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Abstract

Sepsis-related acute lung injury (ALI) remains a major cause of mortality in critically ill patients and lacks specific therapy.
Mitochondrial dysfunction is involved in the progression of septic lung injury. Mitochondrial dynamics, mitophagy, and
biogenesis converge to constitute the assiduous quality control of mitochondria (MQC). Heme oxygenase-1 (HO-1) protects
against sepsis-induced ALI through the modulation of mitochondrial dynamics. However, the causal relationship between
HO-1 and the general processes of MQC, and their associated cellular pathways in sepsis-related ALI remain ill-defined.
Herein, lipopolysaccharide (LPS)-induced ALI in Sprague-Dawley rats together with LPS-induced oxidative injury in
RAW264.7 macrophages were used to investigate whether the PI3K/Akt pathway-mediated induction of HO-1 preserves
MQC and alleviates septic lung injury. After pretreatment with hemin, a potent inducer of HO-1, LPS-induced cell
apoptosis, enhanced mitochondrial fragmentation, and mitochondrial membrane potential damage were significantly reduced
in macrophages. In rats, these effects were accompanied by a higher survival rate, less damage to lung tissue, a 28.5%
elevation in lung mitochondria MnSOD activity, and a 39.2% increase in respiratory control ratios. Concomitantly, HO-1
induction preserved the dynamic process of mitochondrial fusion/fission (Mfn2, OPA1, Drpl), promoted mitochondrial
biogenesis (NRF1, PGCla, Tfam), and facilitated the key mediators of mitochondrial mitophagy (Parkin, PINK1) at mRNA
and protein levels. Notably, LY294002, a PI3K inhibitor, or knockdown of PI3K by small interfering RNA significantly
suppressed Akt phosphorylation, attenuated HO-1 induction, and further reversed these beneficial effects evoked by hemin
pretreatment in RAW264.7 cells or rats received LPS, indicating a direct involvement of PI3K/Akt pathway. Taken together,
our results indicated that HO-1 activation, through PI3K/Akt pathway, plays a critical role in protecting lung from oxidative
injury in the setting of sepsis by regulating MQC. HO-1 may therefore be a therapeutic target for the prevention sepsis-
related lung injury.

Introduction

Heme oxygenase-1 (HO-1) is cytoprotective as shown in
various in vivo and in vitro models of cellular stress and
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Mitochondria are not only known as the “energy pow-
erhouse” of the cell but also mediate other cellular functions
such as calcium management, cell growth, apoptosis, heme
biosynthesis, inflammation, and oxygen sensing [7]. These
organelles constitute a network of elongated filamentous
structures through delicate cycles of fusion and fission,
conducted by several prime dynamin-like GTPases includ-
ing mitofusin (Mfnl/2), optic atrophy 1 (OPAl), and
dynamin-related protein 1 (Drpl), which mediate mito-
chondrial quality control (MQC) in highly sophisticated
ways [8]. It is vital to timely remove damaged or depolar-
ized mitochondria and sustain adequate healthy mitochon-
dria with intact membrane potential (A¥m) undergoing
fission via the process of mitophagy, mediated uniquely by
Parkin and PTEN-induced putative kinase 1 (PINKI) [9].
Healthy mitochondria are regenerated undergoing fusion
via the process of biogenesis, that is regulated mainly
by nuclear-encoded and mitochondria-encoded proteins,
including nuclear respiratory factor (NRF1), peroxisome
proliferator-activated receptor y coactivator 1 (PGCla),
and mitochondrial transcription factor A (Tfam) [10]. In
sum, mitochondrial dynamics, mitophagy, and biogenesis
converge to constitute the assiduous quality control of
mitochondria, which play a crucial role in maintaining
cellular homeostasis and functions [7, 11]. Collectively, it is
widely held that derangement in MQC evoked by massive
oxidative stress is linked to the progression of sepsis-related
multiple organ dysfunction [12-14]. Of note, there is an
urgent need to exploit targeted therapies against sepsis by
restoring mitochondrial homeostasis.

It is well known that the phosphatidylinositol-3-kinase
(PI3K), a conserved family of signal transduction enzymes,
is implicated in the regulation of cell growth, cycle entry,
migration, and survival [15]. Protein kinase B (Akt) is
activated via a PI3K pathway in which PI3K-mediated
production of phosphatidylinositol-3,4,5-trisphosphate
(PIP3) leads to the recruitment of Akt to the cell membrane
and then initiates Akt phosphorylation by phosphoinositide-
dependent kinase 1 (PDK-1) [16]. Numerous of studies set
forth activation of the PI3K/Akt pathway-facilitated HO-1
induction and then afforded anti-apoptotic or anti-
inflammatory effects in response to oxidative injury
[17-19]. While our previous studies indicated that the HO-1
system preserved the balance of mitochondrial dynamics to
sustain the integrity of mitochondrial function and sup-
pressed sepsis-induced lung injury [5]. However, the causal
relationship between the general processes of MQC and
PI3K/Akt-mediated HO-1 induction in sepsis-related lung
injury remains unknown. In this study, under the condition
of classically clinical relevant acute lung injury (ALI)
model of Escherichia coli lipopolysaccharide (LPS)
exposure to Sprague-Dawley rats or RAW264.7 macro-
phages [20], we investigated our hypothesis that PI3K/Akt
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pathway-dependent HO-1 induction appeared to have
a generally protective effects on MQC in the context of sepsis.

Materials and methods
Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), and penicillin—streptomycin were purchased
from Invitrogen (Grand Island, NY, USA). Antibodies against
Akt (ab176657), phospho-Akt (phospho S473, ab81283),
Nif2 (ab137550), PGCla (ab54481), NRF1 (ab175932),
Tfam (ab217313), Parkin (ab179812), and PINK1 (ab23707)
were purchased from Abcam (Cambridge, MA). Anti-HO-1
(SC-10789), anti-Mfn2 (SC-50331), anti-OPA1 (SC-367890),
anti-Drpl  (SC-32898), anti-B-actin, and horseradish
peroxidase-labeled anti-rabbit IgG were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). LY294002
was obtained from Calbiochem (San Diego, CA). 3-(4, 5-
Dimethylthiazol-2-yl) ~ 2,5-diphenyltetrazolium  bromide
(MTT) assay kit was from Roche Applied Science (Roche,
IN). Mitochondrial membrane potential detection kit (JC-1)
was supplied by the Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). All other chemicals, including LPS
(Escherichia coli O111: B4, L2880) and hemin, were sup-
plied by Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

Murine RAW264.7 macrophages were obtained from the
American Type Culture Collection (ATCC, Rockville, MD)
and cultured in DMEM supplemented with 10% heat-
inactivated FBS and 1% penicillin—streptomycin, followed
by incubation at 37°C in 5% CO,/95% air humidified
atmosphere. Cells at 70-80% confluence were split at a
density of 2 x 10° cells/ml in six-well plates. The cells were
rinsed with fresh medium and incubated with 1 pg/ml LPS
in the absence of presence of LY294002 (10 uM) and hemin
(oxidized heme, 20 uM), all of which were dissolved in
DMSO (final concentration <0.1%) (Fig. 1a) [5, 21]. After
24 h of incubation in cultures, adherent cells were harvested
and processed for further measurements.

