
BASIC SCIENCE ARTICLE

Maternal inflammation exacerbates neonatal hyperoxia-
induced kidney injury in rat offspring
Chung-Ming Chen 1,2 and Hsiu-Chu Chou3

BACKGROUND: Preclinical studies have demonstrated that maternal inflammation or neonatal hyperoxia adversely affects kidney
maturation. This study explored whether prenatal lipopolysaccharide (LPS) exposure can augment neonatal hyperoxia-induced
kidney injury.
METHODS: Pregnant Sprague–Dawley rats received intraperitoneal injections of LPS (0.5 mg/kg) in normal saline (NS) or NS on 20
and 21 days of gestation. The pups were reared in room air (RA) or 2 weeks of 85% O2, creating the four study groups, NS+ RA, NS
+O2, LPS+ RA, and LPS+O2. Kidneys were taken for oxidase stress and histological analyses.
RESULTS: The rats exposed to maternal LPS or neonatal hyperoxia exhibited significantly higher kidney injury score, lower
glomerular number, higher toll-like receptor 4 (TLR4), myeloperoxidase (MPO), and 8-hydroxy-2′-deoxyguanosine (8-OHdG)
expressions, and higher MPO activity compared with the rats exposed to maternal NS and neonatal RA. The rats exposed to both
maternal LPS and neonatal hyperoxia exhibited significantly lower glomerular number, higher kidney injury score, TLR4, MPO, and
8-OHdG expressions compared with the rats exposed to maternal LPS or neonatal hyperoxia.
CONCLUSION: Maternal inflammation exacerbates neonatal hyperoxia-induced kidney injury and the underlying mechanism may
be related to activation of TLR4 and increased oxidative stress.

Pediatric Research (2019) 86:174–180; https://doi.org/10.1038/s41390-019-0413-9

INTRODUCTION
Chorioamnionitis is an intrauterine inflammation in either mixed
fetal–maternal tissues or fetal tissue origin.1 Pregnant
Sprague–Dawley rats received intraperitoneal injections of lipo-
polysaccharide (LPS) on gestation day 18 or 20 induced
proinflammatory cytokines in the maternal and fetal serum,
amniotic fluid, chorioamnion, and placenta, and renal cortex in rat
offspring.2–4 Maternal inflammation induced by an intraperitoneal
injection of LPS also increases oxidative stress, decreases
glomerular numbers and creatinine clearance rates, and leads to
hypertension in the adult offspring rats.5 These results indicate
that intraperitoneal administration of LPS can model maternal
infection that lead to a fetal inflammatory response.
Human and animal studies have demonstrated that neonatal

hyperoxia increases oxidative stress and induces glomerular and
tubular damage. These are manifested as enlarged renal
corpuscles, renal tubular necrosis, interstitial inflammation, and
kidney fibrosis during the perinatal period.6–10 Chorioamnionitis is
a common cause of preterm birth.11 Oxygen therapy is often used
to treat preterm newborns that present respiratory disorders. This
may predispose the preterm infants exposed to chorioamnionitis
to impair renal structure and function during the neonatal period.
However, the effects and exact mechanisms of chorioamnionitis
and neonatal hyperoxia exposure on kidney injury remain
unknown.
Human kidney development is completed in utero by gesta-

tional week 36.12 The nephrogenesis of rats begins on embryonic
day 12 and is completed between 10 and 15 days after birth.13

Rats are born with immature kidneys, and the first 2 postnatal

weeks correspond to the second and third trimesters of kidney
development in the human fetus. Therefore, the neonatal rat is a
useful model for studying the mechanisms of kidney development
in the human fetus. We hypothesized that maternal inflammation
could augment neonatal hyperoxia-induced kidney injury in rats.
The purposes of our study were to determine the effects of
maternal inflammation and neonatal hyperoxia exposure on
kidney injury and to elucidate the mechanisms that mediate
maternal inflammation and neonatal hyperoxia-induced kidney
injury in neonatal rats.

