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ABSTRACT
Cardiopulmonary bypass (CPB) is the most general technique
applied in congenital heart disease (CHD). However, standard CPB
poses a specific pathologic condition for patients during surgery:
exposure to reoxygenation. When surgery is performed on cyanotic
infants, standard CPB is usually initiated at a high concentration of
oxygen without consideration of cytotoxic effects. Controlled
reoxygenation is defined as using normoxic CPB with a pump
primed to the PO2 (oxygen tension in the blood), which is matched to
the patient’s preoperative saturation. The aim of this study was to
determine whether controlled reoxygenation could avoid standard
reoxygenation injury and also to clarify the molecular signaling
pathways during hypoxia. We successfully reproduced the abnormal
brain observed in mice with chronic hypoxia during early postnatal
development – equivalent to the third trimester in human. Mice were
treated with standard reoxygenation and controlled reoxygenation
after hypoxia for 24 h. We then assessed the brain tissue of these
mice. In standard reoxygenation-treated hypoxia mice, the caspase-
3-dependent neuronal apoptosis was enhanced by increasing
concentration of oxygen. Interestingly, controlled reoxygenation
inhibited neuron and glial cell apoptosis through suppressing
cleavage of caspase-3 and PARP. We also found that controlled
reoxygenation suppressed LCN2 expression and inflammatory
cytokine (including TNF-α, IL-6, and CXCL10) production, in which
the JAK2/STAT3 signaling pathway might participate. In conclusion,
our findings propose the novel therapeutic potential of controlled
reoxygenation on CPB during CHD.
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INTRODUCTION
Cardiopulmonary bypass (CPB) is a predominant technique
associated with congenital heart disease (CHD) surgery,

especially cyanotic ones. This surgery is known to have greatly
reduced mortality rates, but patients often suffer an array of
neurological deficits throughout their lives (Sturmer et al., 2018;
Marino et al., 2012). Although clinical evidence from neuroimaging
studies has indicated CHD is linked with white-matter immaturity
during the prenatal period (Ishibashi et al., 2012), postoperative
brain injury has been demonstrated to be significantly associated
with preoperative chronic hypoxia and model CPB (Hogue et al.,
2008). Clinically, when surgery is performed on cyanotic
infants, standard CPB is usually initiated at high PaO2, without
consideration of possible cytotoxic effects of hyperoxia. One of the
strategies proposed to avoid reoxygenation injury has been the use
of controlled reoxygenation using PaO2 similar to the patient’s
preoperative oxygen saturation when starting CPB (Ihnken et al.,
1995). It has been shown to ameliorate reoxygenation injury in adult
patients and cyanotic pediatric patients (Caputo et al., 2014).
However, cellular events secondary to controlled reoxygenation and
the impact of controlled reoxygenation in the developing brain
remain largely unexplored.

The Janus kinase/signal transducer and activator of transcription
(JAK/STAT) signaling pathway is involved in physiological and
pathological processes, such as immune responses, hematopoiesis,
cellular homeostasis, gliogenesis and reactive astrocytosis (Shuai
and Liu, 2003). STAT3, one of sevenmembers of the STAT family of
proteins, participates in cellular responses to cytokines and growth
factors as transcription factors (Yang et al., 2005;Wang et al., 2007).
Activation of STAT3 is due to JAK2-dependent phosphorylation and
JAK2-independent phosphorylation (Aggarwal et al., 2009). In the
central nervous system (CNS), STAT3 is expressed by astrocytes,
neurons and other glial cell types, and the phosphorylation of
STAT3 was found markedly increased during hypoxic brain injury
(Hristova et al., 2016).

The objective of our study was to determine the effects of
controlled reoxygenation on the developing brain in neonatal mice
undergoing chronic hypoxia, and then to reveal whether JAK2/
STAT3 signaling is related to controlled reoxygenation-induced
reduction of reoxygenation injury. The effects were determined by
measuring LCN2, JAK2/STAT3 and their downstream targets,
including BNIP and caspase-3.

RESULTS
Reduction of neurons and glial cells apoptosis under
hypoxia-induced brain injury by controlled reoxygenation
treatment
Occurrence of cell death in hypoxic mice was observed by means of
terminal deoxynucleotidyl dUTP nick end labeling (TUNEL) assay.
As shown in Fig. 1A and C, the number of apoptotic neurons and
glial cells in the hippocampal region and cerebral cortex of mice
increased when the concentration of the standard reoxygenation
treatment increased. However, the limited apoptotic cells were
detected in the controlled reoxygenation-treated hippocampus regionReceived 16 October 2018; Accepted 21 August 2019
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and the cortex region of mice (Fig. 1A,C). We further performed
immunohistochemistry staining to observe the caspase-3, a cell
apoptosis-associated protein, distributed in the hippocampal region
and cerebral cortex region. Similarly, increasing the concentration of
the standard reoxygenation significantly enhanced the distribution

of caspase-3 in both the hippocampal region and cerebral cortex of
hypoxic mice (Fig. 1B,D). In contrast, the number of caspase-3
positive cells in mice treated with controlled reoxygenation was
lower than that of the mice that underwent standard reoxygenation
(Fig. 1B,D).

