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The processes of mechanical ventilation-induced lung injury (VILI) triggers the release of high-mobility group
box 1 (HMGB1), a prominent damage-associated molecular pattern (DAMP) family member, which can cause
damage to pulmonary vascular endothelial cells. We aimed to determine whether propofol protected against
endothelial cell injury induced by HMGB1 in vitro and in vivo.

ICR mice (male) were mechanically ventilated for 4 h after anesthetization at both low tidal volume (LVT, 6 ml/kg)
and high tidal volume (HVT, 30 ml/kg). A propofol bolus (10 mg/kg) was administered to the animals prior to
the onset of ventilation, followed by infusion at 5 mg/(kg-h). We obtained confluent cultures of mouse lung
vascular endothelial cells (MLVECs) and then performed cyclic stretching at 20% stretch for 4 h with or with-
out propofol.

HMGB1 reduced the expression of tight junctions between endothelial cells, including VE-cadherin and ZO-1,
and increased endothelial permeability, and both were blocked by propofol. We found that MLVECs exhibited
mitochondrial oxidative damage by HMGB1, which was successfully suppressed through administration of
MnTBAP as well as propofol. Propofol ameliorated HVT-associated lung vascular hyperpermeability and HMGB1
production in vivo. Propofol also inhibited HMBG1 release caused by cyclic stretching in MLVECs in vitro.

Our results prove that the cyto-protective function of propofol protects against lung ventilation-induced dys-
function of the lung endothelial barrier. This function of propofol is mediated through inhibition of HMGB1 re-
lease caused by mechanical stretching and mitochondrial oxidative damage triggered by HMGBI1.
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Background

Mechanical ventilation is unavoidable for regulation of acute
lung damage, severe respiratory distress syndrome, and re-
spiratory support therapy during emergency resuscitation.
However, excessive lung inflation caused by mechanical ven-
tilation administered at increased tidal volume leads to exces-
sive pulmonary inflation. This inflation then triggers impair-
ment of the blood—gas barrier and enhanced permeability of
lungs, which leads to ventilator-induced lung injury (VILI) [1].
This condition is characterized by infiltration of inflammatory
cells in the lungs and increased permeability of pulmonary vas-
cular endothelial cells, causing lung edema [2].

Accumulating evidence indicates that mechanical ventilation
induces secretion of damage-associated molecular patterns
(DAMPs), thereby contributing to lung injury [3]. High mobility
group box 1 (HMGB1) is a prominent DAMP family member
that is a non-histone chromatin protein exhibiting ubiquitous
expression across cell types [4]. After lung injury due to me-
chanical ventilation or infections, this protein is released out-
side of cells, thereby functioning like a bioactive liaison mol-
ecule [3,5]. Work by Ogawa and colleagues [6] showed that
high tidal volume mechanical ventilation triggers the release of
HMGB1, finally causing lung injury. Moreover, blocking HMGB1
reduces lung endothelial hyperpermeability, suggesting the in-
fluence of HMGB1 on the vascular permeability of lungs [6].

A number of studies have shown that reactive oxygen species
(ROS) generation is pivotal in the development of VILI [7,8].
Excess ROS release increases leakage from pulmonary
blood vessels and exacerbates pulmonary inflammation and
edema [9]. Mitochondria are the main cellular source of ROS,
and because of their detrimental effects on mechanical ven-
tilation, mitochondria have recently gained increased atten-
tion [8]. Additionally, HWGB1 has been shown to be associ-
ated with oxidative stress in diverse diseases [10,11]. As the
mitochondria are the main source of ROS, the present study
explored whether the effects of HMGB1 on endothelial cells
are related to mitochondrial oxidative stress damage.

Since oxidative stress may be a key factor leading to endo-
thelial dysfunction, antioxidant therapy is considered a pos-
sible treatment for vascular pathologies. Propofol (2, 6-diiso-
propylphenol) is an anesthetic chemical administered via the
blood and is well known for applications such as sedation and
hypnotic [12]. Propofol and free-radical scavengers with phe-
nolic structure, like endogenous antioxidant vitamin E, have
antioxidant properties [13]. Propofol easily enters the cellu-
lar and subcellular membranes compartments because of its
natural lipophilic properties. Many studies have shown that
it can protect organs by reducing the release of ROS [14,15].
The present study explored whether propofol suppresses lung
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vascular endothelial hyperpermeability by HWGB1. We also as-
sessed the protective role of propofol in mitigating mitochon-
drial oxidative stress damage.

