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Hyperoxia is essential to manage in preterm infants but causes injury to immature kidney. Previous study indicates that hyperoxia
causes oxidative damage to neonatal kidney and impairs renal development. However, the underlying mechanisms by which
neonatal hyperoxia effects on immature kidney still need to be elucidated. Tight junction, among which the representative
proteins are claudin-4, occludin, and ZO-1, plays a crucial role in nephrogenesis and maintaining renal function. Inflammatory
cytokines are involved in the pleiotropic regulation of tight junction proteins. Here, we investigated how neonatal hyperoxia
affected the expression of key tight junction proteins and inflammatory factors (IL-6 and TNF-α) in the developing rat kidneys
and elucidated their correlation with renal injury. We found claudin-4, occludin, and zonula occludens-1 (ZO-1) expression in
proximal tubules was significantly downregulated after neonatal hyperoxia. The expression of these tight junction proteins was
positively correlated with that of IL-6 and TNF-α, while claudin-4 expression was positively correlated with injury score of
proximal tubules in mature kidneys. These findings indicated that impaired expression of tight junction proteins in kidney
might be a potential mechanism of hyperoxia-induced nephrogenic disorders. It provides new insights to further study oxidative
renal injury and development disorders and will be helpful for seeking potential therapeutics for hyperoxia-induced renal injury
in the future.

1. Introduction

Supplemental oxygen therapy (hyperoxia) is commonly admin-
istered in the management of premature infants with respiratory
disorders [1, 2]. Nonetheless, increasing evidence from various
clinical and experimental observations suggests that neonatal
hyperoxiamay cause oxidative damage and adversely affects glo-
merular and tubular maturity [3, 4]. These adverse effects are
manifested by enlarged renal corpuscles, renal tubular injuries,
and interstitial inflammation during the perinatal period, which
might extend into adulthood and influence renal function [5, 6].
However, the exact effects and mechanisms of hyperoxia expo-
sure on immature kidney injury remain unknown.

It is well recognized that intact structures and barriers of
tight junctions are required for renal function [7]. Tight junc-

tions, as components of glomerular filtration membranes,
play an important role in renal filtration and maintaining
glomerular permeability [8]. Tight junctions together with
nephrin, known as slit diaphragms, connect adjacent podo-
cyte foot processes in glomeruli [9]. Moreover, tight junction
barriers in proximal tubules enable the selective reabsorption
of electrolytes and organic nutrients by separating the tubular
lumen from the basolateral cell surface [10]. The paracellular
permeability of collecting ducts, which play a crucial role in
electrolyte reabsorption and secretion, is also mainly regu-
lated by tight junctions [11].

Beyond these important functions in mature kidneys,
tight junctions also play an important role in nephrogenesis.
In humans, nephrogenesis is lasted until gestation by 32 to 36
weeks, during which preterm neonates were commonly
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exposed to hyperoxia, whereas in rats, the nephrogenesis
proceeds until 5 to 8 days postnatal, which became the sensi-
tive window for the study of rat kidney in response to the
hyperoxia exposure [5, 12]. Kidneys undergo development
for several months after birth until the adult morphology
and size are reached [13]. During this period, the tight junc-
tion barrier prevents the basolateral membrane of renal epi-
thelial cells and other structures beneath them from coming
into direct contact with filtrates, thus maintaining a microen-
vironment suitable for nephrogenesis [14].

Accumulating evidence indicates that neonatal hyperoxia
can impair nephrogenesis [15, 16]. However, whether neona-
tal hyperoxia alters tight junction proteins expression in
developing kidneys and further affects nephrogenesis
remains unclear. Hence, we hypothesized that neonatal
hyperoxia could alter tight junction proteins expression in
immature kidney and further affect renal development.

Claudin-4, occluding, and ZO-1, as the key components
of the tight junction, play critical roles in the normal kidney
function [17–19]. Claudin-4 belongs to the claudin family
and is encoded by the CLDN4 gene, which is located on chro-
mosome 7. It is an integral membrane protein that is a com-
ponent of the epithelial cell tight junctions, which regulate
the movement of solutes and ions through the paracellular
space [17]. Occludin is encoded by the OCLN gene, which
is located on chromosome 5 and is required for cytokine-
induced regulation of the tight junction paracellular perme-
ability barrier [20]. Occludin is a critical component involved
in the hyperpermeability of the glomerular endothelium [18].
ZO-1 is encoded by the TJP1 gene, which is located on chro-
mosome 15 and acts as a tight junction adaptor protein that
also regulates adherent junctions. The multidomain structure
of this scaffold protein includes a postsynaptic density
95/disc-large/zona occludens (PDZ) domain, a Src homology
(SH3) domain, a guanylate kinase (GuK) domain and unique
(U) motifs, all coordinate binding of transmembrane pro-
teins, cytosolic proteins, and F-actin, which are required for
tight junction function [21].

Inflammatory cytokines are involved in the pleiotropic
regulation of tight junction proteins. Interleukin 6 (IL-6)
and tumor necrosis factor α (TNF-α) induce barrier dysfunc-
tion of tight junctions [22, 23]. On the other hand, IL-6 and
TNF-α also have a protective role on the tight junction bar-
rier [24–27]. The regulatory effect of IL-6 and TNF-α in the
developing kidneys following hyperoxia exposure is still
unclear. The purposes of our study were to clarify the effects
of neonatal hyperoxia exposure on the expression of key tight
junction proteins (claudin-4, occludin, and ZO-1) and
inflammatory factors (IL-6 and TNF-α) in the developing
kidneys and to elucidate their correlation with renal injury
and nephrogenesis.

2. Materials and Methods

2.1. Animal Model. Pregnant Sprague-Dawley rats were pur-
chased from the experimental animal center of Shengjing
Hospital of China Medical University. All animal procedures
were performed under the approval of the Ethics Committee
of Shengjing Hospital, China Medical University (project

identification code: 2016PS362K). The animal care and
experimental procedures of this study were conducted in
compliance with the U.S. Animal Welfare Act and performed
in accordance with the standards of the Institute of Labora-
tory Animal Resources (ILAR) Guide (1996). Pups were born
at the gestational age of 21 to 23 days. Within 24 h of birth, all
pups were randomly divided into the normoxia group
(fraction of inspired air ½FiO2� = 0:21, n = 80) or hyperoxia
group (½FiO2� = 0:85, n = 80) (Supplementary Figure 1). The
mothers were rotated between normoxia and hyperoxia
exposed litters every 24h to prevent oxygen toxicity in the
dams. The body weight of the animals was recorded every
day. Animals were euthanized by an approved method of
euthanasia as follows: animals were euthanized by CO2 gas
exposure for approximately 5 minutes by first being
exposed to 3 L/min of CO2 until the rat was unconscious;
then, the flow was escalated to the highest setting to
produce more rapid asphyxia. Immediately after euthanasia,
the kidney tissues were harvested on the 1st, 3rd, 5th, 7th,
10th, 14th, 30th (exposed to normoxia or hyperoxia in the
first 14 days), and 60th (exposed to normoxia or hyperoxia
in the first 14 days) postnatal days (n = 10/time
point/exposure). The left kidneys were fixed in 4%
paraformaldehyde (PFA) for hematoxylin and eosin (H&E)
staining and immunohistochemical staining, and the right
kidneys were kept at -80°C for western blotting.