METHODS
Animal model
Our study was approved by the Animal Care and Use Committee
at Taipei Medical University (LAC-2017-0191). Time-dated preg-
nant Sprague–Dawley rats were housed in individual cages with
12-h light–dark cycles. Laboratory food and water were available
ad libitum. The rats received LPS treatment that consisted of an
intraperitoneal injection of LPS (0.5 mg/kg) from Escherichia coli
serotype 0111:B4 (Sigma-Aldrich, St. Louis, MO, USA) in normal
saline (NS) on gestation days 20 and 21. The rat dams were
allowed to deliver vaginally at term. Within 12 h of birth, litters
were pooled and randomly redistributed to the newly delivered
mothers, and the pups were then randomly assigned to room air
(RA) or oxygen-enriched atmosphere (85% O2) treatment from
postnatal days 1 to 14. The litter size was adjusted according to
the recommendation for testing maternal effects on reproductive/
developmental toxicity.14 Thus, creating four study groups, NS+
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RA, NS+O2, LPS+ RA, and LPS+O2. To avoid oxygen toxicity in
the nursing mothers, they were rotated between the O2 treatment
and RA control litters every 24 h. An oxygen-rich atmosphere was
maintained in a transparent 40 × 50 × 60-cm plexiglass chamber
receiving O2 continuously at 4 L/min. Oxygen levels were
monitored using a ProOx P110 monitor (BioSpherix, Redfield, NY,
USA). The animals were euthanized using intraperitoneal injec-
tions of pentobarbital (100mg/kg) on postnatal day 14, and their
body and kidney weights were recorded.

Histological examination
The kidney was fixed in 4% paraformaldehyde, after serially
dehydrated in increasing concentrations of ethanol prior to being
embedded in paraffin. Five-micrometer tissue sections were
stained with hematoxylin and eosin or periodic acid-Schiff’s
(PAS). All of the stained slides were examined and photographed
using Olympus BX43 light microscopy for subsequently assessed
for kidney morphology. According to a modification of the
method of Pichler et al.,15 a semiquantitative analysis of the

Table 1. Body weights, kidney weights, and kidney-to-body-weight ratios of LPS-treated rats reared in ambient or O2-enriched air

Treatment n Body weight (g) Kidney weight (g) Kidney-to-body-weight ratio (%)

Normal saline+ room air 16 22.68 ± 2.51 0.29 ± 0.03 1.29 ± 0.11

Normal saline+ hyperoxia 9 18.84 ± 5.71 0.29 ± 0.08 1.58 ± 0.14***

LPS+ room air 14 22.32 ± 3.60 0.28 ± 0.05 1.23 ± 0.07

LPS+ hyperoxia 9 17.40 ± 3.11*,** 0.29 ± 0.04 1.69 ± 0.17***

Values represent means plus/minus SDs
LPS lipopolysaccharide
*P < 0.001, compared with the normal saline+ room air and LPS+ room airgroups
**P < 0.05, compared with the LPS+ room airgroups
***P < 0.01, compared with the normal saline+ room air group
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Fig. 1 a Representative histology (hematoxylin and eosin (H&E) staining) and b injury score in 14-day-old rats exposed to prenatal
lipopolysaccharide (LPS) or normal saline (NS) and postnatal room air (RA) or hyperoxia. Tubular atrophy, dilatation of the tubular lumen,
increased space between the renal tubules, and decreased glomerula number were observed in the maternal LPS- or neonatal hyperoxia-
exposed groups. The rats exposed to maternal LPS and neonatal hyperoxia exhibited higher tubular and glomerular injury score and lower
glomerular number than the rats exposed to maternal LPS or neonatal hyperoxia (*P < 0.05, **P < 0.01, ***P < 0.001, two-way analysis of
variance (ANOVA) followed by Bonferroni post-test). n= 8–10 rats
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tubular injury was performed. Ten fields in the renal cortex were
evaluated per section (×200 magnification). The tubular injury was
scored as: 0= no tubular injury; 1 ≤ 10% of tubules injured; 2=
10–25% of tubules injured; 3= 26–50% of tubules injured; 4=
51%–75% of tubules injured; and 5 ≥ 75% of tubules injured. The
degree and the severity of glomerular damage in each glomerulus
were scored from 0 to 4 as Raij et al.16 described: 0= no
glomerulus damaged; 1= 25% of the glomerulus damaged; 2=
50% of glomerulus damaged; 3= 75% of glomerulus damaged;
4= 100% of the glomerulus damaged. The number of glomeruli
per field was counted in 10 fields per kidney at ×200
magnification. Glomeruli were counted at the cortex included
nephrogenic zone and the rest of the cortex (excluding
nephrogenic zone).17 Ten randomly selected glomeruli from each
animal were quantified in PAS-stained sections using Image Pro
Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA) to assess the
percentage of PAS-positive area in the mesangium of glomerulus,
which was denoted as mesangial index.18