Fig. 1. Controlled reoxygenation reduces hypoxia-induced neuronal apoptosis. The mice first received hypoxic treatment (10% O2) for 8 days, and then
reoxygenation treatment (14%+18%+21% O2, 21% O2, 50% O2 and 100% O2) for 24 h (n=6 mice of each group). (A,C) TUNEL assay for apoptotic cells
in hippocampus region and cortex region of reoxygenated mice. Arrows indicate the TUNEL-positive cells. Scale bar: 200 μm. (B,D) Caspase-3 in
hippocampus region and cortex region were analyzed by immunohistochemistry staining. Arrows indicate the Caspase-3-positive cells. Scale bar: 200 μm.
(E) The expression of cleaved caspase-3 and cleaved PARP in hippocampus region (upper panel) and in cortex region (lower panel) measured with western
blotting. (F) Intensities of protein bands standardized to those of β-actin and expressed as relative band intensities. Data represents three independent
experiments. Error bars reflect±s.e.m. *P<0.05, **P<0.01.
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Activation of caspase-3 plays an important role in cell apoptosis
(Salvesen, 2002). Next, we investigated the expression of the
cleaved caspase-3 and poly (ADP-ribose) polymerase (PARP) by
western blotting (Fig. 1E,F). We found that cleaved caspase-3 and
cleaved PARP in both the hippocampus and cortex regions
were significantly increased by the treatment with standard
reoxygenation in a dose-dependent manner (Fig. 1E,F). In the
case of the controlled reoxygenation-treated hippocampus region
and cortex region of mice, we observed significantly lower
expression of cleaved PARP and cleaved caspase-3 in the cortex
region. Limited cleaved caspase-3 and cleaved PARP bands were
detected in the hippocampus region. These data suggest that
controlled reoxygenation is capable of reducing hypoxia-induced
cell apoptosis, in which inhibition of caspase-3 and/or PARP
cleavage may play a part role.

The anti-inflammation effect of controlled reoxygenation on
hypoxia-induced brain injury mice
It has been reported that lipocalin-2 (LCN2) plays a critical role in
several pathological organ conditions, including liver injury, renal
damage, brain injury as well as lung infection (Suk, 2016). In our
experiments, the expression of LCN2 at both the gene level and
protein level was enhanced by standard reoxygenation, but it was
strongly decreased by controlled reoxygenation in both the
hippocampus region and cortex region (Fig. 2A,B).
LCN2 expression is highly regulated in astrocytes under the

condition of diverse brain injury, which further causes
neuroinflammation (Suk, 2016). In order to clarify whether
controlled reoxygenation can ameliorate the development of
LCN2-induced neuroinflammation, we examined microglial
activation by western blotting for Iba-1 and glial fibrillary acidic
protein (GFAP). Consistent with our hypothesis, expression of Iba-1
and GFAP was clearly enhanced by standard reoxygenation in a
dose-dependent manner (Fig. 3A). Importantly, compared with
standard reoxygenation-treated mice, the immuno-reactive bands of
Iba-1 and GFAP were remarkably attenuated in the controlled
reoxygenation-treated hippocampus region and cortex region of
mice (Fig. 3A). This trend was also confirmed by
immunohistochemistry stained with Iba-1 (Fig. 3C). Meanwhile,
the effects of standard reoxygenation and controlled reoxygenation

on cytokine as well as chemokine were also examined. Our data
showed that standard reoxygenation treatment increased secretion of
TNF-α, IL-6 and CXCL10 in a dose-dependent manner, but they
were significantly decreased in the mice treated by controlled
reoxygenation (Fig. 3B). This finding again supported the notion
that controlled reoxygenation has an anti-inflammatory effect on
hypoxia-associated neuroinflammation.

Downregulation by controlled reoxygenation treatment of
JAK2/STAT3 and AMPK/mTOR signaling pathway in
hypoxic-induced brain injury mice
The JAK2/STAT3 signaling pathway is known to be involved in
the pathological processes of CNS insults (Nicolas et al., 2013).
We finally investigated whether JAK/STAT3-mediated
neuroinflammation directly regulated by oxygenation. As shown
in Fig. 4A, standard reoxygenation markedly increased the
phosphorylation of JAK2 (p-JAK2) and STAT3 (p-STAT3).
However, the expression of p-JAK2 and p-STAT3 was
significantly lower the in controlled reoxygenation-treated
hippocampus region and cortex region of mice than those treated
by standard reoxygenation. These results suggest that the
cytoprotective and anti-inflammatory effects of controlled
oxygenation on hypoxia-induced brain injury are associated with
the JAK2/STAT3 signaling pathway. Interestingly, we observed that
bcl-2/E1B 19 kDa interacting protein 3 (BNIP3), an autophagy
biomarker, was increased by treatment of standard reoxygenation in a
dose-dependent manner. However, the expression of BNIP3 was
suppressed by controlled reoxygenation treatment. We expected
that autophagy is induced as a scavenger of dead cells by standard
reoxygenation during hypoxia-induced brain injury. To prove our
hypothesis, the analysis of autophagymarker proteins was performed
by western blotting. mTOR is a known critical negative regulator
for autophagy that is inactivated by AMPK phosphorylation (Jung
et al., 2010). In contrast to the controlled reoxygenation-treated
hippocampus region and cortex region of mice, the standard
reoxygenation-treated hippocampus region and cortex region of
mice showed more expression of phosphorylation of AMPK, lower
expression of phosphorylatedmTOR (Fig. 4B). These results provide
further evidence that controlled reoxygenation decreased cell
apoptosis during hypoxia-induced brain injury. In other words,

Fig. 2. Controlled reoxygenation reduces the expression of LCN2 in both gene and protein levels. (A) Quantitative PCR analysis of LCN2 gene
transcript. These data were normalized with an amount of β-actin as an internal control. (B) The expression of LCN2 in the hippocampus region (upper panel)
and in the cortex region (lower panel) was detected by western blotting. Intensities of protein bands were standardized to those of β-actin and expressed as
relative band intensities. Data represents three independent experiments. Error bars reflect±s.e.m. *P<0.05, **P<0.01.
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controlled reoxygenation suppresses neuroinflammation and protects
neurons from apoptosis, in which the JAK2/STAT3 signaling
pathway and its downstream signals probably participate.

