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Glucose-regulatory hormones and growth in very preterm
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BACKGROUND: Bovine colostrum (BC) contains a range of milk bioactive components, and it is unknown how human milk
fortification with BC affects glucose-regulatory hormones in very preterm infants (VPIs). This study aimed to investigate the
associations between hormone concentrations and fortification type, birth weight (appropriate/small for gestational age, AGA/SGA),
milk intake, postnatal age, and body growth.
METHODS: 225 VPIs were randomized to fortification with BC or conventional fortifier (CF). Plasma hormones were measured
before, one and two weeks after start of fortification. ΔZ-scores from birth to 35 weeks postmenstrual age were calculated.
RESULTS: Compared with CF, infants fortified with BC had higher plasma GLP-1, GIP, glucagon, and leptin concentrations after start
of fortification. Prior to fortification, leptin concentrations were negatively associated with growth, while IGF-1 concentrations
associated positively with growth during fortification. In AGA infants, hormone concentrations generally increased after one week
of fortification. Relative to AGA infants, SGA infants showed reduced IGF-1 and leptin concentrations.
CONCLUSION: Fortification with BC increased the plasma concentrations of several glucose-regulatory hormones. Concentrations
of IGF-1 were positively, and leptin negatively, associated with growth. Glucose-regulatory hormone levels were affected by birth
weight, milk intake and postnatal age, but not closely associated with growth in VPIs.
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IMPACT:

● Little is known about the variation in glucose-regulatory hormones in the early life of very preterm infants (VPIs).
● This study shows that the levels of glucose-regulatory hormones in plasma of VPIs are highly variable and modified by birth

weight (appropriate or small for gestational age, AGA or SGA), the type of fortifier, enteral nutritional intake, and advancing
postnatal age.

● The results confirm that IGF-1 levels are positively associated with early postnatal growth in VPIs, yet the levels of both IGF-1
and other glucose-regulatory hormones appeared to explain only a small part of the overall variation in growth rates.

INTRODUCTION
Impaired postnatal growth is common in very preterm infants
(VPIs, <32 weeks gestational age, GA) and associated with poor
neurological development.1–3 It is therefore essential to secure
optimal nutrition for these infants, which makes it relevant to add
nutrient fortifiers to mother´s own milk (MOM) or donor human
milk (DHM).4,5 A bovine colostrum (BC)-based fortifier has been
suggested as an alternative to conventional fortifiers (CFs).6 BC is
the first milk from cows produced after parturition. In vivo studies
using preterm pigs as a clinically relevant model of preterm
infants, have shown improved growth and gut maturation after BC
feeding compared with DHM and/or formula feeding.7–10 The
mechanisms of these BC effects are unknown, but the gut
protective effects in preterm pigs remain even after

pasteurization11 and may relate to high contents of intact
bioactive milk proteins, compared with CFs. The latter are usually
based on mature bovine milk (whey) protein and subjected to
several industrial hydrolysis, heat treatment and filtration
steps.6,12–15 The BC constituents include variable amounts of
insulin and insulin-like growth factor-1 (IGF-1),13–15 anabolic
peptides involved in pre- and postnatal growth, organ develop-
ment and glucose metabolism.16–22 Even if not absorbed, such
milk bioactives may have indirect effects on endocrine hormone
production and body growth by improving gut growth, function
and nutrient absorption.23–26

Preterm infants often show dysregulated insulin secretion and
sensitivity, thereby inducing disturbances in glucose homeosta-
sis27–29 that predispose these infants to growth deficits,30 early
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mortality and morbidities.29,31,32 Preterm infants also have
increased risk of insulin resistance,33 metabolic syndrome and
cardiovascular diseases34–36 later in life. In this regard, insulin
action may interact with incretins (e.g. gastric inhibitory polypep-
tide, GIP, glucagon-like peptide-1, GLP-1) and other pancreatic
peptides (e.g. C-peptide, glucagon, pancreatic polypeptide,
PP).37–40 As yet, limited information is available about glucose-
regulatory hormones in VPIs in response to nutritional input
during the critical first weeks after preterm birth.
The objectives of this study were to investigate if plasma levels

of glucose-regulatory hormones during the first weeks after very
preterm birth, were affected by the type of nutrient fortifier, and if
the hormone concentrations were associated with birth weight
(appropriate/small for gestational age, AGA/SGA), enteral nutri-
tional intake, postnatal age, and growth rates (ΔZ-scores from
birth to 35 weeks postmenstrual age, PMA). Thus, glucose-
regulatory hormones were measured in VPIs before the first
fortified meal and approximately one and two weeks after the
start of nutrient fortification with either BC or a CF product.

METHODS
Study population and ethics
Data and samples were obtained as part of the FortiColos clinical trial, a
previously published open-label randomized controlled multicentre trial,
that compared nutrient fortification with BC or CF in infants born at GA
26+ 0 to 30+ 6 weeks between November 2017 and October 2020 in
Denmark (Clinicaltrials.gov registration: NCT03537365).41 Infants included
had enteral intakes >100mL/kg/d at the start of fortification, a clinical
condition requiring fortification according to local guidelines (e.g. blood
urea nitrogen <5 mmol/L), no major congenital anomalies or gastro-
intestinal surgery, and had not received formula prior to enrollment.
Participants were randomized using an online randomization program,
REDCap42 in a server at the Region of Southern Denmark with a 1:1
allocation, random block sizes of 4–6, and stratified by SGA (defined as a
birth weight Z score ≤−2 standard deviations (SD) for GA, according to
ref. 43). The primary outcome in the original trial was to evaluate feasibility
and safety of the alternative BC fortifier, aiming to achieve similar growth
rates and morbidities (e.g. necrotizing enterocolitis, late-onset sepsis)
between the BC and CF group. The participant flow chart is shown in
Supplementary Fig. 1. Out of 453 eligible infants, 85 (19%) declined
participation and 126 (28%) were not included due to other reasons (e.g.
critically ill mother, parents did not speak Danish). Thus, 242 infants were
randomized to receive either BC (n= 118) or CF (n= 124). Attending
physicians withdrew seven infants from the study due to the clinical
condition (one in the BC group, six in the CF group), and three infants
were withdrawn from the study at the request of their caregivers (two in
the BC group, one in the CF group).41 No blood samples were collected
from seven infants (six in the BC group, one in the CF group), leaving 225
infants to be included in this study (109 in the BC group, 116 in the CF
group). Due to variable and strict limitation of blood sample volumes (max
0.5 mL), total sample size varied for the different hormonal study
endpoints. The study was approved by the ethical committee of the
Region of Southern Denmark (S-20130010, S-20170095) and the Danish
Data Protection Agency (17/33672). Written parental consent was
obtained for all participants.

Nutrition
A detailed description of the study protocol and fortification process,
including detailed nutrient content and plasma amino acid concentrations
two weeks after start of fortification, has been reported previously.6,41

Local nutritional guidelines were followed at each unit, considering the
ESPHAN guidelines,44 introducing MOM as soon as possible after preterm
birth, supplemented with DHM when needed. Fortification of MOM or
DHM started when enteral intakes reached 100–140 mL/kg/d and blood
urea nitrogen was <5 mmol/L (median postnatal day eight-nine).41 Infants
were randomly assigned to receive human milk, containing either BC-
based fortifier (ColoDan powder, Biofiber-Damino, Gesten, Denmark) or a
bovine milk-based CF (PreNan FM85 powder, Nestlé, Switzerland), every
two-three hours. Feeding volumes and amounts of fortification aimed
to reach growth adhering to existing guidelines at each unit (i.e. not fixed
by the protocol). The amount of fortification per milk volume was adjusted

to provide equal amounts of total BC or CF protein per milk volume.
Initially 1.0 g of fortification powder was added to 100 mL of human
milk for both groups, increasing to a maximum of 2.8 g BC/100 mL
and 4.0 g CF/100 mL within 3-4 of days (resulting in a maximum of +1.4 g
protein/100 mL for both groups). The intervention continued until
34+ 6 weeks PMA.

