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Abstract
Background Preterm infants are delivered while glomerulo-
genesis is ongoing and may be exposed to insults, including
medications that may affect renal development. Podocytes
detected in the urine are an indicator of glomerular injury.
The aims of this study were to determine whether preterm
and term infants excrete podocytes in their urine and wheth-
er exposure to gentamicin and indomethacin increase podo-
cyte excretion in their urine.
Methods Preterm infants <33 weeks gestation had urine
collected each day while receiving either gentamicin or
indomethacin. Preterm and term control infants had urine
collected for 3 days. The number of casts and podocytes
present in the urine of infants receiving indomethacin and
gentamicin were compared with preterm and term control
infants.
Results Forty-two neonates were included in the study.
Podocytes were present in small numbers (< 2) in the urine
of both preterm and term control neonates. The number of
podocytes in the preterm group receiving indomethacin was
significantly higher than in all other groups (p00.02) ,as
was urinary albumin (p00.02).
Conclusions Increased number of podocytes in preterm
neonates receiving indomethacin and higher excretion of

albumin suggest glomerular injury is occurring. It is un-
known whether injury to glomeruli during glomerulogenesis
in preterm neonates has long-term sequelae for renal devel-
opment and function into adulthood.
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Introduction

Premature birth (<37 weeks gestation) occurs in up to 12%
of deliveries and occurs in 1–3% of pregnancies <29 weeks
gestation [1]. In the human, glomerulogenesis continues
until 36 weeks gestation. The metanephron develops at
5 weeks gestation, with vesicular glomeruli development
occurring at 18 weeks gestation. Glomerular tubular devel-
opment occurs from 24 weeks gestation and is finally com-
plete at 36 weeks gestation [2–4]. A number of potential
renal insults may occur following preterm delivery. Patent
ductus arteriosus (PDA) occurs commonly in the premature
neonate, and indomethacin is frequently used to close the
ductus. Indomethacin is known to be nephrotoxic, causing
acute kidney injury in up to 25% of neonates [5]. Gentami-
cin is frequently administered to the premature neonate,
often at the same time as indomethacin. Gentamicin is also
known to be nephrotoxic and has been shown in in vitro
studies to affect nephron development [6]. The effect of
these nephrotoxic drugs in the human neonate during glo-
merulogenesis is unknown. Reduction in the number of
glomeruli has been implicated in the development of hyper-
tension and subsequent cardiovascular disease in animal
models and human studies [7–11]. In a neonatal rat model,
electron microscopic evidence of significant glomerular in-
jury with foot process effacement of the glomerular
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basement membrane has been shown [12]. The podocyte is
a highly differentiated cell that attaches to the outer aspect of
the glomerular basement membrane. It has three main com-
ponents: the cell body, major processes, and foot processes.
The cell body and major process are not attached to the
glomerular basement membrane but float in the Bowman’s
space. The foot processes that branch from the cell body and
major processes attach to the basement membrane and in-
terdigitate with the foot process of other podocytes [13]. The
filtration slits that are formed between the interdigitations
are bridged by an extracellular structure known as the slit
diaphragm. The function of the podocyte foot processes, slit
diaphragm, and glomerular basement membrane is to allow
filtration of water and small solutes, but not larger molecules
such as albumin. Damage to the podocyte has been impli-
cated in the development of glomerulosclerosis, albumin-
uria, and the progression of renal diseases, including
diabetic nephropathy [14–20]. Urinary excretion of podo-
cytes has been shown in a number of renal conditions and
may be a more specific marker of ongoing glomerular
damage than is proteinuria [21–27]. Podocytes in the urine
of preterm neonates could be a marker of glomerular injury
as a result of potentially nephrotoxic insults. The aims of
this study were to determine: (1) whether podocytes are
excreted in the urine of preterm and term neonates and; (2)
whether administration of indomethacin and gentamicin
results in excretion of podocytes in the urine of preterm
neonates.