Cell viability

To test the effects of various reagents with different con-
centrations, 2 x 10° cell/well were seeded in 96-well plates and
incubated overnight. Cell viability (%) was evaluated using an
MTT assay, which was utilized to estimate total cellular
metabolic activity based on the reduction of the compound to
the formazan by mitochondrial dehydrogenases [22]. Ten
microliters MTT (5 mg/ml in PBS, pH 7.6) was added to each
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Fig. 1 Schematic diagram of the experimental protocols utilized in this
study. a RAW264.7 macrophages were pre-treated with 20 uM Hemin
(a potent HO-1 inducer) for 1 h or 25 uM LY294002 (a specific PI3K
inhibitor) for 30 min ahead of 1pug/ml LPS treatment and further
incubated for 24 h. b Sprague-Dawley rats were pre-treated intraper-
itoneally with 50 mg/kg hemin (dissolved in 50 ul DMSO) or 2 mg/rat
LY294002 (dissolved in 100 ul DMSO) 1h prior to LPS injection
(5 mg/kg, caudal vein injection) and euthanized for tissue collection at
6h after LPS administration. LPS lipopolysaccharide, HO-1 heme
oxygenase-1, PI3K phosphatidylinositol-3-kinase

well at the end of each treatment and then incubated for 30 min
at 37 °C. Optical density (OD) was measured at 570 nm with a
microplate reader (Bio-Rad, Hercules, CA, USA).

Mitochondrial membrane potential (AWm)

The florescent, dual-emission mitochondrion-specific
lipophilic, cationic dye JC-1 was used to assess the
mitochondrial membrane potential (AWm) according to
the manufacturer’s manuals. At the indicated times after
sorts of experimental manipulations, macrophages were
stained with10Omg/ml 5,5’,6,6’-tetrachloro-1,1’, 3,3’-tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1) for 20 min
at 37 °C in the dark [23]. Then, the cells were harvested by
centrifugation (1000x g, S5min), washed twice with
phosphate-buffered saline (PBS), and resuspended in PBS.
Immediately, they were analyzed by an FACSCalibur flow
cytometer (BD Biosciences) using appropriate gate settings
in FL1 (green) and FL2 (red) channels. Bright red fluores-
cence (excitation 490 nm/emission 590 nm) was taken on by
JC-1 aggregation in the mitochondrial matrix indicated high
AWm, while green fluorescence (excitation 488 nm/emis-
sion 530 nm) was produced by JC-1 monomer in the cytosol
indicated A¥Ym collapse. The changes in the A¥Ym were
quantified by a bright red/green fluorescence ratio using
FlowJo software (Tree Star Inc.).

Transfection
Negative control small interfering RNA (NC siRNA) and

PI3K siRNA were designed at Shanghai GenePharma Co.,
Ltd (China). The sequences of siRNA (5-end prime; to

3-end prime) were as follows: PI3K siRNA: CCACCAG
UCAAACCAUCAATT, NC siRNA: UUCUCCGAACG
UGUCACGUTT. RAW264.7 cells (5 x 10%/ml) were cul-
tured in six-well plates and then transfected at 70-80%
confluence with PI3K siRNA or NC siRNA using 5 pl of
Lipofectamine 2000 (No. 11668019; Invitrogen, USA)
according to the manufacturer’s protocols. The optimal
transfection time was 24 h and then cells were stimulated
with 1 pg/ml LPS with or without 20 uM hemin. The effi-
ciency of siRNA silencing was evaluated using western blot
analysis. After incubation for 24 h, the cells or the culture
supernatants were collected for the subsequent detections.

HO-1 enzyme activity

The transfected RAW?264.7 cells exposed to LPS in the
absence or presence of hemin were harvested, added to the
RIPA cell lysate, and the supernatant was collected. HO-1
enzyme activity was evaluated by monitoring the conver-
sion of hemin into ferrous iron, carbon monoxide, and
biliverdin by using HO-1 ELISA kits from the CUSABIO
Biotechnology Co., Ltd (Catalog No. CSB-E08267r,
Wuhan, China) based on the manufacturer’s protocols [24].
Briefly, 200 ul total reaction volume was added to each
well. Then, the reduced type coenzyme II (NADPH) was
added to initiate the reaction and incubated at 37 °C for 1 h
in the dark. Immediately, 50 pl stop solution was added to
stop the reaction on ice. The formed bilirubin was extracted
from 1 ml of chloroform by vigorous vortexing three times
for 10 s and measured using a spectrophotometer. Optical
density at 464 and 530 nm of the organic phase was cal-
culated and HO-1 enzyme activity was indicated as nano-
moles of bilirubin formed per milligram of protein per hour.

Western blotting

Cells were washed twice in PBS, harvested by scraping, and
resuspended in lysis buffer containing protease inhibitors and
phosphatase inhibitors, as Hull et al. described [25]. A cell
fractionation kit (Thermo Fisher Scientific, Rockford, IL) was
used to separate mitochondrial cytoplasmic fractionation.
Protein levels were quantified by a bicinchoninic acid (BCA)
assay (Sigma, St. Louis, MO). Equal amounts of protein were
subjected to 15% SDS-PAGE, transferred to a PVDF mem-
brane (Bio-Rad, USA), and blocked with 4% nonfat dry milk
in TBST (Sigma-Aldrich). Respectively, western blotting
analysis for HO-1 (1:800), Nrf2(1:800), Akt (1:500),
phospho-Akt (1:1000), NRF1 (1:1000), PGCla (1:500),
Tfam (1:1000), Mfn2 (1:800), OPA1 (1:500), Drp1 (1:800),
Parkin (1:100), PINK1 (1:100), and f-actin (1:1000) were
performed on cell as delineated previously [5, 26]. Bands
were detected with a horseradish peroxidase-conjugated sec-
ondary antibody (1:5000) by means of the enhanced
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chemiluminescence (ECL) reagent (Bio-Rad, USA). Protein
density was quantified on digitized images from the mid-
dynamic range, and data were expressed relative to -actin.