Data collection and analyses
Clinical (growth indices, morbidities, medication) and nutritional (fortifica-
tion, enteral feeding volume of MOM, DHM) data were extracted from the
FortiColos trial OPEN REDCap database. Glucose data were retrieved from
the infants’ medical files and entered to the OPEN REDCap database.
Preprandial blood samples were collected at three time points, before start
of fortification (T0) and after 7 ± 3 (T1) and 14 ± 3 (T2) days of fortification.
The vast majority of blood samples were collected just before the next
meal, during the morning hours. Blood was collected in EDTA tubes, kept
cooled on ice and centrifuged within one hour, without any additives.
Plasma was frozen at −60 to −80 °C. IGF-1 concentrations at T0 (n= 197),
T1 (n= 175) and T2 (n= 198) were determined using an enzyme-linked
immunosorbent assay (ELISA, E-20, Mediagnost, Reutlingen, Germany).
Intra- and inter-assay variability were 5.8% and 6.2%, respectively, as
declared by the manufacturer. Active GLP-1, C-peptide, active GIP,
glucagon, insulin, leptin and PP concentrations at T0 (n= 164), T1
(n= 195) and T2 (n= 196) were analyzed using an electrochemilumines-
cence assay (Multi-spot V-plex Metabolic panel 1, Meso Scale Diagnostics,
Rockville, Maryland). Intra- and inter-assay variations were <7% for all
analytes, as declared by the manufacturer. When concentrations were
below the detection limit, the results were assigned to 50% of the limit of
detection. Glucose concentrations at T0 (n= 112), T1 (n= 122) and T2
(n= 99) were analyzed using a blood gas analyzer (ABL 800, Radiometer,
Broenshoej, Denmark). A homeostasis model assessment 2 (HOMA2) index
was determined using established calculations (Diabetes Trials Unit,
University of Oxford, http://www.dtu.ox.ac.uk/homacalculator/index.php,
version 2.2.4, updated Nov 27, 2019). The following formula was used to
calculate a quantitative insulin sensitivity check index (QUICKI: 1/(log
(insulin μU/mL)+log(glucose mg/dL)). Infants were classified as receiving
primarily MOM, DHM or ‘mixed human milk’ (MOM supplemented with
DHM) based on the most frequently administered diet on the day of blood
sampling. Total daily protein intake (g/kg/d) was calculated using extra
protein from added fortifier and the following estimations of protein
content in human milk; 1.7 g/100mL for MOM,45 0.9 g/100mL for
DHM,46,47 and 1.3 g/100mL if the infant received mixed human milk.
Growth outcome (early postnatal growth) was defined as ΔZ-scores for
weight, length and head circumference (HC)43 from birth to end of
intervention at 34+ 6 weeks PMA. Combining data from the two
fortification groups, associations between ΔZ-scores and hormone
concentrations, and age-related temporal changes in hormone concentra-
tions in AGA and SGA infants, were assessed in infants with plasma
samples available at postnatal age 7 ± 3 (T0), 14 ± 3 (T1) and 21 ± 3
(T2) days.

Statistical analyses
Statistical analyses were performed using statistical software R (version
4.1.2, R Foundation for Statistical Computing, Vienna, Austria) or SAS
(Version 9.4, SAS institute, Cary, North Carolina). Basic characteristics were
compared between BC and CF infants with Student’s t test or Wilcoxon
rank sum test for continuous variables and chi-square test for categorical
variables. General linear models were used to compare hormone
concentrations between the intervention groups. The model was tested
for normality and homogeneity by plots, and data were log-transformed
when required. The models were adjusted for SGA, GA at birth,
and region (Eastern and Western Denmark), because clinical routines
were known to vary between these regions, justifying adjustment for this
possible confounder.41 Associations between hormone concentrations
and daily nutritional intakes and ΔZ-scores for growth indices, as well as
differences in hormone concentrations between AGA and SGA infants,
were analyzed by general linear models, adjusted for intervention, GA at
birth and SGA, as appropriate. Squared partial correlation coefficients for
associations were adjusted likewise. Changes over time in hormone
concentrations in AGA and SGA infants were analyzed using linear
mixed-effects models adjusted for intervention and GA at birth, with
infant ID as a random factor and post-hoc Tukey test to correct for
multiple comparisons. P values < 0.05 were regarded as statistically
significant.
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RESULTS
Bovine colostrum-based fortification and hormone
concentrations
Baseline characteristics of the entire cohort included in the
intervention study are shown in Table 1. The intervention groups
did not differ in their baseline characteristics and growth rate was
unaffected by the intervention, as previously reported41 (Table 2).
Differences in nutritional intake were observed with BC infants
receiving a slightly higher enteral volume of human milk than CF

infants at T1 and T2 (Table 2). The total daily amount of protein
provided from fortification and milk intake, as well as the
proportion of infants receiving primarily MOM, DHM or mixed
human milk, were not significantly different between the groups
at T1 and T2 (Table 2). Concentrations of IGF-1, GLP-1, C-peptide,
GIP, glucagon, insulin, leptin, PP, and glucose before the first
fortified meal (T0), and after one (T1) and two (T2) weeks of
fortification for each intervention group are shown in Fig. 1,
together with QUICKI and HOMA2 indices. At T0, no significant

Table 1. Basic characteristics.

Characteristic n Entire study
cohort

n IGF-1 sub-cohorta n Other hormones
sub-cohorta

Perinatal variables

Bovine colostrum/Conventional fortifier, n (%) 225 109/116 (48.4/51.6) 101 54/47 (53.5/46.5) 94 48/46 (51.1/48.9)

Gestational age at birth, mean (SD), weeks+ days 225 28+ 5 (1+ 3) 101 29+ 0 (1+ 2) 94 29+ 0 (1+ 2)

Males/females, n (%) 225 129/96 (57.3/42.7) 101 57/44 (56.4/43.6) 94 56/38 (59.6/40.4)

Multiple birth, n (%) 225 70 (31.1) 101 31 (30.7) 94 29 (30.9)

Small for gestational age, n (%) 225 52 (23.1) 101 31 (30.7) 94 18 (19.1)

Antenatal steroid treatment, n (%) 225 215 (95.6) 101 95 (94.1) 94 89 (94.7)

Chorioamnionitis, n (%) 222 8 (3.6) 101 2 (2.0) 94 3 (3.2)

Preeclampsia, n (%) 219 49 (22.4) 96 24 (23.8) 89 17 (19.1)

Abruptio placenta, n (%) 221 18 (8.1) 99 9 (9.1) 93 9 (9.7)

Prolonged premature rupture of membranes, n (%) 225 49 (21.8) 101 18 (17.8) 94 20 (21.3)

Cesarean section, n (%) 225 161 (71.6) 101 78 (77.2) 94 68 (72.3)

Apgar 5min, mean (SD) 211 9.0 (1.7) 95 8.8 (1.9) 88 8.8 (2.0)

Neonatal variables

Ventilator prior to intervention, n (%) 225 44 (19.6) 101 12 (11.9) 94 12 (12.8)

