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ARTICLE INFO ABSTRACT

Keywords: Quercetin (QU) is one of the most common flavonoids that are present in a wide variety of fruits, vegetables, and
Hyperoxia beverages. This compound possesses potent anti-inflammatory and anti-oxidant properties. Supplemental
Newborns oxygen is routinely administered to premature infants with pulmonary insufficiency. However, hyperoxia is one
Quercetin

of the major risk factors for the development of bronchopulmonary dysplasia (BPD), which is also termed
chronic lung disease in premature infants. Currently, no preventive approaches have been reported against BPD.
The treatment of BPD is notably limited to oxygen administration, ventilatory support, and steroids. Since QU
has been shown to be effective in reducing inflammation and oxidative stress in various disease models, we
hypothesized that the postnatal QU treatment of newborn mice will protect against hyperoxic lung injury by the
upregulation of the phase I (CYP1A/B) and/or phase II, NADPH quinone reductase enzymes. Newborn C57BL/6J
mice within 24 h of birth with the nursing dams were exposed to either 21% O (air) and/or 85% O, (hyperoxia)
for 7 days. The mice were treated, intraperitoneally (i.p.) once every other day with quercetin, at a concentration
of 20 mg/kg, or saline alone from postnatal day (PND) 2-6. The mice were sacrificed on day 7, and lung and liver
tissues were collected. The expression levels of CYP1A1, CYP1B1, NQO1 proteins and mRNA as well as the levels
of MDA-protein adducts were analyzed in lung and liver tissues. The findings indicated that QU attenuated
hyperoxia-mediated lung injury by reducing inflammation and improving alveolarization with decreased
number of neutrophil and macrophage infiltration. The attenuation of this lung injury correlated with the up-
regulation of CYP1A1/CYP1B1/NQO1 mRNA, proteins and the down regulation of NF-kB levels and MDA-
protein adducts in lung and liver tissues. The present study demonstrated the potential therapeutic value of
quercetin in the prevention and/or treatment of BPD.

Bronchopulmonary dysplasia
Oxidative stress and lung injury

1. Introduction

Flavonoids are part of the human diet, and they have been ex-
tensively studied for their beneficial effects on various diseases. It has
been estimated that more than 8000 flavonoids exist in plants, fruits,
vegetables, cocoa, wine and tea, whereas only 20 of them are available
in the market that possess pharmacological activities at human phy-
siological levels (Bjorklund et al., 2017; Sharma et al., 2018). The
protective effects of flavonoids on various diseases, notably cancer,
have been well documented and it has been shown that these com-
pounds interact with the cytochrome P450 CYP1 family of enzymes,

which are overexpressed in various tumors (Androutsopoulos et al.,
2009; Androutsopoulos et al., 2010; Androutsopoulos et al., 2013;
Androutsopoulos and Tsatsakis, 2014; Hashemzaei et al., 2017;
Margina et al., 2015; Spanidis et al., 2016; Spyrou et al., 2014; Surichan
et al., 2012; Wilsher et al., 2017). Quercetin (QU, 3,5,7,3',4'-penta-
hydroxyflavone), is one of the most common flavonoids found in a wide
variety of fruits, vegetables, and beverages (Boots et al., 2008). QU and
its metabolites have been reported to have potent anti-inflammatory
(Basu et al., 2018) anti-oxidant (Goutzourelas et al., 2015; Hayashi
et al.,, 2012; Herraiz and Galisteo, 2017), neuro protective (Pandey
et al.,, 2012) and anti-tumor (Lee and Lee, 2008) properties. The

Abbreviations: AhR, Aryl hydrocarbon receptor; BNF, beta-naphthoflavone; BPD, Bronchopulmonary dysplasia; CYP1A, Cytochrome P450 1A; LW/BW, Lung weight /Body weight; MLI,
Mean Linear Intercept; NF-kB, Nuclear Factor -kappa B; NQO1, Nicotinamide adenine dinucleotide phosphate quinone Oxidoreductase 1; QU, Quercetin; RAC, radial alveolar count; vWF,
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protective effect of QU in heart and lung injury has also been reported
(Griffiths et al., 2016; Hertog et al., 1993; Schafer et al., 2017;
Takashima et al., 2014). Although QU has already been administered to
human adults as a natural anti-inflammatory remedy (Moon et al.,
2008), there is little information and research on the effects of QU in
term and preterm newborn diseases. Bronchopulmonary dysplasia
(BPD) is the most common complication in premature infants with a
gestational age of < 30 weeks (Baud et al., 2016; Cui et al., 2017;
Davidson and Berkelhamer, 2017; Jobe, 2016) with long term con-
sequences. BPD is a chronic lung disease of premature infants that is
characterized by inhibition of postnatal lung development due to da-
mage caused by various factors, namely mechanical ventilation, pro-
longed usage of oxygen, episodes of infections and other causes of in-
flammation (Yee et al., 2013). Approximately 50% of preterm infants
have BPD, which is characterized by lack of normal pulmonary func-
tion. Approximately 50% of preterm infants develop BPD, which is
characterized by lack of normal pulmonary function that can persist
until adulthood (Sureshbabu et al., 2016). Unfortunately, neither a
definite treatment nor a preventive strategy for BPD have been devel-
oped (Couroucli et al., 2016). The main treatment includes supportive
measures, such as oxygen administration, ventilator support, and ster-
oids that can lead to increased incidence of cerebral palsy and other
complications (Lim et al., 2015). Hence, the identification of preventive
strategies and active compounds for BPD, which could be a lifelong
disease, is imperative (Jain and Bancalari., 2017).

Although the adverse effects of hyperoxia have been well studied,
supplemental oxygen administration is still a lifesaving therapeutic
measure in premature infants with pulmonary insufficiency. Over the
past several years, a limited number of studies have shown beneficial
effects with regard to pharmacological interventions for the ameliora-
tion of hyperoxic lung injury in animal models and preterm infants, but
the incidence of BPD remains the same (Cui et al., 2017; Jagarapu et al.,
2015; Vaidya et al., 2017). Studies from our laboratory have shown that
the induction of the enzymes of the Cytochrome P450 1A (P4501A)
family plays protective role in hyperoxic lung injury of the newborn
rodents, although this protection may have important clinical im-
plications for the prevention of BPD (Lingappan et al., 2018; Maturu
et al., 2017). QU is known to inhibit and/or enhance CYP1 enzyme
activity, depending on the experimental conditions, the bioavailability
of the compound and the access to the catalytic site of the enzymes
(Androutsopoulos et al., 2010; Wilsher et al., 2017). It has further been
shown that QU upregulates the phase II metabolizing/detoxifying en-
zymes via activation of the nuclear factor (erythroid derived 2)-like 2
(Nrf2) antioxidant response element (Nrf2-ARE) signaling pathway
(Saw et al., 2014).

Although the role of QU has been reported recently in various dis-
ease models, no experimental studies have investigated the use of QU in
the prevention and/or treatment of hyperoxia-mediated lung injury in
newborns. In general, BPD is characterized by alveolar simplification,
reduced vascular growth and increased inflammation due to accumu-
lation of inflammatory cells (Vaidya et al., 2017). It has been shown
that reactive oxygen species (ROS) that are formed under hyperoxic
conditions contribute to the formation of protein, lipid and nucleic acid
oxidative adducts, resulting in structural and functional alterations in
the newborn mouse lung similar to those found in human patients with
BPD (Berger and Bhandari, 2014).

Oxidative stress caused by hyperoxia has been implicated in the
development of lung injury and inhibition of pulmonary and vascular
tissue development, although the exact role and mechanism of action of
antioxidant compounds with regard to the protection against this injury
and the inhibition of inflammation remain unclear. Therefore in the
present study, we hypothesized that postnatal intraperitoneal (i.p.)
administration of QU in newborn C57BL/6J mice could attenuate hy-
peroxic lung injury due to its anti-inflammatory and antioxidant
properties by a mechanism that involves the upregulation of the phase I
(CYP1A/B) and/or phase II NADPH quinone reductase (NQO1)
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enzymes.
In the current study, we report that QU ameliorates hyperoxia
mediated lung injury by reducing inflammation, alveolar simplification,
vaso-obliteration and oxidative stress, and by upregulating the ex-
pression levels of the CYP1A1, CYP1B1, and NQO1 enzymes. The aim of
this study was to explore the potential of QU to prevent BPD, which is a
lifelong disease with major health and financial consequences.

