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Introduction

Small for gestational age (SGA) is defined as a birth length (BL) 
and/or birth weight (BW) of at least two standard deviations 
(SDs) below the mean for gestational age according to sex-
specific reference values (1). More than 85% of children 
born SGA have catch-up growth and rapid weight gain by 
two years of age (2). Catch-up growth is associated with 
the development of insulin resistance (IR), type 2 diabetes 

mellitus (T2DM), and cardiovascular disease in adulthood 
(3). However, the mechanisms underlying the high risk of 
metabolic outcomes in SGA remain unclear (4). 

The human gastrointestinal tract is the first contact for 
ingested food and is the largest endocrine organ in the 
human body. Gastrointestinal hormones are key regulators of 
appetite, energy, and glucose homeostasis (5). Therapeutics 
for treating T2DM and obesity, based on gut hormones, act 
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Conclusion: Lower GLP-1 concentrations may be associated with abnormal glucose metabolism in prepubertal children born SGA with 
catch-up growth. This is indirect evidence that impaired intestinal L cell function may be involved in the development of metabolic 
complications in SGA children.
Keywords: Small for gestational age, catch-up growth, glucagon-like peptide 1, peptide YY 

Address for Correspondence: Chun-Xiu Gong MD, National Center for Children’s Health, Capital Medical 
University, Beijing Children’s Hospital, Clinic of Endocrinology, Beijing, China
Phone: +87 10 59612345 E-mail: chunxiugong@sina.com ORCID: orcid.org/0000-0002-1262-7383

DOI: 10.4274/jcrpe.galenos.2023.2023-5-21

https://orcid.org/0000-0001-7008-5773
https://orcid.org/0000-0003-4101-8429
https://orcid.org/
https://orcid.org/
https://orcid.org/
https://orcid.org/0000-0002-1262-7383


J Clin Res Pediatr Endocrinol
2024;16(1):69-75

70

Wang L et al. 
GLP-1, Peptide YY, and Catch-up Growth in Small for Gestational Age

by enhancing the function of intestinal L cells, indicating 
the importance of L cells in energy homeostasis. Glucagon-
like peptide 1 (GLP-1) and peptide YY (PYY), secreted by 
intestinal L cells, can delay gastric emptying, suppress 
appetite, and reduce energy intake (6). The therapeutic 
combination of GLP-1 and PYY3-36 has demonstrated 
synergistic effects on energy intake in humans (7). GLP-
1 can also promote insulin secretion, inhibit glucagon 
secretion, enhance pancreatic β-cell proliferation, and have 
cardioprotective and neuroprotective effects (8).

However, few studies (9,10,11) have focused on 
gastrointestinal hormone levels in children born SGA. The 
data are unclear about whether catch-up growth leads to 
inappropriate secretion of gastrointestinal peptides and 
whether they are involved in the long-term metabolic 
outcomes in children born SGA. Abdominal obesity, 
dyslipidemia, hypertension, and IR have been observed in 
some children born SGA as early as in the first decade of 
life (12). 

The aim of this study was to explore whether GLP-1 and 
PYY, two important gastrointestinal hormones secreted 
by intestinal L cells, are involved in the development of 
metabolic complications in children born SGA. As some 
studies have reported that PYY and GLP-1 concentrations 
decrease after puberty (13), we selected prepubertal children 
aged 4-10 years as study participants. Furthermore, adults 
born SGA with normal height have lower insulin sensitivity 
than short adults born SGA and adults born appropriate 
for gestational age (AGA) (14). Therefore, we divided the 
children born SGA into the catch-up and persistently short 
groups to explore the role of catch-up growth.

Methods

This study was approved by the Ethical Committee of 
Shenzhen Children’s Hospital in Shenzhen, China (no: 

202110002, date: 10.18.2021) and was conducted according 
to the Declaration of Helsinki. Informed consent was 
obtained from the parents of the participants. 