Treatment with systemic steroids, n (%) 225 10 (4.4) 101 4 (4.0) 94 3 (3.2)

Early-onset sepsis (5 days with antibiotics started
within 2 days after birth), n (%)

225 25 (11.1) 101 8 (7.9) 94 5 (5.3)

Late-onset sepsis (5 days with antibiotics started
3 days after birth or later), n (%)

225 46 (20.4) 101 16 (15.8) 94 14 (14.9)

Intraventricular hemorrhage (IVH)

No IVH, n (%) 222 186 (83.8) 100 88 (88.0) 93 80 (86.0)

Grade 1–2, n (%) 222 28 (12.6) 100 12 (12) 93 13 (14.0)

Grade 3–4, n (%) 222 8 (3.6) 100 0 (0) 93 0 (0)

Necrotizing enterocolitis, n (%) 222 7 (3.2) 100 3 (3.0) 93 2 (2.1)

Patent ductus arteriosus, n (%) 221 65 (29.4) 100 19 (19.0) 93 21 (22.6)

Periventricular leukomalacia (PVL), n (%) 218 3 (1.4) 99 0 (0) 92 0 (0)

Retinopathy of prematurity (ROP)

No ROP, n (%) 214 196 (91.6) 97 90 (92.8) 90 83 (92.2)

Stage 1–2, n (%) 214 16 (7.5) 97 7 (7.2) 90 7 (7.8)

Stage 3–5, n (%) 214 2 (0.9) 97 0 (0) 90 0 (0)

Bronchopulmonary dysplasia (BPD), n (%) 219 39 (17.8) 98 15 (15.3) 91 13 (14.3)

Anthropometry at birth

Weight, mean (SD), g 225 1168 (328) 101 1181 (319) 94 1223 (345)

Weight Z-score, mean (SD) 225 –1.12 (1.23) 101 –1.33 (1.19) 94 – 1.09 (1.24)

Length Z-score, mean (SD) 199 –1.36 (1.92) 92 –1.43 (1.94) 86 – 1.11 (1.86)

Head circumference Z-score, mean (SD) 201 –0.73 (1.0) 94 –0.82 (0.95) 86 – 0.65 (0.99)

Anthropometry at end of intervention

Weight, mean (SD), g 223 2130 (361) 99 2071 (366) 92 2154 (349)

Weight Z-score, mean (SD) 223 –1.32 (1.08) 99 –1.50 (1.07) 92 –1.26 (1.06)

Length Z-score, mean (SD) 206 –1.77 (1.70) 92 –1.89 (1.78) 87 –1.68 (1.73)

Head circumference Z-score, mean (SD) 204 –0.66 (0.95) 89 –0.70 (0.93) 85 –0.56 (0.93)
aIncludes only infants with plasma samples available at T0 (postnatal age 7 ± 3 days), T1 (postnatal age 14 ± 3 days) and T2 (postnatal age 21 ± 3 days).
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differences were found between the groups. At T1, GLP-1, GIP, and
glucagon concentrations were ~20–30% higher in BC infants, with
both glucagon and leptin concentrations being approximately 24%
higher in this group at T2. No significant differences were noted in
concentrations of IGF-1, C-peptide, insulin, PP, and glucose or in
QUICKI and HOMA2 indices (Fig. 1). The results remain essentially
the same in subanalysis including additional adjustment for
baseline (T0) levels (except that leptin concentrations in BC infants
were also higher at T1). After adjustment for daily enteral volume
or total daily protein intake, C-peptide concentrations at T2 were
significantly lower in the BC group, whereas leptin concentrations
at T2 were no longer different between the groups. Also, after
adjustment for total daily protein intake, IGF-1 concentrations at
T1 were significantly lower in the BC group.

Associations between enteral volume and protein intakes and
hormone concentrations
Data on enteral volume intake were missing in the medical
records for more than 50% of infants at T0 (before start of
fortification), thus associations between daily enteral volume/

protein intake and hormone concentrations were only analyzed at
T1 and T2, combining data from the two fortification groups. At
T1, the daily enteral volume intake (mL/kg/day) was positively
associated with concentrations of insulin and C-peptide (both
P < 0.001, Supplementary Table 1), corresponding to a 1.5%
increase in insulin and a 0.9% increase in C-peptide per mL
increase in total milk volume intake. At T2, the daily enteral
volume intake was positively associated with concentrations of
GIP, glucagon, and C-peptide (all P < 0.05, Supplementary Table 1).
The estimates correspond to a 0.6% increase in GIP, a 0.4%
increase in glucagon, and a 0.4% increase in C-peptide per mL
increase in total milk volume intake. At T1, the total daily protein
intake (g/kg/day) was significantly positively associated with
concentrations of IGF-1 and C-peptide (all P < 0.05, Supplementary
Table 2). The estimates correspond to a 7.3% increase in IGF-1 and
a 17.9% increase in C-peptide per gram increase in total protein
intake. At T2, the total daily protein intake associated positively
with concentrations of GIP, C-peptide and leptin (all P < 0.05,
Supplementary Table 2). The estimates correspond to a 17.7%
increase in GIP, a 15.7% increase in C-peptide, and a 24.5%

Table 2. Baseline and enteral nutrition characteristics in very preterm infants receiving fortification with bovine colostrum (BC) or conventional
fortifier (CF).

n BC n CF P-value

Perinatal variables

GA at birth, week+ d, median 109 28+ 6 (26+ 0–30+ 6) 116 28+ 5 (26+ 0–30+ 6) 0.601

SGA, n (%) 109 26 (23.9) 116 26 (22.4) 0.798

Girls/boys, n/n 109 44/65 116 52/64 0.499

Anthropometry

Weight at birth, g, mean ± SD 109 1172 ± 336 116 1164 ± 324 0.870

Weight at T1, g, mean ± SD 106 1265 ± 333 112 1297 ± 335 0.433

Weight at T2, g, mean ± SD 101 1438 ± 369 104 1501 ± 353 0.211

Weight, Z score, at birth, mean ± SD 109 −1.2 ± 1.2 116 −1.1 ± 1.2 0.629

Length, Z score, at birth, mean ± SD 97 −1.3 ± 2.0 102 −1.4 ± 1.8 0.696

HC, Z score, at birth, mean ± SD 97 −0.7 ± 1.0 104 −0.8 ± 1.0 0.567

Weight, Z score, at end of intervention, mean ± SD 107 −1.4 ± 1.1 116 −1.2 ± 1.1 0.119

Length, Z score, at end of intervention, mean ± SD 99 −1.9 ± 1.9 107 −1.6 ± 1.6 0.613

HC, Z score, at end of intervention, mean ± SD 97 −0.7 ± 1.1 107 −0.6 ± 0.8 0.548

Weight ΔZ-score from birth to end of intervention, mean ± SD 107 −0.3 ± 0.6 116 −0.1 ± 0.8 0.148

Length ΔZ-score from birth to end of intervention, mean ± SD 89 −0.4 ± 1.3 93 −0.3 ± 1.3 0.361

HC Δ Z-score from birth to end of intervention, mean ± SD 86 0.0 ± 0.8 95 0.1 ± 0.8 0.519

Enteral nutrition

Volume of human milk given during intervention

T1, mL/kg/day, median (min-max) 101 162 (135–224) 103 161 (109–251) 0.011

T2, mL/kg/day, median (min-max) 92 166 (99–235) 97 158 (0–209) <0.001

Total protein provided from fortifier and human milk intake

T1, g/kg/day, mean ± SD 95 4.2 ± 0.7 91 4.0 ± 0.8 0.084

T2, g/kg/day, mean ± SD 86 4.4 ± 0.8 86 4.1 ± 0.7 0.051

Primary milk type provided at T1

MOM, n (%) 95 75 (78.9) 97 83 (85.6) 0.230

DHM, n (%) 95 11 (11.6) 97 8 (8.2) 0.440

Mixed milk, n (%) 95 9 (9.5) 97 6 (6.2) 0.396

Primary milk type provided at T2

MOM, n (%) 91 71 (78.0) 92 81 (88.0) 0.071

DHM, n (%) 91 12 (13.2) 92 7 (7.6) 0.216

Mixed milk, n (%) 91 8 (8.8) 92 4 (4.3) 0.225

DHM donor human milk, HC head circumference, MOM mother’s own milk, SD standard deviation.
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increase in leptin per gram increase in total protein intake.
The type of fortification had no consistent effects on the milk
volume and protein intake associations with hormone
concentrations.