Material and Methods

Reagents and antibodies

Human HMGB1 (recombinant) was from R&D Systems
(Minneapolis, USA). Sterile 0.1% BSA/PBS was used to resus-
pend the protein. Propofol, dextran conjugated with fluorescein
isothiocyanate (FITC)(10-kDa), fluorescent probe JC-1, and Evans
blue dye were procured from Sigma-Aldrich (St. Louis, MO).
MitoSOX was supplied by Molecular Probes (Eugene, OR).
VE-Cadherin and GAPDH primary antibodies were supplied by
Santa Cruz Biotechnology (Santa Cruz, CA). ZO-1 primary anti-
bodies were obtained from ProteinTech Group (Chicago, IL, USA).

Isolation and characterization of mouse lung vascular
endothelial cells

We obtained ICR mice (male) from Shanghai SLAC Laboratory
Animal Co. (Shanghai, China). Animals were housed at con-
trolled room temperature with free access to food and water
under a natural day/night cycle. Approval for experiments in-
volving mice was obtained from the Experimental Animals Ethics
Committee, Shanghai Jiaotong University School of Medicine
(XHEC-F-NsFC201-115). We followed a modified protocol previ-
ously described to obtain mouse lung vascular endothelial cells
(MLVECs) [16]. Mice (3-4 weeks old) were anesthetized using
a combination of xylazine (10 mg/kg) and ketamine (70 mg/kg),
after which we perfused the right ventricle using cold PBS to
drain blood from the lungs. We minced peripheral subpleural
lung tissue and grew cells in DMEM culture medium in the pres-
ence of 5% CO, for 60 h at a temperature of 37°C. The growth
medium was supplemented with 20% fetal calf serum, 5 mg/ml
heparin, 3.7 g/L NaHCO,, 25 mM HEPES, 1 mg/ml hydrocorti-
sone, 5 mg/ml amphotericin, 80 mg/ml of endothelial cell growth
supplement obtained from bovine brains, and 0.01% ampicil-
lin/streptomycin. Adherent cells were cultured in basal culture
medium after removal of tissue debris. The cobblestone mor-
phological feature and positive staining with specific factor VIlI-
related antigen (Santa Cruz) helped to identify MLVECs. We ob-
served that most cells (about 90%) stained positive (data not
shown). We used MLVEC grown for 3 to 4 passages for our work.

Western blot analysis

We used MLVECs or lung tissues to isolate proteins according
to standard protocols. Briefly, samples were resuspended in
RIPA buffer (Beyotime, Jiangsu, China) with the help of an ul-
trasonic vibrator and a mechanical homogenizer. We resolved
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30 pg of protein on 10% SDS-PAGE and then blotted it to ni-
trocellulose membranes (Millipore Corp, Bedford, MA). After
blocking, we reacted membranes with VE-Cadherin or GAPDH
primary antibodies overnight at 4°C, and then performed a pro-
cedure using secondary 1gG coupled with horseradish peroxi-
dase (Santa Cruz) at room temperature for 1 h. Proteins of in-
terest were detected using an enhanced chemiluminescence
Western blotting detection system (Millipore). We estimated
band signal strength with a densitometer (Syngene, Braintree,
UK) along with Genesnap and Genetools software (Syngene).

FITC-dextran flux

We analyzed cellular permeability of endothelium in vitro
by measuring how FTC-dextran diffused across the en-
dothelium [17]. We obtained confluent cultures of MLVECs in-
side the Transwell inserts (0.4 pM, 12-mm diameter, Corning).
We added medium having a final concentration of 1 mg/ml of
10-kDa FITC-dextran into the top Transwell chamber. After 1 h,
the amount of dextran (conjugated with FITC) passing through
the endothelium into the lower part of the Transwell chamber
was estimated by a SynergyTM fluorescence plate reader (Bio-
Tek, Winooski, VT, excitation 485/20 nm, emission 528/20 nm).

Flow cytometric analysis to determine expression of
mitochondrial superoxide

MitoSOX is a dye that permeates through the cells and spe-
cifically binds in mitochondria and displays fluorescence
if oxidized by superoxide. MLVECs were exposed to 5 pM
MitoSOX for 30 min at 37°C. A FACScan flow cytometer (MACS
MiltenyiBiotec) was used for flow cytometry using excita-
tion/emission of 488/625 nm, according to a previously de-
scribed method [18]. We analyzed the data with the FlowJo
software package (Tree Star, San Carlos, CA).