Methods

After obtaining consent from a parent, neonates were divid-
ed into four groups and enrolled into the study: (1) neonates
24–32 weeks gestation receiving gentamicin (preterm gen-
tamicin); (2) neonates 24–32 weeks gestation receiving

indomethacin (preterm indomethacin); (3) neonates 24–
32 weeks gestation not receiving gentamicin or indometha-
cin (preterm control); and (4) term neonates not receiving
gentamicin or indomethacin and who were admitted for
treatment of hyperbilirubinemia or hypoglycemia (term con-
trol). Infants with acute kidney injury, severe sepsis requir-
ing inotropes or other nephrotoxic drugs, and with identified
chromosomal or congenital anomalies were excluded. Data
collected included gestational age, birth weight, exposure to
antenatal steroids, maternal smoking, exposure to antenatal
antibiotics, type of delivery, and Apgar scores.

Urine samples

Term and preterm control neonates not receiving gentamicin
had three urine samples collected in the first 3–4 days of

Table 1 Demographics of neonates

Preterm control(n 0 7) Term control(n 012 Preterm gentamicin (n 0 13) Preterm indomethacin (n 0 10)

Mean gestation weeks (±SD) 30.7 (0.96) 37.1 (1.5) 30.1 (1.6) 26.4 (1.7)

Mean BWt grams (±SD) 1,483 ( 391) 3,164 (769) 1,467 (290) 944 (897)

Mean maternal age ± (SD) 30 (4.6) 27.7 (3.4) 30.4 (4.9) 29.7 (5.2)

Mean Apgar 1 (±SD) 5.3 (1.5) 7.6 (1.4) 6.5 (1.7) 4.3 (1.3)

Mean Apgar 5 (±SD) 7.0 (2.0) 8.3 (1.1) 7.9 (1.1) 6.3 (1.1)

Maternal smoking 0/7 1/12 5/13 2/7

Male gender 4/7 8/12 9/13 5/10

Complete course antenatal steroids 7/7 0/12 5/13 5/10

Antenatal ampicillin 0/7 1/12 8/13 2/10

Antenatal gentamicin 0/7 0/12 6/13 2/10

Vaginal delivery 0/7 8/12 7/13 6/10

BWt birthweight

Fig. 1 Urine sample from a preterm male neonate from the indometh-
acin group showing multiple podocytes (arrows) and a single cast
(asterisk), all expressing podocalyxin [single-staining phenazine
methosulfate 5 (PMS5), original magnification x400)
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admission to the neonatal intensive care unit. Urine was
collected using plastic wrap placed in the nappy of female
neonates and aspirated using a syringe. Male infants had a
urine collection bag placed over the penis and urine aspirat-
ed by syringe from the collection bag. Preterm neonates
receiving gentamicin and preterm neonates receiving indo-
methacin had urine samples collected on each day they were
receiving treatment and 1 week following treatment. Sam-
ples were collected for urine albumin, urine creatinine, and
albumin:creatinine ratio, as well as for cytological examina-
tion for podocyte and cast assessment.

Cytological assessment

Samples were prepared as soon as practicable on receipt in
the laboratory, generally within 1 h of collection (even
outside normal working hours). Three slides were prepared
for each sample received. As some samples were extremely
low in volume, 1.0 ml of CytoLyt was added to all samples
and the sample was then divided into three single-hole
chambers of the centrifuge, using a maximum of 0.5 ml of
urine for each slide. Cytospins were prepared by centrifu-
gation at 600 rpm for 5 min. Two slides were air dried on
positively charged slides and a third slide was fixed in 95%
alcohol for 20 min. The alcohol-fixed slide was stained with
(PAP). The air-dried slides were fixed in 100% alcohol for
10 min then rehydrated prior to immunohistochemistry on
the BenchMarch immunohistochemical (IHC) staining