Association between growth indices and hormone
concentrations
Baseline characteristics of the infants with measurements of IGF-1
and other hormones are shown in Table 1. At T0 (postnatal age
~one week), leptin concentrations were negatively associated with
weight ΔZ-scores from birth to 35 weeks PMA, and at T1
(postnatal age ~two weeks) IGF-1 concentrations were positively
associated with weight and length ΔZ-scores from birth to
35 weeks PMA (Table 3 and Supplementary Table 3). Further,
IGF-1 concentrations at T2 (postnatal age ~three weeks) were
positively associated with weight ΔZ-scores (Table 3). SGA status
did not significantly interact with the effects of IGF-1 on weight
and length growth at any time point. No significant associations
were found between hormone concentrations and ΔZ-scores for
HC at any time point (Supplementary Table 4).

Growth and hormone concentrations in AGA and SGA infants
over time
Infants born SGA had a higher weight ΔZ-score (0.21 ± 0.61, n= 52
versus −0.33 ± 0.70, n= 171, mean ± SD, P < 0.001) and length ΔZ-
score (0.11 ± 1.27, n= 38 versus −0.47 ± 1.29, n= 144, mean ± SD,
P= 0.014) from birth to 35 weeks PMA than infants born AGA. No

significant differences in ΔZ-score for HC were noted between
SGA and AGA infants. In AGA infants, IGF-1, GLP-1, C-peptide, GIP,
glucagon, leptin, and PP concentrations increased significantly
between T0 and T1 (postnatal age ~one and two weeks, Fig. 2).
Between T1 and T2 (postnatal age ~two and three weeks), there
were significant decreases in GLP-1, glucagon, and PP concentra-
tions in AGA infants, while no significant changes were observed
in IGF-1, C-peptide, GIP, insulin, and leptin concentrations. In AGA
infants, IGF-1, C-peptide, GIP, leptin, and PP concentrations
increased between T0 and T2 (postnatal age ~one and three
weeks), while no significant changes were noted in GLP-1,
glucagon, and insulin concentrations. Glucose concentrations
did not change between any of the time points. The age-related
changes in hormone concentrations in SGA infants generally
followed the pattern of the AGA infants. IGF-1 was an exception,
since the concentrations remained stable, below 25 ng/mL, in the
SGA infants and were significantly lower than in AGA infants at all
three time points (Fig. 2). The leptin concentrations in SGA infants
were lower at T1 and T2, and C-peptide concentrations lower at
T2, than in AGA infants (Fig. 2). At T0, GIP, glucagon, PP, and
glucose concentrations were significantly higher in SGA than in
AGA infants. Also, SGA infants had higher concentrations of GLP-1
and glucagon at T2 (Fig. 2). No differences in insulin concentration,
and QUICKI and HOMA2 indices (data not shown) were observed
between AGA and SGA infants at any time point. The type of
fortification had no consistent effects on the SGA status
associations with hormone concentrations.
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DISCUSSION
Considering the impaired growth and disturbances in glucose
regulation in the first weeks after preterm birth,27–29 it is important
to identify the associations between growth parameters, glucose-
regulatory hormones and nutrient fortification at this critical time.
Poor growth rates are commonly observed in VPIs,48,49 interacting
with nutrition,49–51 metabolic-endocrine disruptions,52 immature
organ functions and inflammatory mediators,53 but the underlying
mechanisms are still unclear. Adequate nutrition and weight gain
in early life are important for later neurodevelopment1–5,54 and
catch-up growth.55,56 On the other hand, rapid early growth may
predispose to metabolic programming of later cardiovascular
diseases,57,58 insulin resistance59 and obesity.60 More insight is
required into the factors associated with the type and amount of
nutrient intake during the first weeks of life, when immature
digestive and metabolic capacities restrict total nutrient intake
and utilization.
In this study, all infants had reached full enteral feeding by the

start of fortification (median postnatal day 8–9). After about 11
days, most infants were clinically stable and had regained their
birth weight,41 making the first 1–3 weeks after preterm birth a

highly relevant period to assess hormone levels and early
biomarkers of growth. Fortification with the novel BC fortifier
was associated with higher plasma GIP, GLP-1, glucagon and
leptin concentrations. This may be explained by differences in the
protein composition of the fortifiers (e.g. intact proteins like
immunoglobulins, lactoferrin, growth factors and casein in BC
versus hydrolyzed bovine milk whey proteins in CF6,12–15,41). In
adults, whole protein versus hydrolyzed protein did not affect GIP
concentrations61 but could induce a prolonged secretion of some
hormones, including glucagon.62 The bioactive proteins in the BC
fortifier may have indirect effects on endocrine hormone
production by enhancing intestinal mucosal protection and
growth, interacting with nutrient absorption and hormone
release.23–26 Previous studies on BC products, and tests of these
in piglets and cells, showed that BC bioactivity remains even after
processing by gentle spray-drying, low temperature pasteurization
(63 °C, 30 min) and gamma irradiation.11,63,64 We are currently
investigating the effects of BC fortification on the fecal microbiota
composition, but the effects seem to be small (unpublished data).
A slightly higher intake of human milk in the BC group at T1-T2,

to attain similar growth rates between groups (Table 2), may also

Table 3. Associations between plasma hormone concentrations and ΔZ-score for body weight from birth to 34+ 6 weeks postmenstrual age.