Real-time RT-PCR

Total RNA was extracted from cultured cells using the TRIzol
reagent (Invitrogen, Carsland, USA), as indicated by
the manufacturers, and quantified spectrophotometrically at
260 nm. Five microliters RNA obtained from each sample
was reverse transcribed to cDNA using a reverse transcriptase
(Promega, USA). Real-time RT-PCR was performed using
SYBR Green Master Mix on an ABI Prism 7000 sequence-
detector system (Applied Biosystems, Foster City, CA). The
amplification conditions were as follows: pre-degeneration of
the PCR mix (10 min, 95 °C), followed by 40 thermal cycles
consist of denaturation (30s, 95 °C), annealing (5 s, 95 °C),
and extension (34 s, 60 °C). Primer sequences and the length
of fragments for HO-1, Mfn2, OPA1, Drpl, PINK1, Parkin,
Tfam, NRF1, and PGCla are listed in Table 1 entitled as the
PCR primer sequences and the length of fragments. The
comparative threshold cycle (Cr) method of relative quanti-
fication was used to determine the fold change in expression
as depicted by Schmittgen TD et al. [27]. B-Actin served as an
internal loading control.

Transmission electron microscopy

Mitochondrial ultrastructure was analyzed from cultured cells
accordingly. Briefly, cells were washed with PBS (PH 7.4)
and harvested by scraping lightly. And then, the cells were
fixed overnight in 2.5% glutaradehyde/2% paraformaldehyde
in 0.1 M phosphate buffer at 4 °C and processed on the rou-
tine protocols as previously described [28]. Ultrathin sections
(lpm) were cut with a Leica Ultracut E ultramicrotome
(Leica, Vienna, Austria) and stained with uranyl acetate and

lead citrate for contrast. Digital images were acquired using a
JEM-1400Plus transmission electron microscopy (TEM)
(JEOL, Ltd, Japan). Analysis of mitochondria morphology
was performed with the Image J software in a blinded
manner.

Animal model

After obtained the experimental protocols approval by the
Institutional Animal Care and Use Committee of Tianjin
Nankai Hospital (Tianjin, China), a total of 36 Sprague-
Dawley rats (male, 2 months old, 160—185 g) supplied by the
Laboratory Animal Center of the Nankai Clinical Institution of
Tianjin Medical University (Tianjin, China) were free access
to food and water ad libitum and acclimatized to a 12-h
light-dark cycle, were randomized into six groups (n =6 per
group): (1) normal control (saline), (2) LPS (5 mg/kg, dis-
solved in 1 m 0.9% sodium chloride, caudal vein injection),
(3) LPS plus hemin (a powerful inducer of HO-1), (4) LPS
plus LY294002 (a specific inhibitor of PI3K), (5) LPS plus
hemin plus L.Y294002, (6) LPS plus DMSO. To mimic the
model of ALI, rats were anesthetized and implemented as
described previously [5, 6]. Respectively, the indicated con-
centrations of hemin (50 mg/kg, dissolved in 50 pl DMSO) or
LY294002 (2 mg/rat, dissolved in 100ul DMSO) were
administrated intraperitoneally 1h prior to LPS injection
(Fig. 1b) [3, 29]. The solutions containing the equal volume of
sterile normal saline or DMSO were used as a control vehicle.
The survival of the rats was monitored after LPS challenged in
each group and then, the rats were empirically euthanized for
lung tissue collection at 6 h after LPS application.

Lung histology

The lung specimens harvested from different groups were fixed
in 10% formaldehyde. Routinely, the tissues were dehydrated,

Table 1 The PCR primer

sequences and the length of Genes Forward primer Reverse primer Length(bp)

fragments HO-1 GAATCGAGCAGAACCAGCCT CTCAGCATTCTCGGCTTGGA 135
Mfn2 ACTTCTCCTCTGTTCCAGTTGT  GTGCTTGAGAGGGGAAGCAT 181
OPAL1 ACCTTGCCAGTTTAGCTCCC ACCTAACAAGAGAAGGGCCTC 131
Drpl GCCTCAGATCGTCGTAGTGG TGCTTCAACTCCATTTTCTTCTCC 187
Tfam ATGGGTGTTGGGAAGTCT CTCTCCTGTTGGTGGCTC 168
NRFI TCAGGGATAGGGGTTCA TCAACCAGTTCGGCATA 157
PGCla  AGTGAAGATGAAAGTGA TTGAGAAAATAAGGATT 141
Parkin CTGCGTGTGATTTTTGCC AGGTGCTCTGGGGTTCGT 154
PINK 1 GACCTCAAGTCCGACAACA TGCCACCACGCTCTACAC 145
B-actin TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG 149

HO-1 heme oxygenase-1, Mfn2 mitofusin 2, OPAI optic atrophy 1, Drpl dynamin-related protein 1, Tfam
mitochondrial transcription factor A, NRF1 nuclear respiratory factor 1, PGCla peroxisome proliferator-

activated receptor y coactivator 1
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embedded in paraffin, sliced into microsections (4 um), and
subsequently stained with hematoxylin-eosin (H&E), and
visualized under a light microscope (x400 magnification).
Quantitatively, the histopathology of the lung injury was scored
in detail based on the following features: alveolar septa edema,
airway congestion, interstitium widen or hyaline membrane
formation, and neutrophil margination or infiltration [30]. Ten
different visual fields were observed from each slice and the
average score was calculated as preliminary study [5, 6].
Grading was performed by a pathologist who was blinded to
the different groups.

