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Objective:	To	investigate	bilirubin-induced	lung	alveolar	epithelial	cell	
injury	together	with	the	protection	afforded	by	dexmedetomidine.
Design:	Prospective,	randomized,	controlled	study.
Setting:	Research	laboratory.
Subjects: Sprague	Dawley	rats.
Interventions:	Alveolar	epithelial	A549	cell	lines	were	cultured	and	
received	bilirubin	(from	0	to	160	μM)	to	explore	the	protective	path-
way	of	dexmedetomidine	on	bilirubin-induced	alveolar	epithelial	cell	
injury	assessed	by	immunochemistry	and	flow	cytometry.	Sprague-
Dawley	rats	were	subjected	to	common	bile	duct	ligation	surgery	
to	explore	the	protective	effect	of	dexmedetomidine	on	hyperbiliru-
binemia-induced	alveolar	epithelial	cell	injury	and	respiratory	failure	
in	comparison	with	the	Sham	(subjected	to	the	surgery	procedure	
but	 without	 bile	 duct	 ligation)	 or	 dexmedetomidine	 control	 (only	
received	intraperitoneal	injection	of	dexmedetomidine).
Measurements and Main Results:	In	vitro,	dexmedetomidine	reversed	
the	collapse	of	mitochondrial	membrane	potential	(Δψm),	upregula-
tion	of	cytochrome	C,	B	cell	leukemia	2	associated	X	protein,	and	
cleaved-caspase	3	and	9	in	A549	epithelial	cells	with	bilirubin	chal-
lenge.	 Furthermore,	 dexmedetomidine	 reversed	 the	 arrest	 of	 cell	
cycle	and	 the	downregulation	of	 the	 transforming	growth	 factorβ,	
phosphorylated	mammalian	target	of	rapamycin,	and	p42/44	mito-
gen-activated	protein	kinase	induced	by	bilirubin.	In	vivo,	pulmonary	
edema	and	inflammation	were	found	after	common	bile	duct	ligation.	

Bilirubin	and	Paco2	were	significantly	increased,	and	oxygen	(Pao2) 
was	significantly	decreased	in	the	blood	of	common	bile	duct	liga-
tion	rats	from	the	postsurgery	day	7	to	day	21	when	compared	with	
those	in	the	sham	controls,	respectively	(p	<	0.01).	Daily	intraperi-
toneal	injection	of	dexmedetomidine	significantly	alleviated	the	lung	
edema	and	injury	and	prevented	respiratory	failure.
Conclusion:	Our	data	both	in	vitro	and	in	vivo	demonstrated	that	
dexmedetomidine	protected	alveolar	epithelial	cell	from	bilirubin-
induced	injury.	Dexmedetomidine	may	be	a	good	choice	of	anes-
thetic/sedative	 for	patients	with	chronic	 liver	disease	during	 the	
perioperative	period.	(Crit Care Med	2015;	43:e356–e368)
Key Words:	anesthetics;	hypoxia;	liver	disease;	lung	damage;	lung	
edema

Hepatopulmonary syndrome (HPS) is a serious com-
plication frequently observed in patients with chronic 
liver disease (1, 2). Previous studies have shown that 

pathological changes occurring in the lungs of animals with HPS 
included nonspecific pneumonia and epithelial cells injury (3). 
The tidal volume, minute ventilation, and mean inspiratory flow 
were significantly decreased, and chest wall pressure dissipation 
against the resistive and viscoelastic components and elastic-
ity were reduced (4). All of these changes result in ventilation-
perfusion (V/Q) mismatch, diffusion limitation of oxygen, and, 
less commonly, arteriovenous shunt. Orthotropic liver trans-
plantation was considered the favorable method to improve the 
survival rate of patients with HPS (5). Many other operations 
have been performed on patients with HPS in clinics to improve 
hepatic function, such as endoscopic sphincterotomy, multiple 
bile duct stone extraction, and hilar tumor resection.

Hyperbilirubinemia is the typical feature of most severe liver 
disease and was considered the main cause of HPS (6). Previous 
studies have identified that high concentration of bilirubin leads 
to release of inflammatory cytokines from glial cells or neuronal 
cell apoptosis in the brain (7). In the lung, pulmonary vascular dil-
atation and high permeability of the pulmonary vascular barrier 
were found in rats undergoing common bile duct ligation (CBDL) 
surgery (8). Following destruction of the vascular endothelial bar-
rier, high concentrations of bilirubin can enter interstitial tissue 
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and, therefore, could be in direct contact with pulmonary alveolar 
epithelial cells, but the potential effect of bilirubin on the lung epi-
thelial cells remains incompletely understood.

Dexmedetomidine, a potent α
2
 adrenergic agonist, has been 

commonly used in operating room and ICU for its sparing effect 
of other anesthetics or sedation (9, 10). Recent studies have dem-
onstrated that dexmedetomidine could reduce systemic inflam-
mation in animals and improves the gas exchange in patients 
(11, 12). An elegant previous study has shown that dexmedetomi-
dine confers a remote lung acute injury following kidney ischemia 
reperfusion injury in mice (13). In addition, it has been found 
that dexmedetomidine has potent renoprotective effects against 
renal ischemia reperfusion injuries, which is very likely associated 
with p-Akt and Janus kinase/signal transducer and activator of 
transcription signaling activation in mice and rats (14, 15).Taken 
together, these studies indicate that dexmedetomidine possesses 
cytoprotective effects. Thus, we hypothesized that dexmedetomi-
dine might alleviate the epithelial cell injury in HPS. In this study, 
we aim to investigate whether dexmedetomidine protects the lung 
alveolar epithelium against injury associated with hyperbilirubi-
nemia both in vivo and in vitro.

MATERIAL AND METHODS

Cell Culture and Treatments
The human alveolar epithelial cell line A549 (European Cell Cul-
ture Collection, Public Health English, Porton Down, Salisbury, 
UK) was used for this study. A549 cells were cultured in Roswell 
Park Memorial Institute 1640 (RPMI 1640) medium supple-
mented with 10% fetal bovine serum and cultured at 37° in 5% 
Co

2
. Cells were challenged with a gradient concentration of bili-

rubin (from 0 to 160 μM) in fresh RPMI 1640 medium free from 
fetal bovine serum for 24 hours. The concentration of bilirubin 
was chosen based on the blood test of unconjugated bilirubin of 
CBDL rats (16). Live cells counted from 10 random microscopic 
fields from each 6-cm culture dishes were analyzed. The average 
cell survival ratio relative to the naïve controls (NCs) was used for 
further data analysis. Dexmedetomidine concentrations were cho-
sen from our previous study (14, 15), and the dose of atipamezole, 
an α

2
 adrenergic antagonist, was based on a binding affinity ratio 

10:1 for agonist-antagonist (17). Briefly, the cells were pretreated 
with 1 nM dexmedetomidine for 15 minutes first in the presence 
or absence of 10 nM atipamezole and then exposed to 80 μM bili-
rubin for additional 24 hours. Cells were grouped as NC: no drug 
challenge; bilirubin alone (B80): 80 μM bilirubin; dexmedeto-
midine: 1 nM dexmedetomidine; dexmedetomidine + bilirubin 
(DB): pretreat with 1 nM dexmedetomidine for 15 minutes and 
then expose to 80 μM bilirubin; atipamezole: 10 nM atipamezole; 
atipamezole + dexmedetomidine + bilirubin: pretreat with atipa-
mezole for 15 minutes and then treated with dexmedetomidine for 
another 15 minutes, then exposed to 80 μM bilirubin.