2. Materials and methods
2.1. Animal care

The animal studies and the protocol were approved by the Ethics
committee of the Baylor College of Medicine. All experiments were
conducted in accordance with the standards established by the United
States Animal Welfare Acts set forth in the National Institutes of Health
(NIH) guidelines and the Policy and Procedures by the Institutional
Animal Care and use Committee of Baylor College of Medicine. The
C57BL/6J mice were obtained from the Charles River laboratories
(Wilmington,DE). The mice were bred and handled in accordance with
the NIH guidelines. All animals were housed at the Feigin Center animal
facility and were permitted access to food (Purina rodent Lab Chow no:
5001 from Purina Mills, Inc., Richmond, IN) and water ad libitum at a
temperature range of 20-23 °C under a 12:12-h light-dark cycle.

2.2. Animal experimentation: oxygen exposure and quercetin treatment

Newborn mice were randomly assigned and equally distributed with
the nursing mothers. The mice were placed in plexi-glass chambers and
exposed to either 21% O, (room air) and/or 85% O, (hyperoxia) for 7 d
as described previously (Park et al., 2007). Newborn mice were treated,
intraperitoneally (i.p.) once every other day with Quercetin (QU)
(20 mg/kg) dissolved in saline, from postnatal day 2 to postnatal day 6
(PND). The dose of QU was selected based on the pilot experiments
performed with the minimal mortality in room air and/or hyperoxia
exposed newborn mice. The nursing mothers were transferred between
room air and hyperoxia-exposed litters every 24 h in order to prevent
oxygen toxicity and to eliminate maternal effects between the groups.
The excess CO, was absorbed using anhydrous Soda Lime (J.T Baker,
Cat# 3447-05) from the chambers. The oxygen concentration (85%)
was always maintained with a humidified circuit at a flow rate of 5L/
min through a blender (Nelin et al., 1996). Neonatal mice were hu-
manely sacrificed with intraperitoneal sodium pentobarbital injection
on PND 7 with the recommended dosage (200 mg/kg).

2.3. Lung perfusion and collection of tissues

The lung tissues were inflated (3-4 mice) through the trachea with
buffered zinc formalin (10%) and fixed overnight in the same solution.
The fixed tissues were dehydrated, cleared, and paraffin-embedded.
From each group (without formalin fixation), lung and body weights
from 4 to 6 newborn mice were measured for Lung weight/Body weight
(LW/BW) ratio calculations as an index of lung injury. The lung and
liver tissues were immediately frozen and stored at —80 °C for sub-
sequent molecular analyses.

2.4. Histopathology and immunohistochemistry analysis of lungs

Embedded lung tissues were cut into 4-um sections for subsequent
histological analyses of lung injury and immunohistochemical analysis.
The sections were stained with Hematoxylin and Eosin (H&E) as de-
scribed previously (Couroucli et al., 2016a; Couroucli et al., 2006b;
Maturu et al.,, 2017). The immunohistochemical analysis of the in-
flammatory markers was performed with rat anti-mouse ly-6b.2 anti-
body (AbD Serotec-Cat # MCA771G) and rat anti-mouse F4/80 anti-
body (Bio legend-Cat #123102) at 1:200 dilution as described
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previously (Maturu et al., 2017). At least 20 random high power fields
(at x 20 magnification) were used for the quantitation of neutrophils
and macrophages (Couroucli et al., 2011; Ramsay et al., 1998).

2.5. Lung vascular density analysis by immunohistochemistry

Pulmonary vascular density was determined with the average
number of von Willebrand Factor (vWF) stained vessels by the im-
munohistochemical analysis using a rabbit anti-mouse Anti-von
Willebrand Factor polyclonal antibody (Abcam-Cat# ab6994) at 1:500
dilution. The vWF is an endothelial specific marker that stains vessels
(< 100 um diameter) in high power field (x 20 magnification). A total
of 10 random images on each lung section were used for quantification.

2.6. Pulmonary morphometry and alveolar development analysis

Quantitative analyses of the radial alveolar count (RAC) and the
Mean Linear Intercept length (MLI) were performed on H&E sections as
previously described (Cooney and Thurlbeck, 1982; Knudsen et al.,
2010; Maturu et al., 2017). These two parameters were used to evaluate
the hyperoxia induced lung histological damage and to assess the
modulating efficacy of QU in hyperoxia-induced lung injury in newborn
mice. Representative and proportional lung samples from each group
with 15 random fields were assessed by histological slides using an x 20
magnification. The analysis included quantification of the degree of
histological damage.

2.7. Protein expression analysis by immunoblotting

Total proteins were collected from the lung and liver tissue samples
of the newborn pups. The proteins were equally loaded (10 pg of pro-
tein) were subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) in 10% acrylamide gels and transferred to
polyvinylidene fluoride (PVDF) membranes The membranes were in-
cubated with monoclonal antibodies for CYP1A1l, which cross-reacts
with CYP1A2 (Couroucli et al., 2000; Jiang et al., 2010; Moorthy et al.,
2000; Thakur et al., 2014). The detection of NQO1 and NF-kB proteins
was conducted by a standard western blotting protocol with specific
antibodies [NQO1-Santacruz Biotechnology, SC-393876(F8); NF-kB-p-
65 Santa Cruz Biotechnology, SC-8008(F6)]. For loading controls, the
PVDF membranes were incubated with antibodies against -actin. The
protein bands were visualized with the HyGlo chemiluminescence HRP
antibody detection reagent kit (Denville Scientifics, Holliston, MA.
Cat# E-2500) on a Chemidoc touch imaging system (Bio-Rad Labora-
tories Inc, Hercules, CA, USA). Subsequently, the density values of the
individual protein bands were quantified using the Image Lab software.
The relative protein expression levels of CYP1A1l, NQO1 and NF-kB
were normalized to (-actin.

2.8. Analysis of oxidative stress

Lipid peroxides are unstable indicators of oxidative stress in cells
that decompose to form more complex and reactive compounds such as
Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), natural bi-
products of lipid peroxidation. The modified proteins by MDA and 4-
HNE were analyzed by the OxiSelect™ MDA Immunoblot Kit (Cell
Biolabs, Inc, San Diego, California; STA-331, dilution 1:1000) and an
anti-B-actin-HRP (C4) (Santa Cruz Biotechnologies, Santa Cruz,
California; sc-47778, dilution 1:2000) antibodies to assess oxidative
stress. The experiments were conducted as described by manufacturer's
recommendations.

2.9. RNA isolation and real Time-PCR analysis

Total RNA was isolated from the snap frozen lung and liver tissues
using Direct-Zol RNA mini prep kit (Zymo research, Cat#R2052) and
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was reverse transcribed to produced ¢DNA using the iScript cDNA
synthesis kit (Bio-Rad Laboratories, Hercules, CA, Cat#170-8841). The
cDNA was then amplified using QuantiTect SYBR Green reagent
(Qiagen-Cat#204143). Real-Time PCR was conducted using ABI PRISM
7700 Sequence Detection System with [-actin as an internal control.
The RT-PCR reaction cycling conditions included an initial denatura-
tion step at 95 °C for 10 min, followed by 40 PCR cycles of amplification
that consisted of a denaturation step at 95 °C for 15s and an annealing
and extension steps at 60 °C for 1 min. The relative quantification of
mRNA expression for CYP1A1, 1A2, 1B1, NQO1 was conducted using
the 2-AACt method as described previously (Anwar-Mohamed et al.,
2012; Maturu et al., 2017; van Ede et al., 2014). The sequences of the
primers for these genes are provided upon request.

