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Immature megalin expression in the preterm neonatal kidney is
associated with urinary loss of vitamin carrier proteins
Jennifer R. Charlton1, Matthew W. Harer2, Courtney Swan3 and Rikke Nielsen4

BACKGROUND: Vitamin A and D deficiencies are common in preterm infants. Megalin is an endocytic receptor in the proximal
tubule, which reabsorbs retinol-binding protein (RBP) and vitamin D-binding protein (VDBP). Although the proximal tubule is
immature in preterm infants, little is known about megalin expression during kidney development. In this study, we establish the
abundance of megalin in the developing human kidney and its relationship to the urinary excretion of vitamin carriers in preterm
infants.
METHODS: We analyzed a postmortem group (20–40 weeks gestation), where we used morphometric means of measuring
megalin and its ligands in kidney tissue and a living group of patients (28–40 weeks), where urinary RBP and VDBP were measured.
RESULTS: The presence of megalin, RBP, and VDBP increased in the proximal tubule through gestation. At birth the urinary
concentration of RBP and VDBP were higher in the 28–32 week group compared to the 38–40 week group and a significant inverse
correlation of tissue megalin and urinary loss of RBP and VDBP existed.
CONCLUSIONS: Preterm infants experience vitamin carrier protein losses, which are associated with decreased megalin expression.
This developmental expression of megalin in the kidney has clinical implications in the prevention of vitamin deficiencies in
preterm babies.
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INTRODUCTION
Vitamin deficiencies, particularly of vitamins A (retinol) and D, are
common in preterm infants1,2 and can affect ex utero organogen-
esis.3 Several theories have been proposed to explain the etiology
of vitamin A and D deficiencies in preterm infants, including
inadequate stores, suboptimal supplementation, and urinary
losses. In fetal life, proteins present in the urine are detectable
in the amniotic fluid. However, when a preterm neonate is born,
ongoing urinary losses may contribute to the development of
deficiencies. The placenta carries out the majority of excretory
function in utero, however in the ex utero preterm kidney, urinary
losses may result from immaturity of the reabsorptive system.
Clinically, preterm infants have variable degrees of proximal
tubular immaturity, as evidenced by metabolic acidosis and
excretion of higher levels of low molecular weight proteins.4 Our
previous work demonstrates the changes in the urinary profiles of
26 neonates stratified into a preterm and term group from birth to
12 months. Some of these proteins had known biological roles
such as the insulin like growth factor family including IGFBP1, −6,
and IGF II, and others had unknown significance such as Siglec-5.
Importantly, none of the differences between the preterm and
term group’s urinary profiles existed 6 months after birth.4 The
degree and composition of the proteinuria may be particularly
relevant for the long term renal health of these infants as
proteinuria at the time of discharge from the hospital may be a
harbinger of chronic kidney disease in the smallest, most preterm
neonates.5

The endocytic receptors megalin and cubilin are responsible for
prevention of low molecular weight proteinuria by mediating
reabsorption of a variety of low molecular weight proteins at the
apical pole of the proximal tubule, and they account for the
transport mechanism by which aminoglycosides enter the
proximal tubule.6–9 In animal models, the expression of megalin
increases within the kidney through gestation and into the early
postnatal period.10 Although data for neonatal kidney megalin
expression are lacking, megalin ligands such as cystatin C,
neutrophil gelatinase-associated lipocalin (NGAL), liver type fatty
acid binding protein (L-FABP), and clusterin have been found in
the urine of preterm infants.11–13 However, the relationship
between megalin expression in the developing human kidney
and loss of vitamin carriers has not been established.
To investigate the relationship between proximal tubule