Determination of Δψm In Vitro
A549 cells were labeled with lipophilic cationic probe 5, 5′, 6, 
6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanineiodide  
(JC-1) and detected by flow cytometry and microscope separately 

(18, 19). Briefly, for flow cytometry detection, cells were detached 
using 0.25% trypsin and then transferred to 5 mL polysty-
rene tubes. After washing with fluorescence-activated cell sort-
ing (FACS) buffer (10% fetal calf serum, 0.5 M EDTA in 0.1 M 
phosphate-buffered saline [PBS]) once, the cells were incubated 
with 0.2 μM JC-1 in FACS for 30 minutes at 37°C and protected 
from light. The cells were analyzed by flow cytometry (FACS 
Calibur; Becton Dickinson, Sunnyvale, CA) after washing with 
warm FACS buffer twice. Fluorescence was measured in the FL-1 
(green fluorescence) and FL-2 (red fluorescence) channels, gat-
ing only on live cells. To detect the direct fluorescence changes of 
JC-1 staining, the cells cultured on cover slips were stained with 
JC-1 directly as previously stated with some modifications (19). 
Briefly, the cells were incubated with 10 μM JC-1 in FACS buf-
fer for 30 minutes at 37°C after washing with warm 0.1 M PBS 
once. The cells were washed with warm 0.1 M PBS three times 
for 5 minutes each while carefully protecting from potent light, 
and then, the nuclei were stained using 4,6-diamidino-2-phenyl-
indole (DAPI). The fluorescence stained on the cells was exam-
ined under rhodamine (red), fluorescein (green), and cyan (blue) 
spectral filter with Olympus (Watford, United Kingdom) BX40 
microphotography system. The geometric mean of red fluores-
cence and green fluorescence of JC-1 staining on the cells was 
analyzed using FlowJo 7.6.1 software (TreeStar, San Carlos, CA) 
from eight independent flow cytometry detections. The mean 
ratio of red/green was calculated as an indicator of Δψm.

Immunohistochemistry
For in vitro fluorescence staining, cells were fixed in paraformal-
dehyde in 0.1 M PBS solution. Cells were then incubated in 10% 
normal donkey serum and then incubated overnight with  Rabbit 
anticytochrome C or B cell leukemia 2 associated X protein,  
B cell leukemia-2, cleaved-caspase 3 and 9, transforming growth 
factorβ (TGFβ), phosphorylated mammalian target of rapamycin 
(p-mTOR), and p42/44 mitogen-activated protein kinase (MAPK) 
(1:200; Santa Cruz, Dallas, TX) followed by secondary antibody 
for 1 hour. For in vivo fluorescence staining, 5-mm-thick paraffin  
sections were first dewaxed and subjected to heat-mediated anti-
gen retrieval. Sections were incubated with donkey serum fol-
lowed by the cleaved-caspase 3 antibody (1:200; Santa Cruz). After 
washing with PBS-Tween 20, the slides were incubated with flu-
orochrome-conjugated secondary antibodies (Millipore, Beeston, 
United  Kingdom) for 1 hour. The slides were counterstained 
with nuclear dye DAPI and then examined by using an Olympus 
BX40 microscope under constant exposure level. Immunofluores-
cence was quantified using ImageJ (National Institutes of Health, 
Bethesda, MD), and the background was subtracted. Ten represen-
tative fields were randomly selected by an assessor blinded to the 
treatment groups. Values were then calculated as percentages of the 
mean value for NCs and expressed as percentage fluorescence. The 
proportion of positive cells was calculated as the number of posi-
tive cells relative to the number of DAPI-positive cells.

Cell Cycle Analysis by Flow Cytometry
The cell cycle was analyzed by flow cytometry as described pre-
viously (20). The cells were detached from the 24-well culture 
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plate with 0.25% trypsin and then transferred to 5 mL polysty-
rene tubes specifically designed for flow cytometry. After wash-
ing twice with 0.1 M PBS, the cells were fixed with 70% ethanol 
at 4° overnight. After centrifuging at 2,500 rpm for 10 minutes 
and resuspending in 500 μL freshly prepared FACS buffer, 10 μL 
of 40 μg/L propidium iodide (PI) and 10 μL of 500 ng/L ribo-
nuclease were added to the cell suspension and kept in a dark 
place for 10 minutes. Fluorescence of PI stained on the cells was 
detected with flow cytometry and analyzed with FlowJo 7.6.1 
software (FACS Calibur, Becton Dickinson, Sunnyvale, CA). 
For the cell cycle analysis, a minimum of 10,000 cells per sample 
were analyzed with flow cytometry (TreeStar, San Carlos, CA; 
BioRad, Hemel Hempstead, UK). Data were analyzed by FlowJo 
software (TreeStar; BioRad), which showed basic statistics such 
as the fraction of cells in G0/1, S, and G2, the positions of the 
G0/1 and G2 peaks, and their widths. The percentage of cells in 
different phases of the cell cycle was therefore determined.

Animals and Surgical Procedure
This study was approved by the Ethics Committee of Animal 
Experiments of Third Military Medical University. Every effort 
was made to minimize animal suffering and the number of ani-
mals used. Sprague-Dawley rats (220–250 g) were used for exper-
iments and were kept under a 12-hour light/dark cycle with free 
access to food and water. Hyperbilirubinemia was induced by 
modified CBDL as we reported before (21, 22). Aseptic laparot-
omy was made in Sprague-Dawley rats (220–250 g) under 3.5% 
chloral hydrate anesthesia (10 mL/kg, IP). The common bile 
duct was identified and double ligated with 4-0 cotton sutures 
(CBDL). Just laparotomy without bile duct ligation or without 
any surgery served as the Sham controls and NCs, respectively. 
They were allowed to recover in individual cages as reported pre-
viously (13, 14); 25 μg/kg dexmedetomidine or the same volume 
saline (as vehicle control) was intraperitoneal (IP) injected after 
3 hours of CBDL surgery on the 1st day and then for 6 consecu-
tive days. Dexmedetomidine-controlled rats only received IP 
injection of 25 μg/kg dexmedetomidine daily and without any 
surgery. At the end of the experiments, the rats received termi-
nal anesthesia (chloral hydrate 350 mg/kg, IP), and 2 mL blood 
was immediately collected through a needle punctured in left 
ventricle of heart. Blood gas and unconjugated bilirubin were 
measured with routine clinical laboratory apparatuses. The 
lungs were, subsequently, perfused with 4% paraformaldehyde 
under constant pressure and then embedded into paraffin and 
sectioned into 5 μm for further histological analysis.

