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BACKGROUND: Preterm birth disrupts fetal kidney development, potentially leading to postnatal acute kidney injury. Preterm
infants are deficient in insulin-like growth factor 1 (IGF-1), a growth factor that stimulates organ development. By utilizing a preterm
pig model, this study investigated whether IGF-1 supplementation enhances preterm kidney maturation.
METHODS: Cesarean-delivered preterm pigs were treated systemically IGF-1 or vehicle control for 5, 9 or 19 days after birth. Blood,
urine, and kidney tissue were collected for biochemical, histological and gene expression analyses. Age-matched term-born pigs
were sacrificed at similar postnatal ages and served as the reference group.
RESULTS: Compared with term pigs, preterm pigs exhibited impaired kidney maturation, as indicated by analyses of renal
morphology, histopathology, and inflammatory and injury markers. Supplementation with IGF-1 reduced signs of kidney
immaturity, particularly in the first week of life, as indicated by improved morphology, upregulated expression of key
developmental genes, reduced severity and incidence of microscopic lesions, and decreased levels of inflammatory and injury
markers. No association was seen between the symptoms of necrotizing enterocolitis and kidney defects.
CONCLUSION: Preterm birth in pigs impairs kidney maturation and exogenous IGF-1 treatment partially reverses this impairment.
Early IGF-1 supplementation could support the development of preterm kidneys.

Pediatric Research; https://doi.org/10.1038/s41390-024-03222-3

IMPACT:

● Preterm birth may disrupt kidney development in newborns, potentially leading to morphological changes, injury, and
inflammation.

● Preterm pigs have previously been used as models for preterm infants, but not for kidney development.
● IGF-1 supplementation promotes kidney maturation and alleviates renal impairments in the first week of life in preterm pigs.

IGF-1 may hold potential as a supportive therapy for preterm infants sensitive to acute kidney injury.

INTRODUCTION
In humans, nephrogenesis is completed by around 36 weeks
gestation, with approximately 60% of nephrons formed during the
last trimester of gestation at the time when preterm infants are
delivered.1 Preterm birth, which induces a series of whole-body
complications,2,3 may alter fetal renal development, compromise
nephrogenesis, and increase the risk of renal dysfunction,
insufficiency, and failure.4,5 Preterm infants exhibit impaired
glomerular and tubular function,6–8 and show an increased
vulnerability to acute kidney injury (AKI) during the postnatal
period.9,10 The kidney develops through branching morphogen-
esis during the pre- and postnatal period, which involves ureteric
bud elongation and mesenchymal-epithelial transformation.11–13

These processes are regulated by a set of signaling pathways,
including the Wnt signaling pathway and the glial cell line-derived
neurotrophic factor (GDNF)/Ret proto-oncogene (RET) signaling
pathway.14–16 Up to date, there is limited knowledge of how

preterm birth, and its associated complications may impact renal
development and related signaling pathways.
Besides, as nephrogenesis is sensitive to inflammatory

insults,17,18 impaired renal development may result not only from
immaturity but also from inflammation-related complications after
preterm birth. Necrotizing enterocolitis (NEC) is an inflammatory
disorder of gastrointestinal tract that mostly affects premature
infants. NEC can range from mild mucosal lesions to severe
mucosal destruction, often accompanied by systemic inflamma-
tion and sepsis.19–21 Severe NEC lesions, coupled with systemic
inflammation, may impact distant organs such as the kidney and
exacerbate the risk of AKI.20,22,23 However, the impact of milder
forms of neonatal gastrointestinal lesions on kidney health
remains unknown.
Despite its clinical importance, there are limited options

available for preventing or treating prematurity-related AKI and
its clinical complications. Insulin-like growth factor 1 (IGF-1) is a
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crucial growth factor with a range of mitogenic, differentiating,
and metabolic effects throughout the body during both fetal and
postnatal life.24 IGF-1 is expressed in all fetal tissues and exhibits
autocrine, endocrine, and paracrine actions mediated via both
IGF-1 and insulin receptors.25 IGFs circulate in plasma and form
complexes with a family of structurally related IGF-binding
proteins. Approximately 80% of IGF-1 in circulation is bound to
IGF-binding protein 3 (IGFBP-3) via an acid-labile subunit.26 This
complex plays a pivotal role in regulating the action and biological
availability of IGF-1 in peripheral tissues.26 In preterm infants,
circulating IGF-1 levels are considerably lower than those of their
counterparts in utero. This reduction may contribute to develop-
mental deficiencies after birth, including kidney immaturity.27–29