megalin expression and urinary megalin ligands in humans, we
designed a study examining two separate cohorts of neonates. In
cohort #1, megalin and megalin ligand abundance in the proximal
tubule during 20–40 weeks gestation were evaluated in the renal
cortex of autopsy tissue using a semi-quantitative method. In
cohort #2, RBP and VDBP were quantitated in the urine from living
preterm infants from 28–40 weeks. Our results demonstrate that
megalin expression increases in the developing kidney and that
there is a relationship between renal megalin expression and
urinary losses of vitamin carriers. This suggests that immature
megalin expression may be important with regard to vitamin
homeostasis and organogenesis in the preterm neonate.
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METHODS
Postmortem kidney analysis from fetal and preterm neonates:
cohort #1
Archived kidneys were obtained from the University of Virginia,
Department of Pathology. Only samples for which there was
informed parental consent for autopsy were included in the study.
Because of the de-identified nature of the samples, the University
of Virginia’s Institutional Review Board determined this project did
not meet the criteria for Human Subjects research and therefore
was not subject to IRB-HSR review. Samples were collected from
2006 to 2014.

Inclusion and exclusion criteria. Kidney samples were collected
from fetuses and neonates from 20–40 weeks gestation. Any
neonates that survived greater than 7 days, had a diagnosis of
congenital anomaly of the kidney or urinary tract, or showed
histologic evidence of renal disease were excluded from analysis.
Kidney tissue with evidence of significant autolysis was also
excluded.

Population characteristics. The gestational age, sex, cause of
death, kidney, and body weight for each subject was recorded
(Table 1). Subjects were stratified into the following groups: fetal
or preterm, and gestational age categories (Group #1: 20–23 6/7,
#2: 24–28 6/7, #3: 29–32 6/7, #4: 33–35 6/7, and #5: > 37 weeks).
Subjects who died in utero were classified as “fetal”. Those that
survived resuscitation, but died prior to 7 days were deemed
“preterm”.

Histologic preparation of kidneys. At autopsy, each kidney was
removed, weighed, formalin-fixed, and cut into portions contain-
ing both cortex and medulla. The kidney sample was dehydrated,
embedded in paraffin using standard techniques, and sectioned at
5 microns. Lotus tetragonolobus lectin (Vector Laboratories)
staining, which identifies mature human proximal tubule cells,
was identified in the following manner: paraffin embedded kidney
sections were treated with proteinase K enzymatic digestion prior
to contact with biotinylated Lotus lectin (1:50 dilution) followed by
the ABC-DAB reaction.14 Megalin and the megalin ligands RBP and
VDBP were detected in a similar fashion. Kidney tissue sections
were pre-treated in order to quench and neutralize both
endogenous peroxidase (H2O2 in methanol) and biotin (avidin-
biotin (ABC) blocking kit, Vector Laboratories, Burlingame, CA)
with a citrate antigen retrieval step. Details of the antigen targets
and antibodies are provided in Supplemental Table S1.

Quantitation. Quantitation of proximal tubules, megalin, RBP,
and VDBP abundance was accomplished by analyzing the DAB
reaction within each image (ImagePro Plus 5.1, Media Cybernetics,
Silver Springs, MD). Renal cortical volume fraction of proximal
tubules and antigens of interest were measured using a
stereologic approach as described in previous publications,14 in

which 10 fields were photographed at ×20 magnification in the
subcapsular region (Fig. 1a) and the DAB reaction product was
expressed as a percent area value (volume fraction [Vv]). By low
magnification, Fig. 1b demonstrates the signal intensity of the
expression of Lotus, megalin, RBP, and VDBP. A positive control (a
healthy wildtype mouse kidney) was stained in each batch of
human tissues to validate the staining procedure and ensure that
methodological variability was detected.

Assessment of RBP and VDBP in preterm neonates: cohort #2
Subject selection. The University of Virginia Institutional Review
Board approved the urine collection and informed parental
consent was obtained for each subject. The subjects were
recruited from the newborn nursery and Neonatal Intensive Care
Unit. Infants were enrolled in two preterm groups ( < 33 weeks
and 33–35 weeks) and a term group ( > 38 weeks). A physical
exam, including estimation of gestational age by Ballard exam,
demographics, and prenatal history were performed or collected
from the chart. Subjects were excluded if a congenital renal
abnormality was detected. A summary of subject characteristics is
provided in Table 2.