module (Ventana). Both single [diaminobenzidine (DAB)]
and double (DAB and Red Naphthol) staining was per-
formed. The slides were incubated with monoclonal anti-
body markers for podocytes (antihuman podocalyxin,
PHM5, Millipore 1/40 dilution with no retrieval, Chemicon,
Boronia, VIC, Australia) and a macrophage marker (CD68,
DakoCytomation, 1/1500 dilution with standard heat re-
trieval for 32 min). Nucleated podocalyxin-positive cells
were considered to be podocytes. Light microscopy and
immunohistochemistry was assessed by one cytologist
blinded to the treatment group. Each urine sample was
assessed for the following features: presence and number
of podocytes, presence and number of macrophages, pres-
ence and number of casts, presence of inflammatory cells,
presence of squamous cells and urothelial cells, and pres-
ence of bacteria. The immunohistochemistry was used to aid
in identification of the podocytes and to distinguish them
from macrophages; 30% of the slides were independently
assessed by a pathologist, and a consensus was reached
regarding numbers of podocytes present in each slide if
there was a difference.

Statistical analysis

Statistical analyzes were performed using the Predictive
Analytics Software (PASW for windows. Release 18.02
SPSS: An IBM Company, Chicago, IL, USA). Numerical
values were analyzed using Kruskal–Wallis nonparametric

Table 2 Urinary podocyte, cast, and biochemistry results per group

Preterm control
(n 0 7)

Term control
(n 0 12)

Preterm gentamicin
(n 0 13)

Preterm indomethacin
(n 0 10)

P value

Median podocyte count (±IQR) 0.5 (0–1.0) 0.3 (0–1.0) 0.7 (0.3–1.9) 2.4 (1.6–6.4) 0.02*

Median cast count (±IQR) 8.0 (1.7–11.8) 3.5 (0.2–7.7) 14.8 (2.2–22.3) 23.8 (1.7–37.8) 0.11

Median urinary albumin (±IQR) 31 (26–45.5) 29.2 (13.3–49.7) 34.3 (29.4–58) 61 (35.5–95.6) 0.02*

Median urinary creatinine (±IQR) 1.4 (1.1–1.7) 1.3 (1–1.7) 1.0 (0.7–1.6) 1.1 (0.8–1.7) 0.28

Median urinary albumin:creatinine ratio (±IQR) 25.6 (17.9–32) 24.9 (8.4–32.3) 41.4 (32–49.5) 49 (46.3–73.9) <0.0001*

IQR interquartile range

* P<0.05

Fig. 2 Urinary podocyte, cast,
and biochemistry results (*p<
0.05 ,as per Table 2)
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tests for nonnormally distributed data. Categorical values
were analyzed using the chi-square test. A p value of <0.05
was considered significant. For analysis, the average number
of podocytes, casts, urinary albumin, urinary creatinine, and
urinary albumin:creatinine ratio per number of urine samples
submitted during treatment was used. The study was approved
by the local Human Research Ethics Committee.

Results

Forty-two infants were enrolled into the study; the demo-
graphics of infants in each group are provided in Table 1.
Between the preterm groups, the indomethacin group was of

younger gestation (p<0.0001), birthweight (p00.001), and
had lower Apgar scores (p00.006 and 0.04, respectively),
which is to be expected, as this is the group with the highest
risk of requiring treatment for a PDA. The preterm control
group were more likely to have received a complete course
of antenatal steroids (p00.03) and less likely to have re-
ceived antenatal ampicillin (p00.01), as they were electively
delivered for maternal hypertension. The differences be-
tween the term control groups and the preterm groups were
to be expected due to gestational age, birthweight, exposure
to antenatal steroids, and antenatal antibiotics. There were
no significant differences between maternal age and mater-
nal smoking between groups.