Previous studies have demonstrated that exogenous administra-
tion of IGF-1 increases kidney weight in fetuses30 and stimulates
renal filtration and reabsorption.28 However, IGF-1 can also play a
role in kidney fibrosis and inflammation.28,31 The above evidence
underscores the need for further investigations to determine both
the safety and any potential beneficial effects of IGF-1 supple-
mentation on preterm kidneys.
Based on our previous studies investigating the effects of IGF-1

supplementation on the gut development and NEC,32–34 we
explored whether IGF-1 supplementation affects kidney develop-
ment in preterm pigs, serving as a model for preterm infants. Pigs
delivered at 90% gestation may exhibit notable signs of kidney
immaturity, as nephrogenesis in pigs continues until postnatal
week three.13 This immaturity renders preterm pigs highly
susceptible to extrauterine insults, similar to the vulnerability
observed in preterm infants delivered at earlier (approximately
70%) gestation. Using preterm pigs as a model, we hypothesized
that preterm birth is associated with disrupted nephrogenesis and
renal structure formation, and that postnatal supplementation
with IGF-1 promotes kidney maturation and mitigates the impacts
of preterm birth on kidney structure.

METHODS
Animal model and necrotizing enterocolitis evaluation
Animal studies were conducted in accordance with the European
Communities Council Directive 2010/63/EU and approved by the Danish
Animal Experiments Inspectorate. The study design, summarized in Fig. 1,

contains three experimental groups: the preterm control group, the
preterm IGF-1 group and the term reference group. The current study
utilized available kidney samples that were obtained from our previous
studies, which focused on recombinant human IGF-1 with binding protein
3 (rhIGF-1/IGFBP-3) supplementation in preterm pigs for the prevention of
NEC.32–34 These prior investigations have reported some basic character-
istics data of animal experiments and revealed that supplementation of
IGF-1 moderately improved NEC resistance and overall survival after a
treatment period of 5-19 days.
Preterm pigs were delivered by cesarean section at 90% gestation from

seven sows (Landrace x Yorkshire x Duroc, 106 days, two litters for the 5-d
study, three litters for the 9-d study, and two litters for the 19-d study).
Preterm pigs were block randomized based on their birth weight and sex.
The pigs were then divided into two groups: the preterm IGF-1 group,
which received rhIGF-1/IGFBP-3; and the preterm control group, which
received equivalent volumes of a vehicle solution. Since IGF-1 shares an
identical amino acid sequence in humans and pigs,35 it is anticipated that
rhIGF-1 will exert a similar effect when binding to the IGF-1 receptor in
pigs. The rhIGF-1/IGFBP-3 complex was administered by subcutaneous
injection at a dose of 0.25mg/kg per injection, twice daily during the 5-d
study and three times daily during the 9-d study, as described
previously.32,33 During the 19-d study, rhIGF-1/IGFBP-3 was administered
via intra-arterial infusion through umbilical artery catheters for the first
7 days at a dose of 2.25mg/kg/day. After catheter withdrawal on postnatal
day 8 (PND8), administration was switched to subcutaneous injections,
three times daily at a dose of 0.25mg/kg per injection.34 Pigs were
immunized and nourished with parenteral nutrition and infant formula, as
described previously.33 Reference pigs (Landrace x Yorkshire x Duroc,
117 ± 2 days, 3 litters) born vaginally at term were sow-reared until
euthanasia. At the designated endpoints of the experiment, piglets were
anaesthetized with an intramuscular injection of 0.1 mL/kg Zoletile-pigmix
(50mg/mL), followed by euthanasia using pentobarbital (Euthanimal,
400mg/mL, 0.25ml/kg) administered via heart puncture. In the current
study, only pigs that survived until scheduled euthanasia were included in
tissue sampling and subsequent laboratory analyses. Blood, urine and
kidney tissue from term and preterm pigs were collected on identical
postnatal days (PND5, PND9, or PND19) to ensure matching postnatal ages
between preterm and term groups. For tissue collection, kidneys were cut
longitudinally to include the renal capsule, cortex, medulla and pelvis. One
half was fixed in phosphate buffer paraformaldehyde for histology, and the
other half was snap-frozen in liquid nitrogen and stored at −80 °C for
further analysis (gene and protein expression). Blood was collected with a
heparin vacutainer (BD Diagnostics, Oxford, UK) via heart puncture after
anesthesia and urine was collected via cystopuncture after euthanasia. All
available kidney, blood and urine samples were included in the analysis.