2.2. Kidney Histology. After fixation in 4%PFA for 24 h, kid-
ney samples were dehydrated in gradient ethanol, then
embedded in paraffin and longitudinally sectioned (4μm)
for H&E staining. Ten fields of view were randomly chosen
and observed at an original magnification of ×400. Histolog-
ical evaluations were conducted blindly by two pathologists.
The evaluation of glomerular diameter was modified accord-
ing to the suggestions of Toledo-Rodriguez et al. [28]. Digital
images of H&E staining were analyzed in the software ImageJ
1.51. The number of grid points occupied by glomeruli was
counted. Glomerular diameter was calculated according to
the number of grid points occupied by the scale bar. The sizes
of the individual glomeruli located in the middle cortex and
juxtamedullary zone were calculated as the average of the
largest and smallest glomerular diameters within a field of
view; the calculations involved ten fields of view per kidney.
The significance of tubular injury was determined by evalua-
tion of tubular dilatation, tubular atrophy, vacuolization,
degeneration and sloughing of tubular epithelial cells, or
thickening of the tubular basement membrane. As previously
described, the scoring system used only proximal tubules for
tubular injury evaluation, where 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 [29]. The cast counting was
performed by quantifying the number of pink-stained struc-
tures in the dilated lumen of outer medullary collecting ducts
per mm2 [30]. The counting involved ten fields of view per
sample.

2.3. Immunohistochemical Staining. The evaluation of pro-
tein expression via immunohistochemical staining was
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modified according to a previous study [4]. Rat kidney slides
were dewaxed, rehydrated, placed in sodium citrate, and
microwaved for antigen retrieval. A nonspecific stain block-
ing agent was added to the slides and incubated for 30min
at room temperature. Primary antibody to claudin-4 (cat.
no. 32-9400, 1 : 100, Thermo Fisher Scientific, Waltham,
MA), occludin (cat. no. 33-1500, 1 : 200, Thermo Fisher Sci-
entific, Waltham, MA), ZO-1 (cat. no. 33-9100, 1 : 100,
Thermo Fisher Scientific, Waltham, MA), CD3 (cat. no.
ab11089, 1 : 200, Abcam, Cambridge, USA), CD68 (cat. no.
ab201340, 1 : 200, Abcam, Cambridge, USA), nephrin (at.
no. ab216341, 1 : 200, Abcam, Cambridge, USA), or Ki-67
(cat. no. ab16667, 1 : 200, Abcam, Cambridge, USA) was
added, and slides were incubated overnight at 4°C. After
being washed in PBS, the slides were incubated with second-
ary antibody (Gene Tech, Shanghai, China; dilution 1 : 100)
for 30min at room temperature. Excess secondary antibody
was washed off. Slides were incubated with streptavidin–avi-
din–biotin complex, developed with 3, 3′-diaminobenzidine,
washed with running water, counterstained with hematoxy-
lin, dehydrated with gradient alcohol, dried, and mounted
with neutral balsam. The results were interpreted blindly by
two pathologists. Ten high-power fields of view (original
magnification ×400) were randomly selected from each slide,
and images were obtained with a light microscope, with 200
cells observed in each field of view. Cells with the cytoplasm
or nucleus stained yellow or dark brown were defined as pos-
itive cells. Semiquantitative results were obtained by deter-
mining the intensity of cell staining in the image-analysis
software ImageJ 1.51. The quantification of glomerular num-
ber was performed from immunohistochemical staining of
nephrin using the ImageJ 1.51 software (Rangan, G.K., Tesch,
G.H. 2007. Quantification of renal pathology by image anal-
ysis. Nephrology (Carlton) 12 (6):553-558. 10.1111/j.1440-
1797.2007.00855.x).

2.4. Immunofluorescence Staining. The evaluation of protein
expression via immunofluorescence staining was modified
according to a previous study [31]. Rat kidney slides were
dewaxed, rehydrated, placed in sodium citrate, and micro-
waved for antigen retrieval. The slides were then blocked
with 10% goat serum for 30min at 37°C and incubated with
primary antibodies as follows: N-cadherin (cat. no. PA5-
19486, 1 : 200, Thermo Fisher Scientific, Waltham, MA) or
ZONAB (ZO-1-associated nucleic acid-binding protein) pri-
mary antibody (cat. no. 40-2800, 1 : 100, Thermo Fisher Sci-
entific, Waltham, MA) and ZO-1 primary antibody (cat.
no. 33-9100, 1 : 100, Thermo Fisher Scientific, Waltham,
MA) together overnight at 4°C. As negative controls, some
slides were incubated in the absence of the primary antibod-
ies. Tissue slides were washed four times with PBS-Triton.
The second antibody against mouse was conjugated with
Alexa fluor-488 (green fluorescence) and the anti-rabbit anti-
body with Alexa fluor-594 (red fluorescence) for 60min at
room temperature. Slides were washed three times with
PBS, and the nuclei were stained with DAPI (1 : 2000; Sigma
Chemical) for 2min. After sufficient washes, images were
captured by confocal laser scanning microscopy (MTC-600,
BIO-RAD, USA).

2.5. Western Blotting. The quantification of protein expres-
sion via western blotting was modified according to a previ-
ous study [4]. Briefly, an appropriate volume of RIPA
buffer was added to kidney tissue samples to produce cell
lysates. After centrifugation at 12,000 rpm for 20min, the
protein concentration of each sample supernatant was deter-
mined with a bicinchoninic acid protein concentration assay
kit (Beyotime, Shanghai, China). A 5× Loading Buffer was
used to dilute the protein samples, which were boiled in a
water bath for 5min. Proteins were separated by SDS–poly-
acrylamide gel electrophoresis and subsequently transferred
to a polyvinylidene difluoride membrane (Millipore, Burling-
ton, MA, USA). After incubation with claudin-4 (cat. no. 32-
9400, 1 : 1000, Thermo Fisher Scientific, Waltham, MA),
occludin (cat. no. 33-1500, 1 : 1000, Thermo Fisher Scientific,
Waltham, MA), ZO-1 (cat. no. 33-9100, 1 : 1000, Thermo
Fisher Scientific, Waltham, MA), IL-6 (cat. no. DF6087,
1 : 1000, Affinity, OH, USA), TNF-α (cat. no. AF7014,
1 : 1000, Affinity, OH, USA) or STAT3 (cat. no. AF6294,
1 : 1000, Affinity, OH, USA) primary antibody and secondary
antibodies (1 : 5000), electrochemical luminescence solution
(Sigma, St. Louis, MO, USA) was added to produce substrate
luminescence. All bands were scanned with the Chemi
Imager 5500 V2.03 software (AIPha InnCh, Miami, FL,
USA), and integrated density values were calculated with a
computerized image analysis system (Fluor Chen 2.0) and
normalized to the expression of β-actin.

2.6. Statistical Analysis. The GraphPad Prism 7 software
(GraphPad Software, San Diego, CA, USA) was used for sta-
tistical analyses and plotting bar graphs. The results of each
assay were obtained after three repeated independent exper-
iments and are expressed as mean ± SEM. One-way analysis
of variance (ANOVA) and post hoc comparisons (Bonfer-
roni test) were used to determine significant differences
among multiple groups. Simple regression was used to corre-
late the relative expression detected by western blotting as an
independent variable, with the tubular injury score or relative
expression detected by western blotting as a dependent vari-
able. A P value less than 0.05 was considered statistically
significant.