We recruited children born SGA with short stature who 
were outpatients at the Endocrinology Department at 
Shenzhen Children’s Hospital. Children with normal height 
were recruited from the Child Healthcare Department at 
Shenzhen Children’s Hospital (Figure 1). The inclusion 
criteria for the study were: 1) children born at term (37-
41 weeks of gestation) and singleton pregnancy; 2) children 
aged 4-10 years who were in the prepubertal period (defined 
as Tanner stage 1, without premature thelarche, pubarche, 
or menarche); and 3) for the SGA group, BW or BL below 
-2.0 SD for gestation and sex, according to the Chinese 
standard reference (15) and, for the AGA group, BW and 
BL between -2.0 SD and +2.0 SD. The exclusion criteria 
were: maternal gestational diabetes; alcohol abuse, or drug 
addiction. Furthermore, children with Turner syndrome or 
Silver-Russell syndrome were excluded.

The SGA group was divided into the short-SGA (SGA-s) group 
or the catch-up growth SGA (SGA-cu) group, according to 
whether the current height was above -2.0 SD for age, sex, 
and population. In all short children born SGA, insulin-like 
growth factor-1 (IGF-1) was measured to exclude growth 
hormone (GH) deficiency. GH stimulation tests were also 
performed; the insulin test with a dose of 0.1 U/kg and the 
levodopa test with 10 mg/kg (maximum: 0.5 g) were used. 
GH concentration measurements were performed at 0, 30, 
60, 90, and 120 min after the test. Children with IGF-1 levels 
>-2.0 SD for age and normal peak GH values (≥10 ng/mL) 
were included in the SGA-s group.

All interviews and physical examinations were performed 
by a pediatric endocrine physician. The pubertal stage 
evaluation was performed according to the Tanner system 
(16), and prepubertal children were defined as children at 
Tanner stage 1. 

Figure 1. Research design flow chart

SGA: small for gestational age, SGA-cu: catch-up growth SGA, SGA-s: short-SGA, AGA: appropriate for gestational age
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The following indices were determined by current height 
and weight: height SD score (HtSDS), weight SDS (WtSDS), 
body mass index (BMI), and BMI SDS for chronological age 
and for height age (HA; the age that corresponds to the 
child’s height when plotted at the 50th percentile on a growth 
curve). BMI SDS for HA was used to evaluate the nutritional 
status of the children in each group. The BLSDS and BWSDS 
were determined using the BL and BW. All parameters were 
calculated based on Chinese population data (15,17). The 
parents’ heights were measured, the target height (THt) was 
calculated as mid-parental height minus 6.5 cm for girls and 
plus 6.5 cm for boys, and the target HtSDS (ThtSDS) was 
calculated. HtSDS-ThtSDS represents the difference between 
the current height and target height; ΔHtSDS and ΔWtSDS 
represent the difference between the current height/weight 
and BL/weight, respectively. 

On the morning of the interview day, fasting serum 
samples were obtained to measure IGF-1, fasting blood 
glucose (FBG), fasting insulin (FINS), triglyceride (TG), 
total cholesterol (TC), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), GLP-1, and PYY. Neither a 
dipeptidyl peptidase-4 inhibitor nor aprotinin was added 
to the sample. Total serum GLP-1 was measured using a 
Millipore ELISA kit (Billerica; MA, USA), and total PYY was 
measured using a Raybiotech ELISA kit (Norcross; GA, USA). 
The GLP-1 antibody specifically binds to GLP-1 (7-36 and 
9-36) with no significant cross-reactivity with GLP-2, GIP, 
glucagon, or oxyntomodulin. The intra- and inter-assay 

percent coefficients of variation (%CVs) were <2% and 
<10%, respectively; the lower detection limit was 1.5 pM. 
The PYY antibody binds specifically to PYY (1-36 and 3-36). 
The intra- and inter-assay %CVs were <3% and <6%; the 
lower detection limit was 1.4 pg/mL. The IGF-1 SDS was 
calculated based on reference values (18). According to FBG 
and FINS levels, the quantitative insulin sensitivity check 
index (  ) was calculated.