Preterm pigs
(C-section, 90% gestation)

Term control pigs
(Vaginally born)

Blood

Urine Biochemistry
Kidney

Day 5
n = 7

Day 9
n = 7

qPCR

ELISA

IGF-1 supplementation:

Subcutaneous injection

Intraarterial administration
Histology

Day 19
n = 7

n = 13 (control)
n = 16 (IGF-1)

n = 15 (control)
n = 21 (IGF-1)

n = 28 (control)
n = 13 (IGF-1)

Term group

Preterm IGF-1
group

Preterm
control group

Day 5

Day 9

Day 7 Day 19

Gene

Fig. 1 Study overview. Throughout the three experiments, preterm pigs were treated with either vehicle or rhIGF-1/IGFBP-3 for 5, 9 and
19 days. Vaginally born, farm-reared term pigs were euthanized at matching postnatal ages and served as the reference group. After
euthanasia, kidney tissue, blood and urine samples were collected for further analysis.
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The blood IGF-1 levels of the pigs included in the present study are shown
in Table 1. The detailed rhIGF-1/IGFBP-3 pharmacokinetics in piglets were
reported previously.32,33

After euthanasia, macroscopic indicators of NEC were assessed by two
independent observers, based on the presence of signs in the stomach;
proximal, middle, and distal small intestine; and colon, as previously
described.36–38 Briefly, lesion severity for each of the gut regions was
evaluated using a validated NEC scoring system as follows: 1 = absence of
lesions, 2 = local hyperaemia, 3 = hyperaemia, extensive edema and local
hemorrhage, 4 = extensive hemorrhage, 5 = local necrosis or pneumatosis
intestinalis, 6 = extensive necrosis and pneumatosis intestinalis. To further
examine the effect of NEC on the kidney, preterm pigs euthanized on
PND5 were subdivided into three groups according to NEC severity: no
NEC (all scores = 1), mild NEC (highest score in all gut regions = 2–3), and
severe NEC (highest score in all gut regions = 4–6). Furthermore, all
preterm pigs in the 5-d study were subdivided into three groups according
to lesion type: no lesion (all scores ≤ 2), small intestinal (SI) lesion (lesion
score from SI ≥ 3), and non-SI tract lesion (lesion score from stomach and
colon ≥ 3, and lesion score from SI ≤ 2). Kidney parameters were compared
among the groups to determine the influence of NEC severity and lesion
type on renal health.

Biochemical analysis
The plasma and urine biochemical parameters were analyzed using an
Advia 1800 Chemistry System (Siemens Healthcare, Ballerup, Denmark).
Conventional markers for kidney function assessment were included in the
biochemistry profiling. Additionally, some of these biochemical data were
reported in previous studies on NEC and gut development outcomes.32–34

Estimated glomerular filtration rate (eGFR) was calculated based on a
formula established in pigs using plasma creatinine levels.39

Histomorphological evaluation and morphometry
Formalin fixed kidney tissues were embedded in paraffin, cut into slices of
4 μm, and stained with hematoxylin and eosin (HE) and periodic
acid–Schiff (PAS) stain. The kidney slices were evaluated and interpreted
by a pathologist without prior knowledge of the treatment groups. Renal
pathology was classified according to changes in the glomeruli, tubules
and interstitium, and graded on a 4-point scale (none; mild; moderate and
marked). The nephrogenic zone (NGZ) was defined as the region in the
outer renal cortex containing developing glomerular structures in the form
of comma and S-shaped bodies and appearing as a blue strip in HE
sections. The width of the NGZ represents the residual nephrogenic
potential of each neonatal kidney and was previously used to assess renal
maturity in neonates of a variety of species.40–42 The nephrogenic zone
width (NZW) was measured in five randomly selected regions of the cortex
using HE sections, and the average width per kidney was calculated.43