Immunohistochemistry for TLR4, MPO, and 8-OHdG
Immunostaining was performed on 5-μm paraffin sections with
immunoperoxidase visualization. After the routine deparaffiniza-
tion, heat-induced epitope retrieval was done by immersed slides
in 0.01 M sodium citrate buffer (pH 6.0). To block endogenous
peroxidase activity and nonspecific binding of antibody, sections
were first pre-incubated for 1 h at 37 °C with 0.1 M phosphate-
buffered saline (PBS) containing 10% normal goat serum and 0.3%

H2O2 before being incubated for 20 h at 4 °C with primary
antibodies mouse monoclonal anti-toll-like receptor 4 (TLR4) (1:50;
Santa Cruz Biotechnology Inc.) and rabbit polyclonal anti-
myeloperoxidase (MPO) (ab 9535, 1:25, Abcam, Cambridge, MA,
USA). The sections were then treated for 1 h at 37 °C with
biotinylated rabbit anti-mouse immunoglobulin G (IgG) (1:200;
Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for
the anti-8-hydroxy-2′-deoxyguanosine (8-OHdG) antibody. The
fluorochrome-conjugated secondary antibodies used were Rho-
damine (TRITC)-conjugated AffiniPure Donkey anti-mouse IgG (H
+L) for the anti-TLR4 antibody, and Rhodamine Red-X-conjugated
AffiniPure Goat Anti-Rabbit IgG (H+L) for the anti-MPO. Nuclei
were detected using 4′,6-diaminidino-2-phenylindole (1:1000;
Sigma-Aldrich). The sections were reacted with fluorochrome-
conjugated secondary antibodies and then washed with PBS,
mounted, and examined under a fluorescence microscope. The
sections were treated with biotinylated IgG followed by reaction
with reagents from an ABC kit (Avidin-Biotin Complex, Vector),
and the reaction products were visualized using a diaminobenzi-
dine substrate kit (Vector) according to the manufacturer’s
recommendations. All immunostained sections were viewed and
photographed using a Nikon Eclipse E600. The positive immunor-
eactivity of TLR4 and MPO cells in 10 randomly selected high-
power fields (HPFs) from each section at ×400 magnification were
analyzed,19 and the positively stained 8-OHdG cells were counted
in five fields randomly selected from each section using a light
microscope (magnified at ×400) were analyzed.20

Western blot analysis
Protein levels of interleukin-1β (IL-1β) were measured by Western
blot using anti-IL-1β (GTX55675, 1:1000; GeneTex, San Antonio, TX,
USA). Mouse anti-β-actin monoclonal antibody (C4, 1:1000; Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA) was used as an
internal control. The intensity of IL-1β and β-actin bands was
measured through densitometric analysis using the AIDA software.
The densitometry unit of the protein expression in the NS-treated
rats was assigned as 1 after normalizing with β-actin.

MPO activity and TLR4 assay
Kidney tissues were homogenized, sonicated, and centrifuged.
Supernatants were collected for determination of MPO activity
using MPO colorimetric activity assay kit (Bio-vision, Milpitas, CA,
USA). TLR4 protein was measured using a commercial ELISA kit
(MyBioSource Inc., San Diego, CA, USA).