Histological Analysis
The sections were stained with hematoxylin and eosin (H&E) 
staining, and the morphology in each lung (10 fields at ×20 
magnifications) was evaluated by an observer who was blinded 
to the treatments under an Olympus BX40 microscope. The 
score for each field was calculated from the sum score of 10 
areas chosen randomly. The injury of the lung alveolar epi-
thelial cells was categorized (23) into grade 0: normal appear-
ance, negligible damage; grade 1: mild-moderate interstitial 
congestion and neutrophil leukocyte infiltrations; grade 2: 

perivascular edema formation, partial destruction of pulmo-
nary architecture, and moderate cell infiltration; grade 3: mod-
erate lung alveolar damage and intensive cell infiltration; grade 
4: severe cell infiltration and severe destruction of the pulmo-
nary architecture.

Lung Wet/Dry Ratio
The lungs harvested from other cohorts after experiments 
under terminal anesthesia were weighed to obtain wet weight 
and then dried for 48 hours at 80°C oven to obtain the dry 
weight. The wet-to-dry ratio was calculated as an indicator of 
pulmonary edema.

Western Blotting
Lung samples were mechanically homogenized in lysis buffer. The 
cell lysates were centrifuged and then supernatant was collected, 
and total protein concentration in the supernatant was quantified 
by the Bradford protein assay (BioRad). The protein extracts (40 
μg/sample) were heated, denatured, and loaded on a NuPAGE 
4–12% Bis-Tris gel (Invitrogen, Paisley, UK) for electrophoresis 
and then transferred to a polyvinylidene difluoride membrane. 
The membrane was treated with blocking solution (5% dry milk 
in Tris buffered saline with 0.1% Tween-20) for 2 hours and 
probed with cleaved-caspase 3 antibody (1:1,000; Santa Cruz) 
overnight at 4°C, followed by horseradish peroxidase-conjugated 
secondary antibody for 1 hour. The loading control was the con-
stitutively expressed protein β-actin (1:10,000; Sigma-Aldrich, St. 
Louis, MO). The blots were visualized with enhanced chemilu-
minescence system (Santa Cruz) and analyzed with GeneSnap 
(Syngene, Cambridge, United Kingdom).

Terminal Deoxynucleotidyl Transferase–Mediated 
dUTP Nick-End Labeling Assay
Lung alveolar cell apoptosis was detected using the one-step 
terminal deoxynucleotidyl transferase dUTP nick-end label-
ing (TUNEL) apoptosis assay kit (Beyotime, Shanghai, China) 
according to the manufacturer’s instructions. In brief, the 
fixed, paraffin-embedded sections were deparaffinized and 
washed with PBS, labeled with terminal-deoxynucleotidyl 
transferase enzyme at 37°C for 0.5 hour, and then incubated 
with 5-bromo-4-chloro-3-indolyl-phosphate substrate labeled 
with Cy-3 for 40 minutes and DAPI for 5 minutes at room tem-
perature. Ten randomly chosen fields were examined under 
×40 view, and the proportion of TUNEL-positive cells was cal-
culated as the number of TUNEL-positive cells relative to the 
number of DAPI-positive cells.

Statistical Analysis
All numerical data were presented as mean ± sd or otherwise 
box-whisker plot. Comparison between the treatment groups 
was analyzed by one-way analysis of variance followed by 
Tukey multiple group comparisons (equal variances) or Krus-
kal-Wallis (nonparametric) test followed by Dunn multiple 
group comparisons (unequal variances or scoring) (GraphPad 
Prism 5, San Diego, CA). A p value of 0.05 was considered as 
statistically significant.
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RESULTS

Effects of Dexmedetomidine on Δψm, Cytochrome C 
Release in A549 Cells After Bilirubin Challenge
Δψm was measured with flow cytometry and microscope 
separately after JC-1 staining. In cells in NC and dexmedeto-
midine groups, the intensity of red fluorescence was about two 
times green (no significant difference in the ratio of red/green 
between these two groups; p > 0.05). In bilirubin challenged 
cells (the B80 group), there were 33.3% ± 2.71% cells present-
ing with low Δψm and this proportion of cells decreased to 
28.7% ± 1.98% in the dexmedetomidine pretreated cells (DB 
group) (p < 0.01) (Fig. 1A). Meanwhile, the mean ratio of 
red/green of all cells in the B80 group was 77.96 ± 5.18% and 
was increased to 107.74 ± 13.00% in the DB group (Fig. 1C). 
Cytochrome C released from the mitochondria in A549 cells 
was detected by immunofluorescence. Enhanced expression of 
cytochrome C was found after exposure to 80 μM bilirubin for 
24 hours (p < 0.01 compared to NC), which was partly reversed 
by 1 nM dexmedetomidine (p < 0.01) (Fig. 1, D and E).

Effects of Dexmedetomidine on BAX, BCL-2, and 
Cleaved-Caspase 3 and 9 Expression in A549 Cells 
After Being Challenged by Bilirubin
Immunofluorescence study revealed dexmedetomidine signifi-
cantly inhibited upregulation of BAX expression in A549 cells 
induced by bilirubin (p < 0.001) (Fig. 2, A and B). Decreased 
fluorescence intensity of BCL-2 was found in bilirubin- and 
dexmedetomidine-treated A549 cells. No significant difference 
of mean fluorescence intensity (MFI) was found among biliru-
bin, dexmedetomidine, and combined treated cells (p > 0.05) 
(Fig. 2, C and D). Upregulation of cleaved-caspase 3 and 9 
expression in A549 cells was detected after 80 μM bilirubin 
treatment for 24 hours (p < 0.05 vs NC). Dexmedetomidine 
completely reversed the upregulation of cleaved-caspase 9 but 
only had a partial effect on that of cleaved-caspase 3 induced 
by bilirubin in A549 cells (Fig. 2 E–H).

Effects of Dexmedetomidine on Activation of TGFβ, 
p-mTOR, and p44/42MAPK Pathways in A549 Cells 
After Being Challenged by Bilirubin
TGFβ expression in A549 cells was determined by immuno-
fluorescence to explore the protective effect of dexmedetomi-
dine on bilirubin-induced cell apoptosis. The result indicated 
that 80 μM bilirubin and 1 nM dexmedetomidine signifi-
cantly inhibited the expression of TGFβ (p < 0.001). Pretreat-
ment with dexmedetomidine for 15 minutes partly reversed 
the downregulation of TGFβ expression induced by biliru-
bin (MFI, 15.06 ± 3.00 in B80 group vs 25.32 ± 5.94 in DB 
group; p < 0.001). There was no significant difference in MFI 
between dexmedetomidine and DB groups (p > 0.05) (Fig. 3, 
A and B). The percentage of p-mTOR and p44/42MAPK-
positive cells was reduced by either 80 μM bilirubin or 1 nM 
dexmedetomidine (p < 0.001 vs NC). The percentage of 
p-mTOR-positive cells increased from 13.25% ± 2.01% in the 
B80 group to 29.35% ± 2.96% in the DB group (p < 0.001). 
The percentage of p44/42MAPK-positive cells also increased 

in the dexmedetomidine pretreated cells (18.37% ± 6.51% in 
the B80 group vs 35.32% ± 7.28% in the DB group; p < 0.001) 
(Fig. 3 C–F).