Statistical Analysis

The Shapiro-Wilk test was used to assess variable 
distribution. Variables fitting a normal distribution are 
described by mean±SD, and variables that did not fit 
a normal distribution were described in quartiles. For 
normally distributed variables with homogeneous variance, 
one-way analysis of variance (ANOVA) was performed, with 
the subsequent use of a post-hoc test to assess statistical 
differences between the groups. Non-normally distributed 
variables were analyzed using the Kruskal-Wallis test, and 
differences between the groups were tested using the 
Mann-Whitney U test. Correlations were evaluated using the 
Spearman rank correlation coefficient. The Spearman rank 
correlation coefficient was used to evaluate the correlation 
of different variables, including auxological data, glucose, 
lipid, and gastrointestinal hormones, in children born SGA. 
The HtSDS and THtSDS were compared using paired t-tests 
for each group. All statistical analyses were performed 
using the Statistical Package for the Social Sciences (SPSS) 

Table 1. Clinical patient characteristics by group

Group SGA-s SGA-cu AGA Analysis of variance, p

n (girls/boys) 26 (15/11) 28 (17/11) 45 (13/32) 0.010

CA, years 7.70±2.99 8.05±2.67 6.72±2.06 0.082

GA, weeks 38.73±1.31 38.92±1.56 39.11±1.30 0.457

BL, cm 47.63±2.48b 47.78±2.43c 50.33±1.02b,c <0.001

BLSDS -0.99±1.11b -0.97±1.12c 0.33±0.58b,c <0.001

BW, kg 2.45±0.30b 2.50±0.29c 3.36±0.37b,c <0.001

BWSDS -2.03±0.58b -2.17±1.42c 0.22±0.95b,c <0.001

THtSDS -1.19±0.74a,b -0.77±0.76a,c -0.21±0.67b,c 0.001

HtSDS -2.34±0.35a,b -0.88±0.77a,c -0.16±0.97b,c <0.001

HtSDS-THtSDS -1.15±0.68a,b -0.14±0.88a 0.04±0.90b <0.001

ΔHtSDS -1.62±1.13a,b -0.08±1.33a -0.48±1.01b <0.001

WtSDS -1.73±0.73a,b -0.86±0.69b,c 0.02±0.96a,c <0.001

ΔWtSDS 0.30±1.07a 1.30±1.50a,c -0.20±1.17c <0.001

BMI-SDS for HA -0.34±1.17b -0.34±0.77c 0.24±0.94b,c 0.015

*The chi-square test assesses the difference in male and female composition among the three groups. Values in the same row with different superscripts are significantly 
different: a,b,cp<0.05. Comparisons between groups are classified as follows: a) SGA-s vs. SGA-cu, b) SGA-s vs. AGA, and c) SGA-cu vs. AGA.
SGA: small for gestational age, AGA: appropriate for gestational age, CA: chronological age, GA: gestational age, BL: birth length, BW: birth weight, BLSDS: birth length 
standard deviation score, BWSDS: birth weight standard deviation score, THtSDS: target height standard deviation score, HtSDS: height standard deviation score, ΔHtSDS: 
gain in height standard deviation score, ΔWtSDS: gain in weight standard deviation score, BMI-SDS for HA: body mass index standard deviation score for height age, SGA-
cu: catch-up growth SGA, SGA-s: short-SGA
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software, version 22.0 (SPSS Inc., Chicago, IL, USA). 
Statistical significance was assumed when p<0.05.

Results

The study included 99 prepubertal children aged 4-10 
years, divided into the SGA-s (n=26), SGA-cu (n=28), and 
AGA (n=45) groups. The characteristics of the groups and 
anthropometric parameters of the participants in each 
group are presented in Table 1. The BW and BL of children 
born SGA, as to be expected, were significantly less than 
those of the AGA control group. The THt of the SGA-s group 
was significantly less than that of the SGA-cu group. In 
the SGA-s group, the HtSDS was significantly less than the 
THtSDS (p<0.0001); the HtSDS was similar to the THtSDS 
in the SGA-cu (p=0.501) and AGA (p=0.741) groups. The 
ΔHtSDS values of the SGA-cu and AGA groups were similar; 
the ΔWtSDS of the SGA-cu group was significantly greater 
than that of the AGA control group. The BMI SDS for HA 
in the SGA-s group was similar to that of the SGA-cu group 

(p=0.938) and was significantly less than that of the AGA 
control group (p=0.015).

FBG levels were greater in the SGA-cu group than in the 
SGA-s and AGA control groups (Table 2). Similarly, LDL levels 
were greater in the SGA-s group than in the SGA-cu and 
AGA control groups. However, GLP-1 concentration in the 
SGA-cu group was significantly lower than in the SGA-s and 
AGA control groups. SGA individuals, both the catch-up and 
short groups, had significantly lower concentrations of PYY 
than AGA controls. However, no significant differences were 
found between the three groups for FINS, QUICKI, TC, TG, 
and HDL levels. 