Statistical analysis
The data are presented as the mean ± standard deviation.
Statistical analyses were performed using two-way analysis of
variance with a Bonferroni post hoc test for multiple group
comparisons. The differences were considered statistically
significant at P < 0.05.

RESULTS
Three NS-treated and three LPS-treated dams gave birth to a total
of 31 and 30 pups, respectively. Nearly half of the pups were
randomly distributed to RA and hyperoxia groups. Six rats
exposed to maternal NS and neonatal hyperoxia and seven rats
exposed to maternal LPS and neonatal hyperoxia died.

Body and kidney weight and kidney-to-body weight ratio
Table 1 shows how maternal LPS and neonatal hyperoxia
exposure affected body weight, kidney weight, and the kidney-
to-body-weight ratio on postnatal day 14. Neonatal hyperoxia-
exposed rats exhibited significantly lower body weights and
higher kidney-to-body-weight ratios than did RA-exposed rats.
Maternal inflammation did not influence body weights or kidney-
to-body-weight ratios.
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Fig. 2 a Representative microphotographs of periodic acid-Schiff ’s
(PAS) staining and b mesangial matrix expansion in 14-day-old rats
exposed to prenatal lipopolysaccharide (LPS) or normal saline (NS)
and postnatal room air (RA) or hyperoxia. Strong positive PAS
reaction was seen within the brush border (asterisk) of proximal
tubules of NS+ RA group and was lost after maternal LPS and/or
neonatal hyperoxia exposure. Mesangial matrix (arrow) surrounded
the renal tubules was increased in the rats exposed to maternal LPS
or neonatal hyperoxia. The rats exposed to maternal LPS and
neonatal hyperoxia exhibited higher mesangium compared with the
rats exposed to maternal LPS or neonatal hyperoxia (**P < 0.01,
***P < 0.001, two-way analysis of variance (ANOVA) followed by
Bonferroni post-test). n= 8–10 rats
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Histology
Figure 1 shows representative kidney sections stained with
hematoxylin and eosin from the maternal LPS- and neonatal
hyperoxia-exposed rats on postnatal day 14. The rats exposed to
maternal NS and neonatal RA displayed normal kidney structure,
and there was no evidence of tissue injury (Fig. 1a). Tubular
atrophy, dilatation of the tubular lumen, increased space between
the renal tubules, and enlarged corpuscle profile were observed in
the maternal LPS- or neonatal hyperoxia-exposed groups. The rats
exposed to maternal LPS and neonatal hyperoxia exhibited
significantly higher tubular and glomerular injury score and lower
glomerular number compared with the rats exposed to maternal
LPS or neonatal hyperoxia (Fig. 1b).
PAS staining is used to assess accumulation of polysaccharides

in microvilli, basement membranes, and mesangium. Widespread
PAS reaction in the brush border of proximal tubules, which
indicates a relatively intact kidney structure, was observed in the
rats exposed to maternal NS and neonatal RA (Fig. 2a). Whereas
weak positive PAS reaction was observed in the tubular brush
border of the rats exposed to maternal LPS or neonatal hyperoxia.
PAS-positive material revealed that the percentage of mesangial
expansion area was markedly increased in the rats exposed to
maternal LPS or neonatal hyperoxia compared with the rats
exposed to maternal NS and neonatal RA. The rats exposed to
maternal LPS and neonatal hyperoxia exhibited significantly
higher mesangial index compared with the rats exposed to
maternal LPS or neonatal hyperoxia (Fig. 2b).

Immunofluorescence of TLR4 and TLR4 assay and cytokine
Immunofluorescence staining of TLR4 expression in kidney tissues
is presented in Fig. 3. TLR4 immunofluorescence was scattered in
renal tubules and the positive fluorescence cells were markedly
increased after maternal LPS or neonatal hyperoxia exposure
(Fig. 3a). The rats exposed to maternal LPS and neonatal hyperoxia
exhibited significantly higher positive TLR4 cells/HPF and TLR
protein compared with the rats exposed to maternal LPS or
neonatal hyperoxia (Fig. 3b, c). The rats exposed to maternal LPS or
neonatal hyperoxia exhibited significantly higher IL-1β expressions
than those exposed to maternal NS and neonatal RA (Fig. 3d). The
rats exposed to maternal LPS exhibited significantly higher IL-1β
expressions than those exposed to neonatal hyperoxia alone.