Mature glomeruli were counted along five well-defined medullary rays in
each kidney sample, and the average number of glomerular generations
per kidney was determined. The number of glomerular generations reflects
renal maturity and nephron endowment.44,45 Glomerular area and density
were assessed using PAS sections.46–48 Glomerular areas were calculated
by measuring five randomly identified glomeruli with clear capillary tufts
and Bowman’s space in each field of view. The cross-sectional glomerular
density was determined by counting the number of glomeruli in one
central transverse cross-section of the kidney at low-power magnification
(20×), and then dividing by the total cortex area of the same section.
Abnormal glomeruli with shrunken tufts were counted together with all
glomeruli in the field to calculate the percentage of abnormal
glomeruli.41,49 Since injury to the vasculature of the kidney is closely
related to the deposition of PAS-positive extracellular matrix,50 the
fractional mesangial area (FMA) was adopted to quantify the percentage
of PAS-positive mesangial matrix within the glomerular tuft to reflect injury
in the glomeruli (400× magnification).51 The FMA method is recommended
by the Diabetes Complications Consortium protocols for evaluating kidney
injury, and was previously utilized to assess premature-related kidney
glomerular vasculature injury in our neonatal piglet model.52 Further
experiments might be necessary to thoroughly validate this method for
use in neonatal research. All morphometric analyses were performed using
ImageJ software version 1.50i (NIH, Bethesda, MD).

RT-qPCR and enzyme-linked immunosorbent assay
Gene expression levels in the renal cortex were determined by RT-qPCR.
The primers used are shown in Supplemental Table S1. Briefly, total RNATa
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was extracted from homogenized kidney cortex by using RNeasy Mini Kit
(Qiagen, Copenhagen, Denmark) according to manufacturer’s instructions.
RNA was reverse transcribed into cDNA using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, United States). RT-qPCR was
subsequently performed using the QuantiTect SYBR Green PCR Kit
(Qiagen) on the LightCycler 480 (Roche, Hvidovre, Denmark), and
expression levels of the target genes were normalized to the housekeeping
gene hypoxanthine phosphoribosyltransferase 1 (HPRT1).53 Renal tumor
necrosis factor alpha (TNFα) and interleukin 10 (IL10) protein levels were
measured by enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems, Abingdon, UK).

Data analysis and statistics
Univariate analysis was applied to all RT-qPCR, ELISA, biochemical and
morphometrical data at different time points of sampling using R Studio
3.6.1 (R Studio, Boston, MA, United States). Each parameter was fitted to a
linear mixed-effects model with group and sex as the fixed factors, and
litter as the random factor using the lme4 package. The data were
transformed if the original data did not fit properly into the model after
checking the residuals. Binary data was analyzed using a logistic regression
model. The NEC score, treated as an ordered categorical outcome, was
analyzed by a proportional odds logistic regression model. Histomorpho-
logical incidences were analyzed using Fisher’s exact test. A p-value < 0.05
was regarded as statistically significant. The data are presented as
mean ± SEM.

RESULTS
Clinical outcomes
An overview of the clinical parameters is shown in Table 1. Term
pigs had significantly higher body weight and kidney weight
compared to preterm pigs at all PNDs at the time of euthanasia
(p < 0.001). Body weight and kidney weight were similar between
the preterm control and preterm IGF-1 groups. The incidence and
distribution of NEC lesions in preterm pigs involved in the current
study are shown in Supplemental Fig. S1a–c. The preterm IGF-1
group showed a lower incidence of NEC than the preterm control
group on PND5 (p= 0.08). However, the lesion severity across all
regions was mild and similar between the groups. Across groups,
the severity or type of NEC lesions had minimal effects on the
observed kidney-related parameters. Notably, only pigs with SI
lesions demonstrated a significant higher relative kidney weight
compared to pigs with no digestive tract lesions (p < 0.01,
Supplemental Fig. S2 and S3).

