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Abstract

Aim: To explore the potential mechanism of the synergetic effect of a-lipoic acid with
keratinocyte growth factor (KGF) on protecting alveolar epithelial type II cells (ATIICs) from
hyperoxia-induced injury. Methods: Primary culture of ATIICs from the Sprague-Dawley rat
fetuses was examined under room air and 95% of O,. Various KGF concentrations (0 to 100
ng/mL) and 0.5 mM of a-lipoic were added into the cell culture. Levels of intracellular reactive
oxygen species, necrosis, and proliferation of ATIICs were measured using flow cytometry,
ELISA, and MTT assays, respectively. RT-PCR was performed to detect KGFR mRNA expression.
Western blot was employed to detect the expression of KGFR, phospho-p53, HDAC1, and
acetylated H3 and H4. Results: KGF promoted the proliferation and inhibited the apoptosis
of ATIICs in room air or under temporary exposure to hyperoxia. However, the resistance of
ATIICs to KGF was observed after prolonged exposure. Further investigation demonstrated that
down-regulation of KGF receptor via activation of p53 and recruitment of HDACL induced by
oxidative stress contributed to KGF resistance. This resistance could be attenuated by a-lipoic
acid, a powerful antioxidant. Conclusion: Application of KGF combined with a-lipoic acid
could inhibit KGF resistance to provide maximum protection to ATIICs from hyperoxic injury.

Copyright © 2014 S. Karger AG, Basel

Introduction

Oxygen therapy is one of the most important treatments for asphyxia resuscitation and
preterm respiratory supportin the delivery room and NICU. Inspiration of high concentration
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of oxygen and/or prolonged postnatal exposure to hyperoxia results in oxidative
stress-induced damage in multiple tissues and organs, such as acute lung injury (ALI),
bronchopulmonary dysplasia and retinopathy of prematurity. Excessive reactive oxygen
species (ROS) and less efficient intracellular antioxidant defense contributes to oxygen
toxicity. ROS in the physiological level can directly interact with critical signaling molecules
to initiate cellular signaling pathway and promote proliferation and differentiation. By
contrast, increased ROS up to the pathological level can cause damage to cellular proteins,
lipids, and DNA, which leads to cell apoptosis [1, 2]. Preterm infants have lower antioxidant
defense and are more susceptible to oxidative stress compared with term infants. Oxygen
toxicity in the lung can result in the swelling of endothelial cells, loss of capillary endothelial
cells, and abnormal appearance of mitochondria [3, 4]. Prolonged exposure to hyperoxia
after birth can diminish septation and alveolar angiogenesis, increase terminal respiratory
tract volume, and promote pulmonary fibrosis, resulting in pulmonary hypoplasia.

Keratinocyte growth factor (KGF), also known as FGF-7, is a member of the fibroblast
growth factor family. It is produced specifically by mesenchyme cells and exclusively binds
onto a KGF receptor (KGFR) located on the surface of an epithelial cell through paracrine
interactions. KGF was first isolated as an epithelial cell mitogen from the conditioned
medium of the human embryonic lung fibroblast cell line [5]. KGF can promote proliferation
and migration of keratinocyte [6, 7] and has an important function in healing wounds and
repairing after injury [8-12]. In the lung, KGF can stimulate proliferation, inhibit apoptosis
[13], repair damaged airway epithelium [14], dampen the response of epithelial cells
to inflammatory mediators [15], and promote the maturation of fetal lung epithelium
by increasing the synthesis of protein and phospholipid surfactant components [16-
18]. Previous investigations have shown that KGF expression is suppressed in early ALI/
ARDS [19]. Therefore, supplementation of exogenous KGF may be helpful before or after
injury. Barazzone et al. [20] found that administration of high dose (total dose of 20 pg/g)
recombinant human KGF (rhKGF) i.v. to mice before 2- and 1-day oxygen exposure effectively
attenuates alveolar damage than injection of rhKGF after oxygen exposure. Similar results
was demonstrated by Panos [21]. However, Franco et al. [22] found that rat pups inspired
with 95% O, were effectively protected from lung injury by intraperitoneal injection of lower
dose (2 pg/g) rhKGF on days 1, 3, 5, and 7 of oxygen expose. In addition, our preliminary
study involving immediate intraperitoneal administration of rhKGF with 2 pg/gup to 20 ug/g
after hyperoxic exposure provided no protection. Therefore, we speculate that decreased
KGF sensitivity (KGF resistance) may occur in early oxidative stress leading to poor effect of
immediate treatment after hyperoxic injury. Furthermore, KGFR down-regulation induced
by oxidative stress may contribute to this process considering ligand-receptor relationship.