Effects of Dexmedetomidine on Cell Cycle 
Progression of A549 Cells Following Bilirubin 
Challenge
The concentration-dependent effect of bilirubin on cell morphol-
ogy and survivability of A549 cells was observed under the micro-
scope. Bilirubin induced a concentration-dependent decrease of 
cell survival ratio after 24-hour treatment (Fig. 4, A and B). The 
cell cycle of A549 cells were investigated using flow cytometry. The 
percentage of the cells in G0/G1 phase gradually increased with 
the increasing of bilirubin concentration. There was no significant 
difference in S phase cells detected between each group, except 
B40 (p < 0.001 vs NC), and accordingly, the percentage of cells in 
G2/M phase decreased gradually (Fig. 4, C and D). Dexmedeto-
midine at 1 nM concentration was used to explore its effect on 80 
μM bilirubin-induced cell death and G0/G1 arrest. Dexmedeto-
midine was found to increase the survivability of the A549 cells 
after bilirubin challenge. Blockage of the conjugation between 
dexmedetomidine and α

2
-adrenoceptor with high concentration 

of atipamezole (10 nM) partially abolished the effect of dexme-
detomidine (Fig. 5, A and B). The percentage increase in G0/G1 
and decrease in G2/M of cell cycle was found after A549 cells being 
challenged with 80 μM bilirubin and which was partly revised 
by pretreatment with 1 nM dexmedetomidine (from 77.35% ± 
3.04% decreased to 51.73% ± 4.79% in G0/G1 phase and from 
20.17% ± 2.89% increased to 36.22% ± 3.12% in G2/M phase; 
p < 0.05). There was no significant difference about the S phase 
cells between B80 and DB groups (p > 0.05). The revising effect of 
dexmedetomidine on bilirubin-induced G0/G1 phase percentage 
increase could be partly abolished by 10 nM atipamezole (from 
51.73% ± 4.79% to 59.28% ± 3.92%; p < 0.01) (Fig. 5 C–G).

CBDL Operation Induced Lung Edema, Alveolar 
Epithelial Cell Apoptosis, and Respiratory Failure, 
Which Were Attenuated by Dexmedetomidine
All rats survived until euthanize. After CBDL operation, the 
lung alveolar epithelial cells were flattened and the size of alve-
oli became more variable compared with naïve and sham rats 
when observed with H&E staining and the lung injury score 
increased significantly when compared with that in naïve or 
sham control rats (p < 0.001) (Fig. 6A). The level of blood 
unconjugated bilirubin increased significantly on the 7th day 
and remained at a relatively higher level on the 14th and 21st 
day (remained at 80.31–156.71 μM; p < 0.001 vs sham). The 
Pao

2
 of CBDL rats decreased gradually as the time extension 

and adverse tendency was observed on the Paco
2
 (Fig. 6, B–D). 

Compared with the naïve and dexmedetomidine control 
rats, the pulmonary edema and inflammation were signifi-
cantly reduced in those dexmedetomidine-treated CBDL rats 
when observed with H&E staining at day 7 after operation. 
Meanwhile, IP injection of dexmedetomidine attenuated the 
increased ratio of lung wet/dry weight, increased blood Paco

2
 

and decreased blood Pao
2
 in CBDL rats (p < 0.05, compared 
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Figure 1. Effect of dexmedetomidine (Dex) on the bilirubin-induced Δψm collapse and release of cytochrome C from mitochondria in A549 cells. 
A549 cells were pretreated with 1 nM dexmedetomidine for 15 min and then exposed to 80 μM bilirubin for additional 24 hr. A, Δψm was assessed 
by flow cytometry under fluorescein isothiocyanate and phycoerythrin channel after stained with 5, 5′, 6, 6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazo
lcarbocyanine iodide (JC-1). B, A549 cells were stained with JC-1, assessed through immunofluorescence microscope. Nuclear was counter stained 
with 4,6-diamidino-2-phenylindole. C, JC-1 fluorescence intensity ratio (red/green) compared with each other was from data of eight independent 
experiments of flow cytometry. D, Expression of cytochrome C in A549 cells detected with immunofluorescence. E, Fluorescence intensity of cytochrome 
C. Data are mean ± sd. n = 8. *p < 0.05 and **p < 0.01 and ***p < 0.001, scale bar: 50 μm. B80 = final concentration of bilirubin was 80 μM, MFI = 
mean fluorescence intensity, NC = naïve controls.
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with CBDL rats and saline-
treated CBDL rats) (Fig. 7 A–D). 
Cleaved-caspase 3 expression in 
the lungs of CBDL rats at day 7 
after operation was significantly 
attenuated by dexmedetomidine 
when detected with both immu-
nochemistry and western blot-
ting (p < 0.05, compared with 
CBDL rats and saline-treated 
CBDL rats) (Fig. 8 A–D). Dex-
medetomidine also inhibited 
the increase of TUNEL-positive 
cells in the lungs of CBDL rats at 
day 7 after operation (p < 0.05, 
compared with CBDL rats 
and saline-treated CBDL rats) 
(Fig. 8, E and F).

DISCUSSION
The present study, for the first 
time, explored the effect of dex-
medetomidine, an α

2
 receptor 

agonist, on bilirubin-induced 
lung alveolar epithelial cell injury 
both in vivo and in vitro. Our 
results demonstrated that 1) cell 
death and G0/G1 cell cycle arrest 
of A549 cells were detected after 
bilirubin treatment for 24 hours 
in a concentration-dependent 
manner; 2) dexmedetomidine 
attenuated bilirubin-induced 
cell death and enhanced the pro-
liferation of alveolar epithelial 
cells; 3) persistent hyperbilirubi-
nemia was observed after CBDL 
operation, which may contribute 
to the lung alveolar epithelial 
injury and respiratory failure in 
rats; and 4) dexmedetomidine 
attenuated the pulmonary epi-
thelial cell injury and respiratory 
failure of CBDL rats.

In our study, bilirubin at high 
concentrations induced epithe-
lial cell apoptosis albeit in vitro. 