Effects of IGF-1 treatment on kidney development following
preterm birth
Overall, there was no significant difference in relative kidney
weight between preterm and term animals. However, IGF-1
supplementation increased the relative kidney weight of preterm
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pigs on PND19 (p < 0.05, Supplemental Fig. S1d). The histological
assessment of kidney maturation and structure is shown in Fig. 2.
Compared to term pigs at the same gestational age, preterm
control pigs exhibited significantly lower glomerular generation
numbers, areas, and densities, as well as significantly greater NZW
(all p < 0.001, Fig. 2a–e). IGF-1 supplementation significantly
increased glomerular generation numbers, areas, densities, and
NZW in preterm animals at all time points (all p < 0.001, Fig. 2a–e),
bringing these values (except for NZW) close to those in term
reference pigs. Notably, no significant differences were observed
between the preterm IGF-1 group and the term group when
assessing glomerular generation numbers on PND9, glomerular
areas on PND19, and glomerular densities on both PND9 and
PND19. This indicates improved maturation of preterm kidneys
after IGF-1 supplementation. Abnormal glomeruli were character-
ized by cystic dilation of Bowman’s space and shrunken
glomerular tufts in the superficial renal cortex4,41,54 (Fig. 2f). The
percentage of abnormal glomeruli was significantly greater in the
preterm control group on PND5 than in the preterm IGF-1
(p < 0.05) and term reference groups (p < 0.001). On PND9 and
PND19, both preterm groups exhibited a higher percentage of
abnormal glomeruli compared to the term group (p < 0.001,
Fig. 2g). The morphological alterations of the kidney included
tubular dilatation and vacuolization, interstitial edema and
hemorrhage, glomerular capillary hemorrhage, and cystic dilata-
tion of Bowman’s space. The incidence and severity of these
morphological changes were increased in preterm control pigs
compared to term pigs from PND5 to 19. Interestingly, compared
with preterm control pigs, IGF-1 supplementation reduced the
incidence and severity of renal lesions, especially on PND9 and 19
(Table 2 and Fig. 2h).
The expression of renal development-related genes is shown in

Fig. 3. Preterm pigs displayed a different gene expression pattern
related to kidney development compared to term pigs, as
evidenced by the distinct expression of SIX homeobox 2 (SIX2),
vascular endothelial growth factor-A (VEGFA), GDNF, transforming
growth factor beta 1 (TGFB1), Wnt family member 4 (WNT4),
WNT9B, WNT11, and E-cadherin (CDH1). Furthermore, IGF-1
supplementation significantly upregulated the expression of
GDNF, TGFB1, angiotensin II type 1 receptor (AT1) and catenin
beta 1 (CTNNB1) on PND5 in preterm animals (all p < 0.05).
However, no differences in gene expression were detected on
PND9 or PND19 between the preterm IGF-1 group and the
preterm control group. These findings provide evidence for the
promotive effect of IGF-1 supplementation on early-stage kidney
maturation after preterm birth.

Effects of IGF-1 treatment on kidney function and injury
Kidney function and injury status were initially analyzed by
examining plasma and urine biochemistry as illustrated in
Supplemental Fig. S4. On PND5, no differences in plasma creatinine
levels were found among the groups, while on PND9 and 19, term
pigs had relatively higher plasma creatinine levels, compared to
preterm born pigs. Moreover, the blood urea nitrogen (BUN) level
in term pigs was higher than in preterm pigs on PND5 and PND19
(p < 0.01 and p < 0.05, respectively). The plasma albumin concen-
tration was consistently higher in term pigs than in preterm pigs
(p < 0.05). Higher urine albumin/creatinine levels were found in the
term vs. preterm IGF-1 group on PND9 only (p < 0.05). All the
measured biochemical parameters and eGFR showed no signifi-
cant difference between the preterm control and IGF-1 pigs.
To assess kidney injury, the expression of kidney injury-related

genes was measured, as shown in Fig. 4. The expression of kidney
injury molecule-1 (KIM1, p < 0.05) and leucine-rich alpha-2-
glycoprotein 1 (LRG1, p < 0.01) was significantly higher in the
preterm control group than in the preterm IGF-1 and term groups
on PND5 (Fig. 4a, b), suggesting potential protective effects of IGF-
1 against preterm birth-related kidney injury. At all time points,

Table 2. Effects of preterm birth associated immaturity and IGF-1
supplementation on the frequency of kidney histological pathologies
(%) during the first 19 postnatal days a.