Due to the significant difference in the sex distribution 
among the three groups, we compared the concentration 
of GLP-1, PYY, and other variables between boys and girls 
in the AGA control group. The analysis found no significant 
difference between boys and girls in GLP-1 or PYY levels 
(Table 3). Concurrent analysis of the correlation between age 
and GLP-1 and PYY levels in AGA individuals found r-values 

Table 2. Laboratory data of the individual groups

Group Short-s SGA-cu AGA p

FBG, mmol/L 4.41±0.36a 4.73±0.59a,c 4.38±0.48c 0.016

FINS, uIU/mL 5.65 (2.9-8.1) 5.50 (3.45-10.18) 4.24 (3.03-7.46) 0.411

QUICKI 0.39±0.05 0.38±0.04 0.40±0.04 0.314

IGF-1 SDS 0.39±1.15 0.60±1.03 0.99±1.02 0.106

TC, mmol/L 4.27±0.85 3.79±0.69 4.16±0.64 0.062

TG, mmol/L 0.79±0.28 0.77±0.30 0.72±0.19 0.537

HDL, mmol/L 1.50±0.30 1.42±0.22 1.53±0.32 0.448

LDL, mmol/L 2.56±0.72a 2.04±0.58a 2.30±0.59 0.022

GLP-1, pM 15.08 (5.67-20.47)a 5.19 (1.5-10.49)a,c 20.24 (9.90-28.49)c 0.018

PYY, ng/mL 0.46 (0.27-0.58)b 0.45 (0.22-0.52)c 0.83 (0.59-1.03)b,c <0.001

Values in the same row with different superscripts are significantly different: a,b,cp<0.05. Comparisons between groups are classified as follows: a. SGA-s vs. SGA-cu, b. 
SGA-s vs. AGA, and c. SGA-cu vs. AGA. 
SGA: small for gestational age, AGA: appropriate for gestational age, FBG: fasting blood glucose, FINS: fasting insulin, QUICKI: quantitative insulin sensitivity check index, 
GLP-1: glucagon-like, PYY: peptide 1 peptide YY, IGF-1: insulin-like growth factor-1, TG: triglyceride, TC: cholesterol, LDL: low-density lipoprotein, HDL: high-density 
lipoprotein, SDS: standard deviation score

Table 3. GLP-1 and PYY concentrations by sex in the AGA group

Sex Female (n=13) Male (n=32) p

CA, years 6.65±2.11 7.16±2.21 0.474

BLSDS 0.23±0.97 0.11±0.58 0.620

BWSDS 0.04±1.01 0.42±1.31 0.340

BMI SDS for HA 0.34±1.15 0.39±0.59 0.841

FBG, mmol/L 4.52±0.38 4.37±0.32 0.241

QUICKI 0.39±0.04 0.40±0.05 0.354

GLP-1, pM 20.09 (12.37-25.78) 20.54 (5.65-30.02) 0.764

PYY, ng/mL 0.76 (0.61-0.99) 0.88 (0.52-1.40) 0.585

AGA: appropriate for gestational age, CA: chronological age, BLSDS: birth length standard deviation score, BWSDS: birth weight standard deviation score; BMI SDS for 
HA: body mass index standard deviation score for height age, FBG: fasting blood glucose, QIUCKI: quantitative insulin sensitivity check index, GLP-1: glucagon-like, PYY: 
peptide 1 peptide YY
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of -0.221 (p=0.144) and 0.113 (p=0.530), respectively. The 
data are presented in Table 4. In SGA children, fasting GLP-1 
levels were negatively correlated with catch-up growth (ΔHt-
SDS; r=-0.326) and positively correlated with FINS levels 
(r=0.331) but no correlations were found in the AGA control 
group for the same parameters.

Discussion

Individuals born SGA are at an increased risk of IR and 
obesity, which are associated with catch-up growth; 
however, the mechanisms are not fully understood. This 
study measured GLP-1 and PYY levels in children born SGA 
who achieved catch-up growth. Our analysis revealed that 
the fasting GLP-1 and PYY levels of the SGA group were 
significantly low compared with those of the AGA control 
group. The GLP-1 level of children born SGA with catch-up 
growth was lower than that of children born SGA without 
catch-up growth; the GLP-1 concentration correlated with 
the FINS level.