2.10. Statistical analyses

+

Data were expressed as means + SE and analyzed by two-way
ANOVA (the effect of QU treatment and hyperoxia) followed by
Student-test. A p value of < 0.05 was considered significant following a
multiple comparison analysis (Tukey) with GraphPad version 5 soft-
ware.

3. Results

3.1. Attenuation of alveolar simplification and lung injury in newborn mice
following postnatal administration of QU

To determine the role of QU in the attenuation of lung injury, we
analyzed the histological examination of newborn mice lungs treated
with saline or QU postnatally, followed by exposure to room air or O,.
As shown in Fig. 1, lungs from saline and hyperoxia-exposed newborn
animals displayed impairment of alveolarization as demonstrated by
edema, perivascular inflammation and simplified alveoli (Fig. 1C).
Treatment of hyperoxia-exposed newborns with QU improved the al-
veolar structure and significantly attenuated hyperoxic lung injury to a
similar level to that noted for room air controls. Upon morphometric
analysis, a significant decrease in the radial alveolar count (RAC) was
noted in saline treated newborns exposed to hyperoxia. However, the
treatment of the mice with QU during hyperoxia significantly increased
RAC (Fig. 1F). Similarly, the mean linear intercept (MLI) was sig-
nificantly increased in the saline-hyperoxia newborn lung tissues,
whereas this parameter was restored in the lung tissues of the newborn
mice that were exposed to both QU and hyperoxia (Fig. 1G). As in-
dicated by the histological analysis, the restoration of the alveolar
number and size following QU treatment was significant. The extent of
lung injury was further examined by the Lung weight/Body weight
(LW/BW) ratios, which is an index of increased cellularity and pul-
monary edema. The LW/BW ratios of the newborn mice from the saline-
hyperoxia treated group indicated a significant increase compared with
the room air controls suggesting an increase in the lung injury of these
animals. However, the treatment of the newborn mice with QU reduced
the LW/BW ratios significantly following hyperoxia exposure. These
ratios were not significantly different than those noted in the room air
control subjects. The results indicated that QU attenuated the hyper-
oxia-induced lung injury.

3.2. Reduced lung inflammation following postnatal treatment of QU during
hyperoxia

The saline-hyperoxia treated newborn mice showed an increased
recruitment of neutrophils and macrophages in their lungs as de-
termined by immunohistochemical analysis (Fig. 2). This was sig-
nificantly reduced following exposure to both QU and hyperoxia and
the number of reduced neutrophils (Fig. 2D and E) and macrophages
(Fig. 21 and J) were comparable to that noted in the ling tissues of the
saline + room air newborn mice.
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3.3. Postnatal QU treatment improved pulmonary vascular development
during hyperoxia

To determine the effect of QU on the lung vascularization in the
different treatment groups, we performed immunohistochemistry of
VWEF in lung tissues and quantified the VWF positive vessels (Fig. 3).
The VWF positive vessels were significantly decreased in saline-hy-
peroxia (Fig. 3C and E) exposed lungs compared with the room air
samples. Administration of QU to hyperoxia exposed newborn lungs
modestly increased vascular count (Fig. 3D and E) to similar levels of *
those noted in the room air control mice.

Bl Saline
m QU

Hyperoxia

3.4. QU treatment up-regulated pulmonary CYP1A1, CYP1B1 and NQO1
mRNAs following postnatal treatment of newborn mice

To investigate the mechanism of action of QU during hyperoxia, we

evaluated the pulmonary mRNA levels of CYP1A1 and NQO1. No sig-
nificant increase in the pulmonary CYP1A1 mRNA levels was noted in
mice treated with postnatal QU in room air compared with the saline ” y y . y
controls. Interestingly, the QU treatment during hyperoxia induced e v o« =
CYP1A1l mRNA significantly compared with the saline treated hyper- j0 mﬁ;;m’:o "
oxia controls (Fig. 4A). Similarly, the CYP1B1 (Fig. 4B), and NQO1 )
(Fig. 4C) mRNA induction pattern was similar between these two
groups and the CYP1A1l mRNA levels did not change considerably
during room air treatment although a substantial increase was observed
following QU and hyperoxia treatment.

Air

0-

B Saline
Qu

3.5. Induction of pulmonary CYP1A1 protein in newborn mice following
postnatal QU and hyperoxia treatment

Hyperoxia

To elucidate the role of QU in the induction of pulmonary CYP1A1
protein, we determined the lung CYP1A1l apoprotein expression under
room air and hyperoxic conditions by western blot analysis. Pulmonary
CYP1A1 (Fig. 5A and B) apoprotein expression was significantly in-
creased in newborn mice that were exposed to 7 d of hyperoxia in the
presence of QU treatment compared with to room air (Saline + Air)
and/or QU + Air and/or Saline + Hyperoxia mice.

Air

r T T

3.6. Upregulation of pulmonary NQO1 protein following postnatal © N i °
treatment of QU and hyperoxia VNyW 181dAD
Jo uononpuj pjod4
QU treatment further induced NQO1 protein in the room air and m
Hyperoxia groups. However, there was a prominent increase in NQO1
protein in the QU + Hyperoxia group compared with the saline + hy-
peroxia and the remaining groups (Fig. 5C and D).

Bl Saline
" QU

3.7. Postnatal QU treatment reduced the pulmonary inflammation by down
regulating the expression of NF-kb protein

Given that QU treatment reduced inflammation as determined by *
morphometric and LW/BW analysis, we analyzed the expression of NF-
kb protein in order to add insight in the potential anti-inflammatory *
action of QU. A significant reduction was noted in the pulmonary NF-kb
protein levels in the QU + Hyperoxia newborn mice compared with the
saline + hyperoxia group (Fig. 5E and F).

Hyperoxia

Air

3.8. QU treatment reduced hyperoxia-induced lung MDA protein adduct
formation

Hyperoxia-induced oxidative stress has been documented to con- g 8 2 2 3 2
tribute to the formation of MDA adducts. Consequently, western blot- VNYW LYLdAD
ting analysis was performed using an anti-MDA antibody in order to 40 uononpuj pjod4
determine the effects of QU on hyperoxia-induced lung oxidative stress. <«

As expected, hyperoxia increased lung MDA protein adduct (Fig. 6A and
B) formation in the regions between 40 and 80 kDa. Similarly, QU re-

duced significantly hyperoxia-induced increase of MDA protein adducts

by real time-PCR following cDNA synthesis, as described in the Materials and Methods section. The values represent mean = SE of 3-5 mice from each group. *, statistically significant differences between QU and vehicle-treated mice at P < 0.05

Fig. 4. Postnatal QU treatment upregulated pulmonary CYP1A1, CYP1B1 and NQO1 mRNAs. Lungs from all different groups were excised, total RNA was isolated, and CYP1A1 (A), CYP1B1 (B), and NQO1 mRNA (C) levels were determined
by two-way ANOVA.
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Fig. 5. Induced pulmonary CYP1A1/1A2, NQO1 proteins, and downregulated NF-kB protein following postnatal QU and hyperoxia treatment. The lung homogenates prepared
from different treatment groups of newborn mice were subjected to immunoblot analysis. Representative immunoblots showing the expression of CYP1A1/1A2 in lungs (A &B), NQO1 (B
&C) and NF-kb (C&D) were shown with B-actin as a loading control. The densitometric intensities of these proteins normalized to -actin were quantified and shown separately. Values
represent means * SE of 3 mice from each group. *, statistically significant differences between QU and vehicle-treated mice at P < 0.05 by two-way ANOVA.
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Fig. 6. QU treatment reduced hyperoxia-induced lung MDA protein adduct forma-
tion. The hyperoxia induced MDA-protein adducts were analyzed by immunoblotting by
an anti-MDA antibody in lung homogenates and representative immuno blots were shown
with B-actin as a loading control. The hyperoxia-increased lung MDA protein adduct
formation between the regions of 40-80kDa. QU treatment reduced hyperoxia-induced
lung MDA protein adduct expression.

in the lung tissues of QU treated mice (Fig. 6) compared with saline-
treated animals.