Urine collection and analysis. Urine was collected within 48 hours
of birth using a U-bag collection device. In the < 33 week group
urine was collected again 4 and 8 weeks after birth. The
33–35 week had urine collected at birth and again 4 weeks after
birth. This provided birth samples and urine samples at the time
the neonate was 40 weeks postmenstrual age, or full term. The
urine was centrifuged, aliquoted, and stored at −80 °C for analysis
of protein, creatinine, RBP, and VDBP. RBP was quantified using an
ELISA kit, the DetectX RBP Immunoassay Kit (Arbor Assays, Ann
Arbor, MI). VDBP was quantified using the Human Vitamin DBP
Quantikine ELISA Kit (R&D systems, Minneapolis, MN).

Statistical analysis. Statistical analyses were performed using
GraphPad Prism version 7.00 (GraphPad Software; La Jolla,
California). Two-way ANOVA was used to compare the expression
of the target of interest within the gestational age categories and
further analyzed using Dunnett’s multiple comparisons test. The
urine RBP and VDBP data was analyzed using Kruskal Wallis test
and further analyzed using Dunn’s multiple comparison test.
Spearman’s correlation was used to compare tissue targets of
interest and tissue megalin to urinary biomarkers. A two-tailed
significance of 0.05 was used for all tests.

RESULTS
Tissue content of megalin, RBP, and VDBP
The mature proximal tubular fraction, measured by Lotus
expression, was significantly lower in the 20–23, 24–28, and
33–35 week groups as compared to 38–40 week group, but no
significant changes were observed from 20 to 35 weeks (Fig. 2).

Table 1. Summary of postmortem kidney analysis of cohort #1

Gestational
age (wk)

Body weight (kg) Kidney weight (g) Fetal death
(n)

Causes of death

Median IQR Mean ± SD Mean ± SD

20–23 weeks (n= 8) 21.5 21–23 0.34 ± 0.13 3.99 ± 2.35 5 Cervical incompetency, skeletal dysplasia, prematurity,
intrauterine death

24–28 weeks (n= 7) 26 24–27 0.75 ± 0.33 10.51 ± 11.51 3 Intrauterine death, prematurity, intraventricular
hemorrhage, respiratory complications

29–32 weeks (n= 3) 32 30–35 1.14 ± 0.38 13.93 ± 7.06 1 Placental insufficiency, prematurity

33–35 weeks (n= 3) 35 35–35 2.86 ± 0.66 30.28 ± 10.59 0 Congenital diaphragmatic hernia, placental abruption

36–41 weeks (n= 6) 40 38–40 3.65 ± 0.62 31.68 ± 9.10 4 Intrauterine death, hypoplastic left heart
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Megalin expression in the proximal tubule increased over
gestation, indicating that the Lotus positive tubules increasingly
express megalin as part of their maturation (Fig. 1b highlights the
Lotus+ /megalin− tubules in a serial section). The abundance of
both RBP and VDBP in the proximal tubule similarly increased
across the gestational ages. Tissue abundance of RBP was lower in
the kidneys of those from 20–35 weeks gestation compared to the
38–40 week group. Although the VDBP tissue levels were
significantly lower in the 20–23 and 24–28 week groups, by
29–32 weeks there was no difference in VDBP tissue abundance
compared to the 38–40 week group. The fractional expression of
megalin within the proximal tubule was compared to the megalin
ligands, RBP, and VDBP. The significant correlation between
megalin expression and both RBP and VDBP is demonstrated in
Fig. 3 (Spearman correlation; RBP: r= 0.99, p= 0.008; VDBP: r=
0.9, p= 0.04).

Urinary excretion of RBP and VDBP
In cohort #2, urinary RBP and VDBP were found in higher
concentrations in the 28–32 week group as compared to the
38–40 week group at birth (RBP: mean rank difference: 29.0, p=
0.0001; VDBP: mean rank difference: 17.9, p= 0.049). Urinary RBP,
but not VDBP, decreased over time in the 28–32 week group.
Urinary RBP was higher at birth compared to that at 2 months
after birth (corrected full term) (mean rank difference: 37.5, p=
0.005) (Fig. 4). When the 28–32 and 33–35 week groups were
corrected to full-term gestational age and compared to the
38–40 week group, there was no difference in the urine RBP or
VDBP concentration (28–32 wk: RBP: mean rank: −8.5, p > 0.99;
VDBP: mean rank: 0.25, p > 0.99 and 33–35 wk: RBP: mean rank:
14.1, p= 0.52; VDBP: and mean rank: 3.1, p > 0.99).