DISCUSSION
In this study, we successfully reproduced the abnormal brain
observed in mice with chronic hypoxia during early postnatal
development, which is similar to the abnormal brain in cyanotic
pediatric patients and is equivalent to the third trimester in
human. During CPB, high oxygen levels are the major cause of
brain injury (Hogue et al., 2008; Fontes et al., 2014). We have

replicated this specific brain condition in the CPB by using mice
models and provided evidence for the less detrimental effects of
controlled reoxygenation on hypoxia-induced brain injury. For
instance, we observed that standard reoxygenation caused caspase-
3 associated-neuron and glial cell apoptosis in a dose-dependent
manner after mice hypoxia; however, controlled reoxygenation
treatment resulted in a significant decrease in hypoxia-induced
neurons and glial cells apoptosis via regulation of caspase-3
activation (Fig. 1A–F). In their paper, Caretti et al. demonstrated
that chronic hypoxia could induce neuron apoptosis by
upregulating p-ERK1/2 and p-p38 activity (Caretti et al., 2008);

Fig. 3. Controlled reoxygenation reduces the neuroinflammation in hypoxia-induced brain injury mice. (A) The expression of Iba-1 and GFAP was
analyzed by western blotting. Intensities of protein bands were standardized to those of β-actin and expressed as relative band intensities. (B) Cytokine
TNF-α, IL-6, as well as chemokine CXCL10 secreted from each group of mice were measured by ELISA. (C) Iba-1 was observed by immunohistochemistry
staining. Scale bars: 100 μm. Data represents three independent experiments. Error bars reflect±s.e.m. *P<0.05, **P<0.01.

Fig. 4. Regulation of JAK2/STAT3 and AMPK/mTOR signaling pathway by reoxygenation in hypoxia-induced brain injury mice. (A) The
phosphorylation of JAK2 and STAT3 as well as the expression of its downstream molecule BNIP3 were analyzed by western blotting. (B) Autophagy-
associated signaling was also observed by western blotting with antibodies against AMPK and mTOR. Intensities of protein bands were standardized to
those of β-actin and expressed as relative band intensities. Data represent three independent experiments. Error bars reflect±s.e.m. *P<0.05, **P<0.01.
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similarly, Fantacci et al. revealed that both hypoxic brain and
myocardial tissue exhibited a strong apoptotic signal (Fantacci
et al., 2006). The present study is one of the few studies to explore
the effect of the strictly controlled reoxygenation treatment on
brain tissues injury induced by chronic hypoxia. Our observation
is supported by one previous study that revealed gradual
reoxygenation after hypoxia could effectively weaken
myocardial injury in infants with cyanosis who undergo cardiac
repair with the use of CPB (Corno et al., 1995). These findings
may suggest that standard CPB poses a specific pathologic
condition which is exposure to standard reoxygenation for patients
undergoing cardiac surgery.
It has been demonstrated that LCN2 expression is mainly

associated with hypoxia-induced brain injury (Suk, 2016).
Consistent with this, our data shows that LCN2 expression was
upregulated by standard reoxygenation, which was reduced after
treatment of controlled reoxygenation in both the hippocampus
region and cortex region of hypoxia mice (Fig. 2A,B). Additionally,
some studies described that upregulation of LCN2 expression is
mediated through several cytokines or chemokines, such as TNF-α,
IL-6, CXCL10, etc., (Nam et al., 2014; Kang et al., 2018).
Consistent with this, our present study showed that standard
reoxygenation enhanced expression of LCN2 and secretion of
cytokines as well as chemokines (Fig. 3). However, the reduction
of LCN2 expression was significantly lower under the treatment
of controlled reoxygenation compared with the groups treated by
standard reoxygenation (Fig. 2). These results indicated that
dysregulation of LCN2 may be not only associated with
neuroinflammation, but also be responsible for neuronal
apoptosis. Accumulating evidence has suggested that, in hypoxia
mice, the expression of LCN2 plays a key role in brain inflammation
and the controlled reoxygenation is an effective treatment for
neuroinflammation and neuronal apoptosis.
It has been reported that Iba1 is specifically expressed in

macrophages and microglia, where it is upregulated during the
activation of these cells (Ito et al., 1998). There are several kinds of
receptor including cytokine receptors, scavenger receptors,
chemokine receptors and pattern recognition receptors on the
microglia cell membrane, activation of these receptors by
inflammatory molecules or pathogens result in a rapid activation
of resting microglia (Kierdorf and Prinz, 2013). In this study, we
found that upregulation of Iba-1 was induced by standard
reoxygenation treatment but not by controlled reoxygenation
(Fig. 3A,C). Moreover, inflammatory cytokines and chemokine
were enhanced in standard reoxygenation-treated mice, and we did
not see the release of cytokines and chemokine in the controlled
reoxygenation-treated mice (Fig. 3B). Indeed, there is an
enhancement of neuroinflammation in hypoxia mice by standard
reoxygenation treatment, meanwhile, neuroinflammation was
impaired by controlled reoxygenation treatment. It is noted that
not only Iba-1 but also GFAP was also increased by standard
reoxygenation treatment in hypoxia mice (Fig. 3A). It suggests that
standard reoxygenation treatment induces neuron apoptosis during
hypoxic conditions. Collectively, our data indicated that controlled
reoxygenation treatment is more beneficial than standard
reoxygenation treatment during cyanotic infant surgery.
The JAK2/STAT3 pathway is an important intracellular signal-