3. Results

3.1. Neonatal Hyperoxia Downregulates Expression of
Claudin-4 in Proximal Tubules. To investigate the expression
of claudin-4 in glomeruli, proximal tubules, and collecting
ducts after hyperoxia, we performed immunohistochemical
staining of kidney tissues from neonatal rats. Mild membra-
nous staining for claudin-4 was observed in glomeruli, and
strong cytoplasmic staining was observed in proximal
tubules and collecting ducts (Figure 1(a)). Claudin-4 expres-
sion in neonatal glomeruli exhibited a double-peak pattern
with a trough between the peaks (Figure 1(b)). Significantly
lower claudin-4 expression was observed in the hyperoxia
group compared with the normoxia group on the 7th postna-
tal day (normoxia group 1:02 ± 0:40 vs. hyperoxia group
0:37 ± 0:31, P < 0:01). However, claudin-4 expression in neo-
natal glomeruli exposed to hyperoxia was upregulated on the
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Figure 1: Neonatal hyperoxia downregulates expression of claudin-4 in proximal tubules. (a) Claudin-4 expression in glomeruli, proximal
tubules, and collecting ducts of newborn rats, which were exposed to normoxia or hyperoxia from birth to 1st postnatal day (P1D), 3rd
postnatal day (P3D), 5th postnatal day (P5D), 7th postnatal day (P7D), 10th postnatal day (P10D), and 14th postnatal day (P14D), was
measured, respectively, by immunohistochemical staining (original magnification ×400. Scale bar, 20μm. Arrow for positive staining). (b–
d) The box and whisker plots represent the immunostaining intensity of claudin-4 expression in glomeruli, proximal tubules, and
collecting ducts from newborn rats exposed to normoxia or hyperoxia, respectively. Relative expression is standardized to the value of
normoxia group on P1D. The whiskers represent the minimal or the maximal intensity, and the boxes span the interquartile range of
measurements for 10 rats with the mean value of 3 replicates (n = 10). ∗P < 0:05, one-way ANOVA, Bonferroni post hoc test.
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1st postnatal day (normoxia group 1:0 ± 0:32 vs. hyperoxia
group 1:66 ± 0:60, P < 0:05; Figure 1(b)). Claudin-4 expres-
sion in neonatal proximal tubules reached a peak on the
7th postnatal day and clearly declined after the 10th postnatal
day (Figure 1(c)). Claudin-4 expression in proximal tubules
was significantly downregulated after hyperoxia on the 1st
(normoxia group 1:0 ± 0:38 vs. hyperoxia group 0:34 ± 0:21
, P < 0:001), 3rd (normoxia group 1:13 ± 0:61 vs. hyperoxia
group 0:08 ± 0:08, P < 0:001), 5th (normoxia group 1:96 ±
0:30 vs. hyperoxia group 0:12 ± 0:13, P < 0:001), and 7th
postnatal days (normoxia group 3:54 ± 0:62 vs. hyperoxia
group 0:05 ± 0:04, P < 0:001), thus indicating that the expres-
sion peak of claudin-4 was blunted by hyperoxia in proximal
tubules (Figure 1(c)). Claudin-4 expression in neonatal col-
lecting ducts exhibited a double peak with a trough between
the peaks, whereas neonatal hyperoxia advanced the time
points of these peaks and troughs (Figure 1(d)). Significantly
lower claudin-4 expression was found in the hyperoxia group
than the normoxia group on the 7th postnatal day (normoxia
group 2:06 ± 0:27 vs. hyperoxia group 0:16 ± 0:06, P < 0:001;
Figure 1(d)). However, claudin-4 expression in neonatal col-
lecting ducts exposed to hyperoxia was upregulated on the
5th and the 10th postnatal days (Figure 1(d)). Therefore,
our findings indicate that the expression of claudin-4 was
downregulated in proximal tubules by neonatal hyperoxia.

3.2. Occludin Expression in Proximal Tubules Is
Downregulated by Neonatal Hyperoxia. To investigate occlu-
din expression in response to neonatal hyperoxia, we per-
formed immunohistochemical staining of occludin in
kidney tissues from neonatal rats. Moderate to strong mem-
branous staining for occludin was observed in glomeruli, and
strong cytoplasmic staining was observed in proximal
tubules and collecting ducts (Figure 2(a)). A single peak of
occludin expression was observed in neonatal glomeruli on
the 7th postnatal day, while the expression peak of occludin
was postponed until the 10th postnatal day by neonatal
hyperoxia (Figure 2(b)). Occludin expression in glomeruli
was significantly downregulated after hyperoxia on the 7th
postnatal day (normoxia group 4:36 ± 0:91 vs. hyperoxia
group 1:73 ± 0:98, P < 0:001) and was significantly upregu-
lated after hyperoxia on the 10th (normoxia group 2:49 ±
0:65 vs. hyperoxia group 4:20 ± 0:77, P < 0:001) and 14th
postnatal days (normoxia group 1:95 ± 1:18 vs. hyperoxia
group 3:34 ± 1:42, P < 0:01; Figure 2(b)). The expression
peak of occludin in neonatal proximal tubules appeared on
the 7th postnatal day and was clearly attenuated after the
10th postnatal day (Figure 2(c)). Occludin expression in
proximal tubules was significantly downregulated after
hyperoxia on the 3rd (normoxia group 31:42 ± 9:96 vs.
hyperoxia group 0:43 ± 1:11, P < 0:001), 5th (normoxia
group 57:54 ± 12:0 vs. hyperoxia group 0:47 ± 1:19, P <
0:001), and 7th postnatal days (normoxia group 94:73 ±
20:83 vs. hyperoxia group 1:04 ± 1:33, P < 0:001), showing
a 91-fold lower expression of occludin in proximal tubules
exposed to hyperoxia (Figure 2(c)). Occludin expression in
neonatal collecting ducts exhibited a double-peak pattern
with a trough between the peaks, whereas neonatal hyperoxia
postponed the expression peaks of occludin by 2 or 3 days

(Figure 2(d)). Occludin expression in collecting ducts was
significantly downregulated after hyperoxia on the 3rd (nor-
moxia group 1:48 ± 0:14 vs. hyperoxia group 0:65 ± 0:24, P
< 0:001), 7th (normoxia group 0:81 ± 0:29 vs. hyperoxia
group 0:38 ± 0:19, P < 0:001), and 14th postnatal days (nor-
moxia group 1:50 ± 0:12 vs. hyperoxia group 0:87 ± 0:16, P
< 0:001) and was significantly upregulated after hyperoxia
on the 10th postnatal day (normoxia group 1:20 ± 0:18 vs.
hyperoxia group 1:48 ± 0:17, P < 0:05; Figure 2(d)). There-
fore, the expression of occludin was notably downregulated
by neonatal hyperoxia in proximal tubules, and the expres-
sion peaks of occludin in glomeruli and collecting ducts were
postponed by neonatal hyperoxia.