Alpha-lipoic acid (a-LA), also known as thioctic acid, was first isolated from bovine
liver in 1951 [23]. Both a-LA and its reduced form dihydrolipoic acid (DHLA) are ideal
antioxidants with amphiphilic character, and they can easily quench radicals, scavenge
ROS, and chelate metals without serious side effects [24]. In addition, DHLA can regenerate
endogenous antioxidants, such as glutathione, vitamin E, and vitamin C, by direct reduction
of their oxidized forms [25, 26]. a-LA as an antioxidant has been used to treat diabetic
neuropathy, liver-related pathologies, atherosclerosis, and aging-related diseases [27-30].
Given all these properties, we speculate that a-LA might protect KGFR and improve KGF
resistance by attenuating oxidative stress.

In this study, we investigated the potential molecular mechanism of oxidative-stress-
induced KGF resistance. We also explored the optimal strategy to combine KGF and a-LA and
their application as protection from hyperoxia-induced lung injury in vitro.

Materials and Methods

Isolation and Primary Culture of Alveolar Type II Epithelial Cells (ATIICs)
The animal experiment was approved by the Committee of the Ethics of Animal Experiments of
Huazhong University of Science and Technology. Healthy and adult Sprague-Dawley rats weighing 200g
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to 300g were provided by the Laboratory Animal Center of Tongji Medical College, Huazhong University of
Science and Technology. Food pellets and water were administered ad libitum to the dams. Male and female
rats were kept on a 12:12-h light-dark cycle and mated with 1:2 to 1:3 at night. The following morning,
observed sperms in vaginal smear under light microscope was determined as fertilization, and marked as
Day 1. Pregnant rats on day 19 were anesthetized intraperitoneally by 20% Urethane (1mL/Kg), and pups
were obtained by cesarean section. Lungs of fetuses were dissected under aseptic conditions and ATIICs
were isolated according to previously described methods [31, 32]. Briefly, the lungs were washed in pre-
cooled sterile D-Hanks solution and cut into tiny pieces less than 0.5 mm in size by using a razor blade. Then,
the pieces were incubated with 0.25% trypsin for 15 min at 37 °C, followed by sequential incubation with
0.2 g/L Dnase and 1.0 mg/mL collagenase for 15 min at 37°C. The cell suspensions were filtrated through
a 100-mm Falcon nylon cell strainer and centrifuged at 1500 rpm for 10 min. Next, the cell pellets were
resuspended with 10% FCS-MEM and planted on plastic to allow fibroblast adherence for three successive
45 min steps. The supernatants from the last differential adherence were centrifuged, resuspended, and
plated at 1x10°/mL in 6 or 96 well plates at 37 °C in a 5% CO,-containing incubator. Finally, fresh culture
medium was replaced after 15 h to 18 h to further remove non-adherent cells. The 95% purity of the ATIICs
was proved according to this protocol.

Cell Treatment

Cells that grew to 80% confluence were randomly divided into air and hyperoxia group. The air group
was cultured at 37 °C in a 5% CO,-containing incubator, and the hyperoxia group was placed in a sealed,
sterilized, and humidified chamber filled with 95% O, and 5% CO,. A digital oxygen monitor was used to
measure the O, concentration inside the chamber in real-time. To evaluate the effects of hyperoxia and
KGF on cell viability, rhKGF (R&D system, USA) was added into the culture medium at final concentrations
of 0, 15, 25, 50, 75, and 100 ng/mL before exposure to hyperoxia for 1 h. Moreover, 0.5 mM a-lipoic acid
(Sigma, USA) was administered to investigate synergistic effect between KGF and a-lipoic acid. In addition,
cells were treated with following inhibitors to explore the protential mechanism: pifithrin-a (20 pM,
p53 inhibitor, Beyotime Institute of Biotechnology, China) and trichostatin A (1 uM, histone deacetylase
inhibitor, Beyotime Institute of Biotechnology, China). The inhibitors were added 1 h before hyperoxia. In
KGF and inhibitor co-treatment experiments, cells were preincubated with the inhibitors for 30 min, and
then treated with KGF before hyperoxic exposure.