transduction pathway that relays extracellular signals to nuclei (Kiu
and Nicholson, 2012). Activated STAT3 (p-STAT3) is involved in
organ protection and cell survival during ischemia/reperfusion
injury (Oshima et al., 2005; Boengler, 2011). Kim et al. and Zhao
et al. demonstrated that activation of the JAK2/STAT3 pathway can

reduce neuronal apoptosis and recover neurological function (Kim
et al., 2017; Zhao et al., 2011). However, some studies have shown
that inhibition of activation of the JAK2/STAT3 pathway can reduce
neonatal hypoxic–ischemic brain injury (Hristova et al., 2016).
We found that the beneficial effects of controlled reoxygenation
were associated with a reduction of the expression of p-JAK2
and p-STAT3 in the brain (Fig. 4A). These different results may
be related to the experimental model, experimental object,
experimental conditions and the degree of injury. Considering
these data, we hypothesize that the body can play a protective role
by activating the JAK2/STAT3 pathway when the brain is injured.
In low oxygen level conditions, glucose and amino acids induce
AMPK activity and delay neuronal death by apoptosis during
hypoxia (Perez-Alvarez et al., 2018). mTOR plays a key role in the
apoptosis signaling pathway downstream of AMPK, for instance, by
regulating autophagy through mTOR activity. Cellular death is
triggered by upregulation of AMPK and deregulation of mTOR. At
the same time, autophagy is activated to degrade dysfunctional or
unnecessary cellular components through the lysosomes, and
increased activity of this pathway has been proven to ameliorate
the damage (Perez-Alvarez et al., 2018). We demonstrate that
controlled reoxygenation treatment is associated with the reduction
of AMPK activity and the enhancement of mTOR activity (Fig. 4B)
in brain injury mice compared with standard reoxygenation-treated
mice. These results indicated that controlled reoxygenation
treatment successfully ameliorates the degree of brain injury,
because autophagy might not be activated. Another possible reason
for this inhibition of autophagy may be the different mechanism,
which is the crosslink between the JAK2/STAT3 signaling pathway
and the AMPK/mTOR signaling pathway. Further study is required
to explore the exact mechanisms of the protective effect of
controlled reoxygenation on hypoxic apoptosis.

Currently, CPB treatment of cyanotic infants is controversial and
involves controlled reoxygenation therapy. It is necessary to
understand how high initial reoxygenation levels of CPB
treatment in cyanotic infants should be, because it impacts clinical
decision making. We provide evidence for the protective effect of
controlled reoxygenation during hypoxia-induced brain injury.
Controlled reoxygenation may provide an effective therapeutic
strategy for hypoxia-induced tissue injury via regulation of the
JAK2/STAT3 signaling pathway. It will help make better informed
clinical treatment decisions for cyanotic infants.

Several limitations in this study should be taken into
consideration: first, 24 newborn male and female P3 mice were
used in this study, and gender differences may have had an effect on
the experimental result. Indeed, before beginning the formal
experiment, we considered that sex could be a possible factor that
would cause some differences among different individuals.
However, we failed to discover the difference between male and
female mice based on the results of immunohistochemistry,
immunocytochemistry, and western blotting. We suspect that the
effects of our hypoxia and reoxygenation treatments are restricted to
the respiratory system, but do not affect the blood; thus gender
differences are not significant enough to make a substantial
difference between individuals. Second, we did not make any
attempt to differentiate neurons from glial cells in our study (see
Materials and Methods), the conclusion that the observed changes
are more pertinent in regard to neurons based on the result of
immunochemistry is rather weak, which is a flaw in our experiment
and will be improved in our future research. Third, all western blot
data refers to whole tissue without any attempt to differentiate
neurons from glial cells.
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CONCLUSION
In this study, we revealed that controlled reoxygenation treatment
could reduce neuron and glial cell apoptosis caused by hypoxia and
exert an anti-inflammation effect on hypoxia-induced brain injury
mice by downregulating JAK2/STAT3 andAMPK/mTOR signaling
pathway. Our findings may propose a potential therapeutic strategy
of controlled reoxygenation on CPB during CHD.

MATERIALS AND METHODS
Reagents
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay kits were obtained from Roche Molecular Biochemicals
(Mannheim, Germany). BCA protein quantification kit was purchased from
Merck Millipore Technology (Darmstadt, Germany). The primary
antibodies used were as follows: rabbit anti-goat, goat anti-mouse and
goat anti-rabbit secondary antibodies, which were purchased from the
Zhongshan Company (Beijing, China).

Animal study
Newborn male and female post-natal day 3 (P3) mice were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. Twenty-four
micewere used to establish the animals model in one modeling process, and a
total of three modelings were accomplished in this study. All procedures were
performed according to the Center for Animal Resources and Development
regulations for animal care, and this study was approved by the ethics
committee of Children’s Hospital of ChongqingMedical University, Ministry
of Education Key Laboratory of Child Development and Disorders, China.
First, themicewere housed under a controlled temperature (23–25°C and 55%
humidity) and allowed free access to food and water. A 12 h light-dark cycle
was maintained with lights on between 8 a.m. and 8 p.m. The mice pups with
their mother were randomly transferred into a gas chamber filled with 10%O2

and cages (six post-natal mice per cage) and without changes of accessories –
nomicewere subjected to reoxygenationprematurely.After 8 days of hypoxia,
standard reoxygenation was performed in three groups at the following
concentrations: 21% O2, 50% O2, and 100% O2 for 24 h, respectively. In the
case of controlled reoxygenation, the reoxygenation step was performed with
14% O2 for 4 h, following 18% O2 for 8 h, and finally 21% O2 for 12 h. The
treatments lasted 24 h for all groups.A total of 24 post-natalmicewere selected
and euthanized, and the brain tissue was used for the following experiments.