GLP-1 and PYY gastrointestinal peptides secreted by 
intestinal L cells can regulate energy metabolism by 
delaying gastric emptying, enhancing satiety, and reducing 
food intake. GLP-1 can also promote insulin secretion, 
enhance glucose sensitivity of islet β cells, and exert 
cardioprotective and neuroprotective effects (19). Studies 
regarding GLP-1 and PYY concentrations in individuals 
born SGA during the prepubertal period after the catch-up 
process are scarce. In addition, no studies on PYY secretion 
levels in individuals born SGA have been reported. One 
study found no significant difference in GLP-1 secretion 
levels between adults born SGA and AGA (10). We found 
that in children aged 4-8 years, GLP-1 and PYY levels were 
lower in the SGA group than in the AGA control group. 
Gastrointestinal peptides may represent staged changes 

and have different physiological significance during 
the full lifecycle of individuals born SGA. For example, 
circulating gastrointestinal peptides may be involved in the 
hypothalamic setpoints of appetite and energy expenditure 
during the neonatal period (9). In diet-induced obese rats, 
the GLP-1 analog liraglutide can downregulate the body 
weight setpoints by regulating microglial polarization (20).

A bidirectional relationship exists between obesity and 
gastrointestinal hormones (21). Patients with obesity and 
T2DM have lower PYY levels, and PYY secretion is decreased 
before blood glucose levels become abnormal in children 
with obesity (22). However, the question of whether GLP-1 
levels are higher or lower in patients with obesity and T2DM 
patients is inconclusive, possibly due to the cohort design. 
In addition, obesity pathology may change according to age 
and sex (23). A cross-sectional study of children aged 6-19 
years revealed that the fasting GLP-1 level of AGA children 
with obesity was greater than that of the healthy control 
group, and GLP-1 was positively correlated with the BMI SDS 
(24). Our analysis identified that the SGA group had lower 
BMI SDS and GLP-1 levels than the AGA group, regardless of 
whether the SGA group achieved catch-up growth. Further, 
the SGA-cu group had lower GLP-1 levels than the SGA-s 
group, possibly indicating that GLP-1 plays different roles in 
obesity pathogenesis in the SGA population.

Animal model research on gastrointestinal peptide secretion 
in SGA catch-up growth has been rare. Entero-insular axis 
disorder has been observed in catch-up fat rats fed a high-
fat diet; they rapidly developed IR, impaired incretin effect, 
reduced intestinal L cells, and decreased expression of 
proglucagon mRNA (25). In Sprague-Dawley rats fed a diet 
high in fat and sucrose, elevated GLP-1 levels may play a 
role in normalizing postprandial glycemia and delaying 
glucose intolerance by protecting pancreatic β cells from 
apoptosis (26). The reduction in intestinal L cells in catch-

Table 4. Spearman correlation analysis of variables in individuals with SGA

ΔWtSDS BMI SDS for HA FBG FINS QUICKI TC TG HDL LDL GLP-1 PYY

ΔHt-SDS 0.353* -0.266 0.280 -0.163 0.129 -0.236 -0.077 -0.134 -0.205 -0.326* -0.186

ΔWt-SDS 0.587** 0.211 0.363* -0.380* -0.037 0.211 -0.248 -0.034 0.041 0.219

BMI SDS for HA 0.238 0.625** -0.628** 0.031 0.290 -0.117 -0.036 0.102 0.234

FBG 0.538** -0.601** 0.305 0.288 0.098 0.175 0.013 0.010

FINS -0.995** 0.226 0.430** 0.084 0.086 0.331* -0.043

QUICKI -0.220 -0.422** -0.078 -0.084 -0.307 0.014

TC 0.477** 0.288 0.860** 0.301 -0.111

TG -0.237 0.358* 0.025 -0.005

HDL 0.004 0.193 -0.173

LDL 0.287 0.083

GLP-1 -0.021

*p<0.05; **p<0.0.
SGA: small for gestational age, FINS: fasting insulin, BMI SDS for HA: body mass index standard deviation score for height age, FBG: fasting blood glucose, QUICKI: 
quantitative insulin sensitivity check index, GLP-1: glucagon-like, PYY: peptide 1 peptide YY, ΔHtSDS: gain in height standard deviation score, ΔWtSDS: gain in weight 
standard deviation score, TG: triglyceride, TC: cholesterol, LDL: low-density lipoprotein, HDL: high-density lipoprotein, SDS: standard deviation score
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up fat rats may indicate inadequate compensatory capacity. 
A correlation was identified between GLP-1 and catch-up 
growth (ΔHt-SDS) and FINS in the SGA group, possibly 
indicating a decreased incretin effect of GLP-1 in children 
born SGA, an important factor in the development of obesity 
and T2DM development. 