Estimate 95% CI Partial R2 P-value

T0

IGF-1, ng/mL 0.003 [−0.010; 0.016] 0.002 0.663

GLP-1, pg/mL –0.001 [−0.009; 0.008] 0.000 0.857

C-peptide, pg/mL 1.10−5 [−1.10−4; 1.10−4] 0.000 0.862

GIP, pg/mL –0.001 [−0.004; 0.003] 0.003 0.637

Glucagon, pg/mL 4.10−4 [−0.002; 0.003] 0.001 0.733

Insulin, µIU/mL 0.005 [−0.005; 0.014] 0.011 0.321

Leptin, pg/mL –0.002 [−0.004; -0.001] 0.093 0.004

PP, pg/mL 3.10−4 [−2.10−4; 0.001] 0.018 0.205

Glucose, mg/dL –0.001 [−0.007; 0.006] 0.001 0.863

T1

IGF-1, ng/mL 0.017 [0.006; 0.027] 0.095 0.002

GLP-1, pg/mL –0.002 [−0.006; 0.003] 0.007 0.422

C-peptide, pg/mL 6.10−5 [−6.10−5; 2.10−4] 0.010 0.348

GIP, pg/mL –4.10−5 [−0.002; 0.002] 0.000 0.967

Glucagon, pg/mL –4.10−4 [−0.002; 0.002] 0.002 0.675

Insulin, µIU/mL 1.10−4 [−0.006; 0.006] 0.000 0.963

Leptin, pg/mL –0.001 [−0.001; 6.10−5] 0.036 0.077

PP, pg/mL 3.10−4 [−1.10−4; 0.001] 0.024 0.150

Glucose, mg/dL 0.003 [−0.003; 0.008] 0.023 0.334

T2

IGF-1, ng/mL 0.010 [0.001; 0.018] 0.053 0.024

GLP-1, pg/mL 2.10−6 [−0.007: 0.007] 0.000 0.999

C-peptide, pg/mL 9.10−5 [−2.10−5; 2.10−4] 0.028 0.119

GIP, pg/mL 0.001 [−0.001; 0.002] 0.013 0.281

Glucagon, pg/mL –4.10−4 [−0.003; 0.003] 0.001 0.805

Insulin, µIU/mL 0.002 [−0.004; 0.008] 0.005 0.531

Leptin, pg/mL –1.10−4 [−0.001; 0.001] 0.001 0.723

PP, pg/mL –4.10−5 [−0.001; 4.10−4] 0.000 0.885

Glucose, mg/dL 0.002 [−0.001; 0.009] 0.005 0.648

Analyses include only infants with plasma samples available at T0 (postnatal age 7 ± 3 days), T1 (postnatal age 14 ± 3 days) and T2 (postnatal age 21 ± 3 days).
IGF-1: n= 99, other hormones: n= 92, glucose: n= 46. The models are adjusted for gestational age at birth, small for gestational age and intervention. CI, 95%
confidence interval; GIP, gastric inhibitory polypeptide; GLP-1, glucagon like peptide-1; IGF-1, insulin-like growth factor-1; PP, pancreatic polypeptide.
CI 95% confidence interval, GIP gastric inhibitory polypeptide, GLP-1 glucagon like peptide-1, IGF-1 insulin-like growth factor-1, PP pancreatic polypeptide.
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play a role. Also, although the differences did not reach statistical
significance, the BC group received 0.2–0.3 g/kg/d more protein
than the CF group at T1-T2. As previously discussed,41 reduced
digestibility of BC proteins and a slightly lower proportion of MOM
feeding (which contains more protein than DHM) may explain why
the feeding volume was adjusted to higher levels in BC than CF
infants to achieve target weight gains. Incretins are secreted from
enteroendocrine cells in response to enteral milk intake and
influence the production of hormones from the endocrine
pancreas.37–40 Daily enteral volume and total protein intake were
positively associated with several glucose-regulatory hormones.
One mL increase in daily intake of fortified human milk (with MOM
being the primary milk type provided in ~82–83% of all the
infants, Table 2) increased the concentrations of C-peptide, GIP,
insulin and glucagon by ~0.4–1.5%, while one gram increase in
protein intake increased the C-peptide, GIP, IGF-1 and leptin
concentrations by ~7–24%, at T1 and T2. Yet, adjustment for
enteral milk/protein intake (or baseline values) had little impact on
the general results regarding the BC fortification effects, and we
conclude that both the type of fortifier, milk volume and protein
intake affect the levels of glucose-regulatory hormones in preterm
infants. With >80% of the included infants receiving primarily
MOM, and only ~10% receiving primarily DHM, it was not
meaningful to study the effects of milk type on hormone levels
in this study. Further studies are required to delineate the cause-
effect relationships and how factors other than dietary protein
(e.g. fat, carbohydrates, vitamins, minerals) may affect hormone
levels and growth.

The potential physiological effects of the BC-induced incre-
ments (~20–30%) in some glucose-regulatory hormones are
unknown. Glucagon controls hepatic release of glucose, yet blood
glucose levels were similar between the groups, and BC
fortification did not influence insulin sensitivity or resistance
(QUICKI/HOMA indices). Possibly, concomitant increases in GLP-1
and GIP affected gut motility and food passage and counteracted
plasma glucose increase. The glucose-regulatory effects of BC
fortification were subtle, but potential intestinotrophic effects of
BC warrant further investigation.
In the past decades, only few attempts have been made to

correct endocrine disruptions and regulators of growth and
metabolism in VPIs. This is partly due to concerns regarding safety,
efficacy and mechanisms of hormonal interventions. While
administration of prenatal glucocorticoids and postnatal insulin
support lung maturation65 and glucose tolerance,29 respectively,
no long-term hormonal therapies have been tested to combat
poor growth in neonatology. Low circulating IGF-1 levels are
associated with reduced growth17–21 and several perinatal
morbidities,66–69 and an international trial is ongoing to verify if
supplemental IGF-1, combined with its key binding protein BP-3,
prevents morbidities in extremely preterm infants (clinicaltrials.-
gov registration: NCT03253263). The current study found that IGF-
1 concentrations at T1 and T2 (two to three weeks of age) were
positively associated with ΔZ-scores for weight and length. The
estimates suggest that the weight ΔZ-score increases by 0.01–0.02
for every ng increase in IGF-1. Given that the weight ΔZ-score was
~0.2 in the cohort, our study underlines the importance of IGF-1 in
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postnatal growth. Yet, IGF-1 explained only ~5–10% of the overall
variation in growth rates in partial correlation analyses, suggesting
that factors other than IGF-1 affect body weight growth. The
majority of circulating IGF-1 is produced by the liver. In neonates,
hepatic IGF-1 production is stimulated by insulin, and indirectly by
nutrient input, whereas glucocorticoids inhibit IGF-1 release.22,52

In contrast to IGF-1, leptin concentrations at T0 (one week of
age) were negatively associated with ΔZ-scores. In adults, leptin is
a satiety-regulating hormone that induces weight loss and
reduces food intake and glucose and insulin levels.70 Leptin is
secreted by adipocytes and is positively associated with body
weight and body mass index (BMI) at birth and during the first
week of life in preterm infants.71,72 The leptin concentrations in
our VPI cohort were also markedly lower than previously reported
in term infants after birth.39 Similar to our study, Ong et al.73 found
that cord leptin levels in term infants correlated negatively with
weight gain between birth and four months of age. Also, term-
born infants showing catch-up growth during the first year of life
had markedly lower cord leptin levels than infants with no catch-
up growth.
By combining the data from the two fortification groups, we

assessed the temporal changes in glucose-regulatory hormones
with advancing postnatal age in VPIs born AGA or SGA. Plasma
concentrations of all the studied hormones increased from T0 to
T1 (one to two weeks of age) in AGA infants (for insulin, P= 0.06).
Concentrations of IGF-1, C-peptide, GIP, insulin and leptin were
stable between T1 and T2, whereas GLP-1, glucagon and PP
concentrations peaked at T1 and decreased at T2. Previous studies
have described a similar peak in GLP-1 and PP concentrations at
weeks 2-3 after preterm birth,37,39,74 maybe due to a combination
of age- and fortification-induced increases in hormone secretion,
combined with low clearance during the first weeks of life (e.g.
immaturity of kidneys, liver and circulating peptidases). Frequent
enteral feedings and low clearance may also explain that some
basal hormone concentrations (e.g. insulin, GLP-1, GIP, glucagon
at T1-T2) were generally higher in our VPIs, than in healthy adults,
despite similar basal glucose concentrations.75,76 Also, some
incretins and satiety factors (GLP-1, GIP, PP) were higher in SGA
versus AGA infants, which, together with increased glucose
concentrations in SGA infants at T0, indicates enhanced feeding
responses in this subgroup of infants, or reduced clearance with
disrupted regulation and feedback mechanisms.
In general, the temporal changes in hormone levels in SGA

infants showed the same trends as in AGA infants, except for IGF-
1, which remained low in SGA infants, like in previous studies.20