Estimation of ATP concentration

We used a protein extraction solution (Beyotime) to obtain ly-
sates from MLVEC samples. We centrifuged the supernatant at
10 000 g for 10 min, and used it to determine ATP concentra-
tion with an ATP bioluminescence assay from Beyotime. The
readout from luciferase assay was calculated using an A tube
luminometer (Tecan, Austria) to measure the signal.

Finding loss of mitochondrial membrane potential

Fluorescent probe JC-1 was used for detecting mitochondrial
membrane potential. JC1 fluoresces green when existing as mo-
nomeric form within depolarized mitochondria and gives a red
readout in aggregated form indicating polarized mitochondria.
We stained MLVECs with 2 pM JC-1 for 15 min. We excited and
detected the red and green fluorescent signals at 530/25 nm
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and 485/20 nm, and at 590/20 nm and 528/20 nm, respec-
tively, through a SynergyTM fluorescent plate reader (Bio-Tek).
The degree of mitochondrial membrane potential depolariza-
tion was estimated from the ratio of red to green signals. This
ratio in turn reflects mitochondrial damage.

MTT assay

We calculated viability of cells using tetrazolium salt 3-[4,5-di-
methylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
assay, which is based upon the degree of MTT to formazan
reduction (Sigma-Aldrich) catalyzed by live cells.

Immunofluorescent analysis

We used 4% formaldehyde to fix MLVECs for 15 min and per-
meabilized by 0.1% Triton X-100 for 15 min. We incubated
fixed cells in 10% BSA for 1 h, and cells were then reacted
with ZO-1 primary antibodies at a dilution of 1: 50 at 37°C
for 1.5 h. After washing to remove nonspecific binding, cells
were incubated with anti-rabbit 1gG-FITC for ZO-1 used in
1: 1000 dilution at 37°C under dark conditions for 1 h. Cells
were subjected to 3 PBS washes and exposed to 4’6-diamid-
ino-2-phenylindole (DAPI) (Sigma-Aldrich) to stain the nuclei.
We captured the ICC images using a 50i Nikon fluorescence
microscope (Nikon, Melville, NY).

Mechanical ventilation and propofol treatment

After anesthesia, ICR mice (male, 7-9 weeks old) were sub-
jected to tracheotomy and then kept under ventilation using
a ventilator (Inspira®, Harvard Apparatus, Boston, MA). The
animals were put under ventilation either at low tidal volume
[LV,] (6 ml/kg, with 140 breaths/min) or at high tidal volume
[HV,]) (30 ml/kg, with 70 breaths/min) for 4 h. For propofol
treatment, the animals were infused with the drug at speci-
fied amounts just before starting the ventilation. Control an-
imals were subjected to tracheotomy but with spontaneous
breathing, and were administered the same saline volume.
After experimental procedures, we collected heparinized blood
from the arterial line and calculated blood gas using an auto-
mated blood gas analyzer (ABL80 FLEX, Radiometer). Table 1
shows that the experimental groups were not significantly dif-
ferent in arterial pH, partial pressure of arterial carbon diox-
ide (PaC0,), or arterial oxygen partial pressure (Pa0,) across
experimental cohorts.

Bronchoalveolar lavage

We obtained bronchoalveolar lavage (BAL) fluid through a tra-
cheal catheter in 3 consecutive 1-mL sterile saline aliquots.
Protein concentrations and cell counts were estimated as per
a previous protocol [19].
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Table 1. Arterial blood gas levels.

Conrtol
Nonventilated

Propofol
Nonventilated

pH 7.34+0.03 7.30+0.02
Pao, 129.2+9.0 135.0+5.5
PaCcO 38.6+2.3 39.1+3.1
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LV, HV, Propofol HV,
6 ml/kg 30 ml/kg 30 ml/kg
7.29+0.03 7.28+0.03 7.31+0.04
""" 1358184 1416880 1298147
"""" 7139 36xa6 34634

Data are presented as mean *SE. Arterial blood gas levels were obtained from nonventilated mice and mice ventilated at a tidal

volume of 6 ml/kg (LV,) or 30 ml/kg (HV,) for 4 h (n=5~6 per group).

Lung wet-to-dry weight ratio

The ratio of lung wet-to-dry (W/D) weight was used to eval-
uate formation of edema in pulmonary tissues. After the ex-
periment, we weighed pulmonary tissues immediately after
removing them (wet weight). The tissues were then dried in
an 80°C oven for 48 h, and the dry weight was estimated. We
calculated the ratio of pulmonary wet to dry weight.