Mitochondria isolation and purification

For mitochondria isolation, the harvested lung tissues were
immersed in 4 °C PBS, minced with scissors, and followed
by dispersion in Buffer A contained 0.225 mol/l mannitol,
0.005 mol/l MOPS, 0.075 mr sucrose, 0.002 mol/l ethyle-
nediaminetetraacetic acid (EDTA), and 1mg/ml bovine
serum albumin (pH 7.4) using a Potter homogenizer
via three passed at 300 x g, as delineated by Sommer et al.
[31]. The 10% homogenate was centrifuged for 10 min at
3000 x g at 4 °C. And then, the supernatant was centrifuged
at 10400 x g for 10 min to obtain a crude mitochondrial
filtrate. The pellet was resuspended in 1.0 ml cold buffer
B containing 0.225 mol/l mannitol, 0.075 mol/l sucrose, and
20 mmol/l Tris/HCI1 (pH 7.4) to serve as the mitochondrial
fraction. Protein content was determined using the Pierce
bichinonic acid (BCA) assay (Thermo Fisher Scientific,
Schwerte, Germany).

Mitochondrial respiratory function

Mitochondrial oxygen consumption was assessed accord-
ing to the protocols of Jacoby et al. [32], with slight
modifications using a Clark-type oxygen electrode (Han-
satech, United Kingdom). Briefly, rat lung mitochondria
(0.5 mg/ml) in a buffer of 105 mM KCI, 5 mM KH,PO,,
20mM Tris-HCI, 1mM diethylenetriaminepentaacetic
acid, and 1 mg/ml fatty acid-free bovine serum albumin
(pH 7.4) were incubated in the chamber for 10 min at
25 °C. The reaction was initiated with the substrates 5 mM
glutamate/10 mM succinate (state 4, ST4), and the addition
of 0.2 mM ADP (state 3, ST3). The respiratory control ratio
(RCR) was derived from the ratio of ST3/ST4 respiration.

Manganese superoxide dismutase activity

The enzymatic activity of manganese superoxide dis-
mutase (MnSOD) in lung mitochondria of rats were
determined by using Xanthine Oxidase assay kits from the
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China) complied with the manufacturer’ instructions. The

activity of MnSOD was expressed as units per milligram
protein (U/mg protein).

Statistical analysis

All values were obtained from at least five independent
experiments for each condition in the current study. Of note,
the sample sizes were estimated based on our previous
studies in which HO-1/CO maintained mitochondrial
dynamics to relieve septic ALI rather than a priori statistical
power calculation [5]. Randomization methods were used to
assign animals/cells to treatment groups and blinded
assessments. Graph prism 5.0 (GraphPad Software, La
Jolla, CA) was used for statistically analysis. Unless state
otherwise, the distributions of continuous variables were
expressed as mean + SD. Significance of difference in mean
values was detected by one-way or two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc
comparison tests. The lung injury scores were analyzed by
nonparametric Mann—Whitmey U test. The null hypothesis
was rejected for P<0.05 with the two-tailed test. No
experimental data were missing or lost in the statistical
analysis.

Results

HO-1 protected the lung from LPS-driven
mitochondrial oxidative damage

Septic lung injury is devastating clinical condition with a
high mortality rate of up to 46%, which is partially attrib-
uted to dysregulation of mitochondrial homeostasis initiated
by remarkable oxidative stress [33]. As shown in Fig. 1, the
role of HO-1 in regulating MQC has been currently inves-
tigated with a well-established model of endotoxin-induced
lung injury in vitro and in vivo. To assess the impact of HO-
1 on LPS-mediated cell death, RAW264.7 cells were pre-
incubated with 20 pM hemin for 1h or 25 uM LY294002
for 30 min before 1 pg/ml LPS treatment up to 24h, as
evaluated by an MTT assay (Fig. 2a). It was showed that
543 +6.9% loss of cell viability subjected to LPS was
further reduced to 38 +£3.9% by LY294002, known as a
specific inhibitor of PI3K. Inversely, the addition of hemin,
a potent inducer of HO-1, apparently increased the viability
of cells to 76.7 £9.3% (P = 0.002). While no losses of cell
viability were observed in RAW264.7 cells incubated with
only hemin or LY294002 (P> 0.05). Of note, the vehicle,
dimethyl sulfoxide (DMSO) (final concentration <0.1%),
has been proven to be non-toxic to cells. To evaluate the
effect of HO-1 on the survival rate of LPS-induced ALI in
rats, the rats were monitored after intraperitoneally chal-
lenged with 50 mg/kg hemin or 2 mg L'Y294002 1 h prior to

SPRINGER NATURE
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Fig. 2 Induction of HO-1 protected the lung from LPS-driven mito-
chondrial oxidative injury. a Cell viability at the indicated conditions
was detected by MTT assay. b, d Respiratory control ratio (RCR)
levels both in vitro and in vivo. ¢ The survival rate of rats challenged
by LPS with or without hemin or LY294002 treatment. Rats (6—10
animals per group) were monitored for lethality for up to 6 h. e Semi-
quantification of lung tissues using lung injury scores. A five-point
scale was applied to grade the degrees of lung injury based on the
pathologic features of alveolar septa edema, airway congestion,
interstitium widen or hyaline membrane formation, and neutrophil
margination or infiltration: scores of 0 = minimal damage, 1+ = mild
damage, 24+ = moderate damage, 3+ = severe damage, and 4+ =

LPS injection. As shown in Fig. 2c, the survival rate
decreased to 75% at 6h after LPS administration. Pre-
treatment with hemin significantly improved the survival
rate of LPS-induced rats up to 90%, which was abolished by
the addition of LY294002 (P <0.01). There was no sig-
nificant difference between LPS plus DMSO group with
LPS group, indicating that DMSO had no significant effects
on the rats (P> 0.05).

To gain sight into the functional ability of mitochondrial
oxidative phosphorylation, the RCR was detected (Fig. 2b,
d). A significant decay of 44.37% in RCR levels were found
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maximal damage. Results are expressed as medians (range) using the
Mann—Whitney U test. f Photomicrographs of histopathologic changes
of lung sections stained with hematoxylin and eosin (original magni-
fication, x400). Scale bar: 100 um. g MnSOD activity in lung mito-
chondria of rats. Data in a and ¢ were analyzed using Mann—Whitney
U test followed by Bonferroni correction. Data in b, d, and g were
presented as mean +s.d. using one-way ANOVA corrected with
Bonferroni coefficient for multiple comparisons (n = 6 replicates from
three independent experiments). Significant differences were indicated
with an asterisk: "P<0.05, “P<0.01, ““P<0.001. LPS lipopoly-
saccharide, RCR respiratory control ratio, MnSOD manganese
superoxide dismutase, NS not significant

in RAW264.7 cells subjected to LPS, which were further
depressed by LY294002, indirectly inhibited the induction
of HO-1. As expected, this RCR-impaired effects of LPS
were restored by the addition of hemin (LPS vs. LPS +
hemin, 2.52+0.25 vs. 3.48+0.37; P=0.001). Similar
observations were recapitulated in the lung mitochondria of
Sprague-Dawley rats after LPS stimulation.