3.3. Neonatal Hyperoxia Blunts the Expression Peak of ZO-1
in Proximal Tubules. The expression of ZO-1 in glomeruli,
proximal tubules, and collecting ducts of neonatal rats was
measured by immunohistochemical staining. Moderate
membranous staining for ZO-1 in glomeruli, and strong
cytoplasmic staining for ZO-1, was observed in proximal
tubules and collecting ducts (Figure 3(a)). A single peak of
ZO-1 expression on the 7th postnatal day was observed in
neonatal glomeruli, whereas neonatal hyperoxia advanced
the peak of ZO-1 expression, which appeared on the 5th
postnatal day (Figure 3(b)). ZO-1 expression in glomeruli
was significantly upregulated after hyperoxia on the 1st (nor-
moxia group 1:0 ± 0:69 vs. hyperoxia group 14:50 ± 3:80, P
< 0:001) and 3rd postnatal days (normoxia group 3:19 ±
1:72 vs. hyperoxia group 15:07 ± 4:93, P < 0:001) and was
significantly downregulated after hyperoxia on the 7th post-
natal day (normoxia group 21:7 ± 2:26 vs. hyperoxia group
11:35 ± 2:88, P < 0:001; Figure 3(b)). ZO-1 expression in
neonatal proximal tubules peaked on the 7th postnatal day
and markedly declined after the 10th postnatal day
(Figure 3(c)), which is consistent with the expression pat-
terns of claudin-4 and occludin in proximal tubules. ZO-1
expression in proximal tubules was significantly downregu-
lated after hyperoxia on the 3rd (normoxia group 1:99 ±
1:98 vs. hyperoxia group 0:15 ± 0:10, P < 0:001), 5th (nor-
moxia group 7:42 ± 0:76 vs. hyperoxia group 0:12 ± 0:20, P
< 0:001), and 7th postnatal days (normoxia group 7:57 ±
0:69 vs. hyperoxia group 0:15 ± 0:11, P < 0:001), thus indi-
cating that peak expression of ZO-1 was blunted by hyper-
oxia in proximal tubules (Figure 3(c)). A single peak of ZO-
1 expression on the 10th postnatal day was observed in neo-
natal collecting ducts, and the peak expression of ZO-1 was
advanced by neonatal hyperoxia to the 5th postnatal day
(Figure 3(d)). ZO-1 expression in collecting ducts was signif-
icantly downregulated after hyperoxia on the 7th (normoxia
group 1:53 ± 0:09 vs. hyperoxia group 1:30 ± 0:16, P < 0:05),
10th (normoxia group 1:64 ± 0:29 vs. hyperoxia group 1:37
± 0:15, P < 0:01), and 14th postnatal days (normoxia group
1:59 ± 0:19 vs. hyperoxia group 1:14 ± 0:14, P < 0:001) and
was significantly upregulated after hyperoxia on the 1st (nor-
moxia group 1:0 ± 0:06 vs. hyperoxia group 1:35 ± 0:27, P
< 0:001) and 5th postnatal days (normoxia group 1:35 ±
0:29 vs. hyperoxia group 1:87 ± 0:12, P < 0:001;
Figure 3(d)). Thus, the expression peak of ZO-1 in proximal
tubules was blunted by neonatal hyperoxia, and the
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Figure 2: Neonatal hyperoxia downregulates expression of occludin in proximal tubules. (a) Occludin expression in glomeruli, proximal
tubules, and collecting ducts of newborn rats, which were exposed to normoxia or hyperoxia from birth to 1st postnatal day (P1D), 3rd
postnatal day (P3D), 5th postnatal day (P5D), 7th postnatal day (P7D), 10th postnatal day (P10D), and 14th postnatal day (P14D), was
measured, respectively, by immunohistochemical staining (original magnification ×400. Scale bar, 20μm. Arrow for positive staining). (b–
d) The box and whisker plots represent the immunostaining intensity of occludin expression in glomeruli, proximal tubules, and
collecting ducts from newborn rats exposed to normoxia or hyperoxia, respectively. Relative expression is standardized to the value of
normoxia group on P1D. The whiskers represent the minimal or the maximal intensity, and the boxes span the interquartile range of
measurements for 10 rats with the mean value of 3 replicates (n = 10). ∗P < 0:05, one-way ANOVA, Bonferroni post hoc test.
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Figure 3: Neonatal hyperoxia downregulates expression of ZO-1 in proximal tubules. (a) ZO-1 expression in glomeruli, proximal tubules,
and collecting ducts of newborn rats, which were exposed to normoxia or hyperoxia from birth to 1st postnatal day (P1D), 3rd postnatal
day (P3D), 5th postnatal day (P5D), 7th postnatal day (P7D), 10th postnatal day (P10D), and 14th postnatal day (P14D), was measured,
respectively, by immunohistochemical staining (original magnification ×400. Scale bar, 20μm. Arrow for positive staining). (b–d) The box
and whisker plots represent the immunostaining intensity of ZO-1 expression in glomeruli, proximal tubules, and collecting ducts from
newborn rats exposed to normoxia or hyperoxia, respectively. Relative expression is standardized to the value of normoxia group on P1D.
The whiskers represent the minimal or the maximal intensity, and the boxes span the interquartile range of measurements for 10 rats with
the mean value of 3 replicates (n = 10). ∗P < 0:05, one-way ANOVA, Bonferroni post hoc test.
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expression peaks of ZO-1 in glomeruli and collecting ducts
were advanced by neonatal hyperoxia. A high similarity
among the changes in expression of claudin-4, occludin,
and ZO-1 was observed in the proximal tubules of neonatal
rats exposed to hyperoxia. A weak coexpression of ZO-1
and N-cadherin (proximal tubular marker) was observed by
immunofluorescence costaining in the glomerular cell mem-
brane on P5D of both normoxia and hyperoxia groups, and
cytoplasmic coexpression of ZO-1 and N-cadherin in the
proximal tubules was observed on P5D of both normoxia
and hyperoxia groups (Supplementary Figure 2(a)).
Localization to the cell membrane of ZO-1 expression in
proximal tubules was attenuated by hyperoxia exposure on
P14D (Supplementary Figure 2(a)). A weak coexpression of
ZO-1 and ZONAB (ZO-1-associated nucleic acid-binding
protein) was observed in the glomerular cell membrane on
P5D of both normoxia and hyperoxia groups, and
cytoplasmic coexpression of ZO-1 and ZONAB in the
proximal tubules was observed on P5D of both normoxia
and hyperoxia groups (Supplementary Figure 2(b)). A
strong expression of ZONAB was observed in the
glomerular cell membrane on P14D of both normoxia and
hyperoxia groups (Supplementary Figure 2(b)). Nephrin (a
podocyte marker) expression in glomeruli was significantly
downregulated after hyperoxia on the 14th postnatal day
(normoxia group 1:70 ± 0:50 vs. hyperoxia group 0:93 ±
0:07, P < 0:001). The cytoplasmic expression of Ki-67 (a cell
proliferation marker) in proximal tubules was significantly
downregulated after hyperoxia on the 14th postnatal day
(normoxia group 2:08 ± 0:32 vs. hyperoxia group 1:04 ±
0:38, P < 0:001).