Measure of ROS by Flow Cytometry

ROS Assay Kit was purchased from Beyotime Institute of Biotechnology (Wuhan, China). According
to the instruction, fluorescent probe DCFH-DA (2',7'-dichlorofluorescin diacetate) was diluted 1:2500
with serum-free medium. Cells after treatment were incubated with the diluent away from light at 37°C
for 30 min, washed by D-Hanks thrice to remove excess probe, and digested into the suspension cells with
0.25% trypsin solution. Average intracellular fluorescence intensity of DCF was detected by FACSAria flow
cytometer with excitation and emission at 488 and 525 nm, respectively. Results were analyzed by Cell
Quest software.

Cell Viability Assay

Cell viability was evaluated using the tetrazolium salt 3-(4,5-dimethyl-thiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide (MTT, Sigma-Aldrich) colorimetric assay. After treatment, the cells were incubated
with serum-free medium containing 0.5 pg/mL MTT away from light at 37 °C for 3 h. Then medium was
replaced by 0.25 mL DMSO, shaking gently for 10 min. Finally 200 pL of supernatant were transferred to
a 96-well plate to measure absorbance at 520 nm. Background values were subtracted from the sample
readings.

Cytotoxicity Assay

Cytotoxicity was detected by measuring lactate dehydrogenase (LDH) quantitatively with CytoTox
96® Non-Radioactive Cytotoxicity Assay (Promega, China). Following the protocol, 50 uL of cell supernatant
was transferred to a 96-well assay plate after treatment, mixed with 50 pL reconstitute substrate mix, and
then incubated the plates for 30 min at room temperature protected from light. A total of 50 pL Stop Solution
was added, and absorbance at 490nm was recorded. Background values were subtracted from the sample
readings.
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RNA extraction and reverse transcription

Total RNA was extracted using the guanidinium isothiocynate method (TRIzol reagent, Invitrogen,
USA). The cells after treatment were washed twice with D-Hanks, and 1mL of TRIzol was added to each well
and allowed to stand at room temperature for 5 min. The mixture was transferred into a sterile Eppendorf
tube, and 200 pL of chloroform was added to the mixture. The mixture was allowed to stand at room
temperature for 15min after blending by hands and then centrifuged at 12,000 rpm for 5 min at 4 °C. The
upper aqueous phase was carefully absorbed, transferred to an RNase-free Eppendorf tube, mixed with 0.5
mL of isopropanol, and then centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatant was discarded,
and 1 mL of 75% ethanol was added to the tube. The mixture was centrifuged at 8,000 rpm for 8 min at 4 °C.
Afterwards, the supernatant was discarded, and the pellet was redissolved in DEPC-treated sterile ddH,0.
The purity and concentration of RNA was identified with an ultraviolet spectrophotometer. Next, RNA was
reverse transcribed into cDNA by First-Strand cDNA Synthesis Kit (GeneCopoeia, China) according to the
instruction.

Quantitative RT-PCR analysis

Real-time PCR primers were synthesized by Qingke Biotechnology Co. Ltd (Wuhan, China). Forward and
reverse primer pairs of KGFR and B-actin were 5-AAGCAGGAGCATCGCATCG-3’ and 5’-CATCAAGGTGGTAGG
TGTGGTT-3’ (amplified fragment length 148bp), and 5’-CAACCACACCTACCACCTT-3’ and 5-TGAACA
GAGCCAGCACTT-3’ (amplified fragment length 266bp), respectively. Then, 10 uL SYBR Green Real-time PCR
Master Mix (TaKaRa, China), 0.4 pL primer pairs, 2 pL. cDNA, and 7.2 uL. ddH,0 were mixed. The mixture was
incubated at 95 °C for 5s and at 58 °C for 20 s, and this process was repeated for 40 cycles. Real-time PCR
was performed on LightCycler device (Applied Roche Diagnostics). Melt curve analysis was used to check
amplification of a single specific product. Relative expression was determined using the AACt (threshold
cycle) method of samples (ACt). Fold change = 24, AACt = (Ct Ct (Ct Ct All
experiments were performed in triplicate.

sample reference)treat sample reference)control'

Co-Immunoprecipitation (Co-IP)

