
50% reaching HBP [6]. However, after puberty, the per-
centage of individuals with hypertension decreased. Per-
haps, these elevated SBP levels in prepubertal age may be 
overestimated due to the nervousness of children during 
BP measurement, even when standardized methods are 
used. On the other hand, high WC and BP levels have 
been traditionally related as reliable markers of MetS, as 
well as indicators of insulin resistance. In previous stud-
ies, the EUGR group during childhood displayed no rel-
evant differences in insulin resistance compared with the 
reference group [6, 7]. However, this index increased in 

Table 2  Variations of cytokines and adipokines between 
prepubertal and young adult stages in participants with a history 
of EUGR

Child Young 
Adult

∆ P-
valuea

PAI-1 (µg/l) 18.13 ± 1.33 14.3 ± 1.65 -3.8 ± 1.8 0.045
NGF (pg/ml) 8.9 ± 0.7 3.5 ± 0.3 -5.3 ± 0.6 < 0.001
MCP-1 (pg/ml) 189.5 ± 16.3 88.5 ± 5.8 -101.01 ± 14.1 < 0.001
TNF-α (pg/ml) 8.2 ± 0.3 1.7 ± 0.1 -6.5 ± 0.28 < 0.001
IL-8 (pg/ml) 2.71 ± 0.16 1.4 ± 0.19 -1.3 ± 0.28 < 0.001
CRP (mg/l) 1.47 ± 0.26 0.9 ± 0.28 -0.57 ± 0.42 0.180
Adiponectin 
(mg/l)

11.85 ± 1.25 14.67 ± 1.63 2.8 ± 1.5 0.060

Resistin (µg/l) 20.6 ± 1.3 13.5 ± 1.23 -7.09 ± 1.7 < 0.001
Leptin (µg/l) 7.6 ± 1.23 4.5 ± 0.74 -3.1 ± 1.6 0.055
Abbreviations: CRP, C-reactive protein; EUGR, extrauterine growth restriction; 
IL, interleukin; MCP-1, monocyte chemotactic protein type 1; NGF, neural 
growth factor; PAI-1, plasminogen activator inhibitor type 1; TNF-α, tumor 
necrosis factor-α.

Data expressed as mean values ± standard error (SE) and differences (∆ ± SE).
a General linear model for repeated measures (GLM-RM) adjusted for initial age, 
sex and BMI. Significant P-value in bold.

Table 3  Correlations among anthropometric and metabolic 
syndrome-related parameters in pre- pubertal and young adult 
stages in subjects with a history of EUGR

Child Young Adult
r P-value r P-value

WC (p) SBP 0.384 0.04 0.034 0.85
HOMA-IR 0.28 0.149 0.394 0.023
HDLc 0.018 0.926 -0.589 < 0.001
TG 0.321 0.096 0.370 0.034
Adiponectin 0.011 0.956 -0.378 0.030
Leptin 0.741 < 0.001 0.573 < 0.001

SBP HOMA-IR 0.397 0.025 0.175 0.07
HDLc 0.305 0.090 -0.233 0.015
Adiponectin 0.150 0.412 -0.310 0.001

HOMA-IR TG 0.338 0.055 0.173 0.073
Leptin 0.505 0.003 0.268 0.007

TG HDLc -0.259 0.145 -0.331 < 0.001
Leptin 0.611 < 0.001 -0.04 0.68

HDLc Adiponectin 0.463 0.007 0.393 < 0.001
Leptin 0.054 0.765 0.303 0.472

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; EUGR, 
extrauterine growth restriction;  HDLc, high-density lipoprotein; HOMA-
IR, homeostatic model assessment for insulin resistance; LDLc, low-density 
lipoprotein; SBP, systolic blood pressure; TG, triacylglycerols; WC (p), waist 
circumference percentile.

Data are expressed as Pearson correlation coefficient (r) and P-value. Significant 
P-value in bold.
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adulthood similar to that of WC. Even when body weight 
is not high enough to affect other markers of cardiovas-
cular risk, the most important associated and correlated 
factors are WC, SBP levels and HOMA-IR in pediatric 
populations [55–60]. Here, most of the classical features 
of MetS were correlated with WC.