In a lamb model of intrauterine growth restriction, injection 
of the GLP-1 analog exedin-4 normalized insulin secretion 
patterns (27), proving the positive effect of GLP-1. However, 
long-term monitoring and further mechanistic studies in 
SGA individuals are required to verify these findings. In 
addition, the THt of the SGA group was less than that of 
the AGA control group, and the SGA-s group had a lower 
THt than the catch-up SGA group, consistent with the height 
of individuals with SGA-s being -1 SD less than that of the 
AGA control (1). Our study found no significant difference 
in IGF-1 level (IGF-1 SDS) among the SGA-cu, SGA-s, and 
AGA control groups. This finding contrasts with previous 
reports that IGF-1 concentrations were significantly higher 
in the normal-height SGA group (28), possibly related to the 
greater BMI in the AGA control group.

Study Limitations

A limitation of our study is that we analyzed only GLP-1 and 
PYY secretions, and the subsequent physiological effects 
are unclear. For example, how the incretin effect of GLP-1 
changes in SGA individuals and how these changes affect 
long-term metabolic outcomes are unknown. These issues 
need to be explored in future studies.

Conclusion

This study tested the levels of two important gastrointestinal 
peptides, GLP-1 and PYY, in prepubertal children born SGA, 
and found that the concentrations of fasting GLP-1 and PYY 
in children born SGA were lower than those of children born 
AGA. In addition, GLP-1 levels in the SGA-cu group were 
lower than those in the SGA-s group. GLP-1 levels in children 
born SGA correlated with catch-up growth and FINS levels. 
This suggests that impaired intestinal L cell function may be 
involved in the development of metabolic complications in 
SGA children.

Acknowledgments

We are grateful to Baoling Peng, Liangwen Chen, Zhenzhu Yu, 
and Yuan Wang for enrolling the control group participants.

Ethics 

Ethics Committee Approval: This study was approved by 
the Ethical Committee of Shenzhen Children’s Hospital in 
Shenzhen, China (no: 202110002, date: 10.18.2021) and 
was conducted according to the Declaration of Helsinki. 

Informed Consent:  Informed consent was obtained from 
the parents of the participants.

Authorship Contributions

Concept: Chun-Xiu Gong, Design: Zhe Su, Data Collection or 
Processing: Yu-Chuan Li, Analysis or Interpretation: Li Wang, 
Literature Search: Bing-Yan Cao, Chang Su, Writing: Li Wang.

Financial Disclosure: This work was supported by the Jin Lei 
Pediatric Endocrinology Growth Research Fund for Young 
Physicians (PEGRF) (No. PEGRF202011002), High-level Key 
Clinical Specialty Project of Guangdong Provincial Health 
Commission (supporting construction funds of Shenzhen) 
(SZGSP012).

References
1.	 Finken MJJ, van der Steen M, Smeets CCJ, Walenkamp MJE, de Bruin C, 

Hokken-Koelega ACS, Wit JM. Children Born Small for Gestational Age: 
Differential Diagnosis, Molecular Genetic Evaluation, and Implications. 
Endocr Rev 2018;39:851-894.

2.	 Netchine I, van der Steen M, López-Bermejo A, Koledova E, Maghnie 
M. New Horizons in Short Children Born Small for Gestational Age. 
Front Pediatr 2021;9:655931.

3.	 Goedegebuure WJ, Van der Steen M, Smeets CCJ, Kerkhof GF, 
Hokken-Koelega ACS. SGA-born adults with postnatal catch-up have 
a persistently unfavourable metabolic health profile and increased 
adiposity at age 32 years. Eur J Endocrinol 2022;187:15-26.

4.	 An J, Wang J, Guo L, Xiao Y, Lu W, Li L, Chen L, Wang X, Dong Z. 
The Impact of Gut Microbiome on Metabolic Disorders During Catch-
Up Growth in Small-for-Gestational-Age. Front Endocrinol (Lausanne) 
2021;12:630526.