Cultured cells with pre-chilled PBS were carefully washed twice and cold RIPA lysis buffer was added.
Cells were scraped off and transferred into 1.5 mL eppendorf tubes, and centrifuge at 14,000 x g at 4 °C for
15 min. The supernatants were immediately transferred into new tubes, and 50% protein A/G agarose with
ratio of 100 pL-to-1 mL sample solution was added. The tubes were shaken on a horizontal shaker for 10
min at 4 °C to eliminate non-specific binding proteins. Then, the tubes were centrifuged at 14,000 x g at 4 °C
for 15 min, and the supernatants were transferred into new tubes. The mixture of 400 pg total protein with
p53 mouse monoclonal antibody (Santa Cruz, USA) was shaked slowly at 4 °C overnight. Then, the mixture
was centrifuged at 14,000 x g for 5 s to keep the pellet and washed with pre-chilled cold PBS for thrice. The
supernatants were collected and analyzed by Western blot

Western Blot Analysis

Protein expression of KGFR, phospho-p53, histone deacetylase (HDAC), acetylated H3 and H4 was
analyzed by Western blot. Total proteins were extracted by 2 x SDS (0.77 g DTT, 4 mL 1 M Tris-HCI pH 6.8,
5 mL 20% SDS, 5 mL glycerin, 750 uL 1% bromophenol blue in ethanol solution, and ddH,0 to make a 50
mL solution), quantified by amido black dye-binding method, electrophoresed in 8% to 10% SDS-PAGE
gel, and transferred to nitrocellulose membrane by electrophoresis. The membranes were blocked for 1 h
in 5% skim milk or BSA and incubated overnight at 4 °C with the primary antibodies at optimal dilutions
(KGFR 1:2000, Abcam, USA; phospho-p53 1:500, Abcam, USA; HDAC 1:200, Santa Cruz, USA; acetylated
H3, 1:500, Millipore, USA; acetylated H4 1:1000, CST, USA). Membranes were washed in TBST (TBS/0.1%
Tween-20) to remove excess primary antibodies, incubated for 1 h with horseradish peroxidase-conjugated
secondary antibodies (1:8000-1:10000, Abcam, USA), and then washed thrice in TBST. The protein bands
were visualized using an enhanced chemiluminescence kit (Thermo-fisher, USA) and exposed to Kodak
Image Station Pro System for optimal duration. Densitometry analysis of blots was performed using Image]
software.

Statistical Analysis
Data are expressed as means + SD. Data were analyzed statistically using ANOVA or unpaired Student’s
t-test. P< 0.05 was considered statistically significant.
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Fig. 1. Effects of KGF on ATIICs proliferation and necrosis under room air and hyperoxic condition. Cell
proliferation/viability and death were detected by MTT assay and release of LDH in culture medium, res-
pectively. ATIICs were treated first with various concentrations of KGF under room air condition, (A) proli-
feration increased at 15 ng /mL to 75 ng/mL (*p<0.05,**p<0.01), and (B) lower death count was observed
at 25 ng/mL to 100 ng/mL compared with those in the blank (*p<0.05). Then, cells were cultured under
95% 0, and 5% CO, at 37°C. (C) Viability decreased markedly after 4 h hyperoxic exposure (***p<0.001),
and release of LDH in medium increased during 4 h to 12 h (Fig.1D, **p<0.01, ***p<0.001) compared to air
group. Finally, cells exposed to hyperoxia were treated with 25 ng/mL of KGF. (D) and (E) Higher viability
and lower LDH release were detected in the KGF group compared with those in the blank under room air
and temporary exposure to oxygen. However, no significant difference was found in cell viability and death
between KGF and blank groups after 8 and 12 h hyperoxic exposure. Data represent the mean * standard
deviation of three independent experiments.

Results

Effects of KGF on proliferation and death of ATIICs exposed to room air and hyperoxia

Cell proliferation and mortality was assessed by 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetr azolium bromide (MTT) and release of lactate dehydrogenase (LDH) in
medium, respectively. Under room air, KGF could significantly increase ATIICs proliferation
from 15 ng/mL up to 100 ng/mL in a dose-dependent manner and significantly decrease
LDH production at concentrations from 25 ng/mL to 100 ng/mL (*p<0.05, **p<0.01, Figs.
1A and 1B). However, cell viability decreased and LDH release increased significantly in a
time-dependent manner when ATIICs were exposed to 95% O, for more than 4 h (**p<0.01,
***p<0.001, Figs. 1C and 1D). Furthermore, cells treated with 25 ng/mL KGF were exposed
to hyperoxia for various durations. Protective effects of higher proliferation and lower
necrosis were observed in the KGF group compared with those in the blank within 4 h after
exposure (*p<0.05,***p<0.001; Figs. 1E and 1F). Prolonged exposure to hyperoxia for 8 and
12 hresulted in the loss of the protective function of KGF on ATIICs. Moreover, no significant
difference in viability and mortality was found between the KGF and blank groups (p>0.05).
Meanwhile, compared with the blank, administered dosages up to 100 ng/mL of KGF did
not result in higher viability and decreased LDH release after 12 h culture of ATIICs under
95% O, (data not shown). These results indicated that prolonged exposure to high oxygen
concentration could result in less sensitivity of ATIICs to KGF.