Extravasation assay of Evans blue dye

We calculated capillary permeability of lungs in animals by
Evans blue dye extravasation, by a method previously pub-
lished [20]. We introduced 30 mg/kg Evans blue dye into the
internal jugular vein of animals 1 h prior to euthanasia. During
the experiment, we collected heparinized blood through car-
diac puncture, followed by PBS perfusion of the right ventri-
cle to eliminate pulmonary intravascular dye. Lung tissue was
isolated and pulverized in PBS. We extracted Evans blue us-
ing 2 volumes of formamide (Sigma-Aldrich) followed by over-
night incubation at 60°C, followed by centrifuging at 5000 g
for 30 min at 4°C. The absorption of Evans blue dye in the lung
supernatants and plasma was measured at 620 nm and cor-
rected for heme component as follows: A, (corrected)=A, ~
(1.426xA,,+0.030). We thus calculated the Evans blue index
as the ratio of the amount of dye in the lungs to the concen-
tration of plasma dye.

Lung histopathologic examination

Lung tissues were fixed with 10% formalin and embedded in
paraffin for histopathological analysis. Hematoxylin and eo-
sin (HE) staining was performed on 4-pm sections of the em-
bedded tissue. The slides were scored by 2 blinded patholo-
gists. The criteria for lung inflammation enumeration was done
as previously described [21]. The scores given represent fol-
lowing extent of damage: 0 for normal tissue; 1 for minimal
inflammatory alteration; 2 for mild to moderate inflammatory
variation (but no obvious damage to the lung architecture);
3 for moderate inflammatory injury (marked by alveolar septae
thickening); 4 for moderate to severe inflammatory damage

(including nodule or patches of pneumonitis which affected
the normal architecture); and 5 for grave inflammatory trauma
showing complete deletion of the field of observation.

Real-time RT-PCR

We isolated cellular RNA of the MLVECs or lung tissue and
converted them to cDNA. gPCR was performed by SYBRGreen
dye chemistry (F Hoffmann-La Roche Ltd, Basel, Switzerland)
and using the MiniOpticon™ Real-Time PCR Detection System
(BioRad, Hercules, CA). We designed the primers using cDNA
sequences in GeneBank. Each reaction consisted of diluted
cDNA (2.0 pl), each paired primer (0.2 umol/L), 1 U Tag DNA
polymerase (Qiagen, Beijing, China), and 200 pmol/L deoxy-
nucleotide triphosphates in PCR buffer (1x). gPCR conditions
were previously standardized prior to obtain linear relationships
between initial RNA concentration and PCR product. We used
58-61°C annealing temperature and amplification for 40 cycles.
The melt curve was set from 60°C to 95°C. B-actin was used for
internal reference. The primer sequences for HWGB1 and B-actin
used were: HMGB1 forward, 5-TGGCAAAGGCTGACAAGGCTC-3’,
COX2 reverse, 5“GGATGCTCGCCTTTGATTTTGG-3’; B-ac-
tin forward, 5-CTGTATGCCTCTGGTCGTAC-3’, B-actin reverse,
5‘-TGATGTCACGCACGATTTCC-3'. We employed the comparative
Ct (threshold cycle) method with arithmetic formulae (2724%)
to determine the relative quantitation of gene expression for
target and housekeeping genes. Target gene expressions were
estimated relative to the internal reference gene.

Estimation of mitochondrial DNA (mtDNA) by qPCR

We used a commercial kit (Beyotime) to extract cellular ge-
nomic DNA. The mtDNA content was estimated by qPCR. We
used DNA primers to measure cytochrome oxidase 2 (COX2)
and uncoupling protein 2 (UCP2) for mtDNA and nucleic DNA,
respectively. We used the following primers for UCP2 and
COX2: COX2 forward, 5-TTTTCAGGCTTCACCCTAGATGA-3’,
COX2 reverse, 5'-GAAGAATGTTATGTTATGTTTACTCCTA-3’;
UCP2 forward, 5-GCGACCAGCCCATTGTAGA-3’, UCP2 reverse,
5“GCGTTCTGGGTACCATCCTAAC-3’. mtDNA content was ob-
tained from the ratio of COX2 to UCP2 expression.
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Figure 1. Propofol attenuates HMGB1-induced downregulation of cell adherence junction molecule and hyperpermeability of

endothelium. (A, B) Primary cultured MLVECs were cultured in presence of HWGB1 at the doses of 0.01 g/ml-1 g/ml for