While IGF-1 concentrations were lower in SGA infants, weight and
length growth were higher than in AGA infants, suggesting that
circulating IGF-1 might have different effects on growth depend-
ing on the metabolic and developmental status of the infant. SGA
infants are born with very small fat deposits and loose less weight
just after birth, making their body weight ΔZ-scores high
compared with AGA infants. However, in this study we did not
find the IGF-1 effects on weight growth to be significantly
dependent on SGA status.
Another study on very low birth weight infants (Zamir et al.77

mean GA 27.2 weeks, n= 48) reported higher mean insulin and
glucose concentrations than in our study, while C-peptide concen-
trations were similar, using similar methods of analyses. Accordingly,
leptin concentrations and HOMA2 index were higher, while QUICKI
index was lower. This suggests that the infants in our study were
more insulin sensitive, perhaps due to their slightly higher mean GA
at birth.27 In another study on preterm infants (Salis et al.78

PMA ≤ 32 weeks, n= 113–138), insulin and glucose concentrations
were similar to our cohort, while C-peptide concentrations were
lower. However, methodical (assays, timing) and nutritional (par-
enteral versus enteral nutrition, DHM, MOM, formula) differences
make comparison of results between studies difficult.

Our study has several limitations. Importantly, we cannot
separate the potential effects of increasing postnatal age from
increasing amounts of fortifiers or volumes of human milk with
advancing age. The protocol followed a pragmatic study design
where limited volumes of sampled blood were allowed, which led
to differences in the number of samples included at different time
points, and specifically the sample sizes for glucose measurements
(and thus QUICKI and HOMA indices) ended up being smaller than
desirable. The intention was to take blood samples just before the
next meal since feeding stimulates many incretins, glucose and
insulin. However, some variation in sample time is unavoidable
and this may have contributed to inter- and intra-individual
variation. We generally found lower concentrations of incretins,
particularly GLP-1, compared with those in other studies of
preterm infants.37,39,77 We did not add protease inhibitors to our
collection tubes and we cannot exclude that this affected the level
of relatively short-lived peptides, such as glucagon, GLP-1 and GIP.
Only a small part of the overall variation in growth rates was
explained by the studied hormone concentrations, suggesting
that the hormone levels are not critical determining factors for
early postnatal growth. Moreover, the transient age-, meal- and
feeding-related changes in glucose-regulating hormone concen-
trations during the first postnatal weeks make these hormone
levels challenging to use as biomarkers of growth or other clinical
outcomes.
In conclusion, our study helps to understand the variation in

glucose-regulatory hormones in the early life of VPIs. The clinical
relevance of the BC-induced hormone increments is uncertain, but
our results support that IGF-1 plays a role in early postnatal growth
in VPIs. Still IGF-1 levels explained only a small part of the overall
variation in growth rates. Other glucose-regulatory hormones did
not associate positively with growth rate, were highly variable and
modified by AGA/SGA status, type of fortifier, enteral milk intake,
and advancing postnatal age. Overall, the studied glucose-
regulatory hormones do not seem to be appropriate biomarkers
of early postnatal growth for individual VPIs. Additional well-
controlled studies in preterm infants or animal models are
required to elucidate the complex relationships between different
metabolic markers (hormones, metabolites), nutrition and early
postnatal growth.

DATA AVAILABILITY
Data described in the manuscript, code book, and analytic code will be made
available upon request pending application and approval by Danish law. The study
was approved by the ethical committee of the Region of Southern Denmark (S-
20130010, S-20170095) and the Danish Data Protection Agency (17/33672). All data
were entered into the online database, REDCap in OPEN, in the Region of Southern
Denmark.

REFERENCES
1. Ehrenkranz, R. A. et al. Growth in the neonatal intensive care unit influences

neurodevelopmental and growth outcomes of extremely low birth weight
infants. Pediatrics 117, 1253–1261 (2006).

2. Ong, K. K. et al. Postnatal growth in preterm infants and later health outcomes: a
systematic review. Acta Paediatr. 104, 974–986 (2015).

3. Franz, A. R. et al. Intrauterine, early neonatal, and postdischarge growth and
neurodevelopmental outcome at 5.4 years in extremely preterm infants after
intensive neonatal nutritional support. Pediatrics 123, e101–e109 (2009).

4. Stephens, B. E. et al. First-week protein and energy intakes are associated with 18-
month developmental outcomes in extremely low birth weight infants. Pediatrics
123, 1337–1343 (2009).

5. Strømmen, K. et al. Enhanced nutrient supply to very low birth weight infants is
associated with improved white matter maturation and head growth. Neona-
tology 107, 68–75 (2015).

6. Ahnfeldt, A. M. et al. FortiColos - a multicentre study using bovine colostrum as a
fortifier to human milk in very preterm infants: Study protocol for a randomised
controlled pilot trial. Trials 20, 279 (2019).

K. Holgersen et al.

8

Pediatric Research



7. Rasmussen, S. O. et al. Bovine colostrum improves neonatal growth, digestive
function, and gut immunity relative to donor human milk and infant formula in
preterm pigs. Am. J. Physiol. Gastrointest. Liver Physiol. 480–491, https://doi.org/
10.1152/ajpgi.00139.2016 (2022).

8. Sun, J. et al. Nutrient fortification of human donor milk affects intestinal function
and protein metabolism in preterm pigs. J. Nutr. 148, 336–347 (2018).

9. Sun, J. et al. Human Milk Fortification with Bovine Colostrum Is Superior to
Formula-Based Fortifiers to Prevent Gut Dysfunction, Necrotizing Enterocolitis,
and Systemic Infection in Preterm Pigs. J. Parenter. Enter. Nutr. 43, 252–262
(2019).

10. Li, Y. et al. Bovine Colostrum Before or After Formula Feeding Improves Systemic
Immune Protection and Gut Function in Newborn Preterm Pigs. Front. Immunol.
10, 1–16 (2020).

11. Støy, A. C. F. et al. Spray Dried, Pasteurised Bovine Colostrum Protects Against Gut
Dysfunction and Inflammation in Preterm Pigs. J. Pediatr. Gastroenterol. Nutr. 63,
280–287 (2016).

12. Sangild, P. T., Vonderohe, C., Melendez Hebib, V. & Burrin, D. G. Potential benefits
of bovine colostrum in pediatric nutrition and health. Nutrients 13, 2551 (2021).

13. Tripathi, V. & Vashishtha, B. Bioactive compounds of colostrum and its applica-
tion. Food Rev. Int. 22, 225–244 (2006).

14. Playford, R. J. & Weiser, M. J. Bovine colostrum: Its constituents and uses. Nutrients
13, 1–24 (2021).

15. Aranda, P. et al. Insulin in Bovine Colostrum and Milk: Evolution Throughout
Lactation and Binding to Caseins. J. Dairy Sci. 74, 4320–4325 (1991).

16. Sandhu, M. S. et al. Circulating concentrations of insulin-like growth factor-I and
development of glucose intolerance: A prospective observational study. Lancet
359, 1740–1745 (2002).

17. Beardsall, K. et al. Relationship between insulin-like growth factor i levels, early
insulin treatment, and clinical outcomes of very low birth weight infants. J.
Pediatr. 164, 1038–1044.e1 (2014).

18. Chiesa, C. et al. Ghrelin, leptin, IGF-1, IGFBP-3, and insulin concentrations at birth:
Is there a relationship with fetal growth and neonatal anthropometry? Clin. Chem.
54, 550–558 (2008).