5.	 Rehfeld JF. Gastrointestinal hormone research - with a Scandinavian 
annotation. Scand J Gastroenterol 2015;50:668-679. Epub 2015 Mar 18

6.	 Koliaki C, Liatis S, Dalamaga M, Kokkinos A. The Implication of Gut 
Hormones in the Regulation of Energy Homeostasis and Their Role in 
the Pathophysiology of Obesity. Curr Obes Rep 2020;9:255-271.

7.	 Boland BB, Laker RC, O’Brien S, Sitaula S, Sermadiras I, Nielsen JC, 
Barkholt P, Roostalu U, Hecksher-Sørensen J, Sejthen SR, Thorbek 
DD, Suckow A, Burmeister N, Oldham S, Will S, Howard VG, Gill BM, 
Newton P, Naylor J, Hornigold DC, Austin J, Lantier L, McGuinness OP, 
Trevaskis JL, Grimsby JS, Rhodes CJ. Peptide-YY3-36/glucagon-like 
peptide-1 combination treatment of obese diabetic mice improves 
insulin sensitivity associated with recovered pancreatic β-cell function 
and synergistic activation of discrete hypothalamic and brainstem 
neuronal circuitries. Mol Metab 2022;55:101392. Epub 2021 Nov 12

8.	 Müller TD, Finan B, Bloom SR, D’Alessio D, Drucker DJ, Flatt PR, 
Fritsche A, Gribble F, Grill HJ, Habener JF, Holst JJ, Langhans W, 
Meier JJ, Nauck MA, Perez-Tilve D, Pocai A, Reimann F, Sandoval DA, 
Schwartz TW, Seeley RJ, Stemmer K, Tang-Christensen M, Woods SC, 
DiMarchi RD, Tschöp MH. Glucagon-like peptide 1 (GLP-1). Mol Metab 
2019;30:72-130. Epub 2019 Sep 30

9.	 Díaz M, Bassols J, Sebastiani G, López-Bermejo A, Ibáñez L, de Zegher 
F. Circulating GLP-1 in infants born small-for-gestational-age: breast-
feeding versus formula-feeding. Int J Obes (Lond) 2015;39:1501-1503. 
Epub 2015 Jun 19

10.	 Brøns C, Saltbæk PN, Friedrichsen M, Chen Y, Vaag A. Endocrine 
and metabolic diurnal rhythms in young adult men born small vs 
appropriate for gestational age. Eur J Endocrinol 2016;175:29-40.

Wang L et al. 
GLP-1, Peptide YY, and Catch-up Growth in Small for Gestational Age



J Clin Res Pediatr Endocrinol
2024;16(1):69-75

75

11.	 Díaz M, García-Beltran C, López-Bermejo A, de Zegher F, Ibáñez L. 
GLP-1 and IGF-I levels are elevated in late infancy in low birth weight 
infants, independently of GLP-1 receptor polymorphisms and neonatal 
nutrition. Int J Obes (Lond) 2018;42:915-918. Epub 2017 Nov 1

12.	Blusková Z, Koštálová L, Celec P, Vitáriušová E, Pribilincová Z, 
Maršálková M, Šemberová J, Kyselová T, Hlavatá A, Kovács L. Evaluation 
of lipid and glucose metabolism and cortisol and thyroid hormone 
levels in obese appropriate for gestational age (AGA) born and non-
obese small for gestational age (SGA) born prepubertal Slovak children. 
J Pediatr Endocrinol Metab 2014;27:693-699.

13.	Horner K, Lee S. Appetite-related peptides in childhood and 
adolescence: role of ghrelin, PYY, and GLP-1. Appl Physiol Nutr Metab 
2015;40:1089-1099. Epub 2015 Aug 6

14.	Cho WK, Suh BK. Catch-up growth and catch-up fat in children born 
small for gestational age. Korean J Pediatr 2016;59:1-7. Epub 2016 Jan 
2

15.	Capital Institute of Pediatrics; Coordinating Study Group of Nine 
Cities on the Physical Growth and Development of Children. [Growth 
standard curves of birth weight, length and head circumference of 
Chinese newborns of different gestation]. Zhonghua Er Ke Za Zhi 
2020;58:738-746.