Immunohistochemistry for MPO and 8-OHdG and MPO activity
To investigate whether maternal inflammation and neonatal
hyperoxia increased macrophage infiltration, we used immuno-
histochemical assays for MPO in the kidneys. The MPO immunor-
eactivity was primarily detected in the interstitial area of the renal
cortex (Fig. 4a). The rats exposed to maternal LPS or neonatal
hyperoxia exhibited significantly higher MPO-positive cells/HPF
and MPO activity in kidney tissues compared with the rats
exposed to maternal NS and neonatal RA (Fig. 4b, c). The rats
exposed to maternal LPS and neonatal hyperoxia exhibited
significantly higher MPO-positive cells/HPF and MPO activity
compared with the rats exposed to maternal LPS or neonatal
hyperoxia.
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Fig. 3 a Representative immunofluorescence images of toll-like receptor 4 (TLR4), b positive TLR4 cells/high-power field (HPF), c TLR4 protein,
and d interleukin-1β (IL-1β) expressions in 14-day-old rats exposed to prenatal lipopolysaccharide (LPS) or normal saline (NS) and postnatal
room air (RA) or hyperoxia. The rats exposed to maternal LPS and neonatal hyperoxia exhibited significantly higher positive TLR4 cells/HPF
(arrow) and TLR4 protein compared with the rats exposed to maternal LPS or neonatal hyperoxia. The LPS+ RA and NS+O2 groups exhibited
significantly higher IL-1β expressions than the NS+ RA group. The LPS+ RA and LPS+O2 exhibited significantly higher IL-1β expressions than
the NS+O2 group (*P < 0.05, **P < 0.01, ***P < 0.001, two-way analysis of variance (ANOVA) followed by Bonferroni post-test). n= 8–10 rats
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Immunohistochemistry was used to detect the oxidative stress
marker 8-OHdG, which was primarily found in glomerular cell and
some tubular cell nuclei (Fig. 5a). The rats exposed to maternal LPS
or neonatal hyperoxia exhibited significantly more 8-OHdG-
positive cells than did the rats exposed to maternal NS and
neonatal RA (Fig. 5b). The rats exposed to maternal LPS and
neonatal hyperoxia exhibited significantly more 8-OHdG-positive
cells than did the rats exposed to maternal LPS or neonatal
hyperoxia.

DISCUSSION
Our in vivo model revealed that maternal LPS exposure or
neonatal hyperoxia exposure induced kidney injury in neonatal
rats, as evidenced by higher glomerular and tubular injury scores
and higher inflammatory cells than those of the normal rats. The
major findings are that maternal inflammation induces kidney
injury and exacerbates hyperoxia-induced kidney injury in the rat
offspring. These exacerbation effects on kidneys were associated
with the increased expression of TLR4 and oxidative stress. These
results suggest that maternal inflammation during pregnancy may
exacerbate hyperoxia-induced kidney injury and TLR4 may be
involved in the pathogenesis.
In this study, we found that rats exposed to postnatal hyperoxia

significantly decreased body-weight and increased kidney-to-
body-weight ratios irrespective of maternal NS or LPS treatment
on postnatal day 14. These results suggest that maternal
inflammation did not influence body-weight gain. The rats reared
in O2-enriched air exhibited proportionally greater body-weight
loss than kidney weight loss, yielding an increased kidney-to-
body-weight ratio on postnatal day 14.