957

KARGER


http://dx.doi.org/10.1159%2F000358667

Cellular Physiology

Cell Physiol Biochem 2014;33:953-966

DOL

© 2014 S. Karger AG, Basel
www.karger.com/cpb

and Biochemistry Publi% 31,2014

Wang et al.: a-LA Combined with KGF Protects Alveolar Epithelial Type II Cells from
Hyperoxia-Induced Injury

Fig. 2. Significant increase in intracellular ROS level
after hyperoxic exposure. Intracellular ROS levels
were measured by flow cytometry after the cells
were incubated with DCFH-DA. Hyperoxic exposu-
re resulted in significant increase in intracellular
ROS production in ATIICs in a time-dependent man-
ner compared with the room air group (**p<0.01,
***p<0.001). Data represent the mean * standard 200
deviation of three independent experiments.
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Fig. 3. Oxidative stress suppressed the KGFR gene and protein expression. KGFR mRNA and protein expres-
sion was detected by quantitative RT-PCR and Western blot, respectively. (A) Significant down-regulation
of KGFR mRNA occurred at 4 h after hyperoxic exposure (**p<0.01). Exposure for 8 h to 12 h induced much
lower expression of KGFR mRNA than that in the room air group (***p<0.001). (B) KGFR protein expression
was markedly down-regulated along with prolonged hyperoxic exposure, and lower expression of KFGR
was observed at 24 h to 36 h after hyperoxic exposure (*p<0.05, **p<0.01, ***p<0.001). Data represent the
mean * standard deviation of three independent experiments.

Effects of hyperoxia on intracellular ROS level of ATIICs

Exposure to high O, concentrations may lead to hyperoxia-induced injury through the
production of ROS, which includes hydroxyl radical (-OH), hydrogen peroxide (H,0,), and
superoxide radical (0,-) [33]. Increased ROS generation indicates much severe oxidative
stress, which subsequently results in direct damage of the cell structure and function [34].
In this study, cells were cultured under room air or hyperoxic condition, and intracellular
ROS levels were measured by flow cytometry after the cells were incubated with DCFH-DA.
Exposure to hyperoxia resulted in a significant increase in intracellular ROS production in
ATIICs in a time-dependent manner compared with that of the room air group (**p<0.01,
*#*p<0.001; Fig. 2). Intracellular oxidative stress induced by hyperoxia was exacerbated
after prolonged exposure.

Oxidative stress suppressed the KGFR gene and protein expression

KGFR mRNA and protein expression was detected by quantitative RT-PCR and Western
blot to explore the underlying mechanisms involved in reduced susceptibility of ATIICs to
KGF after prolonged hyperoxic exposure. Results of real-time PCR showed that obvious
reduction of KGFR mRNA occurred after 4 h exposure to hyperoxia. Moreover, exposure for
8 h to 12 h induced much lower KGFR mRNA expression than that of the room air group
(***p<0.001; Fig. 3A). KGFR protein expression in the ATIICs was decreased remarkably
with prolonged exposure, and lower KFGR expression was observed from 24 h to 36 h under
hyperoxic condition (Fig. 3B, *p<0.05, **p<0.01, ***p<0.001).

Phosphorylation of p53 at Ser 392 and subsequent recruitment of HDAC was crucial to

oxidative stress-induced KGFR down-regulation

Western blot analysis was used to further investigate the signaling mechanism that
caused the down-regulation of KGFR expression after hyperoxic injury. First, our results
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Fig. 4. Oxidative stress induces p53 phosphorylation at Ser 392 and subsequent recruitment of HDAC. Wes-
tern blot was used to detect protein expression, and Co-IP was applied to investigate the association of p53
with phospho-p53 and HDAC1. (A) Expression of phospho-p53 (ser 392) in the hyperoxic group was signifi-
cantly higher than that in room air group at 4, 8, and 12 h after hyperoxic exposure (*p<0.05, **p<0.01). (B)
HDAC-1 were markedly upregulated along with higher expression of phospho-p53 (ser392) after 4 and 8 h
hyperoxic exposure (*p<0.05, **p<0.01), although total p53 levels remained unchanged. Data represent the
mean * standard deviation of three independent experiments.