19. Yumani, D. F. J., Lafeber, H. N. & Van Weissenbruch, M. M. IGF-I, Growth, and Body
Composition in Preterm Infants up to Term Equivalent Age. J. Endocr. Soc. 5, 1–11
(2021).

20. Hellström, A. et al. The IGF system and longitudinal growth in preterm infants in
relation to gestational age, birth weight and gender. Growth Horm. IGF Res. 51,
46–57 (2020).

21. De Jong, M., Cranendonk, A., Twisk, J. W. R., Van Weissenbruch, M. M. IGF-I and
relation to growth in infancy and early childhood in very-low-birth-weight infants
and term born infants. PLoS One 12, e0171650 (2017).

22. Hellström, A. et al. Insulin-like growth factor 1 has multisystem effects on foetal
and preterm infant development. Acta Paediatr. 105, 576–586 (2016).

23. Mank, E. et al. Efficacy and Safety of Enteral Recombinant Human Insulin in
Preterm Infants: A Randomized Clinical Trial. JAMA Pediatr. 176, 452–460 (2022).

24. Burrin, D. G. et al. Orally administered IGF-I increases intestinal mucosal growth in
formula-fed neonatal pigs. Am. J. Physiol. Regul. Integr. Comp. Physiol. 270,
R1085–R1091 (1996).

25. Alexander, A. N. & Carey, H. V. Oral IGF-I enhances nutrient and electrolyte
absorption in neonatal piglet intestine. Am. J. Physiol. 277, G619–G625 (1999).

26. Houle, V. M., Schroeder, E. A., Odle, J. & Donovan, S. M. Small intestinal dis-
accharidase activity and ileal villus height are increased in piglets consuming
formula containing recombinant human insulin-like growth factor-I. Pediatr. Res.
42, 78–86 (1997).

27. Payal, V. et al. Premature birth and insulin resistance in infancy: A prospective
cohort study. Indian J. Endocrinol. Metab. 20, 497–505 (2016).

28. Salis, E. R. et al. Hyperglycaemic preterm neonates exhibit insulin resistance and
low insulin production. BMJ Paediatr. open 1, e000160 (2017).

29. Zamir, I. et al. Hyperglycemia in Extremely Preterm Infants-Insulin Treatment,
Mortality and Nutrient Intakes. J. Pediatr. 200, 104–110.e1 (2018).

30. Soto, N. et al. Insulin Sensitivity and Secretion Are Related to Catch-Up Growth in
Small-for-Gestational-Age Infants at Age 1 Year: Results from a Prospective.
Cohort. J. Clin. Endocrinol. Metab. 88, 3645–3650 (2003).

31. Kao, L. S. et al. Hyperglycemia and morbidity and mortality in extremely low birth
weight infants. J. Perinatol. 26, 730–736 (2006).

32. Zamir, I. et al. Neonatal hyperglycaemia is associated with worse neurodeve-
lopmental outcomes in extremely preterm infants. Arch. Dis. Child. Fetal Neonatal
Ed. 106, 460 LP–460466 (2021).

33. Hofman, P. L. et al. Premature birth and later insulin resistance. N. Engl. J. Med.
351, 2179–2186 (2004).

34. Markopoulou, P. et al. Preterm Birth as a Risk Factor for Metabolic Syndrome and
Cardiovascular Disease in Adult Life: A Systematic Review and Meta-Analysis. J.
Pediatr. 210, 69–80.e5 (2019).

35. Morrison, K. M. et al. Cardiometabolic Health in Adults Born Premature With
Extremely Low Birth Weight. Pediatrics 138, e20160515 (2016).

36. Liao, L., Deng, Y. & Zhao, D. Association of Low Birth Weight and Premature Birth
With the Risk of Metabolic Syndrome: A Meta-Analysis. Front. Pediatrics 8, 405
(2020).

37. Shoji, H. et al. Influence of gestational age on serum incretin levels in preterm
infants. J. Dev. Orig. Health Dis. 7, 685–688 (2016).

38. Adrian, T. E., Bloom, S. R., Hermansen, K. & Iversen, J. Pancreatic polypeptide,
glucagon and insulin secretion from the isolated perfused canine pancreas.
Diabetologia 14, 413–417 (1978).

39. Kawamata, R. et al. Gut hormone profiles in preterm and term infants during the
first 2 months of life. J. Pediatr. Endocrinol. Metab. 27, 717–723 (2014).

40. Aragón, F. et al. Pancreatic polypeptide regulates glucagon release through
PPYR1 receptors expressed in mouse and human alpha-cells. Biochim. Biophys.
Acta 1850, 343–351 (2015).

41. Ahnfeldt, A. M. et al. Bovine colostrum as a fortifier to human milk in very preterm
infants – A randomized controlled trial (FortiColos). Clin. Nutr. 42, 773–783 (2023).

42. Harris, P. A. et al. Research electronic data capture (REDCap)-a metadata-driven
methodology and workflow process for providing translational research infor-
matics support. J. Biomed. Inform. 42, 377–381 (2009).

43. Niklasson, A., Albertsson-Wikland, K. Continuous growth reference from 24th
week of gestation to 24 months by gender. BMC Pediatr. 8, 8 (2008).

44. Agostoni, C. et al. Enteral nutrient supply for preterm infants: commentary from
the European Society of Paediatric Gastroenterology, Hepatology and Nutrition
Committee on Nutrition. J. Pediatr. Gastroenterol. Nutr. 50, 85–91 (2010).

45. Zachariassen, G., Fenger-Gron, J., Hviid, M. V. & Halken, S. The content of mac-
ronutrients in milk from mothers of very preterm infants is highly variable. Dan.
Med. J. 60, A4631 (2013).

46. Piemontese, P. et al. Macronutrient content of pooled donor human milk before
and after Holder pasteurization. BMC Pediatr. 19, 58 (2019).

47. John, A. et al. Macronutrient variability in human milk from donors to a milk bank:
Implications for feeding preterm infants. PLoS One 14, 1–12 (2019).

48. Cole, T. J. et al. Birth weight and longitudinal growth in infants born below
32 weeks’ gestation: a UK population study. Arch. Dis. Child. Fetal Neonatal Ed. 99,
F34–F40 (2014).

49. Martin, C. R. et al. Nutritional practices and growth velocity in the first month of
life in extremely premature infants. Pediatrics 124, 649–657 (2009).

50. Olsen, I. E. et al. Intersite Differences in Weight Growth Velocity of Extremely
Premature Infants. Pediatrics 110, 1125–1132 (2002).

51. Embleton, N. E., Pang, N. & Cooke, R. J. Postnatal malnutrition and growth
retardation: an inevitable consequence of current recommendations in preterm
infants? Pediatrics 107, 270–273 (2001).

52. Möllers, L. S. et al. Metabolic-endocrine disruption due to preterm birth impacts
growth, body composition, and neonatal outcome. Pediatr. Res. 91, 1350–1360
(2022).

53. Ahmad, I. et al. Inflammatory and growth mediators in growing preterm infants. J.
Pediatr. Endocrinol. Metab. 20, 387–396 (2007).

54. Cormack, B. E., Harding, J. E., Miller, S. P., Bloomfield, F. H. The Influence of Early
Nutrition on Brain Growth and Neurodevelopment in Extremely Preterm Babies:
A Narrative Review. Nutrients 11, https://doi.org/10.3390/nu11092029 (2019).

55. Finken, M. J. J., Dekker, F. W., de Zegher, F. & Wit, J. M. Long-term height gain of
prematurely born children with neonatal growth restraint: parallellism with the
growth pattern of short children born small for gestational age. Pediatrics 118,
640–643 (2006).