Immunohistochemistry and immunocytochemistry
Immunohistochemistry and immunocytochemistry experiments were carried
out on P13 mice pups. The brain tissue was fixed with 4% paraformaldehyde
and embedded in Tissue-Tek OCT compound (Miles), frozen on dry ice and
stored at −80°C. 6 µm cryostat sections of brain tissue were prepared for
immunohistochemical analysis. The apoptotic cells were detected by terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
assay kit (Roche Molecular Biochemicals, Mannheim, Germany). In brief,
the tissuewas fixed by 4% formalin for 24 h, and we then performed TUNEL
staining according to the manufacturer’s instructions. The index of apoptosis
was expressed by the number of TUNEL-positively stained apoptotic neurons
and glial cells/the total number of neurons and glial cells counted×100%. The
caspase-3 positive cells and expression of Iba-1were immunohistochemically
analyzed. Peroxidase activity was blocked with 10% H2O2 and the sections
were treated with citrate buffer (pH 6.0, at 96°C for 30 min), cooled for
20 min, and incubated in a blocking buffer [composed of 20% serum, 0.2%
Triton-X-100 in phosphate buffer saline (PBS)] for 1 h at room temperature.
The sections were incubated overnight with anti-Iba-1 antibody (ab48004,
Abcam, Cambridge, UK), and the immunolabeling was visualized using the
Vectastain Universal Elite ABC Kit.

Western blotting
The extracted protein was washed with PBS and then lysed with Laemmli
sample buffer. Protein concentration was measured by using BCA Protein
AssayKit (ThermoFisher Scientific,Waltham,USA). Protein samples of 15 μg
were subjected to SDS-PAGE electrophoresis and separated proteins were
transferred to polyvinylidene difluoride (PVDF) membrane (Immobilon-P;

EMDMillipore,Darmstadt, Germany). Themembranewas blockedwith 5%of
skimmedmilk in TBS-T for 2 h and then incubatedwith the primary antibodies
against cleaved caspase-3 (#9661, Cell Signaling Technology, USA), cleaved
PARP (194C1439, Santa Cruz Biotechnology, CA, USA), LCN2 (#44058,
Cell Signaling Technology), Iba-1 (ab48004, Abcam), GFAP (#12389, Cell
Signaling Technology), JAK2 (#3230, Cell Signaling Technology), p-JAK2
(#4406, Cell Signaling Technology), STAT3 (#4904, Cell Signaling
Technology), p-STAT3 (#9134, Cell Signaling Technology), BNIP3 (#3769,
Cell Signaling Technology), p-AMPK (#2531, Cell Signaling Technology),
AMPK (#5831, Cell Signaling Technology), p-mTOR (#5536, Cell Signaling
Technology) andmTOR (#2983, Cell Signaling Technology), overnight at 4°C.
After washing three times in Tris Buffered Saline Tween (TBST), the
membranewas incubated with secondary antibody at room temperature for 1 h.
As an internal control, expression of β-actin wasmeasured by using anti-β-actin
antibody as primary antibody and HRP-conjugated anti-rabbit antibody as
secondary antibody. Protein bands were detected by using Luminata Forte
Western HRP Substrate (Millipore, Billerica, MA, USA) with a Bio-Rad
ChemiDoxXRS+ imaging system (Bio-Rad,Hercules, CA,USA).What needs
illustration is that all western blotting data refers to whole tissue without any
attempt to differentiate neurons from glial cells.

RNA isolation and cDNA generation
Total RNA from stimulated tissue was isolated by RNeasy Micro Kit
(Qiagen, Germany) according to the manufacturer’s instructions.
Complementary DNAs (cDNAs) were prepared from RNA using
SuperScript III Reverse Transcriptase (RT) (Invitrogen, Gaithersburg,
MD, USA). RT reaction was carried out at 50°C for 1 h, and then one unit of
RNase H (Takara, Shiga, Japan) was treated at 37°C for 15 min.

Quantitative PCR
The transcript of LCN2, was measured by SYBR Green PCR Master Mix
(Applied Biosystems) with the following primer sets on ABIViiA7 Real-
Time PCR System. Expression of β-actin was used as internal control for
analysis. The primer sequences (5′→3′) were as follows:

LCN2, Forward: TCGCTACTGGATCAGAACATTTG; Reverse: GA-
ACTGGTTGTAGTCCGTGGTG; β-actin, Forward: CTTTGCAGCTCC-
TTCGTTGC; Reverse: CCTTCTGACCCATTCCCACC.

Measurement of cytokine and chemokine
Cytokine IL-6, cytokine TNF-α and chemokine CXCL10 were measured by
ELISA kit (R&D Systems; Minneapolis MN, USA) according to the
manufacturer’s instructions. In brief, the tissue lysate was incubated for 2 h
at room temperature in 96-well plates coated with anti-IL-6, anti-TNF-α or
anti-CXCL10 antibody. After washing, the capture antibody was added and
incubated for 2 h at room temperature. The reaction was measured by the
absorbance at 450 nm.

Statistical analysis
All data were presented as means±standard error of the mean (s.e.m.).
Differences were compared by Analysis of Variance (ANOVA) followed by
Bonferroni correction for post-hoc t-test, where appropriate. Probabilities of
<0.05 were considered to be statistically significant. All of the statistical
analyses were performed with the GraphPad Prism software version 5.0
(GraphPad Software, San Diego, CA, USA).