Histological
pathology

Group

PND5 Preterm control Preterm IGF-1 Term

n= 22 n= 7 n= 7

Glomeruli

Cystic
dilatation b

40.9 28.6 14.3

Hemorrhage 31.8 28.6 0

Tubules

Dilatation c 50.0 28.6 14.3

Mild 36.4 28.6 14.3

Moderate 9.1 0 0

Marked 4.5 0 0

Proximal
tubule
vacuolization

31.8 14.3 0

Mild 9.1 14.3 0

Moderate 13.6 0 0

Marked 9.1 0 0

Interstitium

Edema 36.4 28.6 0

Hemorrhage 36.4 28.6 14.3

PND9 Preterm control Preterm IGF-1 Term

n= 7 n= 7 n= 7

Glomeruli

Cystic
dilatation

28.6 0 0

Hemorrhage 28.6 0 0

Tubules

Dilatation 100.0 a 42.9 ab 14.3 b

Proximal
vacuolization

42.9 0 0

Interstitium

Edema 42.9 0 0

Hemorrhage 14.3 0 0

PND19 Preterm control Preterm IGF-1 Term

n= 7 n= 6 n= 7

Glomeruli

Cystic
dilatation

14.3 0 0

Hemorrhage 0 0 0

Tubules

Dilatation 71.4 a 16.7 ab 0 b

Proximal
vacuolization

28.6 0 0

Interstitium

Edema 28.6 0 0

Hemorrhage 0 0 14.3
aThe histological pathologies were based on microscopy evaluation by
pathologists. The degree of histological pathologies was assessed to four
levels: none, mild, moderate and marked. Within a row, different
superscript letters indicate statistical significance (p-value < 0.05).
bThe pathology was mild if no degrees of the pathology were mentioned.
cThe total frequency of the pathology of any degrees.
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FMA, which indicates the degree of glomerular injury and fibrosis,
was higher in the preterm control and IGF-1 groups than in the
term group (p < 0.05, Fig. 4c, d).

Effects of IGF-1 treatment on kidney inflammation-related
genes and proteins
As shown in Fig. 5, preterm birth was associated with increased
inflammatory responses in the kidney on PND5, as indicated by
significantly upregulated renal gene expression of TNFA and IL10
in the preterm control group, relative to the term group (p < 0.05
and p < 0.001, respectively). Treatment with IGF-1 resulted in
significant decreases in renal TNFA (p < 0.05) and IL10 (p < 0.001)
expression in preterm pigs on PND5 (Fig. 5a, b). Renal protein
levels of TNFα and IL10 exhibited a trend similar to that of their

respective mRNA levels on PND5, although the differences did not
reach significance (Fig. 5d, e). The IL6 gene expression did not
differ significantly between the groups (p > 0.05, Fig. 5c).
Pearson correlation analysis revealed a strong positive correla-

tion between the gene expression levels related to kidney
inflammation and those related to kidney injury on PND5
(Supplemental Figure S5), suggesting that preterm birth-
associated kidney injury is closely related to increased local
inflammatory responses.