Additionally, we utilized histological analysis by a light
microscope to confirm the protective role of HO-1 in
attenuating septic lung injury of rats (Fig. 2e, f). Photo-
micrographs of lung slices revealed that hemin pretreatment
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ameliorated the histopathologic changes caused by LPS, as
depicted by thickening of alveolar septum, infiltration of
inflammatory cells, hemorrhage, and formation of hyaline
membrane, which were aggravated by superposed with
LY294002 (Fig. 2f). In support, semi-quantitative analysis
of lung tissues by lung injury scores are summarized in
Fig. 2e. The levels of lung injury scores were decreased in
the pretreatment of hemin (5.5 [4—8]), while increased in the
presence of LY294002 (14.5 [13-16]) in rats subjected to
LPS (10.5 [8-11]). No such variables were observed in the
lung of rats exposed to LPS and the addition of hemin plus
LY294002 (P> 0.05).

As the key antioxidant enzyme in mitochondria, man-
ganese superoxide dismutase (MnSOD) is one of the first in
a chain of enzymes to protect mitochondria from oxidative
damage by scavenging the superoxide anion [34]. Figure 2g
showed that, there was a significant reduction (about
39.82% of the control) in the enzymatic activity of MnSOD
in the lung mitochondria of rats treated with 5 mg/kg LPS.
Apparently, the levels of MnSOD were further decreased to
13.35+£1.19% by pretreatment with LY294002, whereas
the reduced MnSOD activities were significantly increased
to 28.53 +2.38% by HO-1 induction via hemin. Together,
these results indicate that induction of HO-1 conferred
protection against LPS-mediated mitochondrial damage and
alleviated cellular oxidative injury or ALI of rats.

PI3K/Akt pathway-mediated HO-1 induction
promoted mitochondrial biogenesis

As the nuclear transcription factor NRF1 and its coactivator
PGCla, as well as the mitochondria-specific transcription
factor Tfam are major initiators of the mitochondrial bio-
genesis pathway, we determined the potential of HO-1
induction to promote mitochondrial biogenesis by real-time
RT-PCR and western blot in vitro and in vivo. As illustrated
in Fig. 3a, b, a distinct increase in the mRNA and protein
levels of NRF1, PGCla, and Tfam were detected in
RAW?264.7 macrophages elicited by LPS. Of note,
expression of the mRNAs and proteins was upregulated up
to 1.4-fold by induction of HO-1 by pretreatment with
hemin. In addition, to clarify whether the upstream kinase
PI3K was involved in mitochondrial biogenesis, LY294002,
a PI3K inhibitor, was pre-incubated in cells. Strikingly, this
inhibitor negatively regulated the Akt phosphorylation, and
the expression of HO-1, NRF1, PGCla, and Tfam in both
mRNA and protein levels (P <0.01). Likewise, to evaluate
the role of HO-1 in mitochondrial biogenesis in vivo, hemin
or LY294002 was injected intraperitoneally in rats prior to
LPS for 6h. In congruent with the results observed in
macrophages, hemin pretreatment induced a dramatic
increase in the levels of HO-1, phosphor-Akt, NRFI,
PGCla, and Tfam at mRNA and protein levels, whereas

these effectors were reversely abrogated by cotreatment
with L'Y294002 (P <0.05) (Fig. 3c, d).

In light of the protective effect of PI3K/Akt pathway-
mediated HO-1 induction extended to the subcellular levels,
TEM was utilized to estimate the alterations in mitochon-
drial morphology, as shown in Fig. 4a, b. Quantitatively,
there was a continued presence of swollen, fragmented
mitochondria with disrupted cristae in LPS-stimulated
macrophages, which exhibited marked mitochondrial
damage characterized by loss of mitochondrial number,
more swollen mitochondria contained abnormal electron-
lucent areas from LY294002 pre-treated cells. In contrast,
altered mitochondrial architecture was restored nearly to
normal by HO-1 induction with significant increases of
mitochondrial number. Similar observations were also
recapitulated in the rat lung tissues. Taken together, our data
implied that lung protection by HO-1 induction in con-
junction with the PI3K/Akt pathway facilitated mitochon-
drial biogenesis.

PI3K/Akt pathway-mediated HO-1 induction
preserved the mediators of mitochondrial dynamics

In mammals, fusion of outer or inner mitochondrial
membrane is mainly mediated by Mfn2 and OPA1, and
mitochondrial fission requires the recruitment of Drpl
from cytosol to the outer mitochondrial membrane.
Balance of mitochondrial fission/fusion encompassed
mitochondrial dynamics has been suggested to serve as
important quality control mechanism for preserving
mitochondria [35]. LPS-induced cellular oxidative injury
resulted in the fragmentation of damaged mitochondria,
accompanied by lower levels of mitochondrial fusion
gene and protein Mfn2 and OPA1, and higher levels of
Drpl mRNA and protein (Fig. Sa—e). In line with previous
studies [5, 6], pretreatment with hemin ahead of LPS
exhibited significant mitochondrial elongation, with a
dramatic increase in the levels of mRNA and protein of
HO-1, P-Akt, Mfn2, and OPAI, yet a distinct decrease
of Drpl mRNA and protein. However, mitochondria
reverted back to a fragmented phenotype following pre-
incubation with PI3K inhibitor LY294002, which
deteriorated LPS-driven imbalance in mitochondrial
dynamics. Importantly, these salutary effects of HO-1
induction were also evident in vivo.