24 h. VE-cadherin protein expression (A) were estimated by Western blot, and permeability of endothelial cells (B) were
determined by flux analysis using FITC-dextran (n=4). (C, D) MLVECs were incubated using HMGB1 (0.1 ug/ml) in presence or
absence of propofol (100 uM) for 24 h. VE-cadherin protein level (C) was estimated using Western blot, and permeability of
endothelium (D) were calculated by flux analysis using FITC-dextran (n=4). Results are represented as mean +SEM. * p<0.05,

** p<0.01 vs. Control; # p<0.01 vs. HMGB1 (0.1 pg/ml).

Measurement of HMGB1

We estimated the content of HMGB1 in BAL fluids and ho-
mogenates obtained from lung tissue or cell culture superna-
tant through a commercially available ELISA kit (Novateinbio,
Cambridge, MA) following the manufacturer’s instructions.

This work is licensed under Creative Common Attribution-
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Cyclic stretch

We obtained confluent cultures of MLVECs on Bioflex® culture
plates coated with Collagen |, and then performed cyclic stretch
at 20% stretch for 4 h using the Flexcell® FX-5000 Tension
System as per a previously published protocol [5]. We set up
the cyclic stretch of 30 cycles/min (0.5 Hz) frequency, alternat-
ing between 1 cycle of stretch and 1 cycle of relaxation. Control
cells were cultured in the same 37°C incubator with 5% CO,.
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Figure 2. Effect of propofol or MNnTBAP on ZO-1 (a tight junction protein) disruption in primary cultured MLVECs by HMGB1. Primary
cultured MLVECs were incubated in presence of HWGB1 and/or without propofol (100 pM) or MnTBAP (100 uM) for 24 h.
Cells were isolated and stained with ZO-1 fluorescein isothiocyanate (FITC)-labeled antibodies (green) as well as DAPI (blue
nuclear stain). Original magnification used was x400. Scale bars correspond to 50 pm.

Statistical analysis

We represented data as means +S.E.M. Comparisons among
all experimental groups were done using one-way analysis of
variance (ANOVA) followed by the Student-Newman-Keuls test.
A p value <0.05 was set as statistically significant.

Results

Propofol attenuates HWGB1-induced downregulation
of cell adherence junction molecule and endothelial
hyperpermeability

Endothelial cellular junctions regulate permeability to plasma
constituents as well as circulating cells. The integrity of junc-
tions is based on the structure possessed by junction proteins
and molecules, as well their functions [22]. We began by ex-
ploring if cell adherence junction molecule vascular endothe-
lial (VE)-cadherin expression is changed by HMGB1. As shown
in Figure 1A, following treatment for 24 h, the expression of

VE-cadherin protein decreased significantly with the increas-
ing HMGB1 concentrations (0.1 ug/ml-1 ug/ml).

To analyze the integrity of endothelial cells, we selected 10-kDa
FITC-dextran to detect its permeability to the monolayer endo-
thelium. Figure 1B shows endothelial that cellular permeability
increased dose-dependently after HWGB1 (0.1 pg/ml-1 ug/ml)
treatment for 24 h. To determine if the increased permeability
in endothelial cells caused by HMGB1 is due to cell viability,
MTT method was used to detect the percentage of viable cells
after HMGB1 (0.01 pug/ml-1 pg/ml) treatment for 24 h, and we
found no significant change (data not shown).

Next, we treated the cells with propofol in combination with
HMGB1 and found that the drug (100 uM) reversed HMGB1-
induced downregulation of cell adherence junction mole-
cule VE-cadherin as well as endothelial hyperpermeability
(Figure 1C, 1D). Meanwhile, immunocytochemistry assay
showed that HMGB1 (0.1 ug/ml) administration reduced the
cell-to-cell junction protein ZO-1 expression in the primary
cultured MLVECs (Figure 2). Propofol also reestablished ZO-1
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Figure 3. Mitochondrial oxidative injury participates in HWGB1-induced inhibition of cell adherence junction molecule and endothelial
hyperpermeability. (A, B) MitoSOX staining was used to detected mitochondrial superoxide expression followed by
analysis using flow cytometry. Both the flow cytometric representative histograms (A) and the results (B) are shown (n=3).
(C-G) MLVECs were exposed to HMGB1 (0.1ug/ml) in presence or absence of MnTBAP (100 uM) for 24 h, after which cells
were isolated for mtDNA estimation (C), diagnosis of loss of membrane potential of mitochondria (D), and ATP generation (E)
(n=4). VE-cadherin protein expression (F) were calculated by Western blot, and permeability of endothelium (G) were
estimated by analysis of FITC-dextran flux (n=4). Results are represented as mean +SEM. * p<0.05, ** p<0.01 vs. Control;

# p<0.05, # p<0.01 vs. HMGB1 (0.1 pg/ml).

localization in the endothelial cellular junctions (Figure 2).
Propofol treatment alone did not influence the permeability
of endothelium or expression of the cell adherence junction
molecule.