In this study, we found that rats reared in O2-enriched air
exhibited lower glomerular number than did rats reared in
ambient air. This result was in contrast to a study in a mouse
model (mice exposed to 65% O2 from birth to postnatal day 7)
revealed no changes in nephron number.9 The discrepancy may
be due to differences in the duration and concentration of oxygen
used and vulnerabilities of the animal model. Prenatal LPS
administered at a higher dose (0.79 mg/kg) on 8th, 10th, and
12th day of gestation showed decreased glomerular number at
7 weeks of age in offspring rats.21 Their finding is consistent with
this study suggesting that maternal LPS and neonatal hyperoxia
may accelerate loss of nephrons or impair nephrogenesis and
maternal inflammation during pregnancy may exacerbate neona-
tal hyperoxia-induced kidney injury.
LPS is a well-characterized pathogen-associated molecule

present in the outer membrane of most gram-negative bacteria.
LPS initiates a strong immune response and activates TLR4. TLRs
are crucial constituents of the innate immune system that identify
pathogens and elaborate inflammatory responses.22 Recent
studies have demonstrated that TLR4 activation contributes to
the pathogenesis of renal inflammation.23–25 Based on the
aforementioned reports, this study was designed to explore the
effect of maternal LPS treatment on TLR4 expression in the kidney
of rat pups. In this study, we demonstrated that prenatal LPS-
treated rats exhibited high TLR4 expression in the kidney. This
finding is consistent with recent studies suggesting that TLR4
activation contributes to the pathogenesis of renal inflammation
and fibrosis.23–25 Our results suggest that prenatal LPS-induced
kidney injury is probably controlled by TLR4.
In this study, we demonstrated that neonatal hyperoxia

increased TLR4 and IL-1β expressions, and maternal LPS and
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neonatal hyperoxia did not further increase IL-1β expressions than
those exposed to maternal LPS alone in the kidney. Hyperoxia
increases oxidative stress and enhances inflammation in the
organs. TLRs link the oxidative stress and inflammation and TLR4 is
known to be involved in the inflammatory cascade in response to
hyperoxia in the lung, heart, and intestine of neonatal rats.26–29

Although TLR4 activation is known to be a first-line response of the
innate immune system, these results suggest that LPS recognition
by TLR4 initiates IL-1β expression via alterative pathways.30

The MPO examination is widely used to quantify the number of
neutrophils in a tissue because MPO is an enzyme that is released
mostly from neutrophils.31 In this study, we used the MPO-positive
cells as an index of the accumulation of activated neutrophils in
the kidneys. We found that maternal LPS injection or neonatal
hyperoxia exposure increased the MPO expression and activity in
the kidneys of rat offspring and combined exposure further
increased MPO expression and activity. These results indicate that
maternal inflammation exacerbated renal inflammation in the rats
reared in hyperoxia.
Human and animal studies have demonstrated that maternal

LPS administration and neonatal hyperoxia separately increases
oxidative stress and induces glomerular and tubular damage.4–10

The effects of combined maternal inflammation and neonatal
exposure on oxidative stress were unknown. Oxidative stress leads
to lipid peroxidation and induces DNA oxidative damage by
generating 8-OHdG.32 8-OHdG is a DNA base-modified product
generated by reactive oxygen species as a marker of oxidative
DNA damage.33 In this study, we used immunohistochemistry to
detect the renal oxidative stress marker 8-OHdG. We found that
the rats exposed to maternal LPS and neonatal hyperoxia

exhibited significantly more 8-OHdG-positive cells than did the
rats exposed to maternal LPS or neonatal hyperoxia alone. These
results indicate that maternal inflammation exacerbates neonatal
hyperoxia-induced oxidative stress in rat offspring kidney.
In conclusion, we showed that maternal LPS treatment and

neonatal hyperoxia increased inflammatory cells and oxidative stress
in the kidney of neonatal rats on postnatal day 14. The development
of maternal LPS- and/or neonatal hyperoxia-induced kidney injury
was associated with increase in TLR4 protein expression in kidney
tissues. These results suggest that TLR4 may be involved in the
pathogenesis of kidney injury induced by maternal systemic
inflammation and/or neonatal hyperoxia, and that targeting
TLR4 strategies may attenuate kidney injury. These results are
relevant to neonates who were exposed to chorioamnionitis and
required supplemental oxygen during infancy. Further studies are
needed to evaluate the effects of maternal inflammation and
neonatal hyperoxia exposure on kidney injury in rat offspring in
knock-out animal models or used antibody inhibition experiments.
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