16.	Tanner JM, Whitehouse RH. Clinical longitudinal standards for height, 
weight, height velocity, weight velocity, and stages of puberty. Arch Dis 
Child 1976;51:170-179.

17.	Li H, Ji CY, Zong XN, Zhang YQ. [Height and weight standardized 
growth charts for Chinese children and adolescents aged 0 to 18 
years]. Zhonghua Er Ke Za Zhi 2009;47:487-492.

18.	Bidlingmaier M, Friedrich N, Emeny RT, Spranger J, Wolthers OD, 
Roswall J, Körner A, Obermayer-Pietsch B, Hübener C, Dahlgren 
J, Frystyk J, Pfeiffer AF, Doering A, Bielohuby M, Wallaschofski H, 
Arafat AM. Reference intervals for insulin-like growth factor-1 (igf-i) 
from birth to senescence: results from a multicenter study using a 
new automated chemiluminescence IGF-I immunoassay conforming 
to recent international recommendations. J Clin Endocrinol Metab 
2014;99:1712-1721. Epub 2014 Feb 27

19.	Hira T, Pinyo J, Hara H. What is GLP-1 really doing in obesity? Trends 
Endocrinol Metab 2020;31:71-80. Epub 2019 Oct 18

20.	Liao T, Zhang SL, Yuan X, Mo WQ, Wei F, Zhao SN, Yang W, Liu H, 
Rong X. Liraglutide Lowers Body Weight Set Point in DIO Rats and its 
Relationship with Hypothalamic Microglia Activation. Obesity (Silver 
Spring) 2020;28:122-131. Epub 2019 Nov 26

21.	 Ribeiro FM, Silva MA, Lyssa V, Marques G, Lima HK, Franco OL, Petriz 
B. The molecular signaling of exercise and obesity in the microbiota-
gut-brain axis. Front Endocrinol (Lausanne) 2022;13:927170.

22.	Roth CL, Bongiovanni KD, Gohlke B, Woelfle J. Changes in dynamic 
insulin and gastrointestinal hormone secretion in obese children. J 
Pediatr Endocrinol Metab 2010;23:1299-1309.

23.	Farhadipour M, Depoortere I. The Function of Gastrointestinal 
Hormones in Obesity-Implications for the Regulation of Energy Intake. 
Nutrients 2021;13:1839.

24.	Stinson SE, Jonsson AE, Lund MAV, Frithioff-Bøjsøe C, Aas Holm L, 
Pedersen O, Ängquist L, Sørensen TIA, Holst JJ, Christiansen M, Holm 
JC, Hartmann B, Hansen T. Fasting Plasma GLP-1 Is Associated With 
Overweight/Obesity and Cardiometabolic Risk Factors in Children and 
Adolescents. J Clin Endocrinol Metab 2021;106:1718-1727.

25.	Zheng J, Xiao KL, Chen L, Wu C, Hu X, Zeng T, Chen XQ, Li WJ, Deng 
X, Li H, Li YM. Insulin sensitizers improve the GLP-1 secretion and the 
amount of intestinal L cells on high-fat-diet-induced catch-up growth. 
Nutrition 2017;39-40:82-91. Epub 2017 Jan 12

26.	Pinyo J, Hira T, Hara H. Continuous feeding of a combined high-fat and 
high-sucrose diet, rather than an individual high-fat or high-sucrose 
diet, rapidly enhances the glucagon-like peptide-1 secretory response 
to meal ingestion in diet-induced obese rats. Nutrition 2019;62:122-
130. Epub 2019 Jan 11

27.	Gatford KL, Sulaiman SA, Mohammad SN, De Blasio MJ, Harland ML, 
Simmons RA, Owens JA. Neonatal exendin-4 reduces growth, fat 
deposition and glucose tolerance during treatment in the intrauterine 
growth-restricted lamb. PLoS One 2013;8:e56553. Epub 2013 Feb 12

28.	Stawerska R, Szałapska M, Hilczer M, Lewiński A. Ghrelin, insulin-like 
growth factor I and adipocytokines concentrations in born small for 
gestational age prepubertal children after the catch-up growth. J Pediatr 
Endocrinol Metab 2016;29:939-945.

Wang L et al. 
GLP-1, Peptide YY, and Catch-up Growth in Small for Gestational Age