3.4. The Expression of Tight Junction Proteins Is Positively
Correlated with That of Inflammatory Cytokines in Rat
Kidneys. To evaluate inflammatory cytokine production after
hyperoxia and to quantify the total expression of tight junc-
tion proteins in rat kidneys exposed to neonatal hyperoxia,
we examined the expression of claudin-4, occludin, ZO-1,
IL-6, and TNF-α in the kidneys of newborn rats by western
blotting (Figure 4(a)). Claudin-4 expression peaked on the
5th postnatal day, and this effect was blunted by hyperoxia
(Figures 4(a) and 4(b)). Total claudin-4 expression was sig-
nificantly downregulated after hyperoxia on the 5th (nor-
moxia group 1:32 ± 0:24 vs. hyperoxia group 0:66 ± 0:15,
P < 0:001) and 7th postnatal days (normoxia group 1:23 ±
0:19 vs. hyperoxia group 0:57 ± 0:26, P < 0:001; Figures 4(a)
and 4(b)). Total occludin expression was significantly down-
regulated after hyperoxia on the 1st (normoxia group 1:02
± 0:16 vs. hyperoxia group 0:69 ± 0:24, P < 0:001) and 5th
postnatal days (normoxia group 0:94 ± 0:13 vs. hyperoxia
group 0:61 ± 0:1, P < 0:001; Figures 4(a) and 4(c)). Total
ZO-1 expression in neonatal kidneys was not significantly
altered after hyperoxia except for the 3rd postnatal day (nor-
moxia group 1:02 ± 0:20 vs. hyperoxia group 1:32 ± 0:15, P
< 0:01; Figures 4(a) and 4(d)). The expression of inflamma-
tory cytokines after hyperoxia presented a biphase pattern,
thus indicating that they were upregulated before the 3rd
postnatal day and downregulated after the 5th postnatal
day. The expression of IL-6 was significantly upregulated

after hyperoxia on the 3rd postnatal day (normoxia group
0:83 ± 0:18 vs. hyperoxia group 1:53 ± 0:20, P < 0:001) and
significantly downregulated after hyperoxia on the 5th (nor-
moxia group 1:43 ± 0:19 vs. hyperoxia group 0:69 ± 0:14, P
< 0:001), 7th (normoxia group 1:43 ± 0:17 vs. hyperoxia
group 0:98 ± 0:13, P < 0:001), and 14th postnatal days (nor-
moxia group 1:41 ± 0:17 vs. hyperoxia group 0:82 ± 0:17, P
< 0:001; Figures 4(a) and 4(e)). TNF-α expression was signif-
icantly upregulated after hyperoxia on the 1st (normoxia
group 1:0 ± 0:13 vs. hyperoxia group 1:57 ± 0:19, P < 0:001)
and 3rd postnatal days (normoxia group 1:52 ± 0:22 vs.
hyperoxia group 1:89 ± 0:13, P < 0:001) and was significantly
downregulated after hyperoxia on the 5th (normoxia group
2:15 ± 0:16 vs. hyperoxia group 1:31 ± 0:21, P < 0:001) and
7th postnatal days (normoxia group 2:03 ± 0:16 vs. hyperoxia
group 1:63 ± 0:12, P < 0:001; Figures 4(a) and 4(f)). Thus,
inflammatory cytokine production increased before the 3rd
postnatal day and decreased after the 5th postnatal day.

To further investigate the correlation between the expres-
sion of tight junction proteins and that of inflammatory cyto-
kines, we performed simple regression using the relative
expression values of tight junction proteins and inflammatory
cytokines, which were detected by western blotting. For tight
junction proteins, positive correlations were found between
ZO-1 and claudin-4 (r2 = 0:37, P < 0:001), occludin and ZO-
1 (r2 = 0:26, P < 0:001), and occludin and claudin-4, respec-
tively (r2 = 0:46, P < 0:001; Figure 4(g)). There were positive
correlations between IL-6 and claudin-4 (r2 = 0:61, P < 0:001
), and occludin (r2 = 0:33, P < 0:001) and ZO-1 expression
(r2 = 0:37, P < 0:001; Figure 4(h)). Positive correlations were
found between the expression of TNF-α and claudin-4
(r2 = 0:33, P < 0:001), and occludin (r2 = 0:06, P < 0:05) and
ZO-1 (r2 = 0:31, P < 0:001; Figure 4(i)). Thus, these results
indicated positive correlations between the expression of tight
junction proteins and inflammatory cytokines. Despite the
expression of IL-6 and TNF-α in both normoxia or hyperoxia
groups, the T cell (CD3 positive) or macrophage (CD68 posi-
tive) was absent either in the glomeruli or proximal tubules
measured by immunohistochemical staining (Supplementary
Figures 4(a) and 4(b)). The STAT3 (signal transducer and
activator of transcription 3) expression in the kidneys of
neonatal rats, in response to the downregulation of
inflammatory factors, was significantly downregulated after
hyperoxia on the 1st (normoxia group 1:02 ± 0:06 vs.
hyperoxia group 0:82 ± 0:05, P < 0:001), 3rd (normoxia
group 1:17 ± 0:03 vs. hyperoxia group 0:97 ± 0:06, P < 0:001
), 5th (normoxia group 1:19 ± 0:05 vs. hyperoxia group 1:03
± 0:04, P < 0:001), and 14th postnatal days (normoxia group
1:10 ± 0:06 vs. hyperoxia group 0:89 ± 0:05, P < 0:001;
Supplementary Figure 4(c)).

3.5. Neonatal Hyperoxia Downregulates Claudin-4 and
Occludin in Collecting Ducts as well as ZO-1 in Proximal
Tubules of Adult Rats. To investigate the long-term effects
of neonatal hyperoxia on the expression of tight junction
proteins in rat kidneys, we determined the expression of clau-
din-4, occludin, and ZO-1 in the kidneys of adult rats on the
30th and 60th postnatal days by immunohistochemical
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Figure 4: Continued.
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staining. For claudin-4, mild membranous or cytoplasmic
staining in glomeruli and proximal tubules was observed,
whereas strong cytoplasmic staining in collecting ducts was
observed (Figure 5(a)). For occludin, mild cytoplasmic stain-
ing was observed in glomeruli, moderate cytoplasmic stain-
ing was observed in proximal tubules, and strong
cytoplasmic staining was observed in collecting ducts from
adult rats (Figure 5(a)). For ZO-1, mild cytoplasmic staining
in glomeruli and moderate cytoplasmic staining in proximal
tubules and collecting ducts were found in mature kidneys
(Figure 5(a)). Claudin-4 expression in the collecting ducts
of adult rats was significantly downregulated by neonatal
hyperoxia on the 30th (normoxia group 20:77 ± 4:61 vs.
hyperoxia group 9:39 ± 2:48, P < 0:001) and 60th postnatal
days (normoxia group 20:94 ± 4:95 vs. hyperoxia group
9:12 ± 4:12, P < 0:001; Figure 5(b)). Occludin expression in
the collecting ducts of adult rats was significantly downregu-
lated by neonatal hyperoxia on the 30th (normoxia group
2:10 ± 0:49 vs. hyperoxia group 1:34 ± 0:46, P < 0:001) and
60th postnatal days (normoxia group 2:42 ± 0:47 vs. hyper-
oxia group 0:89 ± 0:32, P < 0:001; Figure 5(c)). ZO-1 expres-
sion in glomeruli of adult rats was significantly
downregulated by neonatal hyperoxia on the 30th postnatal
day (normoxia group 1:0 ± 0:40 vs. hyperoxia group 0:19 ±
0:24, P < 0:001), whereas that in the proximal tubules of

adult rats was significantly downregulated by neonatal
hyperoxia on the 60th postnatal day (normoxia group 1:95
± 1:20 vs. hyperoxia group 0:14 ± 0:15, P < 0:001;
Figure 5(d)). Therefore, neonatal hyperoxia downregulated
claudin-4 and occludin in collecting ducts as well as ZO-1
in the proximal tubules of adult rats, thus showing that neo-
natal hyperoxia has a long-term inhibitory role toward tight
junction proteins in rat kidneys.