3.9. Postnatal treatment of newborns with QU induced hepatic CYP1A1/2
and NQOImRNAs

Exposure to hyperoxia along with QU treatment of newborn mice
led to the marked induction of hepatic CYP1Al (Fig. 7A) mRNA levels
compared with saline treated animals that were kept under room air
and/or hyperoxia conditions. A similar increase in CYP1A2 (Fig. 7B)
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mRNA was noted in the QU treated hyperoxia group when compared to
the other groups. No induction of CYP1Al expression was noted in
newborn mice that were exposed to room air (Fig. 7A). In order to
determine the effect of postnatal QU treatment on the induction of gene
expression of the phase II enzyme, NQO1, we determined the mRNA
levels of NQO1 in the liver tissues of mice treated with saline and/or
QU under room air or hyperoxic conditions. Postnatal treatment with
QU induced NQO1 expression in newborn liver tissues compared with
vehicle treated animals under room air conditions (Fig. 7C). Under
hyperoxic conditions, the animals indicated a similar induction of
NQO1mRNA in the QU treated group compared with the saline treated
controls (Fig. 7 C).

3.10. Treatment with QU induced hepatic CYP1A1/1A2 apoprotein in
newborn mice exposed to hyperoxia

To confirm that treatment of newborn mice with QU treatment
further induced liver CYP1A1/1A2 apoprotein expression under room
air and hyperoxia exposed conditions, we analyzed the expression of
these enzymes by immuno blot analysis followed by the densitometric
quantification of the band intensities. The hepatic CYP1A1/1A2
(Fig. 8A and B) apoprotein expression was significantly increased in
newborn mice exposed to 7 days of hyperoxia in the presence of QU
compared to the room air (Saline + Air) the QU + Air and/or the
Saline + Hyperoxia groups.
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Fig. 7. Postnatal treatment of newborns with QU induced hepatic CYP1A1/2 and NQO1 mRNAs. Real-time (Q-PCR) analysis data showing the liver mRNA levels of CYP1A1 (A), CYP1A2 (B) and NQO1 (C) following cDNA synthesis of

different genotypes. Following the postnatal treatment of newborn mice with hyperoxia and QU, liver tissue homogenates were prepared as described. The values represent means =+ SE of at least 3 mice from each group. *, Statistically significant

differences between QU and saline treated newborn mice at P < 0.05 by two-way ANOVA.
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3.11. QU treatment enhanced hepatic NQO1 and inhibited the NF-kB
proteins

To determine the effect of QU treatment in the induction of the
antioxidant enzymes in hyperoxia, we performed western blot analysis
and a significant induction of NQO1 protein in QU treated newborn
mice was noted following hyperoxia exposure compared to the room air
(Saline + Air) the QU + Air and/or the Saline + Hyperoxia mice
(Fig. 8C and D). It is noteworthy that QU + Air newborn liver tissues
exhibited a significant down regulation of NF-kB protein content al-
though a similar non-significant decrease in NF-kB protein was noted
(not significant) in the QU + Hyperoxia group compared with the
Saline + Hyperoxia group (Fig. 8E and F).

4. Discussion

QU is one of the most potent and abundantly available antioxidant
among 8000 flavonoids (Choi et al., 2012). The diversified role of QU in
various diseases has been reported (Basu et al., 2018; Hayashi et al.,
2012; Lee and Lee, 2008; Pandey et al., 2012). Although the protective
role of flavonoids in the management of adult chronic obstructive
pulmonary disease (COPD) has been studied (Biswas et al., 2013; Mitani
et al., 2017), no investigations on the role of quercetin in the chronic
lung disease of newborns have been conducted. In the present study, we
tested the hypothesis that postnatal administration of QU (20 mg/kg) in
newborn C57BL/6J mice during hyperoxia will prevent abnormal al-
veolarization and vaso-obliteration by upregulating phase I (CYP1) and
phase II enzymes (NQO1), as well as by reducing oxidative stress. We
demonstrated for the first time that QU attenuated hyperoxia induced
alveolar simplification, and lung inflammation, while it promoted the
progression of angiogenesis in the newborn mice.

The pathophysiology of BPD is characterized by alveolar simplifi-
cation and vascular abnormalities with small and medium vessel ob-
literation, increased inflammation and pulmonary edema. Oxidative
stress leads to destruction of the alveoli with increased alveolar size and
decreased number, as well as vaso-obliteration of the alveolar capil-
laries. It has been reported that quercetin has beneficial effects on lung
inflammation modulating epithelium derived cytokines and epithelial
apoptosis. The present study demonstrated that QU treatment during
hyperoxia increased the number of alveoli (RAC) as well as reduced the
alveolar wall size (MLI) and pulmonary edema (LW/BW ratios). Taken
together, these results suggest that QU can ameliorate the pathological
perturbations of the lung development. BPD is a multifactorial disease.
However in the newborn mouse model of hyperoxia-mediated oxidative
stress and inflammation, the dysregulation of alveolar developmental
correlated with the pathological findings of human BPD.

In the current study, the postnatal QU treatment improved pul-
monary vascular development during hyperoxia, as demonstrated by
the increased vWF staining. This suggests that QU protects the pul-
monary endothelium during lung development with an increase in the
angiogenesis and/or vascularization processes. It has been shown that
QU can exert vasodilatory and anti-inflammatory effects by modulating
the epithelium derived cytokines and the induction of epithelial apop-
tosis. This is fundamental in BPD where abnormal angiogenesis may
lead to pulmonary hypertension in human preterm neonates which may
further cause complications in their adult life. Additionally, the pul-
monary vascular and endothelial development are interdependent,
notably under hyperoxic conditions.

The hyperoxia-mediated oxidative stress or ROS in the lung is due to
over production of free radicals, and the lung is the most susceptible
organ in order to sustain oxidative damage (Bargagli et al., 2009). It has
been proposed that the antioxidant network can provide sufficient
protection against ROS damage (Poljsak et al., 2013). In newborn in-
fants, the endogenous antioxidant network may not be sufficiently de-
veloped in order to provide such protection. The modulatory role of QU
against hyperoxia-induced lung injury and oxidative stress has not been
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well studied in animal models of BPD, although QU has been reported
to have anti-inflammatory (Basu et al., 2018) anti-oxidant (Hayashi
et al.,, 2012; Herraiz and Galisteo, 2017; Jomova et al.,, 2017;
Nascimento et al., 2017) neuro protective (Pandey et al., 2012) and
anti-tumor (Lee and Lee, 2008) properties in different disease models.
In the present study, we evaluated the molecular mechanism of action
of QU in the attenuation of hyperoxia-induced lung injury using a
neonatal mouse model of BPD.

The anti-inflammatory effects of QU may be due to its interplay
between oxidative stress and inflammation. The ROS induced hyper-
oxia-mediated inflammation was caused by activation of the tran-
scription factors, namely nuclear factor NF-kB. The NF-kB expression in
the Saline + hyperoxia group was highly induced and reverted to
normal following QU administration, which indicated the anti-in-
flammatory role of QU. The significant reduction in inflammatory im-
mune cell infiltration such as neutrophils and macrophages in the lungs
following QU treatment and hyperoxia exposure suggest the anti-in-
flammatory role of QU. The radical scavenging activity of QU is offering
protection against oxidative stress and may also mitigate inflammation.
It has been reported that NF-kB will lead to the induction of radical
producing enzymes (Boots et al., 2008), and that the anti-inflammatory
effects of QU may be due to the decrease in NF-kB activation, leading to
attenuation of ROS formation and oxidative stress (Poljsak et al., 2013).