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: L.J.; Methodology: Z.T., X.T., S.L.; Software: S.L.; Validation:
S.T.; Formal analysis: S.L., J.C.; Investigation: Z.T., X.T.; Resources: S.L., J.C., S.T.,
L.J.; Data curation: Z.T., X.T.; Writing - original draft: Z.T., X.T., S.L.; Writing - review
& editing: Z.T., X.T., S.L., J.C., S.T., L.J.; Visualization: X.T., J.C., L.J.; Supervision:
L.J.; Project administration: L.J.

Funding
This research was supported by Natural Science Foundation Project of Chongqing,
Chongqing Science and Technology Commission [Grant no. cstc2019jcyj-msxm
X0151].

6

RESEARCH ARTICLE Biology Open (2019) 8, bio039370. doi:10.1242/bio.039370

B
io
lo
g
y
O
p
en



Data availability
The datasets generated and/or analyzed during the current study are not publicly
available because not all authors agreed to it.

References
Aggarwal, B. B., Kunnumakkara, A. B., Harikumar, K. B., Gupta, S. R.,
Tharakan, S. T., Koca, C., Dey, S. and Sung, B. (2009). Signal transducer and
activator of transcription-3, inflammation, and cancer: how intimate is the
relationship? Ann. N. Y. Acad. Sci. 1171, 59-76. doi:10.1111/j.1749-6632.2009.
04911.x

Boengler, K. (2011). Ischemia/reperfusion injury: the benefit of having STAT3 in the
heart. J. Mol. Cell. Cardiol. 50, 587-588. doi:10.1016/j.yjmcc.2011.01.009

Caputo, M., Mokhtari, A., Miceli, A., Ghorbel, M. T., Angelini, G. D., Parry, A. J.
and Suleiman, S. M. (2014). Controlled reoxygenation during cardiopulmonary
bypass decreases markers of organ damage, inflammation, and oxidative stress
in single-ventricle patients undergoing pediatric heart surgery. J. Thorac.
Cardiovasc. Surg. 148, 792-801.e798, discussion 800-791. doi:10.1016/j.jtcvs.
2014.06.001

Caretti, A., Bianciardi, P., Ronchi, R., Fantacci, M., Guazzi, M. and Samaja, M.
(2008). Phosphodiesterase-5 inhibition abolishes neuron apoptosis induced by
chronic hypoxia independently of hypoxia-inducible factor-1α signaling. Exp. Biol.
Med. 233, 1222-1230. doi:10.3181/0802-RM-73

Corno, A., Samaja, M., Casalini, S. and Allibardi, S. (1995). The effects of the rate
of reoxygenation on the recovery of hypoxemic hearts. J. Thorac. Cardiovasc.
Surg. 109, 1250-1251. doi:10.1016/S0022-5223(95)70212-1

Fantacci, M., Bianciardi, P., Caretti, A., Coleman, T. R., Cerami, A., Brines, M.
and Samaja, M. (2006). Carbamylated erythropoietin ameliorates the metabolic
stress induced in vivo by severe chronic hypoxia. Proc. Natl. Acad. Sci. USA 103,
17531-17536. doi:10.1073/pnas.0608814103

Fontes, M. T., Mcdonagh, D. L., Phillips-Bute, B., Welsby, I. J., Podgoreanu,
M. V., Fontes, M. L., Stafford-Smith, M., Newman, M. F., Mathew, J. P. and
Neurologic Outcome Research Group of the Duke Heart Center (2014).
Arterial hyperoxia during cardiopulmonary bypass and postoperative cognitive
dysfunction. J. Cardiothorac. Vasc. Anesth. 28, 462-466. doi:10.1053/j.jvca.2013.
03.034

Hogue, C. W., Gottesman, R. F. and Stearns, J. (2008). Mechanisms of cerebral
injury from cardiac surgery. Crit. Care Clin. 24, 83-98, viii-ix. doi:10.1016/j.ccc.
2007.09.004

Hristova, M., Rocha-Ferreira, E., Fontana, X., Thei, L., Buckle, R., Christou, M.,
Hompoonsup, S., Gostelow, N., Raivich, G. and Peebles, D. (2016). Inhibition
of signal transducer and activator of transcription 3 (STAT3) reduces neonatal
hypoxic-ischaemic brain damage. J. Neurochem. 136, 981-994. doi:10.1111/jnc.
13490

Ihnken, K., Morita, K., Buckberg, G. D., Ignarro, L. J. and Beyersdorf, F. (1995).
Reduction of reoxygenation injury and nitric oxide production in the cyanotic
immature heart by controlling pO2. Eur. J. Cardiothorac. Surg. 9, 410-418. doi:10.
1016/S1010-7940(05)80075-2

Ishibashi, N., Scafidi, J., Murata, A., Korotcova, L., Zurakowski, D., Gallo, V. and
Jonas, R. A. (2012). White matter protection in congenital heart surgery.
Circulation 125, 859-871. doi:10.1161/CIRCULATIONAHA.111.048215

Ito, D., Imai, Y., Ohsawa, K., Nakajima, K., Fukuuchi, Y. and Kohsaka, S. (1998).
Microglia-specific localisation of a novel calcium binding protein, Iba1. Brain Res.
Mol. Brain Res. 57, 1-9. doi:10.1016/S0169-328X(98)00040-0

Jung, C. H., Ro, S.-H., Cao, J., Otto, N. M. andKim, D.-H. (2010). mTOR regulation
of autophagy. FEBS Lett. 584, 1287-1295. doi:10.1016/j.febslet.2010.01.017

Kang, S. S., Ren, Y., Liu, C.-C., Kurti, A., Baker, K. E., Bu, G., Asmann, Y. and
Fryer, J. D. (2018). Lipocalin-2 protects the brain during inflammatory conditions.
Mol. Psychiatry 23, 344-350. doi:10.1038/mp.2016.243