The adipokine profile presented some changes in our 
population from childhood to adulthood. It has been 
reported that adiponectin, which has antithrombotic, 
antioxidant, anti-atherosclerotic and anti-inflammatory 
properties, is inversely associated with the risk of devel-
oping MetS [61, 62]. In addition, low adiponectin levels 
and high visceral adiposity are associated with hyperten-
sion, insulin resistance and β-cell dysfunction [63, 64]. 
Moreover, leptin is essential for maintaining energy bal-
ance and regulating body weight. Along with adiponec-
tin, both play crucial roles in energy homeostasis, body 
weight regulation and metabolism [65]. Furthermore, 
the risk of MetS and abdominal obesity in people with 
high leptin levels, despite having a normal BMI, is well 
described [65, 66]. Although resistin is associated with 
obesity, some studies have reported inconsistent findings 
in relation to perinatal underweight and the regulation of 
insulin sensitivity and adipogenesis [67–69]. Hence, sup-
pressed resistin levels, which act as insulin antagonists, 
have been reported in insulin resistance states [62]. In 
our study, we found that adiponectin and leptin values 
tended to significantly vary, and a decrease in resistin 
suggested an improvement in metabolic risk in adult-
hood. However, it must be considered that there are no 
reference values for normality and that these values may 
vary according to sex and age [70–73]. In our study, an 
inverse correlation between adiponectin levels and 
SBP and WC values was found in young adults. At both 
stages, we also found a direct relationship between leptin 
values and both WC and HOMA-IR. Leptin is a hormone 
produced directly by adipocytes in the white adipose tis-
sue. Increased subcutaneous fat could lead to an increase 
in circulating leptin levels. Moreover, dysregulation of 
leptin signaling is linked to type 2 diabetes mellitus, a 
condition characterized by insulin resistance [74]. Nev-
ertheless, further research should be conducted to eluci-
date the relationships between adipokines and EUGR.

With respect to the inflammatory profile, previous 
studies have suggested that prematurity, particularly 
EUGR, predisposes individuals to activate the inflamma-
tory cascade [23, 75]. However, the effect of low-grade 
inflammation later in life is uncertain. In prepubertal 
children with a history of EUGR, higher plasma levels of 
some cytokines than in a reference group born at term 
without EUGR have been reported [26, 27]. However, 
during adulthood, we detected a decrease in TNF-α, IL-8 
and MCP-1 plasma levels. In this context, the combina-
tion of IL-1β, IL-6 and TNF-α has been shown to have a 

growth inhibitory effect [76, 77]. Moreover, most of these 
inflammatory parameters and adipokines produced in 
adipose tissue may interfere with other multiple mecha-
nisms of inflammation; therefore, the differences could 
be explained by an imbalance between pro-inflamma-
tory and anti-inflammatory factors, which may stabilize 
after the completion of growth and puberty. However, it 
is unknown whether these alterations in the prepubertal 
individuals may lead to certain sequelae.

A paired analysis was performed to evaluate whether 
the DQI differed between the prepubertal and postpu-
bertal stages [40] to control for the possible effects of 
the dietary habits on these results. In this context, indi-
viduals maintained an intermediate DQI across the life 
stages evaluated, and this situation could have positive 
effects on the evolution of some cytokines studied. Diet 
can influence the expression and secretion of biomarkers 
in different tissues, affecting the inflammatory status and 
modulating insulin resistance and endothelial dysfunc-
tion [78–80]. Several studies have demonstrated the link 
between specific types of diet and inflammatory markers 
associated to MetS, as well as how nutritional interven-
tions can improve obesity-related inflammatory status 
[80–84].

The present study has several limitations. To date, 
there is no consensus on how postnatal growth should be 
defined and monitored in preterm infants, and the opti-
mal growth pattern has not yet been determined in the 
perinatal stage [85, 86]. However, different definitions, 
some of which are stricter in defining EUGR, have been 
made on the basis of their relationship with the develop-
ment of some comorbidities [87–90]. While this study 
presents some limitations due to the reduced simple size 
imposed by the strict criteria for early growth restriction 
applied in our cohort, it provides valuable insights into 
the long-term relationship between EUGR and associ-
ated comorbidities. Additionally, this work identifies key 
characteristics of postnatal growth patterns in this popu-
lation that have not been previously described.

Conclusion
In conclusion, the present study stands out as the first to 
assess the metabolic profile of children with a history of 
EUGR on reaching adulthood. It attempts to clarify the 
translational importance of a correct follow-up of the 
metabolic components in these individuals. In adult-
hood, these individuals maintained growth retardation 
associated with abnormal fat distribution but there was 
no deterioration in adipokines or low-grade inflamma-
tory status. However, it would be advisable to further 
study this population with prospective multicenter stud-
ies to clarify metabolic homeostasis and cardiovascular 
risk in the EUGR throughout different stages of life.
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