Podocytes and casts were found in the urine of all groups
of neonates; however, in preterm and term control groups,
only one infant on average had more than one podocyte in
their urine. The number of podocytes in the preterm group
receiving indomethacin was significantly higher than all
other groups (p00.02) (Fig. 1), as was urinary albumin
(p00.02). Urinary albumin:creatinine ratio was significantly
higher in the preterm group receiving indomethacin (p<
0.0001) (Table 2 and Fig. 2). Mean patient age of adminis-
tration of indomethacin was 6.6 (range 2–18) days, indicat-
ing that the elevated ratio was related to medication
administration rather than postnatal age. The number of
casts in the indomethacin-treated group was greater than in
the other groups but did not reach statistical significance
(Fig. 3). There were no significant differences in the number
of podocytes or casts during treatment and 1 week following
treatment in either the preterm gentamicin (p00.44; p00.14,
respectively) or preterm indomethacin (p00.26; p00.77,
respectively) groups, although these groups had more in-
flammatory cells and background amorphous debris than the
control groups (Fig. 4a, b). There was no significant

Fig. 3 Urine sample from a preterm male neonate from the indometh-
acin group showing granular casts staining brown with podocalyxin
[single-staining phenazine methosulfate 5 (PMS5), original magnifica-
tion x1,000]

Fig. 4 a Urine sample from a preterm male infant receiving gentami-
cin showing large numbers of micro-orgamisms, red blood cells, and
macrophages [Papanicolaou (PAP) stain, original magnification x400].
b Urine sample from the same preterm male infant receiving

gentamicin showing a cluster of macrophages (stained red) in a back-
ground showing amorphous debris that is highlighted with the podo-
cyte marker phenazine methosulfate (PMS) (stained brown) (double
staining CD68 and PMS5, original magnification x400)
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difference in creatinine levels on the first day of treatment
between groups, the medians being 72 μmol/L, 63 μmol/L,
60 μmol/L, and 63 μmol/L, respectively (p00.7).

An analysis was performed comparing all preterm groups
with term neonates. Preterm neonates had a significantly
higher number of podocytes and casts in their urine in com-
parison with term neonates (p00.04; p00.03, respectively).
Urinary albumin was higher in preterm neonates but did not
reach statistical significance, and there was no difference
between urinary creatinine between preterm and term neo-
nates (p00.05; p00.23) ( Table 3). With removal of the
indomethacin-treated preterm group, this difference was no
longer evident (p00.22). As expected, urine from female
infants had more squames than that of male infants (Fig. 5).

Discussion

This study is the first reported in the literature to look for
podocytes in the urine of neonates, and both podocytes and

casts were found in preterm and term neonates. This is also
the first study reported in the literature to look for podocytes
in the urine of neonates treated with gentamicin and indo-
methacin. Preterm neonates receiving indomethacin had
significantly higher numbers of podocytes in their urine,
suggesting that glomerular injury may be occurring in these
infants. It is possible that because these infants were more
preterm than the preterm control and gentamicin groups that
this could account for the difference, but given that—across
all gestational ages—there was generally only one podocyte
in a urine sample, this would seem unlikely. Urinary albu-
min was also elevated in this group, which would go along
with damage occurring at the podocyte level, damaging the
slit diaphragm and allowing more albumin excretion to
occur. The greater number of podocytes and casts in the
urine of preterm neonates in comparison with term neonates
was no longer significant after removal of the indomethacin-
treated group, although the trend was still toward a higher
number. The preterm group receiving gentamicin did not
have an increased number of podocytes in comparison with
preterm control and term control groups, suggesting that
gentamicin does not cause significant glomerular injury.

The presence of podocytes in the urine of preterm and
term neonates has not been previously studied; thus, it was
not possible to make a power calculation to determine the
number of neonates needed in the study to determine a
significant difference with treatment of gentamicin and in-
domethacin. Consequently, this is an initial study, and as
such, the results may be affected by the small numbers of
infants analyzed. Parietal podocytes and visceral podocytes
stain with podocalyxin [28], and if parietal cells are present,
this would also suggest glomerular injury. Urine samples
were not collected at a specific time after drug administra-
tion due to the inherent difficulty of obtaining samples in
extremely premature neonates and thus may affect the num-
ber of podocytes present in the urine. With some of the
extremely premature neonates, an occasional urine sample
was not always 0.5 ml and was made up to 1 ml with extra
CytoLyt, which would have underestimated the number of
podocytes. Given the small numbers of study participants, it