Kierdorf, K. and Prinz, M. (2013). Factors regulating microglia activation. Front.
Cell. Neurosci. 7, 44. doi:10.3389/fncel.2013.00044

Kim, H.-C., Kim, E., Bae, J. I., Lee, K. H., Jeon, Y.-T., Hwang, J.-W., Lim, Y.-J.,
Min, S.-W. and Park, H.-P. (2017). Sevoflurane postconditioning reduces
apoptosis by activating the JAK-STAT pathway after transient global cerebral
ischemia in rats. J. Neurosurg. Anesthesiol. 29, 37-45. doi:10.1097/ANA.
0000000000000331

Kiu, H. and Nicholson, S. E. (2012). Biology and significance of the JAK/STAT
signalling pathways. Growth Factors 30, 88-106. doi:10.3109/08977194.2012.
660936

Marino, B. S., Lipkin, P. H., Newburger, J. W., Peacock, G., Gerdes, M., Gaynor,
J. W., Mussatto, K. A., Uzark, K., Goldberg, C. S., Johnson, W. H.Jr. et al.
(2012). Neurodevelopmental outcomes in children with congenital heart disease:
evaluation and management: a scientific statement from the American heart
association. Circulation 126, 1143-1172. doi:10.1161/CIR.0b013e318265ee8a

Nam, Y., Kim, J.-H., Seo, M., Kim, J.-H., Jin, M., Jeon, S., Seo, J.-W., Lee, W. H.,
Bing, S. J., Jee, Y. et al. (2014). Lipocalin-2 protein deficiency ameliorates
experimental autoimmune encephalomyelitis: the pathogenic role of lipocalin-2 in
the central nervous system and peripheral lymphoid tissues. J. Biol. Chem. 289,
16773-16789. doi:10.1074/jbc.M113.542282

Nicolas, C. S., Amici, M., Bortolotto, Z. A., Doherty, A., Csaba, Z., Fafouri, A.,
Dournaud, P., Gressens, P., Collingridge, G. L. and Peineau, S. (2013). The
role of JAK-STAT signaling within the CNS. JAKSTAT 2, e22925. doi:10.4161/jkst.
22925

Oshima, Y., Fujio, Y., Nakanishi, T., Itoh, N., Yamamoto, Y., Negoro, S., Tanaka,
K., Kishimoto, T., Kawase, I. and Azuma, J. (2005). STAT3 mediates
cardioprotection against ischemia/reperfusion injury through metallothionein
induction in the heart. Cardiovasc. Res. 65, 428-435. doi:10.1016/j.cardiores.
2004.10.021

Perez-Alvarez, M. J., Villa Gonzalez, M., Benito-Cuesta, I. and Wandosell, F. G.
(2018). Role of mTORC1 controlling proteostasis after brain ischemia. Front.
Neurosci. 12, 60. doi:10.3389/fnins.2018.00060

Salvesen, G. S. (2002). Caspases: opening the boxes and interpreting the arrows.
Cell Death Differ. 9, 3-5. doi:10.1038/sj.cdd.4400963

Shuai, K. and Liu, B. (2003). Regulation of JAK-STAT signalling in the immune
system. Nat. Rev. Immunol. 3, 900-911. doi:10.1038/nri1226

Sturmer, D., Beaty, C., Clingan, S., Jenkins, E., Peters, W. and Si, M.-S. (2018).
Recent innovations in perfusion and cardiopulmonary bypass for neonatal and
infant cardiac surgery. Transl. Pediatr. 7, 139-150. doi:10.21037/tp.2018.03.05

Suk, K. (2016). Lipocalin-2 as a therapeutic target for brain injury: an astrocentric
perspective. Prog. Neurobiol. 144, 158-172. doi:10.1016/j.pneurobio.2016.08.
001

Wang, M., Zhang, W., Crisostomo, P., Markel, T., Meldrum, K. K., Fu, X. Y. and
Meldrum, D. R. (2007). Endothelial STAT3 plays a critical role in generalized
myocardial proinflammatory and proapoptotic signaling. Am. J. Physiol. Heart
Circ. Physiol. 293, H2101-H2108. doi:10.1152/ajpheart.00125.2007

Yang, X. P., Irani, K., Mattagajasingh, S., Dipaula, A., Khanday, F., Ozaki, M.,
Fox-Talbot, K., Baldwin, W. M., 3rd and Becker, L. C. (2005). Signal transducer
and activator of transcription 3alpha and specificity protein 1 interact to upregulate
intercellular adhesion molecule-1 in ischemic-reperfused myocardium and
vascular endothelium. Arterioscler. Thromb. Vasc. Biol. 25, 1395-1400. doi:10.
1161/01.ATV.0000168428.96177.24

Zhao, J.-B., Zhang, Y., Li, G.-Z., Su, X.-F. and Hang, C.-H. (2011). Activation of
JAK2/STAT pathway in cerebral cortex after experimental traumatic brain injury of
rats. Neurosci. Lett. 498, 147-152. doi:10.1016/j.neulet.2011.05.001