3.6. The Injury Score of Proximal Tubules Is Negatively
Correlated with Claudin-4 Expression in Mature Kidneys.
To validate the results of immunohistochemical staining in
the kidneys of adult rats, we determined the expression of
claudin-4, occludin, and ZO-1 in the kidneys of adult rats by
western blotting (Figure 6(a)). On the 30th postnatal day,
occludin (normoxia group 0:78 ± 0:17 vs. hyperoxia group
0:56 ± 0:14, P < 0:05) and ZO-1 expression (normoxia group
1:33 ± 0:18 vs. hyperoxia group 1:09 ± 0:18, P < 0:05) was sig-
nificantly downregulated by neonatal hyperoxia (Figure 6(a)).
On the 60th postnatal day, claudin-4 (normoxia group 1:0 ±
0:17 vs. hyperoxia group 0:78 ± 0:15, P < 0:05) and ZO-1
(normoxia group 1:98 ± 0:18 vs. hyperoxia group 1:26 ± 0:19
, P < 0:001) was significantly downregulated by neonatal
hyperoxia (Figure 6(a)). Thus, the expression of tight junction
proteins in rat kidneys was inhibited by neonatal hyperoxia in
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Figure 4: Tight junction protein expression is positively correlated with that of inflammatory cytokines after neonatal hyperoxia. (a)
Expression bands of claudin-4, occludin, ZO-1, IL-6, and tumor necrosis factor-α (TNF-α) in the kidneys of newborn rats exposed to
normoxia or hyperoxia till 1st postnatal day (P1D), 3rd postnatal day (P3D), 5th postnatal day (P5D), 7th postnatal day (P7D), and 14th
postnatal day (P14D) were detected by western blotting. (b–f) The box and whisker plots represent relative protein expression of claudin-
4, occludin, ZO-1, IL-6, and TNF-α, respectively. Quantified band intensities were normalized to β-actin and then standardized to the
value of normoxia group on P1D. The whiskers represent the minimal or the maximal gray value, and the boxes span the interquartile
range of measurements for 10 rats with the mean value of 3 replicates (n = 10). ∗P < 0:05, one-way ANOVA, Bonferroni post hoc test. (g)
Graphs represent linear correlation among expression of claudin-4, occludin, and ZO-1. (h) Graphs represent linear correlation between
expression of claudin-4, occludin, ZO-1, and IL-6. (i) Graphs represent linear correlation between expression of claudin-4, occludin, ZO-1,
and TNF-α in neonatal kidneys exposed to hyperoxia or normoxia. The correlation coefficient (r2) along with the best-fit line (solid line)
and 95% confidence band (dashed line) is plotted when it is found to be statistically significant (n = 20, simple regression).
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Figure 5: Neonatal hyperoxia downregulates claudin-4 in proximal tubules as well as occludin and ZO-1 in the collecting ducts of adult rats.
(a) The expression of claudin-4, occludin, and ZO-1 in glomeruli, proximal tubules, and collecting ducts of adult rats on 30th postnatal day
(P30D) and 60th postnatal day (P60D), which were exposed to normoxia or hyperoxia from birth to 14th postnatal day, was measured,
respectively, by immunohistochemical staining (original magnification ×400. Scale bar, 20 μm. Arrow for positive staining). (b–d) Graphs
represent the immunostaining intensity of claudin-4, occludin, and ZO-1 expression in glomeruli, proximal tubules, and collecting ducts
of adult rats on P30D and P60D, which were exposed to normoxia or hyperoxia from birth to 14th postnatal day. Relative expression is
standardized to the value of normoxia group on P30D. Values are means ± SE from n = 10 samples. ∗P < 0:05 compared with normoxia
group (one-way ANOVA).
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Figure 6: Continued.
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the long term, findings consistent with the observations from
immunohistochemical staining.

To investigate the effects of hyperoxia-induced impairment
of kidney development, we performed a histologic examination
with H&E staining, using mature kidney samples (30th and
60th postnatal days) from the normoxia and hyperoxia groups
(Figure 6(b)). Increased vacuoles, irregular brush-like epithelial
borders, and lumen dilation were observed in the proximal
tubules of adult rats in the hyperoxia group (Figure 6(b)).
The difference in the glomerular diameter of adult rats between
the normoxia and hyperoxia group was not significant
(Figure 6(c), Table 1), thus indicating that neonatal hyperoxia
did not impair glomerular development. Neonatal hyperoxia
significantly decreased the glomerular number of adult rats
on the 30th (normoxia group 138:4 ± 27:1/mm2 vs. hyperoxia
group 70:0 ± 12:8/mm2, P < 0:001) and 60th postnatal days
(normoxia group 54:6 ± 12:5/mm2 vs. hyperoxia group 37:3
± 11:4/mm2, P < 0:001; Figure 6(c), Table 1). Neonatal hyper-
oxia significantly increased the injury score of proximal tubules
of adult rats on the 30th (normoxia group 0:1 ± 0:1 vs. hyper-
oxia group 0:6 ± 0:4, P < 0:001) and 60th postnatal days (nor-
moxia group 0:2 ± 0:1 vs. hyperoxia group 1:5 ± 0:3, P < 0:001
; Figure 6(c), Table 1). Because severe injury to tubular epithe-
lial cells can cause increased cast formation in collecting ducts,
we determined the cast count in the collecting ducts of adult

rats by using H&E staining of sections. The difference in cast
count in collecting ducts of adult rats between the normoxia
and hyperoxia groups was not significant (Figure 6(c),
Table 1). Our results indicated that neonatal hyperoxia
impaired proximal tubular development in the long term.

To further investigate the correlation between the expres-
sion of tight junction proteins and proximal tubular injury,
we performed simple regression using the relative expression
values of tight junction proteins detected by western blotting
and the injury score of proximal tubules on the 30th and 60th
postnatal days in adult rats. A negative correlation was found
between claudin-4 expression and the injury score of proxi-
mal tubules (r2 = 0:41, P < 0:001; Figure 6(d)), whereas no
significant correlation between occludin or ZO-1 expression
and the injury score in proximal tubules was observed
(P > 0:05; Figure 6(d)). No significant correlation between
claudin-4, occludin, or ZO-1 expression and the glomerular
number was observed (P > 0:05; Figure 6(d)). Thus, the
injury score of proximal tubules was negatively correlated
with claudin-4 expression in mature kidneys of adult rats.