Given that the fusion of mitochondrial inner membrane is
dependent on intact mitochondrial membrane potential
(A%¥m) used as a hallmark of mitochondria functional sta-
tus, we thus used JC-1 to ascertain the changes of AWYm. As
showed in Fig. 5c, exposure to LPS of RAW264.7 cells led
to a significant decline of AWm, as compared with vehicle-
treated cells. Concordantly, pre-incubation with L'Y294002
caused a statistical loss of AWm in LPS-treated cells, along

SPRINGER NATURE
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Fig. 3 Induction of HO-1 promoted mitochondrial biogenesis. a, b
Example bands and quantification from western blots or real-time PCR
to assess the expression of HO-1, phosphor-Akt, NRF1, PGCla, and
Tfam necessary for mitochondrial biogenesis in RAW264.2 cells. ¢, d
The protein and the mRNA levels of HO-1, phosphor-Akt, NRF1,
PGCla, and Tfam in the lung tissues of rats. Band density was
quantified relatively to p-actin. Data in Fig. a—d were expressed as
mean+s.d., P<0.05 vs. control and #P<0.05 vs. LPS-treated

with severe fragmented mitochondria (LPS + LY294002
vs. LPS, 4.406 + 0.245 vs. 9.531 £ 0.622; P = 0.000, n = 6).
However, 82.7% elevation of the A¥Ym manifested as the
red-orange fluorescence intensity increased and the green
fluorescence decreased, was observed in HO-1 induction
during pretreatment with hemin. Collectively, these data
suggested that PI3K/Akt pathway-mediated HO-1 induction
shifted the balance toward a fusion phenotype, increased the
AW¥m, and preserved mitochondrial dynamics.
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vehicles. One-way ANOVA corrected with Bonferroni coefficient was
used to detect statistically significant changes; n =6 per group. Sig-
nificant differences were indicated with an asterisk: “P <0.05, P <

0.01, “"P<0.001. LPS lipopolysaccharide, HO-1 heme oxygenase-1,

Akt protein kinase B, NRF1 nuclear respiratory factor 1, PGCla
peroxisome proliferator-activated receptor y coactivator 1, Tfam
mitochondrial transcription factor A, NS not significant

PI3K/Akt pathway-mediated HO-1 induction
prevented nonhomeostatic alterations of
mitochondrial mitophagy

Recent studies have reported that Parkin and PINK1 inter-
acted directly to initiate mitochondrial mitophagy, which
was an organelle-specific autophagy that facilitated the
selective elimination of damaged or depolarized mito-
chondria undergoing fission [36]. Herein, we examined the
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Control LPS

Fig. 4 The morphological alterations of mitochondria by transmission
electron microscopy (TEM). a TEM images of mitochondria after
treatment with LPS, hemin, or LY294002 in RAW264.7 cells or SD
rats (original magnification, x15,000). Black arrows marked normal
shape of mitochondria in the control group and damaged morpholo-
gical mitochondria pre-induced by hemin or LY294002. Scale bar:

expression of Parkin and PINKI1 at the transcriptional or
translational levels at various experimental manipulations.
As shown in Fig. 6a, b, higher mRNA and protein levels of
both Parkin (48.83% vs. 55.87%) and PINK1 (53.12% vs.
54.09%) were observed in RAW264.7 cells exposed to
LPS. Interestingly, the mRNA and protein levels of these
mediators appeared to be increased substantially in pre-
treatment with hemin, as suggested by an increase in
mitochondrial fusion as wells as enhanced P-Akt and HO-1
levels. However, LY294002 pre-incubation in cells coun-
teracted hemin-induced alterations in the Parkin—PINKI1
mitophagy pathway, which indicated a direct involvement
of the PI3K/Akt pathway. To gain insight into the role of
HO-1 in mitophagy susceptibility to LPS-induced septic
lung injury in vivo, rats were pre-treated with hemin or
LY294002, and RT-PCR or western blot analysis of Parkin
and PINK1 were detected as well. As expected, HO-1
induction resulted in increased levels of Parkin and PINK1,
concerned with prevailing mitochondrial fusion. In contrast,
inclusion of LY294002 reversed the mRNA and protein
expression of Parkin and PINKI1 conferred by hemin pre-
treatment in LPS-exposed rats. Taken together, these results
showed that PI3K/Akt pathway-mediated HO-1 induction
prevented nonhomeostatic alterations of mitochondrial
mitophagy, which is intimately linked to mitochondrial
dynamics.

' LPS+Hemin

Mitochondria per field

LPS + + + + +
Hemin + + -
LY294002 + + -
DMSO + + + +

Mitochondria per field

LPS+LY94002

2 um. b The number of mitochondria from ten randomly selected fields
per rat/cultured cell were quantitatively evaluated (n =6 per group).
Images were assessed by a blinded pathologist. Values were repre-

sentative of mean+s.d., "P<0.05, “P<0.01, “"P<0.001, one-way

ANOVA corrected with Bonferroni coefficient. LPS lipopolysacchar-
ide, TEM transmission electron microscopy, NS not significant

PI3K/Akt/Nrf2 pathway participated in the
regulation of HO-1-mediated MQC

To further verify whether HO-1 regulated MQC through the
activation of PI3K/Akt pathway, the PI3K siRNA and
negative control siRNA were incubated in the RAW264.7
macrophages. As it was well known that the PI3K/Akt
pathway mediated the activation of NF-E2-related factor-2
(Nrf2), which was involved in HO-1 induction [37]. Thus,
we wondered whether Nrf2 played a role in the regulation
of MQC. As shown in Fig. 7a-1, LPS exposure notably
elevated the protein levels of NRF1, PGCla, Tfam, Drpl,
Parkin, PINK1, HO-1, phosphor-Akt, and Nrf2 nucleopro-
tein, and reduced the protein levels of Mfn2 and OPA1
compared with those in the control group (P <0.01).
Moreover, pretreatment of RAW?264.7 cells with hemin
evidently induced the expression levels of NRF1, PGCla,
Tfam, Mfn2, OPAL1, Parkin, PINK1, HO-1, P-Akt protein
and Nrf2 nucleoprotein, inhibited the expression level of
Drpl protein (P <0.01). As expected, knockdown of PI3K
by siRNA strongly blocked HO-1 induction-mediated
maintenance of MQC balance, which presented lower
protein levels of NRF1, PGCla, Tfam, Mfn2, OPAI,
Parkin, PINK1, HO-1, P-Akt protein, and Nrf2 nucleopro-
tein as well as higher protein levels of Drpl (P<0.01).
Negative control siRNA did not significantly affect the