DISCUSSION
Our findings demonstrate the effects of preterm birth on
nephrogenesis, with a heightened risk of abnormal glomerular
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Fig. 3 Effects of preterm birth-associated immaturity and IGF-1 supplementation on kidney development-related gene expression
during the first 19 postnatal days. Relative gene expression of (a, b) Glial cell line-derived neurotrophic factor/Ret proto-oncogene signaling
molecules (GDNF and RET), (c, d) transforming growth factor-beta (TGFB1 and TGFB2), (e–h) Wnt family members and their downstream
molecule β-catenin (WNT4, WNT9B, WNT11 and CTNNB1), (i) the nephron progenitor marker SIX2, and (j–l) other kidney development-related
molecules (VEGFA, CDH1, and AT1) in kidney tissue. All the data for the preterm control (n= 11–24), preterm IGF-1 (n= 12–22) and term
reference pigs (n= 6–7) are presented as the means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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development in the postnatal period in preterm pigs. By
comparing cesarean-delivered, artificially reared preterm pigs
with vaginally born, sow-reared term pigs, we described the
combined effects of reduced gestational age at birth, delivery
method and postnatal environment on kidney development. In
humans, nephrogenesis is believed to start at 5 weeks gestation
and continue until around 36 weeks, with the most rapid
development occurring during the third trimester.41,55,56 However,
nephrogenesis can still occur from week 36 to 40 in humans.43 In
pigs, nephrogenesis begins at 4 weeks gestation and ends around
3 weeks after birth.57,58 Based on this time course, preterm pigs
delivered at 90% of gestational age (approximately 70% comple-
tion of nephrogenesis) may have a kidney maturation state similar
to that of infants with a gestational age of around 27-30 weeks.
However, a more accurate assessment of kidney maturation stages
in pigs compared to humans requires further investigation as
there is no detailed information regarding the velocity of swine
nephrogenesis at different developmental stages, and pigs may
adapt to postnatal kidney maturation in a species-specific manner.
Although the study did not adequately determine renal function,
it indicates that preterm birth has clear adverse effects on kidney
structural development. Notably, the deficiencies in kidney
structure and histopathology observed at the first week after
preterm birth could be partially ameliorated by IGF-1 supplemen-
tation. Thus, IGF-1 could serve as a promising therapeutic target
for kidney immaturity in preterm infants.
Preterm birth is associated with reduced nephron endow-

ment.59 Compared to term pigs, a lower nephron number in
preterm control pigs, as reflected by a lower glomerular
generation number60 and density, might be due to missing

critical steps of normal nephrogenesis in the uterus. The smaller
glomerular area in preterm control animals might also be due to
insufficient glomerular development or perfusion, as previously
shown in preterm lambs.54 Preterm birth might initiate a
compensatory mechanism of nephron formation, as indicated by
increased NZW and the expression of genes related to nephro-
genesis, including GDNF (a ureteric bud branching marker),WNT9B
(a key molecule in nephron morphogenesis61) and SIX2 (a nephron
progenitor marker62,63). This adaptation might enable the kidney
to quickly adjust to the increased demands of the extrauterine
environment.1,41 Notably, a significant proportion of morphologi-
cally abnormal glomeruli were observed in preterm pigs
particularly on PND5. These abnormal glomeruli may temporarily
form in response to the stresses of the extrauterine environ-
ment,49 as evidenced by the observation that their proportion
decreases on PND9 and 19.
Preterm newborns are susceptible to AKI due to their immature