56. Knops, N. B. B. et al. Catch-up growth up to ten years of age in children born very
preterm or with very low birth weight. BMC Pediatr. 5, 26 (2005).

57. Belfort, M. B. et al. Infant weight gain and school-age blood pressure and cog-
nition in former preterm infants. Pediatrics 125, e1419–e1426 (2010).

58. Singhal, A. et al. Is Slower Early Growth Beneficial for Long-Term Cardiovascular
Health? Circulation 109, 1108–1113 (2004).

59. Singhal, A., Fewtrell, M., Cole, T. J. & Lucas, A. Low nutrient intake and early
growth for later insulin resistance in adolescents born preterm. Lancet 361,
1089–1097 (2003).

60. Ou-Yang, M.-C. et al. Accelerated weight gain, prematurity, and the risk of
childhood obesity: A meta-analysis and systematic review. PLoS One 15,
e0232238 (2020).

61. Calbet, J. A. L. & Holst, J. J. Gastric emptying, gastric secretion and enterogastrone
response after administration of milk proteins or their peptide hydrolysates in
humans. Eur. J. Nutr. 43, 127–139 (2004).

62. Calbet, J. A. L. & MacLean, D. A. Plasma glucagon and insulin responses depend
on the rate of appearance of amino acids after ingestion of different protein
solutions in humans. J. Nutr. 132, 2174–2182 (2002).

63. Chatterton, D. E. W. et al. Bioactive proteins in bovine colostrum and effects of
heating, drying and irradiation. Food Funct. 11, 2309–2327 (2020).

K. Holgersen et al.

9

Pediatric Research

https://doi.org/10.1152/ajpgi.00139.2016
https://doi.org/10.1152/ajpgi.00139.2016
https://doi.org/10.3390/nu11092029


64. Nguyen, D. N. et al. Heat treatment and irradiation reduce anti-bacterial and
immune-modulatory properties of bovine colostrum. J. Funct. Foods 57, 182–189
(2019).

65. Jobe, A. H. Glucocorticoids, inflammation and the perinatal lung. Semin. Neonatol.
6, 331–342 (2001).

66. Liegl, R., Löfqvist, C., Hellström, A. & Smith, L. E. H. IGF-1 in retinopathy of pre-
maturity, a CNS neurovascular disease. Early Hum. Dev. 102, 13–19 (2016). at.

67. Hansen-Pupp, I. et al. Circulatory insulin-like growth factor-I and brain volumes in
relation to neurodevelopmental outcome in very preterm infants. Pediatr. Res. 74,
564–569 (2013).

68. Hellström, A. et al. Postnatal Serum Insulin-Like Growth Factor I Deficiency is
Associated with Retinopathy of Prematurity and Other Complications of Pre-
mature Birth. Pediatrics 112, 1016–1020 (2003).

69. Löfqvist, C. et al. Low postnatal serum IGF-I levels are associated with broncho-
pulmonary dysplasia (BPD). Acta Paediatr. 101, 1211–1216 (2012).

70. D’souza, A. M., Neumann, U. H., Glavas, M. M. & Kieffer, T. J. The glucoregulatory
actions of leptin. Mol. Metab. 6, 1052–1065 (2017).

71. Park, M. J., Namgung, R., Kim, J. N. & Kim, D. H. Serum leptin, IGF-I and insulin
levels in preterm infants receiving parenteral nutrition during the first week of
life. J. Pediatr. Endocrinol. Metab. 14, 429–433 (2001).

72. Ng, P. C. et al. Changes of leptin and metabolic hormones in preterm infants: a
longitudinal study in early postnatal life. Clin. Endocrinol. 54, 673–680 (2001).

73. Ong, K. K. et al. Cord blood leptin is associated with size at birth and predicts
infancy weight gain in humans. ALSPAC Study Team. Avon Longitudinal Study of
Pregnancy and Childhood. J. Clin. Endocrinol. Metab. 84, 1145–1148 (1999).

74. Lucas, A., Bloom, S. R. & Aynsley-Green, A. Postnatal surges in plasma gut hor-
mones in term and preterm infants. Biol. Neonate 41, 63–67 (1982).

75. Lucas, A., Boyes, S., Bloom, S. R. & Aynsley-Green, A. Metabolic and endocrine
responses to a milk feed in six-day-old term infants: differences between breast
and cow’s milk formula feeding. Acta Paediatr. Scand. 70, 195–200 (1981).

76. Gjesing, A. P. et al. Fasting and oral glucose-stimulated levels of glucose-
dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1)
are highly familial traits. Diabetologia 55, 1338–1345 (2012).

77. Zamir, I. et al. Insulin resistance prior to term age in very low birthweight infants:
a prospective study. BMJ Paediatr. Open 8, e002470 (2024).

78. Salis, E. R. et al. Insulin resistance, glucagon-like peptide-1 and factors influencing
glucose homeostasis in neonates. Arch. Dis. Child. Fetal Neonatal Ed. 102,
F162–F166 (2017).

ACKNOWLEDGEMENTS
The authors would like to thank laboratory technician Kristina Larsen, Comparative
Pediatrics and Nutrition, Department of Veterinary and Animal Sciences, University of
Copenhagen, for technical assistance running the metabolic assays. The authors are
indebted to support from Susanne Søndergaard Kappel, PhD, Department of
Neonatology, Rigshospitalet, Copenhagen, for collection and treatment of blood
samples, together with clinical personnel at the hospitals. Finally, we acknowledge
the generous support for the study from both infants and their parents.

AUTHOR CONTRIBUTIONS
K.H. and M.R. designed the experiment, acquired, analyzed and interpreted data, and
wrote the paper. I.Z. analyzed and interpreted data and wrote the first draft of the
paper. L.A. and G.Z. conceived and designed the experiment, acquired and
interpreted data. P.T.S. conceived and designed the experiment, interpreted data,

helped to draft the paper, and took final responsibility for its contents. All listed
authors participated in the writing of the manuscript and/or revised it critically for
important intellectual content and gave final approval of the version to be published.

FUNDING
The Forticolos clinical trial was part of the NEOCOL project, funded by the Innovation
Fund Denmark (grant number 6150-00004B) in collaboration with Biofiber Damino,
Vejen, Denmark and University of Copenhagen. The study funders did not participate
in the study design, the collection, analysis, and interpretation of data; the writing of
the report, or the decision to submit the manuscript for publication. Open access
funding provided by Copenhagen University.

COMPETING INTERESTS
The University of Copenhagen holds a patent related to bovine colostrum for human
infants (PCT/DK2013/050184). PTS is listed as the sole inventor but has declined any
share of potential revenue from commercial exploitation of the patent. All other
authors declare no competing interests.

CONSENT STATEMENT
Written parental consent was obtained for all participants.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41390-024-03166-8.

Correspondence and requests for materials should be addressed to Per Torp Sangild.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

K. Holgersen et al.

10

Pediatric Research

https://doi.org/10.1038/s41390-024-03166-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Glucose-regulatory hormones and growth in very preterm infants fed fortified human�milk
	Introduction
	Methods
	Study population and�ethics
	Nutrition
	Data collection and analyses
	Statistical analyses

	Results
	Bovine colostrum-based fortification and hormone concentrations
	Associations between enteral volume and protein intakes and hormone concentrations
	Association between growth indices and hormone concentrations
	Growth and hormone concentrations in AGA and SGA infants over�time

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Consent statement
	ADDITIONAL INFORMATION