The present study further indicated an induction of oxidative stress
in lung tissues with an increased MDA-protein adduct formation and a
reduced protein expression of the anti-oxidative enzyme NQO1 in the
saline + hyperoxia group. However, following administration of QU,
the levels of MDA-protein adducts (a marker of lipid peroxidation)
were diminished, with concurrent enhancement of NQO1 expression in
the QU + hyperoxia group compared with the saline + hyperoxia
group. This is suggestive of the anti-oxidant role of QU that possibly
occurs by a similar mechanism as described in other studies (Mira et al.,
2002; Yasui et al., 2015) that includes quercetin effects against oxida-
tive stress in various tissues including fetal brain (Dogan et al., 2018).
With the exception of the free radical scavenging activity, the potent
action of QU against oxidative stress may occur due to the chelation of
iron and calcium and the inhibition of lipid-peroxidation (Mira et al.,

Air
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Fig. 8. Postnatal treatment with QU increased

_ Bl Ssaline
- QU hepatic CYP1A1/1A2, NQO1 proteins and de-
creased NF-kB in newborn mice exposed to
hyperoxia. Protein expression in liver tissue
samples from each group was analyzed by wes-
tern blot analysis. Representative western blots
and their respective quantitative data showing
the expression of CYP1A1/1A2 in (A &B), NQO1
Hyperoxia (B&C) and NF-kb (C&D) in liver samples were
shown. B-actin was used to verify equivalent
loading. Values are the means * SE (n = 3).
, *P < 0.05 is considered significant, when com-
- : gadme pared between QU and vehicle-treated mice by
_— two-way ANOVA.
Hyeproxia
B saline
- Qu
Hyperoxia

2002). In addition, other biochemical mechanisms and the activation of
NQO1 and other anti-oxidant enzymes via the nuclear factor erythroid
2 like 2-antioxidant response elements (Nrf2-ARE) signaling pathway
(Saw et al., 2014; Spyrou et al., 2014) have been reported. It is estab-
lished that the antioxidant role of QU may be directly involved in the
redox regulation of proteins and transcription factors, which are in-
hibited by elevated ROS.

In the present study, we observed that QU treatment during hy-
peroxia exposure induced Phase I enzymes, such as CYP1Al and
CYP1B1 both in lung and liver tissues. Interestingly, the induction of
mRNA and protein levels of CYP1A/1B1 following QU treatment cor-
related with less hyperoxic lung injury indicating the protective effect
of QU against hyperoxic lung damage. To the best of our knowledge,
this is the first study to report that QU treatment can induce the ex-
pression of phase I enzymes. In addition, this induction correlated with
reduced lung damage in a newborn mouse model of BPD. Based on
these results, the upregulation of the CYP1A1/2/1B1 genes correlated
with considerably lesser hyperoxic lung injury in newborn mice, which
is suggestive of a protective role. It has been reported that QU and other
flavonoids induced CYP1A1l in Caco-2cells (Sergent et al., 2009) in
vitro. QU was proposed as an effective CYP1A1 inducer that can be
provided by dietary fruit and vegetable ingestion. Similarly, the in-
duction of CYP1A1 and CYP1B1 in human breast epithelial cells by QU
was also reported (Mense et al., 2008).

QU has been studied as an AhR ligand in breast cancer MCF-7 cells
(Ciolino et al., 1999), and in rat hepatocytes with weak AhR agonistic
activity (Ashida, 2000). In the human hepatoma HepG2 cells (Walle
and Walle, 2002), QU was shown to be effective as a CYP1A1l and
CYP1B1 inducer. Furthermore, several reports indicated the anti-oxi-
dant properties of QU with agonistic (Sergent et al., 2009) and antag-
onistic (Choi et al., 2012) roles in inducing phase I enzymes via the AhR
pathway in different disease conditions. These studies indicated that the
AhR agonistic activities of QU are cell dependent. We have recently
reported that postnatal administration of beta-naphthoflavone (BNF)
induces Phase I and Phase II enzymes such as CYP1A1l/CY1B1l/
CYP1A2/NQO1 in lung and liver tissues (Maturu et al., 2017). We
further reported the detoxification of F2-isoprostanes that were
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produced by lipid peroxidation during hyperoxia, by the enzyme
CYP1A2 (Wang et al., 2015). Interestingly, in the present study, the
expression of CY1A2 was upregulated in the liver tissues by QU under
hyperoxic conditions, which correlated with reduced lung injury.
Therefore, the hepatic CYP1A2 could have a protective role against
hyperoxic lung injury in newborn mice. Indeed we have previously
shown that newborn CYP1A2 null mice can exert severe hyperoxic lung
injury, which is ameliorated by the administration of BNF (Lingappan
et al., 2018). These results indicated that QU administration in the
mouse model of BPD exerts anti-oxidant and anti-inflammatory roles
with the induction of phase I enzymes, such as CYP1A1/CYP1B1 in the
lung and CYP1A2 in the liver, as well as the phase II enzyme NQOL1.

In summary, the present study provided novel findings that QU
regulates the resolution of hyperoxia-induced lung anti-oxidant in a
newborn mouse model of BPD, by modulating the expression of xeno-
biotic enzymes such as CYP1A1/2/1B1 and the anti-oxidant enzymes
such as NQO1, and by reducing the pulmonary MDA protein adducts.
Additionally, enhancement of this protective response of QU was
achieved by down regulation of NF-kb, which resulted in decreased
inflammatory immune cell infiltration, such as neutrophils and mac-
rophages in lung tissues, and improved the lung architecture with re-
gard to the alveolarization and vascularization following exposure to
hyperoxia. The present study invokes the possibility that QU treatment
may be an effective preventative measure of BPD, and further animal
and clinical studies are warranted in order to prevent this devastating
disease at the beginning of human life.

Acknowledgements

The authors thank Dr. Bhagavatula Moorthy for critically reading
the manuscript.

Transparency document

Transparency document related to this article can be found online at
http://dx.doi.org/10.1016/j.fct.2018.02.026.

References

Androutsopoulos, V.P., Mahale, S., Arroo, R.R., Potter, G., 2009. Anticancer effects of the
flavonoid diosmetin on cell cycle progression and proliferation of MDA-MB 468
breast cancer cells due to CYP1 activation. Oncol. Rep. 21, 1525-1528.

Androutsopoulos, V.P., Papakyriakou, A., Vourloumis, D., Tsatsakis, A.M., Spandidos,
D.A., 2010. Dietary flavonoids in cancer therapy and prevention: substrates and in-
hibitors of cytochrome P450 CYP1 enzymes. Pharmacol. Therapeut. 126, 9-20.

Androutsopoulos, V.P., Spyrou, L., Ploumidis, A., Papalampros, A.E., Kyriakakis, M.,
Delakas, D., Spandidos, D.A., Tsatsakis, A.M., 2013. Expression profile of CYP1A1
and CYP1B1 enzymes in colon and bladder tumors. PLoS One 8, e82487.

Androutsopoulos, V.P., Tsatsakis, A.M., 2014. Benzo[a]pyrene sensitizes MCF7 breast
cancer cells to induction of G1 arrest by the natural flavonoid eupatorin-5-methyl
ether, via activation of cell signaling proteins and CYP1-mediated metabolism.
Toxicol. Lett. (Amst.) 230, 304-313.

Anwar-Mohamed, A., Abdelhamid, G., Amara, L.E., El-Kadi, A.O., 2012. Differential
modulation of aryl hydrocarbon receptor regulated enzymes by arsenite in the
kidney, lung, and heart of C57BL/6 mice. Arch. Toxicol. 86, 897-910.

Ashida, H., 2000. Suppressive effects of flavonoids on dioxin toxicity. Biofactors 12,
201-206.

Bargagli, E., Olivieri, C., Bennett, D., Prasse, A., Muller-Quernheim, J., Rottoli, P., 2009.
Oxidative stress in the pathogenesis of diffuse lung diseases: a review. Respir. Med.
103, 1245-1256.

Basu, A., Schell, J., Scofield, R.H., 2018. Dietary fruits and arthritis. Food Funct. 9, 70-77.

Baud, O., Maury, L., Lebail, F., Ramful, D., El Moussawi, F., Nicaise, C., Zupan-Simunek,
V., Coursol, A., Beuchee, A., Bolot, P., Andrini, P., Mohamed, D., Alberti, C., Group,
P.t.s, 2016. Effect of early low-dose hydrocortisone on survival without broncho-
pulmonary dysplasia in extremely preterm infants (PREMILOC): a double-blind,
placebo-controlled, multicentre, randomised trial. Lancet 387, 1827-1836.