renal structure and function.7,9,64,65 AKI typically occurs within the
first week of postnatal life.66–68 These findings align with our
observation that the kidney of preterm pigs appear to be most
susceptible to inflammation and injury during the first week after
birth. Kidney injury is closely related to intrarenal and systemic
inflammation.69–71 The histological findings of our study resemble
those seen in a cecal ligation and puncture-induced septic rat
model.72 Since severe NEC with systemic inflammation and
hemodynamic instability predisposes preterm infants to
AKI,22,73–75 we further investigated whether relatively mild NEC
can also affect premature kidneys. However, our findings indicate
that the kidney injury was primarily associated with intrarenal
inflammation instead of mild NEC.
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In preterm infants, lower levels of circulating IGF-1 are
associated with fetal and postnatal growth restriction, systemic
inflammation and complications related to multiple organs.33 A
large multicenter international trial is currently underway to
determine whether the administration of supplemental IGF-1 can
reduce morbidities in extremely preterm infants (ClinicalTrials.gov
registry NCT03253263), partly based on the initial evidence of
reduced bronchopulmonary dysplasia and intraventricular hemor-
rhage.76 In the present study, we demonstrate that supplemental
IGF-1 treatment may promote nephrogenesis and alleviate
preterm birth-associated renal impairments. Correlation analyses
between kidney variables and NEC lesion scores suggest that IGF-
1 treatment exerts direct effects on the immature kidney without
interacting with gut-related inflammation. The promotive effects
of IGF-1 on immature kidney were mainly supported by the
morphological findings, together with the upregulated expression
of key nephrogenesis-related genes, including GDNF, CTNNB1,
WNT9B, TGFB1 (involved in elongation of the ureteric bud and
glomerular capillary formation77–79) and AT1 (associated with
normal tubular maturation80) on PND5. IGF-1 plays a crucial role in
the development of many organ systems, likely through its effects
on vascular development.25,30,81–85 Microvascular growth is
essential for nephron formation. The abnormal glomeruli
observed in preterm infants are believed to result from
compromised capillarization due to accelerated adaptation to
the extrauterine environment.49,54 Our findings of a decreased
percentage of abnormal glomeruli and a larger glomerular area
after IGF-1 treatment suggest that IGF-1 may promote glomerular
microvascular formation in the immature kidney. Additionally, IGF-
1 exhibits antiapoptotic and mitogenic characteristics,86–89 which
may explain the protective effect of IGF-1 against potential kidney
injury in preterm pigs. Both the activation of IGF-1 and the

upregulation of TGFB1 are known to promote kidney fibrosis in
various disease conditions.90,91 However, since we found no
increase in FMA in IGF-1 treated kidneys, we conclude that IGF-1
may not increase the risk of fibrosis by upregulating TGFB1
expression in preterm pigs. Nevertheless, further investigation is
needed to ensure the safety of IGF-1 administration in neonates.
There are limitations to our study. It is important to note that

our preterm-term comparisons relate not only to the effects of
reduced gestational age at birth but also to the differences in the
external rearing environment, similar to any clinical trial compar-
ing hospitalized preterm infants and mother-reared term infants.
Furthermore, the biochemical data presented in the study does
not offer comprehensive insights into alterations in kidney
function. While serum creatinine has traditionally been used as
the main parameter to determine renal function in newborns,92 it
is recognized that a single-point serum creatinine measurement is
not sufficient for diagnosing kidney dysfunction in newborns due
to the significant influence of maternal creatinine levels on that in
neonates.93,94 However, since we adjusted the litter (mother)
factor via the linear model when comparing the preterm control
and the preterm IGF-1 groups, we believe that the plasma
creatinine levels can be effectively used to relatively reflect the
kidney function in preterm pigs. Besides, we calculated the eGFR
in piglets based on a formula established in pigs using plasma
creatinine levels.39 We further use BUN levels as an indicator of
immature renal function during early life.95 As our results revealed
no significant differences in plasma creatinine, eGFR and BUN
between the preterm control and the preterm IGF-1 groups, it can
be cautiously inferred that the administration of IGF-1 does not
induce fundamental alterations in kidney function among preterm
pigs. However, it is unclear whether there were more subtle
changes of kidney function or changes during later stages of life,
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which were beyond the scope of this study. Additionally,
comparing kidney function between term and preterm pigs using
plasma creatinine, eGFR and BUN levels presents challenging,
because term pigs were delivered by different sows and under
natural suckling conditions. As neonatal plasma creatinine is
influenced not only by maternal creatinine levels93,94 but also by
muscle mass and activity,96 while BUN levels can be primarily
affected by protein intake and amino acid metabolic levels.97 To
comprehensively address these limitations, further in-depth
studies are required, with a specific focus on evaluating kidney
function before and after IGF-1 supplementation. This could be
achieved through a longer-term animal study with continuous
recording of GFR, plasma creatinine (maternal/neonatal), and
urine output.93,94 Despite these limitations, our study has provided
significant new preclinical evidence regarding the effects of
supplemental IGF-1 on kidney development following preterm
birth. This animal model can currently be used to investigate
short- and long-term kidney effects following various adverse
conditions related to preterm birth, including experimental birth
asphyxia, growth-restriction before and after birth,98,99 perinatal
inflammation100 and neonatal sepsis.101
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