Mitochondrial oxidative damage participates in t HMGB1-
induced downregulation of cell adherence junction
molecule and endothelial hyperpermeability

The generation of mitochondrial reactive oxygen species is de-
tected by a specific detection probe (MitoSOX) which localizes
in mitochondria only. We found that HMGB1 (0.1 pg/ml) treat-
ment of endothelial cells resulted in a significant enhancement
in mitochondrial superoxide synthesis (Figure 3A, 3B) and a sig-
nificant reduction in DNA content of mitochondria (Figure 3C).
Mitochondrial membrane potential (Figure 3D) and ATP con-
tent (Figure 3E) were also dose-dependently decreased after
HMGB1 (0.01 pg/ml-1 ug/ml)) treatment. These results indi-
cate mitochondrial oxidative damage is catalyzed by HMGBI1.

We further sought to understand if mitochondrial oxidative
damage influenced HMGB1-mediated endothelial cell injury
and whether a novel mimetic for mitochondrial superoxide dis-
mutase 2 (SOD2) (MnTBAP) inhibited synthesis of mitochon-
dria superoxide. MnTBAP (100 puM) was observed to almost
completely block HMGB1-regulated mitochondrial superoxide
synthesis and mitochondrial oxidative damage (Figure 3A-3E).
Meanwhile, MnTBAP (100 uM) notably prevented VE-cadherin
suppression by HMGB1 (Figure 3F) as well as endothelial hy-
perpermeability (Figure 3G) in MLVECs. In addition, MnTBAP
(100 pM) salvaged ZO-1 presence in the endothelial cellular
junctions (Figure 2). Thus, these findings predict the contribu-
tion of oxidative damage of mitochondria to HMWGB1-induced
suppression of cell adherence junction molecule and hyper-
permeability of endothelium.

Propofol weakens mitochondrial oxidative damage
catalyzed by HMGB1

To demonstrate whether the protective influence of propofol
on endothelial cells is achieved by mitigating mitochondrial
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Figure 4. Propofol inhibits HMGB1-induced mitochondrial oxidative damage. (A, B) Primary cultured MLVECs were cultured using
HMGB1 (0.1 pg/ml) in presence or absence of propofol (100 uM) for 24 h. A, MitoSOX staining was used to detect levels
of mitochondrial superoxide followed by analysis using flow cytometry (n=3). B, Cells were isolated to estimate mtDNA
(n=4). (C, D) MLVECs were incubated using HMGB1 (0.1 pg/ml) in presence or absence of propofol (100pM) for 24 h (n=4).
Cells were isolated for estimating level of ATP production (C) and loss of mitochondrial membrane potential (D). Results are
expressed as mean +SEM. ** p<0.01 vs. Control; # p<0.05, # p<0.01 vs. HMGB1 (0.1 pg/ml).

oxidative damage, we examined the changes of mitochondrial
oxidative damage after propofol was combined with HMGB1
treatment of cells. As shown in Figure 4, propofol (100 uM)
significantly attenuated mitochondrial superoxide release in-
duced by HMGB1 and significantly reversed mitochondrial
DNA content induced by HMGB1 in MLVECs (p<0.01 versus
HMGB1, Figure 4A, 4B). The increased ATP content and mito-
chondrial membrane potential showed the molecule (100 pM)
could reverse HMGB1-induced mitochondrial oxidative dam-
age (Figure 4G, 4D).

Taken together, our data show that it might be protective
against endothelial cell injury from HMGB1 through suppressing
oxidative damage of mitochondria. We nest explored whether
its administration improved ventilation-triggered vascular hy-
perpermeability of lungs in vivo.

Propofol administration overcomes lung vascular
hyperpermeability caused by ventilation of high tidal
volume

Figure 5A, 5B shows that animals subjected to HV. (30 ml/kg)
displayed relevant lung injury as proven from protein con-
tent surge and higher cell count present in BAL fluid (p<0.01
compared to control cohort), which was significantly and
dose-dependent suppressed by propofol treatment. Propofol
(10 mg/kg) and LV, (6 ml/kg) had no influence on protein
amount and cell count in BAL fluid.