7

RESEARCH ARTICLE Biology Open (2019) 8, bio039370. doi:10.1242/bio.039370

B
io
lo
g
y
O
p
en

https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1016/j.yjmcc.2011.01.009
https://doi.org/10.1016/j.yjmcc.2011.01.009
https://doi.org/10.1016/j.jtcvs.2014.06.001
https://doi.org/10.1016/j.jtcvs.2014.06.001
https://doi.org/10.1016/j.jtcvs.2014.06.001
https://doi.org/10.1016/j.jtcvs.2014.06.001
https://doi.org/10.1016/j.jtcvs.2014.06.001
https://doi.org/10.1016/j.jtcvs.2014.06.001
https://doi.org/10.3181/0802-RM-73
https://doi.org/10.3181/0802-RM-73
https://doi.org/10.3181/0802-RM-73
https://doi.org/10.3181/0802-RM-73
https://doi.org/10.1016/S0022-5223(95)70212-1
https://doi.org/10.1016/S0022-5223(95)70212-1
https://doi.org/10.1016/S0022-5223(95)70212-1
https://doi.org/10.1073/pnas.0608814103
https://doi.org/10.1073/pnas.0608814103
https://doi.org/10.1073/pnas.0608814103
https://doi.org/10.1073/pnas.0608814103
https://doi.org/10.1053/j.jvca.2013.03.034
https://doi.org/10.1053/j.jvca.2013.03.034
https://doi.org/10.1053/j.jvca.2013.03.034
https://doi.org/10.1053/j.jvca.2013.03.034
https://doi.org/10.1053/j.jvca.2013.03.034
https://doi.org/10.1053/j.jvca.2013.03.034
https://doi.org/10.1016/j.ccc.2007.09.004
https://doi.org/10.1016/j.ccc.2007.09.004
https://doi.org/10.1016/j.ccc.2007.09.004
https://doi.org/10.1111/jnc.13490
https://doi.org/10.1111/jnc.13490
https://doi.org/10.1111/jnc.13490
https://doi.org/10.1111/jnc.13490
https://doi.org/10.1111/jnc.13490
https://doi.org/10.1016/S1010-7940(05)80075-2
https://doi.org/10.1016/S1010-7940(05)80075-2
https://doi.org/10.1016/S1010-7940(05)80075-2
https://doi.org/10.1016/S1010-7940(05)80075-2
https://doi.org/10.1161/CIRCULATIONAHA.111.048215
https://doi.org/10.1161/CIRCULATIONAHA.111.048215
https://doi.org/10.1161/CIRCULATIONAHA.111.048215
https://doi.org/10.1016/S0169-328X(98)00040-0
https://doi.org/10.1016/S0169-328X(98)00040-0
https://doi.org/10.1016/S0169-328X(98)00040-0
https://doi.org/10.1016/j.febslet.2010.01.017
https://doi.org/10.1016/j.febslet.2010.01.017
https://doi.org/10.1038/mp.2016.243
https://doi.org/10.1038/mp.2016.243
https://doi.org/10.1038/mp.2016.243
https://doi.org/10.3389/fncel.2013.00044
https://doi.org/10.3389/fncel.2013.00044
https://doi.org/10.1097/ANA.0000000000000331
https://doi.org/10.1097/ANA.0000000000000331
https://doi.org/10.1097/ANA.0000000000000331
https://doi.org/10.1097/ANA.0000000000000331
https://doi.org/10.1097/ANA.0000000000000331
https://doi.org/10.3109/08977194.2012.660936
https://doi.org/10.3109/08977194.2012.660936
https://doi.org/10.3109/08977194.2012.660936
https://doi.org/10.1161/CIR.0b013e318265ee8a
https://doi.org/10.1161/CIR.0b013e318265ee8a
https://doi.org/10.1161/CIR.0b013e318265ee8a
https://doi.org/10.1161/CIR.0b013e318265ee8a
https://doi.org/10.1161/CIR.0b013e318265ee8a
https://doi.org/10.1074/jbc.M113.542282
https://doi.org/10.1074/jbc.M113.542282
https://doi.org/10.1074/jbc.M113.542282
https://doi.org/10.1074/jbc.M113.542282
https://doi.org/10.1074/jbc.M113.542282
https://doi.org/10.4161/jkst.22925
https://doi.org/10.4161/jkst.22925
https://doi.org/10.4161/jkst.22925
https://doi.org/10.4161/jkst.22925
https://doi.org/10.1016/j.cardiores.2004.10.021
https://doi.org/10.1016/j.cardiores.2004.10.021
https://doi.org/10.1016/j.cardiores.2004.10.021
https://doi.org/10.1016/j.cardiores.2004.10.021
https://doi.org/10.1016/j.cardiores.2004.10.021
https://doi.org/10.3389/fnins.2018.00060
https://doi.org/10.3389/fnins.2018.00060
https://doi.org/10.3389/fnins.2018.00060
https://doi.org/10.1038/sj.cdd.4400963
https://doi.org/10.1038/sj.cdd.4400963
https://doi.org/10.1038/nri1226
https://doi.org/10.1038/nri1226
https://doi.org/10.21037/tp.2018.03.05
https://doi.org/10.21037/tp.2018.03.05
https://doi.org/10.21037/tp.2018.03.05
https://doi.org/10.1016/j.pneurobio.2016.08.001
https://doi.org/10.1016/j.pneurobio.2016.08.001
https://doi.org/10.1016/j.pneurobio.2016.08.001
https://doi.org/10.1152/ajpheart.00125.2007
https://doi.org/10.1152/ajpheart.00125.2007
https://doi.org/10.1152/ajpheart.00125.2007
https://doi.org/10.1152/ajpheart.00125.2007
https://doi.org/10.1161/01.ATV.0000168428.96177.24
https://doi.org/10.1161/01.ATV.0000168428.96177.24
https://doi.org/10.1161/01.ATV.0000168428.96177.24
https://doi.org/10.1161/01.ATV.0000168428.96177.24
https://doi.org/10.1161/01.ATV.0000168428.96177.24
https://doi.org/10.1161/01.ATV.0000168428.96177.24
https://doi.org/10.1016/j.neulet.2011.05.001
https://doi.org/10.1016/j.neulet.2011.05.001
https://doi.org/10.1016/j.neulet.2011.05.001