Figure 2. Dexmedetomidine (Dex) reversed the bilirubin-induced BAX, cleaved-caspase 3, and caspase 9 overexpression but had no effect on 
BCL-2 downregulation. A549 cells were challenged with 80 μM bilirubin for 24 hr with or without pretreatment with 1 nM dexmedetomidine. A, Green 
fluorescence showed the overexpression of BAX in the cells exposed to bilirubin and which was reversed by pretreat with dexmedetomidine. B, The mean 
fluorescence intensity of BAX increased in bilirubin-challenged A549 cells and which was downregulated by pretreat with 1 nM dexmedetomidine. C, 
The expression of BCL-2 (green) in A549 cells. D, BCL-2 expression in A549 cells after bilirubin challenge with or without dexmedetomidine pretreat. 
E, Green fluorescence showed the expression of cleaved-caspase 3 in A549 cells. Overexpression of cleaved-caspase 3 induced by bilirubin was 
inhibited by pretreat with dexmedetomidine; histogram of cleaved-caspase 3 fluorescence intensity (F). Dexmedetomidine inhibited the overexpression 
of cleaved-caspase 9 in A549 cells; green fluorescence showed the expression of cleaved-caspase 9 in A549 cells (G); histogram of cleaved-caspase 
9 fluorescence intensity (H). Dexmedetomidine inhibited the overexpression of cleaved-caspase 9 in A549 cells. Data are mean ± sd. n = 8. *p < 0.05 
and **p < 0.01 and ***p < 0.001, scale bar: 50 μm. B80 = final concentration of bilirubin was 80 μM, DB = dexmedetomidine + bilirubin, MFI = mean 
fluorescence intensity, NC = naïve controls.
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This is in line with a previous study in which bilirubin induced 
rat brain neuronal apoptosis via the mitochondrial pathway (24). 
Mitochondrial dysfunction has been shown to be involved in the 
induction of apoptosis (18). The opening of the mitochondrial 
permeability transition pore has been demonstrated to induce 
the depolarization of Δψm, release of apoptogenic factors such 
as cytochrome C, and disruption of adenosine triphosphate pro-
duction (25). Mounting evidence indicates that disruption of the 
Δψm initiates the caspase cascade, leading to downstream activa-
tion of apoptosis (26, 27). Proapoptotic molecule BAX is essential 

in mitochondrial apoptotic 
pathway (28). In healthy mam-
malian cells, BAX is essentially 
cytosolic and inactive. Following 
a death signal, BAX protein is 
translocated to the outer mito-
chondrial membrane, where it 
promotes a permeabilization 
that favors the release of many 
apoptogenic factors, such as 
cytochrome C. Furthermore, 
BAX is a main member of the 
BCL-2 proapoptotic protein 
family. BCL-2, another member 
of BCL-2 family, counteracts 
BAX in the permeabilization of 
outer mitochondrial membrane 
and cell apoptosis (29). Increased 
BAX/BCL-2 ratio contributes to 
the initiation of caspase-induced 
apoptosis (30). In this study, 
bilirubin upregulated BAX 
and downregulated BCL-2 in 
A549 cells; in addition, dexme-
detomidine treatment reversed 
the overexpression of BAX. 
Although dexmedetomidine 
did not stop the downregula-
tion of BCL-2, the ratio of BAX/
BCL-2 increased significantly 
(Fig. 2 A–D). Overexpression of 
initiator cleaved-caspase 9 and 
executioner cleaved-caspase 3 
after bilirubin treatment was 
observed, which was also inhib-
ited by pretreatment with dex-
medetomidine (Fig. 2 E–H). 
These results indicated dexme-
detomidine inhibited caspase-
executed cell apoptosis not only 
at the early stage but also in the 
late phase.

TGFβ has been shown to 
play a key role in tissue repair 
after damage (31). TGFβ 
regulate protein phosphory-

lation in the cytoplasm and then transfer the prolifera-
tion signal to mitochondria (32). In this study, TGFβ was 
found to be downregulated after bilirubin treatment, which 
could be partially reversed by dexmedetomidine (Fig. 3, A 
and B). These results indicated that dexmedetomidine pro-
tected the epithelial cells from the apoptotic lesion through 
reversing the inhibition of TGFβ, which may facilitate the 
cell proliferation. Both p-mTOR and p42/44MAPK were 
found to be downregulated after bilirubin treatment, which 
could be reversed by pretreatment with dexmedetomidine 

Figure 3. Dexmedetomidine (Dex) reversed the bilirubin-induced downregulation of TGFβ, phosphorylated 
mammalian target of rapamycin (p-mTOR), and p42/44 mitogen-activated protein kinase (MAPK) in A549 
cells. A549 cells were challenged with 80 μM bilirubin for 24 hr with or without pretreatment with 1 nM 
dexmedetomidine. A, Expression of TGFβ (green) was assessed by immunofluorescence staining. Nuclear was 
counterstained with 4,6-diamidino-2-phenylindole (DAPI); the mean green fluorescence intensity of TGFβ (B); 
expression of p-mTOR (green fluorescence) in A549 cells was assessed by immunofluorescence staining (C). 
Nuclear was counterstained with DAPI; percentage of p-mTOR-positive cells (D); expression of p42/44MAPK 
(green) in A549 cells was assessed by immunofluorescence staining (E). Nuclear was counterstained with DAPI; 
the percentage of p42/44MAPK-positive cells (F). Data are mean ± sd. n =8. *p < 0.05, **p < 0.01, ***p < 0.001. 
Scale bar = 50 μm. White arrow, negative cells; yellow arrow, positive cells. B80 = final concentration of 
bilirubin was 80 μM, DB = dexmedetomidine + bilirubin, MFI = mean fluorescence intensity, NC = naïve controls.
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(Fig. 4 C–F). Increasing evidence shows that mammalian 
target of rapamycin (mTOR) plays an important role in 
TGFβ-mediated cell proliferation, protein phosphoryla-
tion, and epithelial mesenchymal transition (33, 34). The 
downregulated p-mTOR indicated that proliferation of 
cells was inhibited, which was considered to contribute 
to the repair deficiency of alveoli after the insult of bili-
rubin. p42/44MAPK contributed to the proliferation of 
cells, dependent on mitochondria, just like mTOR (35, 36). 
Dexmedetomidine recovered bilirubin-induced inhibition 
of p-mTOR and p42/44MAPK indicated that dexmedeto-
midine may be helpful to repair the injured alveoli after 
bilirubin insult through increasing the proliferation of epi-
thelial cells. Although the molecular mechanisms of biliru-
bin-induced lung cell injury is far more complicated, some 
molecular entities that may be responsible together with the 

interaction of dexmedetomidine have been found in our 
study but warrant further studies.

HPS was reported to be present in 4–32% of adult 
patients with end-stage liver disease (37). HPS was charac-
terized as intrapulmonary vascular dilatation and arterial 
hypoxemia. A high concentration of bilirubin was consid-
ered to cause HPS. In this study, HPS induced by hyperbili-
rubinemia via CBDL in rats. It is a widely accepted model 
in this area of research (38). Indeed, it was found in this 
study that damage to lung alveoli was aggravated following 
the increase in blood bilirubin concentration. Meanwhile, 
Paco

2
 was increased and Pao

2
 was decreased gradually after 

CBDL operation, and all of these indicated that high con-
centration bilirubin is very likely contributes to the injury 
of lung alveolar epithelial cells and respiratory failure as 
seen in human (2).