SPRINGER NATURE
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Fig. 5 Induction of HO-1 enhanced mitochondrial fusion whereas
restrained fission. a, b The expression of protein and mRNA of the
dynamic markers including Mfn2, OPA1, and Drp1 for mitochondrial
fusion/fission in RAW264.2 cells. ¢ The mitochondrial membrane
potential (A¥m) determined by JC-1 probe. Graphs represented as
mean + s.d. of n= 6 independent experiments. Significant differences
were indicated with an asterisk: “P < 0.05, P <0.01, P <0.001.
d, e The levels of Mfn2, OPA1, and Drpl mRNA and protein in the
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mRNA expression levels

lung tissue of rats. f-Actin served as a standard for protein loading.
Values were expressed as mean + s.d. of six individual samples using
one-way ANOVA corrected with Bonferroni coefficient for multiple
comparisons. Significant difference from controls (P <0.05).
#Signiﬁcant difference from LPS-treated cells or rats (P <0.05). LPS
lipopolysaccharide, HO-1 heme oxygenase-1, Mfn2 mitofusin 2,
OPAL optic atrophy 1, Drpl dynamin-related protein 1, A¥m mito-
chondrial membrane potential, NS not significant
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Fig. 6 Induction of HO-1 elevated dynamic changes of mitochondrial
mitophagy. a, b Levels of key mediators of mitophagy, Parkin, and
PINK1 were assessed by real-time PCR and western blots in
RAW264.7 cells. ¢, d Representative protein or mRNA of Parkin and
PINK1 expression in the lung tissues of rats. Data were presented as
protein density relative to $-actin. The blots were representative of six
independent experiments using one-way ANOVA corrected with

expression of these above protein (P>0.05). The con-
sistency of Nrf2 nucleoprotein with the levels of HO-1 and
P-Akt protein probably suggested that PI3K siRNA blocked
hemin induced nuclear translocation of Nrf2 and HO-1
expression. Given that the expression level of HO-1 protein
did not always stand for its enzymatic activity, herein we
further detected the HO-1 enzyme activity by determination
of the formation of bilirubin. As shown in Fig. 7m, pre-
treatment with hemin obviously increased the reduction
of HO-1 activity caused by LPS (LPS + hemin vs. LPS,
3.839+0.206 vs. 3.327+0.16; P<0.01). Apparently, a
significant decrease about 26.5% in HO-1 activity was
observed in LPS-challenged RAW?264.7 cells transfected
with PI3K siRNA, counteracted the elevated enzymatic
activity of HO-1 induced by hemin. These data indicated
that the increase in the HO-1 protein expression was
accompanied by enhanced HO-1 enzyme activity. In sum-
mary, our results displayed that PI3K/Akt/Nrf2 pathway-

Bonferroni coefficient for multiple comparisons. Values were
expressed as mean+s.d. (n=06). "P<0.05 vs. control and *P <0.05
vs. LPS-treated vehicles. Significant differences were indicated with an
asterisk: "P<0.05, “P<0.01, P <0.001. LPS lipopolysaccharide,
HO-1 heme oxygenase-1, PINK1 PTEN-induced putative kinase 1, NS
not significant

mediated induction of HO-1 preserved the global balance
of MQC.

Discussion

In the current study, using a model of endotoxin-induced
ALI in Sprague-Dawley rats or murine RAW?264.7 macro-
phages, we demonstrated that induction of HO-1 maintained
the entire process of MQC, a term collectively encompassed
mitochondrial biogenesis, dynamics, and mitophagy, and
further gave rise to mitigate septic lung injury. In particular,
the results suggested that HO-1 induction defended against
LPS-induced decline in the quality of the mitochondria,
characterized by preserving the dynamic process of mito-
chondrial fusion/fission, promoting mitochondrial biogen-
esis, and facilitating mitophagy for clearance of damaged
mitochondria. Most importantly, a PI3 kinase inhibitor,

SPRINGER NATURE
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Fig. 7 PI3K/Akt/Nrf2 pathway-mediated HO-1 induction regulated
mitochondrial quality control. a-1 Example bands and quantification
from western blot analysis to determine the expression levels of NRF1,
PGCla, Tfam, Mfn2, OPA1, Drpl, Parkin, PINKI protein necessary
for mitochondrial quality control as well as HO-1, phosphor-Akt
protein, and Nrf2 nucleoprotein in RAW264.2 cells. The cells trans-
fected with negative control siRNA or PI3K siRNA and then stimu-
lated with 1 pg/ml LPS with or without 20 uM hemin for 24 h. Band
density was quantified relatively to f-actin. m HO-1 enzyme activity
in negative control siRNA or PI3K siRNA transgenic RAW264.7
cells. All values were expressed as mean +s.d. obtained from six

LY294002 or PI3K knockdown with specific siRNA,
abrogated HO-1 expression and abolished the salutary
effects of HO-1. Collectively, we surmised that induction of
HO-1 by the activation of PI3K/Akt pathway participated
in preserving the MQC and alleviated septic lung injury
in vitro and in vivo.

To date, up to 35-50% patients with sepsis developed
into mild or severe ARDS is a compelling medical
condition and starves for novel or specific therapies [38].
Oxidative mitochondrial damage secondary to septic lung
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independent experiments using one-way ANOVA corrected with
Bonferroni coefficient for multiple comparisons. Significant differ-

ences were indicated with an asterisk: “P<0.05, ““P<0.01, ““P<

0.001. LPS lipopolysaccharide, Nrf2 NF-E2 related factor-2, HO-1
heme oxygenase-1, PI3K phosphatidylinositol-3-kinase, Akt protein
kinase B, NRF1 nuclear respiratory factor 1, PGCla peroxisome
proliferator-activated receptor y coactivator 1, Tfam mitochondrial
transcription factor A, Mfn2 mitofusin 2, OPA1 optic atrophy 1, Drpl
dynamin-related protein 1, PINK1 PTEN-induced putative kinase 1,
NS not significant