showed that phospho-p53 (ser 392) expression of ATIICs in the hyperoxic group was
significantly higher than that of the room air group at 4, 8, and 12 h after hyperoxic exposure
(Fig. 4A, *p<0.05, **p<0.01). Second, Co-IP was used to identify the association of p53 with
HDAC-1. HDAC-1 was markedly upregulated after 4 and 8 h hyperoxic exposure and reached
a plateau level at 4 h exposure compared with that of the room air condition group, and the
total p53 levels remained unchanged (Fig. 4B, *p<0.05, **p<0.01). Furthermore, pifithrin-a
was used as p53 inhibitor to confirm the interaction of p53 with HDAC and KGFR. ATIICs
were incubated with 20 uM of pifithrin-a under 95% O, for 4 h. Results from Co-IP suggested
that HDAC was suppressed along with inhibition of p53 compared with that in the control
(Figs. 4C and 4D). At the same time, repressive effect of hyperoxia on KGFR was ameliorated
by pifithrin-a and down-regulation of KGFR expression attenuated in pifithrin-a group
compared with that in the control after 12 h hyperoxic exposure (Fig. 4E). Therefore, p53
activation has a crucial part in hyperoxia-induced KGFR down-regulation.

HDAC promoted H4 deacetylation leading to transcriptional inhibition under hyperoxic

condition

Histone acetylation promotes chromatin expansion in favor of genetic transcription.
Long tails of H3 and H4 histones, protruding from the nucleosome, can be covalently modified
in acetylation. HDAC removes acetyl groups on histone tails and increases condensation
of DNA binding to prevent transcription. The acetyl-Histone H3 and H4 expression after
hyperoxic exposure was analyzed by Western blot. Results indicated that, compared with the
group under room air condition, acetylation level of H4 decreased significantly after 4 and
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Fig. 5. Pifithrin-a (pif) protected KGFR by inhibiting p53 and reducing recruitment of HDAC1. ATIICs were
treated with 20 uM of pifithrin-a. (A) Cells were cultured under 95% O, for 4 h after treatment, p53 expres-
sion was repressed than that of the control (**p<0.01), meanwhile HDAC1 expression was down-regulated
compared with the control following inhibition of p53 (**p<0.01). (B) When ATIICs were cultured for 12 h
under either room air or hyperoxic condition, down-regulated KGFR expression induced by oxidative stress
was attenuated in the pifithrin-a group than that in the control (**p<0.01). Data represent the mean * stan-
dard deviation of three independent experiments.

8 h exposure to hyperoxia in a time-dependent manner (Fig. 64, **p<0.01, ***p<0.001), and
acetyl-H3 slightly decreased after 4 h exposure to hyperoxia, but no statistical difference was
found (data was not shown). ATIICs were cultured in the medium with 1 uM of Trichostatin
A (HDAC-specific inhibitor, TSA) under 12 h hyperoxia. Down-regulation of KGFR expression
in 12 h hyperoxic group was reversed markedly by TSA compared with that in the control
(Fig. 6B, **p<0.01).

Protective effect of a-LA on KGFR by scavenging ROS and suppressing p53 activity

a-LA can scavenge various ROS, and a-LA is considered as a potent antioxidant applied
as a therapy of oxidative stress-associated diseases [27, 35, 36]. ATIICs were treated with
0.5 mM «-LA under 95% O,, and intracellular ROS was measured by flow cytometry. The
level of intracellular ROS in a-LA group was significantly lower than that of the hyperoxic
group, and the difference became more remarkable with prolonged exposure (Fig. 7, *p<0.05,
**p<0.01, *** p<0.001).

The expression of phospho-p53 (ser 392) and KGFR in a-LA group was detected by
Western blot. The phospho-p53 (ser 392) expression was reduced significantly in a-LA group
than that in the control after 4 and 8 h hyperoxic exposure (Fig. 8A). The KGFR expression
of ATIICs in the a-LA group were 2.47- and 1.58-fold higher than those in the control under
hyperoxic condition for 12 and 24 h, respectively (Fig. 8B, *p<0.05, **p<0.01). a-LA may
contribute to the protection of KGFR from oxidative stress injury by scavenging ROS and
suppressing the molecular pathway of P53-HDAC-H4.
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Fig. 6. HDAC promoted deacetylation of H4 under hyperoxic condition. (A) Compared with that under room
air condition, acetylation level of H4 decreased significantly after 4 and 8 h hyperoxic exposure in a time-
dependent manner (**p<0.01, ***p<0.001). Data represent the mean +* standard deviation of three indepen-
dent experiments. (B) TSA (HDAC specific inhibitor) could suppress the down-regulation of KGFR level after
12 h hyperoxic exposure compared with that in the control group (**p<0.01).