Figure 4. Bilirubin-induced cell death and arrest of G0/G1 phase of live A549 cells in a concentration-dependent manner. A549 cells were challenged 
with gradually increased concentration of bilirubin for 24 hr. A, Cell morphology of A549 cells after treated with gradually increased bilirubin for 24 hr. B, 
Cell survival ratios after being challenged with a gradient concentration of bilirubin. ***p < 0.001; n.s. = no significant difference. C, Cell cycle of A549 
cells after bilirubin challenge, assessed by propidium iodide flow cytometry. D, Percentage of cells at G0/G1, S, and G2/M after bilirubin challenge. *p 
< 0.001 compared with the cells in G0/G1 phase of naïve control (NC); #p < 0.001 compared with the cells in S phase of NC; Δp < 0.001 compared 
with the cells in G2/M phase of NC. B0 = final concentration of bilirubin was 0 μM, B20 = final concentration of bilirubin was 20 μM, B40 = final 
concentration of bilirubin was 40 μM, B80 = final concentration of bilirubin was 80 μM, B160 = final concentration of bilirubin was 160 μM. Data are 
mean ± sd. n = 8. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar = 100 μm.



Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved. Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Cui et al

e364 www.ccmjournal.org	 September	2015	•	Volume	43	•	Number	9

Dexmedetomidine is widely used during the periopera-
tive period due to its sedative, analgesic, sympatholytic, and 
hemodynamic effects on the patients undergoing surgery 
or under critical care. In addition, dexmedetomidine has 
anti-inflammatory and antioxidative effects on vital organs, 

such as lung and kidney (39, 40). The inhibitory effect of 
dexmedetomidine on the bilirubin-induced cell cycle arrest 
of A549 cells indicated that dexmedetomidine alleviates 
the injury of lung alveoli, possibly through promoting 
epithelial cell proliferation and initiating prompt repair. 

Figure 5. Dexmedetomidine (Dex) reversed the arrest of G0/G1 phase of A549 cells independent on α2 receptor. A549 cells were pretreated with 
1 nM dexmedetomidine (or combined with its antagonist, 10 nM atipamezole [Ati]) for 15 min, then treated with 80 μM bilirubin for additional 24 hr. A, 
Dexmedetomidine attenuated the cell death induced by 80 μM bilirubin. Fewer cells dispatched from the bottom of plate in dexmedetomidine + bilirubin 
group cells compared with that in bilirubin treated only (B80 group). This effect was reversed by 10 nM atipamezole, scale bar = 100 μm. B, Summary 
of the cell survival ratio changes, ***p < 0.001. C, Dexmedetomidine reversed the G0/G1 arrest in A549 cells induced by 80 μM bilirubin, but it could 
not be completely reversed by the α2 antagonist (10 nM atipamezole). D, Statistical analysis of cell cycle after dexmedetomidine (associated with 
atipamezole or not) and bilirubin treatment and compared with that in naïve control (NC). *p < 0.001 compared with the cells in G0/G1 phase of NC; 
#p < 0.001 compared with the cells in S phase of NC; Δp < 0.001 compared with the cells in G2/M phase of NC. E, Comparison among the treatment 
groups about the percent of G0/1 phase cells. (F, Comparison among the treatment groups about the percent of S phase cells. G, Comparison among 
the treatment groups about the percent of G2/M phase cells. Data are mean ± sd in bar graph E, F, and G. n = 8. *p < 0.05, **p < 0.01, ***p < 0.001. 
DB = dexmedetomidine + bilirubin, ADB = atipamezole + dexmedetomidine + bilirubin.
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Dexmedetomidine, similar to other α
2
 adrenoceptor ago-

nists, has a structure bearing similarity to imidazoline, and 
activation of imidazoline receptors may also contribute to 
its antiapoptotic effect (41). Pretreatment with α

2
 adreno-

ceptor antagonist atipamezole did not abolish the effect of 
dexmedetomidine on bilirubin-induced cell cycle arrest of 
A549 cells, which may indicate that the antiapoptotic effect 
of dexmedetomidine was not only due to an α

2
 adrenocep-

tor-dependent signaling pathway.
The benefits of dexmedetomidine for patients with 

pulmonary injury in the operation room and ICU have 
been observed in clinical trials (42, 43). In this study, dex-
medetomidine was given to CBDL rats IP daily during 

the experimental period attenuated the lung injury and 
prevented respiratory failure development in the CBDL 
rat (Fig. 7). In addition, dexmedetomidine significantly 
reduced the apoptosis of lung cells of CBDL rats, and these 
cells not only limited to alveolar epithelial cells but other 
types as well (Fig. 8). However, owing to its short action, 
dexmedetomidine is normally administered by a continuous 
IV infusion clinically, but a long-term infusion of dexme-
detomidine can be not done in our study. Hence, the trans-
lational value of our study can be questionable. One can 
appreciate that this is always the case in a preclinical study. 
Nevertheless, our data clearly showed that dexmedetomi-
dine could directly protect the lung injury in our model 

Figure 6. Common bile duct ligation (CBDL) surgery induced a persistent hyperbilirubinemia and pulmonary injury in Sprague Dawley (SD) rats. SD rats 
were subjected to CBDL operation, and the blood and lung samples were harvested at 7, 14, and 21 d after operation. Just laparotomy without bile duct 
ligation or without any surgery served as the sham controls and naïve controls (NCs), respectively. A, Histology assessment of lung in rats after CBDL 
surgery. B, Blood direct bilirubin (DBIL) (also known as unconjugated bilirubin) concentration increased in SD rats. Blood DBIL concentration increased 
to a very high level at day 7 after CBDL operation and remained at relative high level at days 14 and 21 (p < 0.001 relative to sham and NC). C, Pao2 
gradually decreased after CBDL operation on SD rats. D, Paco2 gradually increased after CBDL operation on SD rats. n.s. = no significant difference.  
n = 10, *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar = 50 μm.
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study because α
2
 adrenoceptors distribute widely including 

the cell line that was used in our study (data not shown), but 
as reported previously (44), the protection could also be due 
to its indirect effects of a decrease of sympathetic tone and 
an increase of vagal tone. Collectively, our work reported 
here could call further large animal study and clinical trials 
in this area of research.