The urinary concentration of RBP was significantly higher than
VDBP in the 28–32 week group at birth (mean diff; 257.0, p <
0.001) (Fig. 5). There was no difference between the RBP and VDBP
concentrations at birth in either the 33–35 or 38–40 week groups.

Correlation between tissue megalin and urinary ligands
As demonstrated in Fig. 6, there is a strong inverse correlation
between megalin content assessed in cohort #1 and urinary
excretion of RBP and VDBP in cohort #2 (RBP: r=−0.79, −0.89
to −0.61, p= <0.001; VDBP: r=−0.65 −0.83 to −0.34, p= 0.003).

DISCUSSION
This study demonstrates a progressive increase in megalin
expression in human renal tissue during the gestational ages of
20 to 40 weeks, emphasizing a relative state of megalin deficiency
in the immature preterm kidney. Proximal tubule immaturity is
clinically notable in the preterm neonate, characterized by the
variable degrees of electrolyte wasting, metabolic acidosis and
low molecular weight proteinuria, including the megalin ligands
β-2-microglobulin, cystatin C, and NGAL, which can now be
directly attributed to the developmental expression of megalin
shown in this study.11.Although there are a multitude of megalin
ligands, we chose to focus on RBP and VDBP,15,16 as both have
biologic relevance to preterm infants. We additionally recognize
the critical role that cubilin may play in the developing kidney,
however restricted this study to examining only megalin, since the
uptake of cubilin-ligands is dependent on megalin driven
endocytosis in the kidney.8,17 Here, we show a concurrent increase
of the endocytosed megalin ligands, RBP, and VDBP in human
renal tissue during gestational ages 20–40 weeks. The increased

Table 2. Demographics of cohort #2

Gestational age (wk) Body weight (kg) Sex Race Ethnicity

Median IQR Mean ± SD % male % Caucasian % Hispanic

< 32 weeks (n= 12) 30.5 29.3–31.8 1.49 ± 0.29 67 75 8

33–35 weeks (n= 13) 34 33.5–35.0 2.47 ± 0.43 77 85 17

38–40 weeks (n= 13) 39 38.5–39.0 3.33 ± 0.37 38 70 23

Lotus

RBP

a b
Megalin

VDBP

Fig. 1 a Diagram of proximal tubule quantification by microscopy and morphometric evaluation. Example of methodology for collection and
quantification of cortical proximal tubule fraction (proximal tubule epithelium is identified by Lotus lectin staining in upper micrograph);
similar staining was used to identify megalin, RBP, and VDBP. Ten subcapsular areas (red squares) were photographed and analyzed for the
four parameters by highlighting DAB staining (highlighted in red in lower version of the micrograph) and calculating the fractional area
contribution to generate volume fraction. b Representative images of Lotus, megalin and megalin ligands: RBP and VDBP from the same
subject, 23 week fetus. The sections stained for Lotus (a) and megalin (b) are serial sections and demonstrate Lotus+ /megalin− proximal
tubules in the subcapsular region. The RBP and VDBP panel demonstrate the expression in different proximal tubules with a lack of ligand
expression in the subcapsular region
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expression of megalin in human renal tissue of preterm infants
through the second half of gestation appears is inversely
correlated with urinary excretion of RBP and VDBP.
Megalin is an endocytic receptor encoded by the large LRP2

gene and is located within the proximal tubule of the kidney,
however it is also expressed in other absorptive human tissues
including the placenta, yolk sack, ciliary epithelium, and the
choroid plexus.10 Many megalin ligands are carrier proteins for
vitamin transportation. Vitamin A and its derivative retinoids are
bound and transported in the in human body by RBP.18 Direct
measurement of vitamin A is challenging, while measurement of
RBP has been shown to be a good surrogate of vitamin A status.19