4. Discussion

Increasing evidence indicates that neonatal hyperoxia causes
injury to immature kidney [4, 16, 32]. Since tight junction
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Figure 6: The injury score of proximal tubules is negatively correlated with claudin-4 expression in mature kidneys. (a) Expression bands of
claudin-4, occludin, and ZO-1 in kidneys of adult rats on 30th postnatal day (P30D) and 60th postnatal day (P60D), which were exposed to
neonatal normoxia or hyperoxia from birth to 14th postnatal day, were detected by western blotting. The whisker and box plots represent
relative protein expression of claudin-4, occludin, and ZO-1. Quantified band intensities were normalized to β-actin and then
standardized to the value of normoxia group on P30D. The whiskers represent the minimal or the maximal gray value, and the boxes span
the interquartile range of measurements for 10 rats with the mean value of 3 replicates (n = 10). ∗P < 0:05, one-way ANOVA, Bonferroni
post hoc test. (b) The glomeruli, proximal tubules, and collecting ducts of adult rats, including those from the 30th postnatal day (P30D)
and 60th postnatal day (P60D), which were exposed to neonatal normoxia or hyperoxia from birth to 14th postnatal day were detected by
hematoxylin and eosin (H&E) staining (original magnification ×400. Scale bar, 100μm or 20 μm. Arrow for vacuolation, and arrowheads
for thinner tubules and tubular dilation). (c) Graphs represent the glomerular diameters, glomerular numbers, injury scores of proximal
tubules, and cast counts in collecting ducts from adult rats exposed to neonatal normoxia or hyperoxia from birth to 14th postnatal day.
Values are means ± SE from n = 10 samples. ∗P < 0:05 compared with normoxia group (one-way ANOVA). (d) Graphs represent linear
correlation between relative immunostaining intensity of claudin-4, occludin, ZO-1, injury scores of proximal tubules, and glomerular
number in mature kidneys exposed to neonatal hyperoxia or normoxia from birth to 14th postnatal day. The correlation coefficient (r2)
along with the best-fit line (solid line) and 95% confidence band (dashed line) is plotted when it is found to be statistically significant
(n = 20, simple regression).
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plays a crucial role in nephrogenesis and maintaining renal
function [33, 34] and hyperoxia-induced developmental
impairment is mediated by breakdown of the tight junction
[31, 35, 36], identifying how neonatal hyperoxia affects tight
junction in developing kidneys is of interest. Herein, to our
knowledge, this present study showed for the first time that
the expression of key tight junction proteins claudin-4, occlu-
din, and ZO-1 in proximal tubules was significantly down-
regulated after neonatal hyperoxia. The expression of these
tight junction proteins was positively correlated with that of
IL-6 and TNF-α. Furthermore, our study demonstrated that
neonatal hyperoxia decreased glomerular number and the
proliferation of proximal tubular cells and that the extent of
proximal tubular injury was negatively correlated with the
expression of claudin-4 in the kidneys of adult rats.

Claudin-4 is a critical component in regulating paracellu-
lar chloride permeability of the collecting duct [37, 38].
Claudin-4 also accumulates claudin-1 and claudin-3 in tight
junctions to enhance cell-cell contact in renal tubular epithe-
lial cells [39].We found that claudin-4 expression in glomeruli
was altered by neonatal hyperoxia; however, neonatal hyper-
oxia did not affect claudin-4 expression in glomeruli of adult
rats. Our study provides the first demonstration that neonatal
hyperoxia downregulates proximal tubular claudin-4 expres-
sion, which is negatively correlated with the injury score of
proximal tubules of adult rats, thus indicating that neonatal
hyperoxia might impair proximal tubular development
through downregulation of claudin-4. Importantly, we
observed that neonatal hyperoxia downregulated claudin-4
in the collecting ducts of adult rats. Since claudin-4 is a critical
component involved in chloride reabsorption in collecting
ducts [38], we postulate that neonatal hyperoxia might impair
chloride reabsorption in collecting ducts.

Occludin is an endothelial cell marker in glomerular vas-
culature and plays an important role in the hyperpermeabil-
ity of the glomerular endothelium, which is regulated by
TNF-α [8, 40]. In the current study, neonatal hyperoxia pos-

tulated the expression peaks of occludin in glomeruli, and the
expression of occludin was positively correlated to TNF-α,
thus suggesting that neonatal hyperoxia might interfere with
the filtration function of developing glomeruli in a TNF-α-
dependent manner. Occludin is an important component
in maintaining paracellular permeability of the proximal
tubule and collecting duct [41, 42]. We found that neonatal
hyperoxia notably downregulated the expression of occludin
in proximal tubules and collecting ducts of adult rats, indicat-
ing that neonatal hyperoxia is a long-term risk factor for the
paracellular permeability of the proximal tubule and collect-
ing duct.

ZO-1, as the marker of tight junction, is a scaffold protein
which cross-links and anchors tight junction strand proteins
to the actin cytoskeleton [43]. We observed a cytoplasmic
expression of ZO-1 in proximal tubule of neonatal rats, and
the membranous localization of ZO-1 expression was attenu-
ated by neonatal hyperoxia, indicating that neonatal hyper-
oxia might impair the membranous anchoring of tight
junction proteins by downregulation of membranous ZO-1
in the proximal tubule. ZO-1 and ZONAB interactions are
critical components of a tight junction-associated signal
transduction pathway regulating the transition of proximal
tubular cells from a proliferative to a differentiated pheno-
type, and cytoplasmic expression of ZONAB is important
for cell survival [44, 45]. Membranous coexpression of ZO-
1 and ZONAB in glomerulus and cytoplasmic coexpression
of those in the proximal tubule of both normoxia and hyper-
oxia groups was observed in this study, indicating that ZO-1
and ZONAB might mainly involve in the tubular prolifera-
tion and cell survival and glomerular differentiation of neo-
natal rats. Our current study demonstrated that neonatal
hyperoxia downregulated ZO-1 expression in both neonatal
and adult proximal tubules, which might impair the prolifer-
ation of proximal tubular cells during nephrogenesis.
Podocyte-specific deletion of the ZO-1 gene impairs slit dia-
phragm formation, thus leading to abnormal filtration of
developing glomeruli [19]. We observed that the expression
peaks of ZO-1 in glomeruli were advanced, and nephrin (a
marker of podocyte) expression was downregulated by neo-
natal hyperoxia, which might interfere with the filtration of
developing glomeruli. In the current study, the expression
peaks of ZO-1 in collecting ducts were advanced by neonatal
hyperoxia. Because suppression of ZO-1 resulted in increased
G0/G1 retention in the principal cells of collecting ducts [46],
hyperoxia-induced alteration of ZO-1 expression in the col-
lecting ducts of neonatal rats may interfere with the cell divi-
sion of the developing collecting duct. We observed positive
correlations among claudin-4, occludin, and ZO-1 expres-
sion in neonatal kidneys, thus suggesting that coordinated
expression of these tight junction proteins is required during
nephrogenesis.

We observed that IL-6 and TNF-α in rat kidneys were
downregulated after neonatal hyperoxia, indicating that IL-
6 and TNF-αmight be involved in the regulatory mechanism
of impaired nephrogenesis. Both IL-6 and TNF-α are pleio-
tropic cytokines that have been implicated in various forms
of renal disease [47, 48]. TNF-α regulates IL-6 expression
via STAT3 signaling, which promotes both stem cell self-

Table 1: Comparison of renal morphologya of adult rats between
neonatal normoxia and hyperoxia exposure.