In summary, we demonstrated that dexmedetomidine 
attenuated the bilirubin-induced injury of epithelial alveolar 
cells both in vitro and in vivo. Although further studies espe-
cially in a large animal model and clinical trials are needed 
to further validate the protective effects of dexmedetomidine 

on HPS, its inhibitory effect on cell apoptosis and pro-
moting effect on cell survival and proliferation represent a 
promising anesthetic/sedative choice in treating the patients 
with chronic lung injury following severe liver disease 
perioperatively.
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Figure 7. Intraperitoneal injection of dexmedetomidine (Dex) attenuated the pulmonary injury and respiratory failure of common bile duct ligation (CBDL) 
rats. A 25 μg/kg dexmedetomidine or the same volume saline (as vehicle control) was administered (intraperitoneally, IP) daily for 7 d after CBDL 
surgery. Dexmedetomidine-controlled rats only received IP injection of 25 μg/kg dexmedetomidine daily and without any surgery for 7 d. Hematoxylin 
and eosin staining of the lung sample (A); wet-to-dry ratio in lung samples of CBDL rats (B); decrease of Pao2 in CBDL rats was attenuated by 
dexmedetomidine on the day 7 after CBDL operation (C); increase of Paco2 in CBDL rats was inhibited by dexmedetomidine on the day 7 after CBDL 
operation (D). Dex7d = dexmedetomidine control rats, rats received injection of 25 μg/kg dexmedetomidine intraperitoneally for 7 d, NC = naïve control, 
n.s. = no significant difference. n = 10, *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar = 50 μm.
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Figure 8. Dexmedetomidine (Dex) attenuated the apoptosis of lung cells of the common bile duct ligation (CBDL) rats after 7 d of operation. A 25 
μg/kg dexmedetomidine or the same volume saline (as vehicle control) was administered (IP) daily for 7 d after CBDL surgery. Samples of lungs were 
harvested for immunochemistry and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. A, Expression of cleaved-caspase 3 in 
the lungs of controlled and 7th day CBDL rats detected using immunochemistry. B, Percentage of cleaved-caspase 3 positive staining cells in rat lungs. 
C, Expression of cleaved-caspase 3 in the lungs of control and 7th day CBDL rats detected using western blotting. D, Expression of cleaved-caspase 3 
in the lungs of control and 7th day CBDL rats. E, TUNEL-positive cells in the lungs of control and 7th day CBDL rats. F, Percentage of TUNEL-positive 
cells in the lungs. n = 10, ***p < 0.001. NC = naïve control, n.s. = no significant difference. Scale bar = 50 μm.



Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Cui et al

e368 www.ccmjournal.org	 September	2015	•	Volume	43	•	Number	9

REFERENCES
	 1.	Koch	 DG,	 Fallon	 MB:	 Hepatopulmonary	 syndrome.	Clin Liver Dis 

2014;	18:407–420
	 2.	Rodríguez-Roisin	R,	Krowka	MJ:	Hepatopulmonary	syndrome—A	liver-

induced	lung	vascular	disorder.	N Engl J Med	2008;	358:2378–2387
	 3.	Yang	W,	Hu	B,	Wu	W,	et	al:	Alveolar	 type	 II	epithelial	cell	dysfunc-

tion	in	rat	experimental	hepatopulmonary	syndrome	(HPS).	PLoS One 
2014;	9:e113451

	 4.	Machicao	VI,	Fallon	MB:	Hepatopulmonary	syndrome.	Semin Respir 
Crit Care Med	2012;	33:11–16

	 5.	Pascasio	JM,	Grilo	I,	López-Pardo	FJ,	et	al:	Prevalence	and	severity	
of	hepatopulmonary	syndrome	and	its	influence	on	survival	in	cirrhotic	
patients	 evaluated	 for	 liver	 transplantation.	Am J Transplant	 2014;	
14:1391–1399

	 6.	Sindhu	S,	Ramesh	P,	Juneja	R,	et	al:	Hepatopulmonary	syndrome,	an	
unusual	cause	of	hypoxemia.	Indian J Pediatr	2007;	74:1127–1129

	 7.	Barateiro	A,	Domingues	HS,	Fernandes	A,	et	al:	Rat	cerebellar	slice	
cultures	exposed	to	bilirubin	evidence	reactive	gliosis,	excitotoxicity	
and	impaired	myelinogenesis	that	is	prevented	by	AMPA	and	TNF-α 
inhibitors.	Mol Neurobiol	2014;	49:424–439

	 8.	Shikata	F,	Sakaue	T,	Nakashiro	K,	et	al:	Pathophysiology	of	lung	injury	
induced	 by	 common	 bile	 duct	 ligation	 in	 mice.	 PLoS One	 2014;	
9:e94550

	 9.	Gurbet	A,	Basagan-Mogol	E,	Turker	G,	et	al:	Intraoperative	infusion	of	
dexmedetomidine	reduces	perioperative	analgesic	requirements.	Can 
J Anaesth	2006;	53:646–652

	10.	Lam	SW,	Alexander	E:	Dexmedetomidine	use	in	critical	care.	AACN 
Adv Crit Care	2008;	19:113–120

	11.	Xia	R,	Yin	H,	Xia	ZY,	et	al:	Effect	of	intravenous	infusion	of	dexmedeto-
midine	combined	with	inhalation	of	isoflurane	on	arterial	oxygenation	
and	intrapulmonary	shunt	during	single-lung	ventilation.	Cell Biochem 
Biophys	2013;	67:1547–1550

	12.	Xiang	 H,	 Hu	 B,	 Li	 Z,	 et	 al:	 Dexmedetomidine	 controls	 systemic	
cytokine	 levels	 through	 the	 cholinergic	 anti-inflammatory	 pathway.	
Inflammation	2014;	37:1763–1770

	13.	Gu	 J,	 Chen	 J,	 Xia	 P,	 et	 al:	 Dexmedetomidine	 attenuates	 remote	
lung	 injury	 induced	 by	 renal	 ischemia-reperfusion	 in	 mice.	 Acta 
Anaesthesiol Scand	2011;	55:1272–1278

	14.	Gu	J,	Sun	P,	Zhao	H,	et	al:	Dexmedetomidine	provides	renoprotection	
against	ischemia-reperfusion	injury	in	mice.	Crit Care	2011;	15:R153

	15.	Si	Y,	Bao	H,	Han	L,	et	al:	Dexmedetomidine	protects	against	 renal	
ischemia	and	reperfusion	injury	by	inhibiting	the	JAK/STAT	signaling	
activation.	J Transl Med	2013;	11:141

	16.	 Israeli	BA,	Bogin	E:	Biochemical	changes	in	 liver,	kidney	and	blood	
associated	with	 common	bile	 duct	 ligation.	Clin Chim Acta	 1986;	
160:211–221

	17.	Virtanen	R,	Savola	JM,	Saano	V:	Highly	selective	and	specific	antago-
nism	of	central	and	peripheral	alpha	2-adrenoceptors	by	atipamezole.	
Arch Int Pharmacodyn Ther	1989;	297:190–204

	18.	Perelman	A,	Wachtel	C,	Cohen	M,	et	al:	JC-1:	Alternative	excitation	
wavelengths	 facilitate	mitochondrial	 membrane	 potential	 cytometry.	
Cell Death Dis	2012;	3:e430