Synergetic protective effects of a-LA and KGF on the proliferation and survival of ATIICs

under prolonged exposure to hyperoxia

To further explore whether ATIICs could regain the sensitivity to KGF co-cultured with
a-LA under hyperoxic condition, ATIICs viability and necrosis and quantity of LDH released
were detected by MTT assay. Markedly higher viability and lower necrosis of ATIICs were
detected both in KGF and a-LA-KGF groups under room air and after 4 h hyperoxic exposure,
compared with that in the blank (Fig. 9; *p<0.05, **p<0.01). After prolonged hyperoxic
exposure for 8 and 12 h, significant protective effect was observed only in the a-LA-KGF group
compared with the other groups (**p<0.01, ***p<0.001; 4p<0.05, 44p<0.01,444p<0.001).
Furthermore, no significant difference was found between the blank and KGF groups
(p>0.05). These data indicated that KGF and a-LA acted on synergetic protection of ATIICs
from hyperoxia-induced injury.

Discussion

Oxidative stress mediated by excessive ROS generation has an important function in
hyperoxia-induced lung injury in vivo [37]. In this study, we demonstrated that intracellular
ROS production of ATIICs was increased greatly under hyperoxic condition in a time-
dependent manner, resulting in decreased cell viability and elevated release of LDH. Addition
of KGF to ATIICs contributed to increased cell proliferation and reduced cell necrosis under
room air or temporary hyperoxic exposure. The protective effect of KGF diminished and
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Fig. 8. a-LA protected KGFR from oxidative stress by suppressing the activity of p53. (A) phospho-p53 (ser
392) expression was reduced significantly in the a-LA group than that in the control after 4 and 8 h hyper-
oxic exposure (*p<0.05). (B) KGFR expression in the ATIICs in the a-LA group were 2.47- and 1.58-fold hig-
her, respectively, under hyperoxic condition for 12 and 24 h than that in the control, respectively (*p<0.05,
**p<0.01). Data represent the mean + standard deviation of three independent experiments.

sensitivity of ATIICs to KGF decreased with prolonged hyperoxic exposure, resulting in KGF
resistance.

The mechanism behind KGF resistance was unclear. KGF induces cell protection through
the activation of Akt pathways that prevented the Fas-induced apoptosis prior to caspase
activation in A549 cell [38]. We demonstrated in our previous study that oxidative stress
triggers the activation of apoptosis stimulating kinase 1 (ASK1) and p38MARK in sequence,
thus inhibiting the Akt survival pathway. In addition, JNK1/2 signal pathway was activated,
resulting in caspase-3-triggered apoptosis. However, this process occurred soon and was
transient, which was inconsistent with the time dependence of KGF resistance. KGFR was
further explored because of the relationship between ligand and receptor. We validated that
transcription of KGFR mRNA began to be repressed after 4 h hyperoxic exposure. At the
same time, KGFR protein expression decreased significantly. This behavior is consistent with
ATIICs beingless sensitive to KGF. Similarly, Marchese et al. demonstrated that KGFR gene and
protein expression could be modulated by proinflammatory cytokines and oxidative stress
[39-41], and excessive oxidative stress induced by UVB could result in the internalization of
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Fig. 9. Synergetic protective effects of a-LA and KGF on the proliferation and survival of ATIICs after pro-
longed hyperoxic exposure. Under room air and after 4 h hyperoxic exposure, markedly higher viability
and lower necrosis of ATIICs were detected in the KGF and a-LA-KGF groups compared with those in the
blank (*p<0.05, **p<0.01). By contrast, after prolonged hyperoxic exposure for 8 and 12 h, significant pro-
tective effect was observed only in the a-LA-KGF group compared with those of the other groups (**p<0.01,
*#*p<0.001; 4p<0.05, 44p<0.01,444p<0.001), and no significant difference was found between the blank
and the KGF group (p>0.05).