Berger, J., Bhandari, V., 2014. Animal models of bronchopulmonary dysplasia. The term
mouse models. Am. J. Physiol. Lung Cell Mol. Physiol. 307, L936-L947.

Biswas, S., Hwang, J.W., Kirkham, P.A., Rahman, I., 2013. Pharmacological and dietary
antioxidant therapies for chronic obstructive pulmonary disease. Curr. Med. Chem.
20, 1496-1530.

Bjorklund, G., Dadar, M., Chirumbolo, S., Lysiuk, R., 2017. Flavonoids as detoxifying and
pro-survival agents: what's new? Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res.
Assoc. 110, 240-250.

32

Food and Chemical Toxicology 114 (2018) 23-33

Boots, A.W., Haenen, G.R., Bast, A., 2008. Health effects of quercetin: from antioxidant to
nutraceutical. Eur. J. Pharmacol. 585, 325-337.

Choi, E.J., K, T., Kim, G.H., 2012. Quercetin acts as an antioxidant and downregulates
CYP1A1 and CYP1B1 against DMBA-induced oxidative stress in mice. Oncol. Rep. 28,
291-296.

Ciolino, H.P., Daschner, P.J., Yeh, G.C., 1999. Dietary flavonols quercetin and kaempferol
are ligands of the aryl hydrocarbon receptor that affect CYP1A1 transcription dif-
ferentially. Biochem. J. 340 (Pt 3), 715-722.

Cooney, T.P., Thurlbeck, W.M., 1982. The radial alveolar count method of Emery and
Mithal: a reappraisal 2-intrauterine and early postnatal lung growth. Thorax 37,
580-583.

Couroucli, X.I., Liang, Y.H., Jiang, W., Wang, L., Barrios, R., Yang, P., Moorthy, B., 2011.
Prenatal administration of the cytochrome P4501A inducer, Beta-naphthoflavone
(BNF), attenuates hyperoxic lung injury in newborn mice: implications for bronch-
opulmonary dysplasia (BPD) in premature infants. Toxicol. Appl. Pharmacol. 256,
83-94.

Couroucli, X.I., Liang, Y.W., Jiang, W., Barrios, R., Moorthy, B., 2006a. Attenuation of
oxygen-induced abnormal lung maturation in rats by retinoic acid: possible role of
cytochrome P4501A enzymes. J. Pharmacol. Exp. Therapeut. 317, 946-954.

Couroucli, X.I., Placencia, J.L., Cates, L.A., Suresh, G.K., 2016. Should we still use vitamin
A to prevent bronchopulmonary dysplasia? J. Perinatol.: Offic. J. Calif. Perinat.
Assoc. 36, 581-585.

Couroucli, X.I., Wei, Y.H., Jiang, W., Muthiah, K., Evey, L.W., Barrios, R., Moorthy, B.,
2006b. Modulation of pulmonary cytochrome P4501A1 expression by hyperoxia and
inhaled nitric oxide in the newborn rat: implications for lung injury. Pediatr. Res. 59,
401-406.

Couroucli, X.I., Welty, S.E., Ramsay, P.L., Wearden, M.E., Fuentes-Garcia, F.J., Ni, J.,
Jacobs, T.N., Towbin, J.A., Bowles, N.E., 2000. Detection of microorganisms in the
tracheal aspirates of preterm infants by polymerase chain reaction: association of
adenovirus infection with bronchopulmonary dysplasia. Pediatr. Res. 47, 225-232.

Cui, H., He, J., Chen, H., Chen, J., Qian, X., Huang, W., 2017. Erythropoietin attenuates
hyperoxia-induced lung injury by upregulating epidermal growth factor-like domain
7 in newborn rats. Biomedical reports. 6, 32-38.

Davidson, L.M., Berkelhamer, S.K., 2017. Bronchopulmonary dysplasia: chronic lung
disease of infancy and long-term pulmonary outcomes. J. Clin. Med. 6.

Dogan, Z., Cetin, A., Elibol, E., Vardi, N., Turkoz, Y., 2018. Effects of ciprofloxacin and
quercetin on fetal brain development: a biochemical and histopathological study. J.
Matern. Fetal Neonatal Med. : Offic.J. Eur. Assoc. Perinat. Med. Fed. Asia Ocean.
Perinat. Soc. Int. Soc. Perinat. Obstet. 1-9.

Goutzourelas, N., Stagos, D., Spanidis, Y., Liosi, M., Apostolou, A., Priftis, A.,
Haroutounian, S., Spandidos, D.A., Tsatsakis, A.M., Kouretas, D., 2015. Polyphenolic
composition of grape stem extracts affects antioxidant activity in endothelial and
muscle cells. Mol. Med. Rep. 12, 5846-5856.

Griffiths, K., Aggarwal, B.B., Singh, R.B., Buttar, H.S., Wilson, D., De Meester, F., 2016.
Food antioxidants and their anti-inflammatory properties: a potential role in cardi-
ovascular diseases and cancer prevention. Diseases 4.

Hashemzaei, M., Delarami Far, A., Yari, A., Heravi, R.E., Tabrizian, K., Taghdisi, S.M.,
Sadegh, S.E., Tsarouhas, K., Kouretas, D., Tzanakakis, G., Nikitovic, D., Anisimov,
N.Y., Spandidos, D.A., Tsatsakis, A.M., Rezaee, R., 2017. Anticancer and apoptosi-
sinducing effects of quercetin in vitro and in vivo. Oncol. Rep. 38, 819-828.

Hayashi, Y., Matsushima, M., Nakamura, T., Shibasaki, M., Hashimoto, N., Imaizumi, K.,
Shimokata, K., Hasegawa, Y., Kawabe, T., 2012. Quercetin protects against pul-
monary oxidant stress via heme oxygenase-1 induction in lung epithelial cells.
Biochem. Biophys. Res. Commun. 417, 169-174.

Herraiz, T., Galisteo, J., 2017. Nitrosative deamination of 2-deoxyguanosine and DNA by
nitrite, and antinitrosating activity of beta-carboline alkaloids and antioxidants. Food
Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc. 112, 282-289.

Hertog, M.G., Feskens, E.J., Hollman, P.C., Katan, M.B., Kromhout, D., 1993. Dietary
antioxidant flavonoids and risk of coronary heart disease: the Zutphen Elderly Study.
Lancet 342, 1007-1011.

Jagarapu, J., Kelchtermans, J., Rong, M., Chen, S., Hehre, D., Hummler, S., Faridi, M.H.,
Gupta, V., Wu, S., 2015. Efficacy of Leukadherin-1 in the prevention of hyperoxia-
induced lung injury in neonatal rats. Am. J. Respir. Cell Mol. Biol. 53, 793-801.

Jain, D., Bancalari, E., 2017. Prevention of bronchopulmonary dysplasia: current strate-
gies. Zhongguo dang dai er ke za zhi = Chin. J. Contemp. Pediatr. 19, 841-851.

Jiang, W., Wang, L., Kondraganti, S.R., Fazili, L.S., Couroucli, X.I., Felix, E.A., Moorthy,
B., 2010. Disruption of the gene for CYP1A2, which is expressed primarily in liver,
leads to differential regulation of hepatic and pulmonary mouse CYP1A1l expression
and augmented human CYP1A1 transcriptional activation in response to 3-methyl-
cholanthrene in vivo. J. Pharmacol. Exp. Therapeut. 335, 369-379.

Jobe, A.H., 2016. Mechanisms of lung injury and bronchopulmonary dysplasia. Am. J.
Perinatol. 33, 1076-1078.

Jomova, K., Lawson, M., Drostinova, L., Lauro, P., Poprac, P., Brezova, V., Michalik, M.,
Lukes, V., Valko, M., 2017. Protective role of quercetin against copper(I)-induced
oxidative stress: a spectroscopic, theoretical and DNA damage study. Food Chem.
Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc. 110, 340-350.

Knudsen, L., Weibel, E.R., Gundersen, H.J., Weinstein, F.V., Ochs, M., 2010. Assessment
of air space size characteristics by intercept (chord) measurement: an accurate and
efficient stereological approach. J. Appl. Physiol. 108, 412-421.