In this study, we used a semi-quantitative method to detect an
increasing amount of RBP in the proximal tubules of preterm
neonates from 20–38 weeks gestation and a similar decrease in
RBP excretion in the urine of living infants from 29 weeks
gestation. There was no difference in the urinary loss of RBP in
premature infants when they reached 38 weeks corrected
gestational age as compared to the term babies at birth. The
calculated urinary losses in the 28–32 week group amount to ~84
μg retinol/mmol creatinine. Although it is intriguing to note that
the preterm urinary loss of retinol are in the same range as
observed in full blown Fanconi syndrome adult patients (132 μg
retinol/mmol creatinine),7 care must be taken to not misinterpret
our results as serum retinol was not measured in the present study
and the degree of urinary creatinine excretion can vary in preterm
neonates.
The urinary loss of retinol is particularly important to preterm

neonates who continue organogenesis after birth, including a

significant portion of renal development, vitamin A was first
implicated in renal hypoplasia in the early 1950s when Wilson
et al. found that maternal vitamin A deficiency resulted in renal
hypoplasia.20 Since that time, several studies have reported the
effects of retinoic acid, a vitamin A metabolite, on kidney
embryogenesis. Retinoic acid has been found to act on
mesenchymal cells, stimulating them to release key branching
morphogens, induce kidney tubulogenesis, and promote branch-
ing nephrogenesis in animal studies, tissue culture and in vitro,
respectively.21–24 Animal studies revealed that a 50% decrease in
maternal vitamin A concentrations is associated with reduction of
fetal nephron number by as much as 20%.2 Notably, supplemen-
tation with retinoic acid or vitamin A restored nephron endow-
ment in the offspring of rats subjected to maternal protein
restriction.25 Beyond the kidney, the loss of RBP may have clinical
impact on other important organs in the preterm infant. For
example, human studies have shown that preterm infants with
low plasma and tissue concentrations of vitamin A are more likely
to have chronic lung disease.26 In a multicenter randomized trial,
supplementation of Vitamin A to preterm infants reduced the risk
of chronic lung disease.27 Interestingly, there were no signs of
vitamin A toxicity in this study. However, urinary RBP was not
measured. Lack of vitamin A toxicity in this study raises an
interesting question: could increased urinary excretion of RBP in
preterm infants confer protection from vitamin A toxicity?
The second megalin ligand examined in this study was VDBP, to

which the majority of vitamin D in the circulation is bound. We
demonstrate less VDBP in the tissues of the most preterm infants,
less VDBP in the urine than RBP in the 28–32 week group at birth
by nearly 100-fold, and more VDBP in the urine of the 28–32 week
group than the 38–40 week group. However, there was a high
degree of variability in the fractional volume of VDBP measured
within the human kidneys possibly due to biologic variability
secondary to maternal exposures or neonatal conditions. Addi-
tionally, there was no increase in the tissue VDBP levels from the
33–35 to the 38–40 weeks groups simultaneously with the
decrease in urinary VDBP levels mentioned above. It is possible
that equilibrium has been reached between uptake and lysosomal
degradation of VDBP. Thus, at some point the tissue level of e.g.,
VDBP will not increase, even though more VDBP is taken up,
because it is degraded in the lysosomes at the same rate as the
system matures. Both the vitamin and its carrier, VDBP, are
biologically important in the fetus and developing neonate. VDBP
is a carrier of vitamin D, a second fat-soluble vitamin which exerts
effects on various organs, VDBP may also have anti-inflammatory
and immunomodulatory functions independent of vitamin D
carriage.28 The role of vitamin D and VDBP in the renal health of
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preterm infants has not been explored; however, vitamin D
deficiency has been associated with worse outcomes in many
preterm conditions. Up to 55% of preterm infants born weighing
< 1000 g have vitamin D deficiency which is associated with
metabolic bone disease of prematurity, respiratory distress
syndrome, sepsis and retinopathy of prematurity.29–31