Protection by propofol against ventilator-mediated vascular
leak was further tested from estimation of W/D lung weight
ratio, Evans blue index, and levels of VE-cadherin. Figure 5C-5E
shows that HV, caused a higher W/D lung weight ratio and
Evans blue permeability, and also reduced synthesis of VE-
cadherin (p<0.01 vs. control group), which was remarkably
different from the drug administration (p<0.01 vs. HV, group).
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Figure 5. Propofol treatment suppresses pulmonary vascular hyperpermeability associated with ventilation at increased tidal volume.
Animals were put on LVT (6 ml/kg) or HVT (30 ml/kg) ventilation for 4 h. Propofol (10 mg/kg) was infused just prior to the
onset of ventilation, followed by infusion at 5 mg/(kg-h). Concentrations of protein (A) and cell count (B) were analyzed in
BAL fluid. Lung W/D weight ratio (C) and Evans blue index (D) were estimated as the pulmonary edema index and vascular
permeability. VE-cadherin protein expression (E) was assessed by Western blot analysis (n=7). Results are presented as mean
+SEM. ** p<0.01 vs. Control; # p<0.01 vs. 30 ml/kg ventilation.
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Figure 6. Propofol use improves pulmonary histopathological alterations caused by ventilation at increased tidal volume. Animals were
put on LVT (6 ml/kg) or HVT (30 ml/kg) ventilation for 4 h. Propofol (10 mg/kg) was injected prior to the onset of ventilation,
followed by infusion at 5 mg/(kg-h). The left lower lung was surgically isolated for histopathological analysis by HE staining.
(A) Control; (B) Propofol treatment; (C) 6 ml/kg Ventilation; (D) 30ml/kg Ventilation; (E) 30ml/kg Ventilation along with
propofol treatment. Original magnification, was kept at x200. Scale bars correspond to 100 um. (F) The extent of pulmonary
injury was scored. Results are presented as mean +SEM (n=7). ** p<0.01 vs. Control group; #*# p<0.01 vs. 30 ml/kg ventilation

group.

Mouse pulmonary tissue section histopathologic analysis
(Figure 6) revealed HV. -induced diffused interstitial edema,
thickening of alveoli, and significant reduction in air spaces of
alveoli, as well as presence of leukocytes in lungs and a high
value for histopathologic damage (p<0.01 vs. control group).
These effects were significantly altered by propofol treatment
(Figure 6E, 6F; p<0.01 vs. HV, group). Our findings indicate that
propofol suppresses ventilator-induced lung vascular hyper-
permeability in vivo.

Propofol inhibits HMGB1 production in vivo and in vitro
caused by mechanical stress

As shown in Figure 7, in the HV, group, HMGB1 RNA levels
in lung tissues and HMGB1 protein in both lung tissues and
BAL fluid were significantly higher than that in the control
group (p<0.01). In addition, propofol administration inhibited
ventilator-induced production of HMGB1 in pulmonary tissues
and release in BAL fluid. (Figure 7A-7C). Next, we examined
whether it had any effect in vitro. As expected, propofol treat-
ment reduced HMGB1 content in cell culture supernatant upon
exposure to cyclic stretch for 4 h (Figure 7D).

This work is licensed under Creative Common Attribution-
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Discussion

The adverse effects of mechanical ventilation can induce bio-
logical trauma and release a variety of molecules such as cy-
tokines, chemokines, and endogenous DAMPs [2]. HMGB1,
which is one of the best characterized DAMPs, contributes to
the increased pulmonary vascular permeability during VILI [6].
Human and animal studies observed elevated levels of HWGB1
after mechanical ventilation [6,23,24]. Abraham et al. [25] re-
ported that intratracheal introduction of HMGB1 resulted in
pulmonary edema and lung injury in mice, while anti-HMGB1
antibody reduced the increase in vascular permeability asso-
ciated with mechanical ventilation [6]. However, the mecha-
nisms by which HMGB1 induces excessive permeability of lung
endothelial cells remain largely unknown. The protein caused
cytoskeletal rearrangement and barrier disruption in lung en-
dothelial cells, as proven by previous work [26,27]. The pres-
ent study demonstrates that HMGB1 induces downregulation
of cell adherence junction molecules and increased lung en-
dothelial permeability, and propofol can alleviate this effect
caused by HMGB1.