Lee, D.H., Lee, Y.J., 2008. Quercetin suppresses hypoxia-induced accumulation of hy-
poxia-inducible factor-lalpha (HIF-1alpha) through inhibiting protein synthesis. J.
Cell. Biochem. 105, 546-553.

Lim, R., Muljadi, R., Koulaeva, E., Vosdoganes, P., Chan, S.T., Acharya, R., Gurusinghe, S.,
Ritvos, O., Pasternack, A., Wallace, E.M., 2015. Activin A contributes to the devel-
opment of hyperoxia-induced lung injury in neonatal mice. Pediatr. Res. 77,
749-756.


http://dx.doi.org/10.1016/j.fct.2018.02.026
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref1
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref1
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref1
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref2
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref2
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref2
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref3
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref3
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref3
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref4
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref4
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref4
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref4
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref5
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref5
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref5
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref6
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref6
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref7
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref7
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref7
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref8
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref9
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref9
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref9
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref9
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref9
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref10
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref10
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref11
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref11
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref11
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref12
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref12
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref12
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref13
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref13
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref14
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref14
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref14
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref15
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref15
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref15
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref16
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref16
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref16
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref17
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref17
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref17
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref17
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref17
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref18
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref18
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref18
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref19
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref19
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref19
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref20
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref20
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref20
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref20
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref21
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref21
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref21
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref21
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref22
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref22
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref22
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref23
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref23
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref24
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref24
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref24
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref24
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref25
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref25
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref25
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref25
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref26
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref26
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref26
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref27
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref27
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref27
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref27
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref28
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref28
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref28
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref28
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref29
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref29
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref29
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref30
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref30
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref30
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref31
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref31
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref31
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref32
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref32
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref33
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref33
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref33
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref33
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref33
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref34
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref34
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref35
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref35
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref35
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref35
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref36
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref36
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref36
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref37
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref37
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref37
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref38
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref38
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref38
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref38

P. Maturu et al.

Lingappan, K., Maturu, P., Liang, Y.W., Jiang, W., Wang, L., Moorthy, B., Couroucli, X.I.,
2018. beta-Naphthoflavone treatment attenuates neonatal hyperoxic lung injury in
wild type and Cypla2-knockout mice. Toxicol. Appl. Pharmacol. 339, 133-142.

Margina, D., Olaru, O.T., Ilie, M., Gradinaru, D., GuTu, C., Voicu, S., Dinischiotu, A.,
Spandidos, D.A., Tsatsakis, A.M., 2015. Assessment of the potential health benefits of
certain total extracts from Vitis vinifera, Aesculus hyppocastanum and Curcuma
longa. Exp. Therapeut. Med. 10, 1681-1688.

Maturu, P., Wei-Liang, Y., Jiang, W., Wang, L., Lingappan, K., Barrios, R., Liang, Y.,
Moorthy, B., Couroucli, X.I., 2017. Newborn mice lacking the gene for Cyplal are
more susceptible to oxygen-mediated lung injury, and are rescued by postnatal beta-
naphthoflavone administration: implications for bronchopulmonary dysplasia in
premature infants. Toxicol. Sci. : Offic. J. Soc. Toxicol. 157, 260-271.

Mense, S.M., Chhabra, J., Bhat, H.K., 2008. Preferential induction of cytochrome P450
1A1 over cytochrome P450 1B1 in human breast epithelial cells following exposure to
quercetin. J. Steroid Biochem. Mol. Biol. 110, 157-162.

Mira, L., Fernandez, M.T., Santos, M., Rocha, R., Florencio, M.H., Jennings, K.R., 2002.
Interactions of flavonoids with iron and copper ions: a mechanism for their anti-
oxidant activity. Free Radic. Res. 36, 1199-1208.

Mitani, A., Azam, A., Vuppusetty, C., Ito, K., Mercado, N., Barnes, P.J., 2017. Quercetin
restores corticosteroid sensitivity in cells from patients with chronic obstructive
pulmonary disease. Exp. Lung Res. 43, 417-425.

Moon, Y.J., Wang, L., DiCenzo, R., Morris, M.E., 2008. Quercetin pharmacokinetics in
humans. Biopharm Drug Dispos. 29, 205-217.

Moorthy, B., Parker, K.M., Smith, C.V., Bend, J.R., Welty, S.E., 2000. Potentiation of
oxygen-induced lung injury in rats by the mechanism-based cytochrome P-450 in-
hibitor, 1-aminobenzotriazole. J. Pharmacol. Exp. Therapeut. 292, 553-560.

Nascimento, E.M.M., Rodrigues, F.F.G., Costa, W.D., Teixeira, R.N.P., Boligon, A.A.,
Sousa, E.O., Rodrigues, F.F.G., Coutinho, H.D.M., da Costa, J.G.M., 2017 Nov 26.
HPLC and in vitro evaluation of antioxidant properties of fruit from Malpighia glabra
(Malpighiaceae) at different stages of maturation. Food Chem. Toxicol. : Int. J. Publ.
Br. Ind. Biol. Res. Assoc pii: S0278-6915(17)30695-6.

Nelin, L.D., Christman, N.T., Morrisey, J.F., Dawson, C.A., 1996. Electrochemical nitric
oxide and nitrogen dioxide analyzer for use with inhaled nitric oxide. J. Appl.
Physiol. 81, 1423-1429.

Pandey, A.K., Patnaik, R., Muresanu, D.F., Sharma, A., Sharma, H.S., 2012. Quercetin in
hypoxia-induced oxidative stress: novel target for neuroprotection. Int. Rev.
Neurobiol. 102, 107-146.

Park, M.S., Rieger-Fackeldey, E., Schanbacher, B.L., Cook, A.C., Bauer, J.A., Rogers, L.K.,
Hansen, T.N., Welty, S.E., Smith, C.V., 2007. Altered expressions of fibroblast growth
factor receptors and alveolarization in neonatal mice exposed to 85% oxygen.
Pediatr. Res. 62, 652-657.

Poljsak, B., Suput, D., Milisav, 1., 2013. Achieving the balance between ROS and anti-
oxidants: when to use the synthetic antioxidants. Oxid. Med. Cell. Longev. 2013,
956792.

Ramsay, P.L., Smith, C.V., Geske, R.S., Montgomery, C.A., Welty, S.E., 1998.
Dexamethasone enhancement of hyperoxic lung inflammation in rats independent of
adhesion molecule expression. Biochem. Pharmacol. 56, 259-268.

Saw, C.L., Guo, Y., Yang, A.Y., Paredes-Gonzalez, X., Ramirez, C., Pung, D., Kong, A.N.,
2014. The berry constituents quercetin, kaempferol, and pterostilbene synergistically
attenuate reactive oxygen species: involvement of the Nrf2-ARE signaling pathway.
Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc. 72, 303-311.

Schafer, M.J., White, T.A., lijima, K., Haak, A.J., Ligresti, G., Atkinson, E.J., Oberg, A.L.,
Birch, J., Salmonowicz, H., Zhu, Y., Mazula, D.L., Brooks, R.W., Fuhrmann-
Stroissnigg, H., Pirtskhalava, T., Prakash, Y.S., Tchkonia, T., Robbins, P.D., Aubry,
M.C., Passos, J.F., Kirkland, J.L., Tschumperlin, D.J., Kita, H., LeBrasseur, N.K., 2017.

33

Food and Chemical Toxicology 114 (2018) 23-33

Cellular senescence mediates fibrotic pulmonary disease. Nat. Commun. 8, 14532.

Sergent, T., Dupont, I., Van der Heiden, E., Scippo, M.L., Pussemier, L., Larondelle, Y.,
Schneider, Y.J., 2009. CYP1A1 and CYP3A4 modulation by dietary flavonoids in
human intestinal Caco-2 cells. Toxicol. Lett. (Amst.) 191, 216-222.