KGFR after temporary UVB exposure [40]. Down-regulation was observed 6 h to 24 h after
UVB exposure [41, 42]. Therefore, down-regulation of KGFR expression induced by oxidative
stress may contribute to KGF resistance.

We have investigated the potential molecular mechanisms involved in KGFR down-
regulation. ROS at physiologically low level has an important function in cell signaling and
homeostasis as a natural by-product of the normal metabolism of oxygen [43, 44]. However,
excessive ROS overwhelming antioxidant defenses may augment damage to proteins, lipids,
and DNA, leading to cell dysfunction [45, 46]. In addition, hyperoxia has been shown to
directly induce DNA damage detectable by terminal transferase dUTP end-labeling in vitro
[47]. Tumor suppressor p53 has an important role in apoptosis, genomic stability, and
response to DNA damage induced by oxidative stress [48]. Existing studies have indicated
that hyperoxia increased p53 in terminal bronchioles and ATIICs of rats and mice, resulting
in the activation of downstream specific proteins [47, 49, 50]. Moreover, p53 could be
activated as a transcription regulator when various stresses induce phosphorylation at
certain sites located in N-terminal transcriptional activation domain. Phosphorylation of
p53 at Ser392 (phospho-p53 ser®*?) was confirmed to stabilize tetramer formation of itself
and provide a switch that regulates the transcriptional response to DNA damage [51]. Our
study identified that the expression of phospho-p53 ser®*? increased significantly at 4 h
to 12 h after hyperoxic exposure, and down-regulation of KGFR expression resulting from
oxidative-stress could be repressed by pifithrin-a (p53 inhibitor). Therefore, we speculate
that p53 activation may contribute to the KGFR resistance of ATIICs under prolonged
hyperoxic exposure. Next, increased association of p53 with HDAC1 was observed at 4 and
8 h after hyperoxic exposure. Furthermore, pifithrin-a as p53 inhibitor could reduce the
association of p53 with HDAC1 under hyperoxic condition, confirming the recruitment of
HDAC1 through p53. HDAC1 could catalyze the hydrolysis of acetyl groups on lysine residues
of histones causing the condensation and coiling of chromosomal DNA around histones, thus,
preventing transcription of specific genes [52]. Our data demonstrated that the acetylation
level of histone H4 was decreased at 4 and 8 h after hyperoxic exposure, whereas no obvious
change of acetylated histone H3 was detected. In addition, TSA (HDAC specific inhibitor)
could suppress the down-regulation of KGFR level after 12 h hyperoxic exposure. Hence, we
conclude that phosphorylated p53 (ser392) facilitated the down-regulation of KGFR caused
by oxidative-stress. Phosphorylated p53 (ser392) subsequently recruited chromatin-
modifying protein HDAC1 resulting in transcriptional repression of KGFR.
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a- LA, also known as thioctic acid, is a naturally occurring dithiol compound and was
firstisolated from bovine liver in 1951 [23]. LA exists in forms of enantiomer, R-LA, and S-LA.
However, only the R-LA is synthesized endogenously, serving as cofactor of mitochondrial
enzyme complexes in energy metabolism [53]. Both LA and DHLA have biological activities
in vivo as potential antioxidants, which are responsible for the chelation of metal ions,
regeneration of exogenous and endogenous antioxidants, and repair of oxidized proteins [54,
55]. In the present study, addition of LA contributed to the effective induction of scavenge
intracellular ROS by hyperoxia. This reaction subsequently protected KGFR from oxidative-
stress injury through inhibition of the activation of phosphorylated p53 (ser392) under
hyperoxic condition. Moreover, increased proliferation and reduced necrosis were observed
when ATIICs were treated with KGF and LA synergistically under prolonged hyperoxic
exposure for 8hand 12 h.

In summary, the current study demonstrated that KGF promoted proliferation and
inhibited apoptosis of rat fetal ATIICs in room air or under temporary hyperoxic exposure
in vitro, whereas prolonged hyperoxic exposure may decrease the sensitivity of ATIICs to
KGF and limit its protective effects on lung injury. Moreover, KGF resistance was mainly
attributed to oxidative-stress-induced repression of KFGR in transcription and protein level
through p53 phosphorylation and enhanced association of p53 with HDAC1. In addition, LA
could attenuate KGF resistance by protecting KGFR under hyperoxic condition. Therefore,
the synergy of KGF and LA performed optimal protective effect on ATIICs from hyperoxia-
induced injury. These findings provided new insights into the prevention and therapy for
hyperoxia-induced lung injury.
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