We also found that HWGB1 causes mitochondrial dysfunction,
including increased mitochondrial superoxide release, as well
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Figure 7. Propofol suppresses HMGB1 production by mechanical stretch in vivo and in vitro. Animals were put on LVT (6 ml/kg) or
HVT (30 ml/kg) ventilation for 4 h. Propofol (10 mg/kg) was introduced prior to onset of ventilation, followed by infusion
at 5 mg/(kg-h). HWGB1 mRNA expression (A) in mouse pulmonary tissue was determined by qPCR. HMGB1 protein
expression in mouse pulmonary tissues (B) and BAL fluid (C) was estimated by ELISA assay (n=7). Primary cultured
MLVECs were exposed to cyclic stretch in presence or absence of propofol (100 pM) for 4 h. HMGB1 protein levels in cell
culture supernatant (D) were determined by ELISA assay (n=4). Results are displayed as mean +SEM. ** p<0.01 vs. Control;
## p<0.01 vs. 30 ml/kg ventilation; # p<0.05 compared to cyclic stretch.

as decreased potential of mitochondrial membrane, mitochon-
drial DNA content, and ATP generation. MnTBAP, a mitochon-
drial SOD2 mimetic, can reverse HMGB1-triggered mitochon-
drial oxidative damage and endothelial injury. These results
indicate that mitochondrial dysfunction, especially excessive
production of mitochondrial superoxide, can cause HMGB1-
induced pulmonary endothelial barrier malfunction.

Although many studies have reported the advantages of pro-
pofol, its therapeutic role with respect to VILI has been un-
known. Our work is the first to show that propofol significantly
suppresses pulmonary vascular endothelial cell injury caused
by mechanical ventilation in a VILI murine system. Lung tissue
is especially susceptible to oxidative damage due to its differ-
ent structure and function [28]. Oxidative stress is involved in
pulmonary edema, especially during mechanical ventilation-
induced lung injury [1,29]. Excessive ROS production oxidizes
different biomolecules, causing oxidative damage to differ-
ent cellular structures such as mitochondria [30]. Propofol,

an intravenous anesthetic agent, can exert anti-oxidation ef-
fects such as the endogenous antioxidant vitamin E [13]. It has
been found that the drug can reduce hepatic I/R injury and
mitochondrial dysfunction by inhibiting HIF-1at [31]. In addi-
tion, in a rat model of acute lung injury caused by LPS, propo-
fol protected rats and human alveolar epithelial cells against
HMGB1 expression [32]. In accord with such reports, our in
vitro work proved that it almost absolutely altered HMGB1-
triggered downregulation of cell adherence junction molecule
and endothelial hyperpermeability via reducing the release of
mitochondrial ROS and mitigating damage due to oxidative
stress of mitochondria in primary cultures of murine lung vas-
cular endothelial cells.

Our study shows that propofol inhibits HWGB1 production in
endothelial cells induced through mechanical stress, as well as
reduced mitochondrial oxidative damage caused by HMGBI1.
There may be several signaling pathways involved. Recent re-
search shows that the Nrf2/HO-1 pathway plays an important
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role in inhibiting secretion and production of HMGB1. For ex-
ample, glycyrrhizin decreases HMGB1 secretion via p38/Nrf2-
dependent activation of HO-1 in RAW 264.7 cells activated by
lipopolysaccharides and in endotoxemic mice [33]. In addi-
tion, Zaouali et al. [34] demonstrated decreases in SIRT1 with
HMGB1 and increased autophagy in steatotic livers, contribut-
ing to increased tolerance to cold IRI. Moreover, Lu et al. [35]
report that the JAK/STAT1 pathway to be required for LPS- or
interferon-induced nuclear translocation of HMGB1. However, the
detailed mechanisms require more studies for correct delineation.

It should be pointed out that high tidal volume ventilation
has been abandoned in clinical practice at present. The rea-
son for the use of high tidal volume VT 30 ml/kg is based on
the following 2 considerations. First, although normal tidal vol-
ume can also cause lung injury, after all, the damage is mild,
which is not conducive to the study of acute pathogenesis.
Second, most of the lung parenchyma of ARDS patients have
lost ventilation function, and normally ventilated lung tissue
accounts for less than one-third. Small tidal volume ventilation
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(VT: 6 mL/kg) is commonly used in these patients, and the ac-
tual ventilation capacity of normal lung tissue will be more
than 20 mL/kg [36].

Conclusions

In summary, our current work demonstrated that HWGB1
could trigger ROS generation in mitochondria and mitochon-
drial malfunction, thus increasing lung vascular endothelial
permeability. We explored possible advantages of propofol in
suppressing the ventilator-induced pulmonary vascular edema
and leakage caused by ventilation. Propofol protects the pul-
monary endothelial barrier through suppression of secretion
of HMGB1 and mitochondrial oxidative injury from HMGB1.
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