Sharma, A., Kashyap, D., Sak, K., Tuli, H.S., Sharma, A.K., 2018. Therapeutic charm of
quercetin and its derivatives: a review of research and patents. Pharmaceut. Patent
Anal. 7, 15-32.

Spanidis, Y., Goutzourelas, N., Stagos, D., Mpesios, A., Priftis, A., Bar-Or, D., Spandidos,
D.A., Tsatsakis, A.M., Leon, G., Kouretas, D., 2016. Variations in oxidative stress
markers in elite basketball players at the beginning and end of a season. Exp.
Therapeut. Med. 11, 147-153.

Spyrou, L., Sifakis, S., Ploumidis, A., Papalampros, A.E., Felekouras, E., Tsatsakis, A.M.,
Spandidos, D.A., Androutsopoulos, V.P., 2014. Expression profile of CYP1A1 and
CYP1B1 enzymes in endometrial tumors. Tumour Biol.: J. Int. Soc.
Oncodevelopmental Biol. Med. 35, 9549-9556.

Sureshbabu, A., Syed, M., Das, P., Janer, C., Pryhuber, G., Rahman, A., Andersson, S.,
Homer, R.J., Bhandari, V., 2016. Inhibition of regulatory-associated protein of me-
chanistic target of rapamycin prevents hyperoxia-induced lung injury by enhancing
autophagy and reducing apoptosis in neonatal mice. Am. J. Respir. Cell Mol. Biol. 55,
722-735.

Surichan, S., Androutsopoulos, V.P., Sifakis, S., Koutala, E., Tsatsakis, A., Arroo, R.R.,
Boarder, M.R., 2012. Bioactivation of the citrus flavonoid nobiletin by CYP1 enzymes
in MCF7 breast adenocarcinoma cells. Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol.
Res. Assoc. 50, 3320-3328.

Takashima, K., Matsushima, M., Hashimoto, K., Nose, H., Sato, M., Hashimoto, N.,
Hasegawa, Y., Kawabe, T., 2014. Protective effects of intratracheally administered
quercetin on lipopolysaccharide-induced acute lung injury. Respir. Res. 15, 150.

Thakur, V.S., Liang, Y.W., Lingappan, K., Jiang, W., Wang, L., Barrios, R., Zhou, G.,
Guntupalli, B., Shivanna, B., Maturu, P., Welty, S.E., Moorthy, B., Couroucli, X.I.,
2014. Increased susceptibility to hyperoxic lung injury and alveolar simplification in
newborn rats by prenatal administration of benzo[a]pyrene. Toxicol. Lett. (Amst.)
230, 322-332.

Vaidya, R., Zambrano, R., Hummler, J.K., Luo, S., Duncan, M.R., Young, K., Lau, L.F., Wu,
S., 2017. Recombinant CCN1 prevents hyperoxia-induced lung injury in neonatal
rats. Pediatr. Res. 82, 863-871.

van Ede, K.I., Andersson, P.L., Gaisch, K.P., van den Berg, M., van Duursen, M.B., 2014.
Comparison of intake and systemic relative effect potencies of dioxin-like compounds
in female rats after a single oral dose. Arch. Toxicol. 88, 637-646.

Walle, U.K., Walle, T., 2002. Induction of human UDP-glucuronosyltransferase UGT1A1
by flavonoids-structural requirements. Drug Metab. Dispos.: Biol. Fate Chem. 30,
564-569.

Wang, L., Lingappan, K., Jiang, W., Couroucli, X.I., Welty, S.E., Shivanna, B., Barrios, R.,
Wang, G., Firoze Khan, M., Gonzalez, F.J., Jackson Roberts, L., Moorthy, B., 2015.
Disruption of cytochrome P4501A2 in mice leads to increased susceptibility to hy-
peroxic lung injury. Free Radical Biol. Med. 82, 147-159.

Wilsher, N.E., Arroo, R.R., Matsoukas, M.T., Tsatsakis, A.M., Spandidos, D.A.,
Androutsopoulos, V.P., 2017. Cytochrome P450 CYP1 metabolism of hydroxylated
flavones and flavonols: selective bioactivation of luteolin in breast cancer cells. Food
Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc. 110, 383-394.

Yasui, M., Matsushima, M., Omura, A., Mori, K., Ogasawara, N., Kodera, Y., Shiga, M., Ito,
K., Kojima, S., Kawabe, T., 2015. The suppressive effect of quercetin on toll-like re-
ceptor 7-mediated activation in alveolar macrophages. Pharmacology 96, 201-209.

Yee, M., Buczynski, B.W., Lawrence, B.P., O'Reilly, M.A., 2013. Neonatal hyperoxia in-
creases sensitivity of adult mice to bleomycin-induced lung fibrosis. Am. J. Respir.
Cell Mol. Biol. 48, 258-266.


http://refhub.elsevier.com/S0278-6915(18)30091-7/sref39
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref39
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref39
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref40
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref40
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref40
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref40
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref41
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref41
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref41
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref41
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref41
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref42
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref42
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref42
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref43
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref43
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref43
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref44
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref44
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref44
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref45
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref45
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref46
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref46
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref46
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref47
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref47
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref47
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref47
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref47
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref48
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref48
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref48
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref49
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref49
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref49
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref50
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref50
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref50
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref50
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref51
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref51
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref51
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref52
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref52
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref52
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref53
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref53
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref53
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref53
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref54
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref54
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref54
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref54
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref54
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref55
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref55
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref55
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref56
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref56
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref56
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref57
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref57
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref57
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref57
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref58
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref58
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref58
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref58
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref59
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref59
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref59
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref59
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref59
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref60
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref60
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref60
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref60
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref61
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref61
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref61
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref62
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref62
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref62
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref62
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref62
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref63
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref63
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref63
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref64
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref64
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref64
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref65
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref65
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref65
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref66
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref66
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref66
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref66
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref67
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref67
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref67
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref67
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref68
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref68
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref68
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref69
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref69
http://refhub.elsevier.com/S0278-6915(18)30091-7/sref69

	Quercetin attenuates the hyperoxic lung injury in neonatal mice: Implications for Bronchopulmonary dysplasia (BPD)
	Introduction
	Materials and methods
	Animal care
	Animal experimentation: oxygen exposure and quercetin treatment
	Lung perfusion and collection of tissues
	Histopathology and immunohistochemistry analysis of lungs
	Lung vascular density analysis by immunohistochemistry
	Pulmonary morphometry and alveolar development analysis
	Protein expression analysis by immunoblotting
	Analysis of oxidative stress
	RNA isolation and real Time-PCR analysis
	Statistical analyses

	Results
	Attenuation of alveolar simplification and lung injury in newborn mice following postnatal administration of QU
	Reduced lung inflammation following postnatal treatment of QU during hyperoxia
	Postnatal QU treatment improved pulmonary vascular development during hyperoxia
	QU treatment up-regulated pulmonary CYP1A1, CYP1B1 and NQO1 mRNAs following postnatal treatment of newborn mice
	Induction of pulmonary CYP1A1 protein in newborn mice following postnatal QU and hyperoxia treatment
	Upregulation of pulmonary NQO1 protein following postnatal treatment of QU and hyperoxia
	Postnatal QU treatment reduced the pulmonary inflammation by down regulating the expression of NF-kb protein
	QU treatment reduced hyperoxia-induced lung MDA protein adduct formation
	Postnatal treatment of newborns with QU induced hepatic CYP1A1/2 and NQO1mRNAs
	Treatment with QU induced hepatic CYP1A1/1A2 apoprotein in newborn mice exposed to hyperoxia
	QU treatment enhanced hepatic NQO1 and inhibited the NF-kB proteins

	Discussion
	Acknowledgements
	Transparency document
	References