injury has been recognized as a major cause of cell death.
Recently, Carré et al. [39] reported that mitochondria dys-
function as a signature to determine the poor outcomes of
septic patients. More specifically, upon to cellular stress,
mitochondrial biogenesis and hyper-fusion were needed, as
elongated mitochondria generated to maintain a functional
network, and damaged or fragmented mitochondria were
removed through the process of mitophagy [40]. In the
current study, LPS-exposed RAW264.7 macrophages
exhibited a notable decline in the cell viability, which was a
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commonly used model to evaluate cellular oxidative injury.
Additionally, the depletion of RCR and mitochondrial
membrane potential (A%¥m), both as the most useful indi-
cators of functional integrity of mitochondria, were found in
LPS-stimulated RAW264.7 cells [41]. Concomitant with
the appearance of cell viability, incubation with 1 pg/ml
LPS resulted in the elevation of the NRF1/PGCla axis and
its downstream target Tfam, boosted PINK1/Parkin-medi-
ated mitophagy, increased the expression of Drpl whereas
Mitn2 and OPAI levels were decreased, accompanied by
swollen, fragmented mitochondria. In line with the findings
in vitro, enhanced survival rates, increased lung injury
scores, reduced RCR levels, depressed MnSOD activities,
while raised mitochondrial biogenesis including the levels
of NRF1, PGCla, Tfam, elevated expression of Parkin,
PINK1, as well as upregulated Drpl, yet downregulated
Mitn2, OPA1 mRNA, and protein levels were observed in
the lung mitochondria of rats subjected to LPS. These data
indicate that it was likely that LPS exposure specifically
triggered mitochondrial damage, failure to upregulate
mitochondrial fusion through biogenesis, thus promoted
fission of damaged mitochondria segments and then boosted
mitochondrial mitophagy for their clearance, which were
consistent with studies by Piantadosi et al. [42].
Importantly, HO-1 as one of arsenal of antioxidant
enzymes, was indicative of cytoprotective effects against a
plethora of conditions such as sepsis, hypoxia, and
ischemia—reperfusion. A growing body of evidences sup-
ported the notion that HO-1 with the potently byproducts of
heme catabolism, at least in part, regulated mitochondrial
biogenesis or autophagy against sepsis-related multi-organ
damage [43-45]. However, the close links between HO-1
induction and the global process of MQC in the context of
septic lung injury were poorly understood. In regards,
RAW264.7 cells or rats were pre-treated with hemin, a
potent chemical HO-1 inducer and then exposed to LPS. To
corroborate whether the PI3K/Akt pathway was involved in
the midst of HO-1 targeted mitochondrial protection, a
specific PI3K inhibitor, LY294002, or PI3K knockdown by
siRNA was administrated and analyzed for the expression
levels of HO-1, Akt and phosphorylation of Akt. As
expected, HO-1 induction, namely, pre-incubation with
hemin in LPS-stimulated macrophages resulted in loss of
mitochondrial oxidative damage, as reflected in increased
viability of cells, augmented levels of RCR and the A¥m.
Likewise, there were marked concomitant increase in
MnSOD activities and RCR levels, while decrease in sur-
vival rates and lung injury scores of SD rats pre-treated with
hemin before LPS challenge. These findings were congruent
with our previous studies [5, 6, 28]. In particular, HO-1
induction appeared to evidently upregulate the expression
of Mfn2 and OPA1, downregulate the levels of Drp1, which
were likely linked to the herein increase of NRF1, PGCla,

and Tfam-mediated mitochondrial biogenesis, as well as
elevated PINKI1/Parkin-mediated mitophagy. The above
results were in accord with previous studies by Hull et al.
[25]. In addition, changes of mitochondrial dynamics sup-
ported the observations made with TEM, which presented
evidence of more numerous tubular and elongated mito-
chondria in hemin-pre-treated cells. In contrast, preproces-
sing with LY294002 inhibited the expression of HO-1 and
phosphor-Akt, further deteriorated damage of MQC
induced by LPS, and counteracted the protective effects
offered by hemin. Moreover, pre-incubation of RAW264.7
cells with PI3K siRNA strongly blocked hemin-induced
enhanced HO-1 enzyme activity as well as higher levels of
HO-1, phosphor-Akt protein, and Nrf2 nucleoprotein,
reversed hemin-mediated the balance of MQC, which
reconfirmed that induction of HO-1 regulated MQC through
the activation of PI3K/Akt/Nrf2 pathway. Combined with
our previous studies [6, 37], it appeared that the PI3K/Akt
pathway, acted upstream and induced nuclear translocation
of Nrf2, directly worked through HO-1 on regulating MQC
in the settings of septic lung injury. Similarly, the pivotal
role of HO-1 in maintaining mitochondrial homeostasis to
protect the lung from LPS-mediated oxidative injury has
been underscored once again in vivo. By implication, PI3K/
Akt pathway-driven HO-1 induction was sufficient to
ameliorate septic lung injury, primarily by preserving the
overall process of mitochondrial biogenesis, dynamics, and
mitophagy in vivo and in vitro. With respect to the clinical
significance of the current study, novel pharmacologic
agents or electroacupuncture adjuvants based on HO-1
induction are likely to be initiated to prevent sepsis-
associated multiple organs dysfunction in clinic.

There were certain limitations to the current study.
Firstly, there were no significant differences in the expres-
sion of total Akt protein comparing PI3K siRNA with NC
siRNA-transfected macrophages, which indicated that the
PI3K pathway might not be the only way of Akt activation.
Therefore, to fully expound the other signaling cascades
such as AMPKa and P38MAPKa pathways involved in
HO-1 modulating MQC by gene knockout or gene over-
expression techniques require further investigations [46].
Secondly, given that electroacupuncture at Zusanli and
Neiguan acupoints facilitated lung protection against sepsis
through HO-1 upregulation [47], therein, to illuminate the
interplay of electroacupuncture, HO-1 system, and MQC
should be the focus of future exploration, which will lay a
solid foundation for its clinical applications. Thirdly, a
recently research set forth that HO-1 was responsible for
protective actions of bronchial epithelial cells against
aggravated oxidative stress [48]. Thus, using multi-model,
distinct cell types or incubation times may be more strength
to fully ascertain the relationship between HO-1 system and
MQC in the future. Finally, the outcome of MQC has been
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reported to reliant on the close communications with the
nucleus, which play leading roles in a host of core cellular
functions [49]. Thus, it is of great value to find out the
endogenous effects of HO-1 on the interactions between
mitochondria and other organelles and nucleus.

In conclusion, our data indicated that PI3K/Akt pathway-
dependent induction of HO-1 conferred protection of the
lung from ongoing oxidative injury by regulating the overall
MQC network in the setting of sepsis in vitro and in vivo.
Importantly, the findings described herein may be of great
significance, as targeting HO-1 strategies by electro-
acupuncture adjuvants or pharmacologic agents to be
uncovered promisingly to prevent/treat sepsis-related lung
injury.
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