	19.	Cui	 J,	Ou	S,	He	WJ,	et	al:	Prevention	of	extracellular	ADP-induced	
ATP	 accumulation	 of	 the	 cultured	 rat	 spinal	 astrocytes	 via	P2Y(1)-
mediated	inhibition	of	AMPK.	Neurosci Lett	2011;	503:244–249

	20.	Pozarowski	P,	Darzynkiewicz	Z:	Analysis	of	cell	cycle	by	flow	cytom-
etry.	Methods Mol Biol	2004;	281:301–311

	21.	Yang	Y,	Chen	B,	Chen	Y,	et	al:	A	comparison	of	 two	common	bile	
duct	ligation	methods	to	establish	hepatopulmonary	syndrome	animal	
models.	Lab Anim	2015;	49:71–79

	22.	Yi	B,	Zeng	J,	Wang	G,	et	al:	Annexin	A1	protein	regulates	the	expres-
sion	of	PMVEC	cytoskeletal	proteins	in	CBDL	rat	serum-induced	pul-
monary	microvascular	remodeling.	J Transl Med	2013;	11:98

	23.	Vaschetto	R,	Kuiper	JW,	Chiang	SR,	et	al:	Inhibition	of	poly(adenosine	
diphosphate-ribose)	 polymerase	 attenuates	 ventilator-induced	 lung	
injury.	Anesthesiology	2008;	108:261–268

	24.	Rodrigues	CM,	Solá	S,	Brites	D:	Bilirubin	induces	apoptosis	via	the	
mitochondrial	pathway	 in	developing	 rat	brain	neurons.	Hepatology 
2002;	35:1186–1195

	25.	Zha	 J,	Weiler	 S,	Oh	 KJ,	 et	 al:	 Posttranslational	 N-myristoylation	 of	
BID	as	a	molecular	switch	for	targeting	mitochondria	and	apoptosis.	
Science	2000;	290:1761–1765

	26.	Wang	 X:	 The	 expanding	 role	 of	 mitochondria	 in	 apoptosis.	Genes 
Dev	2001;	15:2922–2933

	27.	Hong	JR:	Betanodavirus:	Mitochondrial	disruption	and	necrotic	cell	
death.	World J Virol	2013;	2:1–5

	28.	Renault	 TT,	 Manon	 S:	 Bax:	 Addressed	 to	 kill.	 Biochimie 2011; 
93:1379–1391

	29.	Moldoveanu	T,	Follis	AV,	Kriwacki	RW,	et	al:	Many	players	in	BCL-2	
family	affairs.	Trends Biochem Sci	2014;	39:101–111

	30.	Salakou	S,	Kardamakis	D,	Tsamandas	AC,	et	al:	Increased	Bax/Bcl-2	
ratio	up-regulates	caspase-3	and	increases	apoptosis	in	the	thymus	
of	patients	with	myasthenia	gravis.	In Vivo	2007;	21:123–132

	31.	Barcellos-Hoff	 MH:	 How	 tissues	 respond	 to	 damage	 at	 the	 cellu-
lar	 level:	Orchestration	 by	 transforming	 growth	 factor-{beta}	 (TGF-
{beta}).	BJR Suppl	2005;	27:123–127

	32.	Stalińska	L,	Ferenc	T:	[The	role	of	TGF-beta	in	cell	cycle	regulation].	
Postepy Hig Med Dosw (Online)	2005;	59:441–449

	33.	Lamouille	S,	Derynck	R:	Cell	size	and	invasion	in	TGF-beta-induced	
epithelial	to	mesenchymal	transition	is	regulated	by	activation	of	the	
mTOR	pathway.	J Cell Biol	2007;	178:437–451

	34.	Kurdián	M,	Herrero-Fresneda	I,	Lloberas	N,	et	al:	Delayed	mTOR	inhi-
bition	with	low	dose	of	everolimus	reduces	TGFβ	expression,	attenu-
ates	proteinuria	and	renal	damage	in	the	renal	mass	reduction	model.	
PLoS One	2012;	7:e32516

	35.	Hernández-Reséndiz	 S,	 Zazueta	 C:	 PHO-ERK1/2	 interaction	 with	
mitochondria	regulates	the	permeability	transition	pore	in	cardiopro-
tective	signaling.	Life Sci	2014;	108:13–21

	36.	Wortzel	I,	Seger	R:	The	ERK	cascade:	Distinct	functions	within	vari-
ous	subcellular	organelles.	Genes Cancer	2011;	2:195–209

	37.	Tumgor	 G:	 Cirrhosis	 and	 hepatopulmonary	 syndrome.	 World J 
Gastroenterol	2014;	20:2586–2594

	38.	Fallon	MB,	Abrams	GA,	McGrath	JW,	et	al:	Common	bile	duct	ligation	
in	the	rat:	A	model	of	intrapulmonary	vasodilatation	and	hepatopulmo-
nary	syndrome.	Am J Physiol	1997;	272:G779–G784

	39.	Ji	 F,	 Li	 Z,	 Young	 JN,	 et	 al:	 Post-bypass	 dexmedetomidine	 use	 and	
postoperative	acute	kidney	injury	in	patients	undergoing	cardiac	sur-
gery	with	cardiopulmonary	bypass.	PLoS One	2013;	8:e77446

	40.	Shen	J,	Fu	G,	Jiang	L,	et	al:	Effect	of	dexmedetomidine	pretreatment	
on	lung	injury	following	intestinal	ischemia-reperfusion.	Exp Ther Med 
2013;	6:1359–1364

	41.	Zhang	 F,	 Ding	 T,	 Yu	 L,	 et	 al:	 Dexmedetomidine	 protects	 against	
oxygen-glucose	 deprivation-induced	 injury	 through	 the	 I2	 imidazo-
line	 receptor-PI3K/AKT	 pathway	 in	 rat	 C6	 glioma	 cells.	 J Pharm 
Pharmacol	2012;	64:120–127

	42.	Yu	 J,	 Li	 R,	 Yao	 W:	 [Effects	 of	 dexmedetomidine	 preconditioning	
attenuating	 remote	 lung	 injury	 of	 lower	 limb	 ischemia-reperfusion].	
Zhonghua Yi Xue Za Zhi	2014;	94:3510–3514

	43.	Dunn	 M,	 Devulapally	 K,	 Jenkins	 J:	 Evaluation	 of	 dexmedetomi-
dine	 (Dex)	 for	 patients	 with	 respiratory	 distress	 on	 noninvasive	
mechanical	 ventilation	 (Nimv)	 to	 prevent	 invasive	mechanical	 ven-
tilation	 (Imv):	 A	 retrospective	 study.	 Crit Care Med	 2012;	 40: 
U303–U303

	44.	Sharp	 DB,	Wang	 X,	 Mendelowitz	 D:	 Dexmedetomidine	 decreases	
inhibitory	but	not	excitatory	neurotransmission	to	cardiac	vagal	neu-
rons	in	the	nucleus	ambiguus.	Brain Res	2014;	1574:1–5