Table 3 Urinary podocyte, cast, and biochemistry results between preterm and term infants

Term control
(n 0 12)

Preterm (n 0 30) P value Preterm excluding
indomethacin (n 0 20)

P value

Median podocyte count (±IQR) 0.3 (0–1.0) 1.0 (0.3–2.3) 0.04* 0.6 (0.3–1.7) 0.22

Median cast count (±IQR) 3.5 (0.2–7.7) 13.5 (1.8–25.1) 0.03* 10.9 (2–19.8) 0.08

Median urinary albumin (±IQR) 29.2 (13.3–49.7) 37.1 (29.5–60.6) 0.05 32.3 (28.6–53.5) 0.24

Median urinary creatinine (±IQR) 1.3 (1–1.7) 1.1 (0.8–1.6) 0.23 1.2 (0.8–1.7) 0.32

Median urinary albumin:creatinine ratio (±IQR) 24.9 (8.4–32.3) 43.5 (28.5–53.7) 0.001* 33.5 (26.3–47.5) 0.009*

IQR interquartile ratio

* P<0.05

Fig. 5 Photomicrograph of a urine sample from a female neonate in
the preterm control group showing a single podocyte (arrow) in a
background of a large number of mature squames [single staining for
phenazine methosulfate 5 (PMS5), original magnification x400]
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is not possible to make a further analysis of other potential
confounders, such as maternal smoking, antenatal steroid
and antenatal gentamicin exposure.

Indomethacin has been shown to cause acute renal failure
in up to 25% of neonates and from a neonatal animal model
appears to involve glomerular as well as tubular injury [5,
12]. This study, which showed increased podocytes in the
urine of neonates treated with indomethacin, supports this
finding. We did not examine study participants for tubular
cells in the urine to support our neonatal animal model,
which showed both glomerular and tubular injury. Given
these potential nephrotoxic insults, other possible treatment
options might be considered for treatment of a PDA. How-
ever, the only other medical option for closure of the PDA is
ibuprofen, which is also shown to injure glomeruli in a
neonatal animal model and has been shown to affect glo-
merular filtration rate (GFR) during the first month of life in
human studies [12, 29, 30]. Judicious use of these medica-
tions during the neonatal period is warranted and should be
balanced with the clinical condition of the neonate and the
severity of the PDA.

There is growing animal and human evidence that pre-
maturity is associated with alterations in glomerulogenesis
[31–35]. Although glomerulogenesis still occurs in preterm
neonates, the morphology of these glomeruli is abnormal
[36]. The reduction in glomerular number and abnormal
morphology, and ultimately their function, may risk renal
impairment later in life. Given these findings, it is preferable
to avoid administration of drugs that may be nephrotoxic,
particularly to the developing glomerulus, as this may have
further impact on glomerular number and function later in
life. The relationship between glomeruli number and hyper-
tension in later life has been shown in human studies [37,
38]. There is emerging evidence that premature infants have
higher blood pressure in young adulthood; the etiological
cause of this is unclear [39–42].

Along with long-term follow-up of neurodevelopmental
outcome, long-term renal follow-up of extremely premature
neonates may be important as well. Rodriguez-Soriano et al.
found that GFR and tubular phosphate transport was altered
in school-age children born prematurely [43]. Early data on
renal growth and volume of kidneys in those born preterm is
unclear, with conflicting evidence [44, 45]. A study by
Keijzer-Veen et al. found reduced renal length and volume
in young adults 20 years after preterm birth [46]. More
research is, however, required.

Conclusions

Preterm neonates receiving indomethacin have increased
numbers of podocytes in their urine, suggesting that glomer-
ular injury may be occurring. It is unknown whether injury

to glomeruli during glomerulogenesis in preterm neonates
has long-term sequelae for renal development and function
into adulthood. Judicious use of indomethacin for treating
PDA in extremely preterm neonates should be considered,
weighing the short-term benefits with potential long-term
sequelae.
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