Parameter Normoxia Hyperoxia P value

Glomerular diameter, μm

P30D 69:6 ± 11:4 68:3 ± 3:3 >0.05
P60D 62:7 ± 5:5 68:4 ± 5:6 >0.05

Glomerular number, per mm2

P30D 138:4 ± 27:1 70:0 ± 12:8 <0.001
P60D 54:6 ± 12:5 37:3 ± 11:4 <0.001

Injury score of the proximal tubule

P30D 0:1 ± 0:1 0:6 ± 0:4 <0.001
P60D 0:2 ± 0:1 1:5 ± 0:3 <0.001

Cast count, per mm2

P30D 0:3 ± 0:1 0:3 ± 0:1 >0.05
P60D 0:5 ± 0:1 0:4 ± 0:1 >0.05

Note: ameasured by hematoxylin and eosin staining; P30D: postnatal 30th
day; P60D: postnatal 60th day.
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renewal and differentiation into tubular cells [49, 50]. IL-6
also triggers mesenchymal-epithelial transition, which is crit-
ical for kidney development [51, 52]. We observed that
hyperoxia exposure significantly downregulated STAT3
expression accompanied by downregulation of IL-6 and
TNF-α in the kidney of neonatal rats, indicating synergistic
downregulation of IL-6 and TNF-α by hyperoxia exposure
might be mediated by STAT3 signaling.

IL-6 and TNF-α enhance the cell junction of the kidney
through MAPK (mitogen-activated protein kinase) signaling
[53, 54]. Our study observed a downregulation of TNF-α
after neonatal hyperoxia and a positive correlation among
TNF-α and claudin-4, occludin, and ZO-1 in the rat kidneys,
indicating that hyperoxia-induced downregulation of the
tight junction proteins might be mediated by downregulation
of IL-6 and TNF-α during nephrogenesis. The observation
above is consistent with the result of a previous study, show-
ing that neonatal hyperoxia downregulated the MAPK sig-
naling, which is critical to the nephrogenesis by regulating
cell cycle arrest, progenitor maintenance, and differentiation
[4, 55, 56]. We found less podocyte, less glomerular number,
attenuated proliferation of proximal tubular cells (Ki-67
downregulation), and increased injury score of proximal
tubules accompanied by the downregulation of IL-6 and
TNF-α following neonatal hyperoxia, indicating an impaired
kidney development by neonatal hyperoxia exposure might
be mediated by IL-6 and TNF-α. Interestingly, CD3 and
CD68 expression of the rat kidney in response to downregu-
lation of IL-6 and TNF-α following neonatal hyperoxia was
evaluated in this study, and the T cell (CD3 positive) or mac-
rophage (CD68 positive) was absent either in the glomeruli
or proximal tubules was observed. The observation above
demonstrated that IL-6 and TNF-α were involved in the
impaired nephrogenesis by neonatal hyperoxia independent
of their proinflammatory effect.

5. Conclusion

Our present study showed for the first time that neonatal
hyperoxia extensively inhibited the expression of tight junc-
tion proteins throughout the development of neonatal prox-
imal tubules, in which inflammatory cytokines might
function coordinately. In the long term, neonatal hyperoxia
decreased glomerular number and increased injury score of
proximal tubules in mature kidneys, which might be an effect
mediated by downregulation of claudin-4. These findings
indicated that impaired expression of tight junction proteins
in kidney might be a potential mechanism of hyperoxia-
induced nephrogenic disorders. It provides new insights to
further study oxidative renal injury and development disor-
ders and will be helpful for seeking potential therapeutics
for hyperoxia-induced renal injury in the future.
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Supplementary Materials

Supplementary Figure 1: flowchart of study design and animal
groups. Newborn rats were exposed to normoxia or hyperoxia
and were euthanized on the 1st postnatal day (P1D), 3rd post-
natal day (P3D), 5th postnatal day (P5D), 7th postnatal day
(P7D), 10th postnatal day (P10D), 14th postnatal day
(P14D), 30th postnatal day (P30D), and 60th postnatal day
(P60D). The kidneys were harvested immediately following
euthanasia for assays of histological examination, immunohis-
tochemical staining (IHC), immunofluorescence staining, and
western blotting. Body weight (BW) was recorded as mean
± SD g. Supplementary Figure 2: hyperoxia exposure attenu-
ated membranous localization of ZO-1 in proximal tubules.
(a) The distribution of N-cadherin and ZO-1 expression in
glomeruli and proximal tubules of newborn rats, which were
exposed to normoxia or hyperoxia from birth to 5th postnatal
day (P5D) and 14th postnatal day (P14D), was measured,
respectively, by immunofluorescence costaining (original
magnification ×800. Scale bar, 40μm. Arrow for membranous
localization of ZO-1). (b) The distribution of ZO-1-associated
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nucleic acid-binding protein (ZONAB) and ZO-1 expression
in glomeruli and proximal tubules of newborn rats, which
were exposed to normoxia or hyperoxia from birth to 5th
postnatal day (P5D) and 14th postnatal day (P14D), was mea-
sured, respectively, by immunofluorescent staining (original
magnification ×800. Scale bar, 40μm. Arrowheads for mem-
branous localization of ZONAB). Supplementary Figure 3:
neonatal hyperoxia downregulates expression of nephrin in
glomeruli and that of Ki-67 in proximal tubules. Nephrin (a)
and Ki-67 (b) expression in glomeruli and proximal tubules
of newborn rats, which were exposed to normoxia or hyper-
oxia from birth to 5th postnatal day (P5D) and 14th postnatal
day (P14D), was measured, respectively, by immunohisto-
chemical staining (original magnification ×400. Scale bar,
20μm). The box and whisker plot represents the immuno-
staining intensity of expression in glomeruli and proximal
tubules. Relative expression is standardized to the value of
normoxia group on P5D. The whiskers represent the minimal
or the maximal intensity, and the boxes span the interquartile
range of measurements for 10 rats with the mean value of 3
replicates (n = 10). ∗P < 0:05, one-way ANOVA, Bonferroni
post hoc test. Supplementary Figure 4 There was an absence
of CD3 and CD68 positive cells in the glomeruli and proximal
tubules of normoxia or hyperoxia groups. CD3 (a) and CD68
(b) expression in glomeruli and proximal tubules of newborn
rats, which were exposed to normoxia or hyperoxia from birth
to 5th postnatal day (P5D) and 14th postnatal day (P14D),
was measured, respectively, by immunohistochemical staining
(original magnification ×400. Scale bar, 20μm). The box and
whisker plot represents the immunostaining intensity of
expression in glomeruli and proximal tubules. Relative expres-
sion is standardized to the value of normoxia group on P5D.
The whiskers represent the minimal or the maximal intensity,
and the boxes span the interquartile range of measurements
for 10 rats with the mean value of 3 replicates (n = 10). ∗P <
0:05, one-way ANOVA, Bonferroni post hoc test. (c) Expres-
sion bands of STAT3 in the kidneys of newborn rats exposed
to normoxia or hyperoxia from birth to 1st postnatal day
(P1D), 3rd postnatal day (P3D), 5th postnatal day (P5D),
7th postnatal day (P7D), and 14th postnatal day (P14D) were
detected by western blotting. Relative expression adjusted to
the reference gene β-actin and then standardized to the value
of normoxia group on P1D is shown by box and whisker plots.
The whiskers represent the minimal or the maximal gray
value, and the boxes span the interquartile range of measure-
ments for 10 rats with the mean value of 3 replicates (n = 10
). ∗P < 0:05, one-way ANOVA, Bonferroni post hoc test.
(Supplementary Materials)
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