Premature birth is, as we have shown in this study,
accompanied by an immature reabsorptive system in the
proximal tubule. Despite a modest increase in Lotus positive
proximal tubules at 38–40 weeks, there was no difference in
volume fraction of total proximal tubules from 20–35 weeks and
furthermore there were areas, most prominently at the cortical
surface of the kidney, which were Lotus positive and megalin
negative (Fig. 1b), highlighting that the machinery for reabsorp-
tion is immature in developing proximal tubules. At the same
time, we observed an increase in megalin during gestation,
suggesting that the maturation of proximal tubules includes
expression of megalin. This is supported by a study by Lima et al.
showing a positive relationship between differentiation and
megalin expression.32 In utero a robust proximal tubule
reabsorptive capacity is not essential, as the urinary excretion

of vital substances will be preserved in the amniotic fluid, from
which the fetus potentially can reclaim them by gastrointestinal
absorption. Gastrointestinal reabsorption of megalin ligands is
supported by rodent data. In 2014, Vazquez-Carretero et al.
published their findings, showing that megalin was present in
the jejunum and ileum of suckling rats (5 days after birth) and
that both mRNA and protein expression of megalin decreased as
the pups aged.33 Furthermore, the expression of megalin was
maintained if the pups were continued on a commercially
available milk diet as opposed to moving to a solid diet of rat
chow. Our group has preliminary data suggesting the human
fetal intestine expresses megalin in early gestation, and that this
expression may be lost or attenuated after birth, similar to the
situation in rodents (unpublished data). However significant
autolysis of the human intestine after intrauterine death
precluded the inclusion of the fetal intestinal megalin in the
present study. Thus, in contrast to the “closed” in utero system
where fetal urine contributes to amniotic fluid and reabsorbed
by the gastrointestinal tract, it could be hypothesized that the
neonate born preterm loses this ability to conserve what is lost in
the urine.
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A recognized limitation to this study is the different subject
cohorts for the renal tissue and urinary biomarker assessments. It
is possible that the renal tissue evaluation was confounded by
factors that lead to death and at most this study highlights
correlations between tissue expression. However, there is no
ethical means to directly correlate urine biomarkers such as RBP
and VDBP to histologic findings. Despite this limitation, our results
are in alignment with published work that demonstrates the
urinary excretion of many megalin ligands such as β-2-micro-
globulin, cystatin C and NGAL, decrease with increasing gesta-
tional age.11 The urinary excretion of megalin ligands, particularly
urinary NGAL, has been shown to be an excellent noninvasive
biomarker for AKI in preterm infants (AUC= 0.91).13 This increase
of many megalin ligands in the urine is supported by the
observation in animal models of AKI demonstrating downregula-
tion of megalin in the proximal tubule after AKI was induced with
resultant increases of urinary megalin ligands.34–37 Megalin
deficiency, or immaturity in the proximal tubule of preterm
neonates, may not be the only reason for urinary losses of megalin
ligands. Further work is necessary to determine the significance of
other apical receptors in the proximal tubule (including but not
limited to cubilin, villin, and amnionless) of preterm infants and
what factors may influence their maturity. Notwithstanding, our
results demonstrate an underlying mechanism for the urinary
presence of these megalin ligands, namely decreased megalin
levels in the proximal tubule both in development and during AKI.
In conclusion, our study shows that megalin expression

increases in the proximal tubule throughout gestation, and
therefore that preterm babies have sub-normal megalin levels at
birth. This is correlated with a decreased rescue of RBP and VDBP
from urinary losses, as evidenced by decreased endocytosis and
supported by increased urinary RBP excretion, both of which
decrease with age in preterm infants. Although further validation
is necessary, urinary RBP and VDBP may serve as biomarkers for
proximal tubule megalin expression. The developmental expres-
sion of the megalin receptor has several important clinical
consequences for the preterm population, most importantly the
conservation of vitamins A and D with potential impact on
nephrogenesis. Furthermore, the developmental expression of
megalin in preterm neonates may have broader implications
including the discovery of other biological important urinary
losses and the development of rapid assessments of the urine in
order to replace clinically relevant factors with greater precision.
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