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Propofol alleviates acute lung injury following orthotopic
autologous liver transplantation in rats via inhibition
of the NADPH oxidase pathway
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Abstract. Acute lung injury (ALI) induced by liver transplanta-
tion is detrimental to patient survival, and therapeutic strategies
remain limited. Thus, the protective effects of propofol, a
commonly used anesthetic with antioxidative and anti-inflam-
matory properties, were investigated in the present study on
ALI induced by orthotopic autologous liver transplantation
(OALT). The protective mechanism of propofol was deter-
mined to be associated with the inhibition of NADPH oxidase,
by comparing its effects with the positive controls apocynin
(AP; an NADPH oxidase inhibitor) and N-acegysteine (NAC; a
scavenger of reactive oxygen species). The results demonstrated
that two proteins (p47phox and gp9lphox) of the NADPH
oxidase system presented increased expression in rats with ALI
induced by OALT, thus leading to increased activation of the
oxidative stress and inflammatory reactions. Preconditioning
with NAC or AP eliminated this increase, suggesting that
antioxidative treatment, particularly with inhibitors of NADPH
oxidase, is a promising protective strategy against ALI induced
by OALT. Propofol preconditioning at a high (100 mg/kg) or
low (50 mg/kg) dose promoted similar protective effects, with
the high-dose propofol producing a more marked effect than
the low dose. The results suggested that propofol may protect
against ALI induced by OALT, the mechanism of which may
involve a reduced oxidative stress and inflammatory reaction
mediated by NADPH oxidase inhibition.
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Introduction

Liver transplantation is considered to be the most effective
treatment for end-stage liver disease. However, a variety of
postoperative complications severely affect patient survival,
one of which is acute lung injury (ALI). It has been indicated
that the incidence of ALI in liver transplantation patients is
34.2~77.8% (1). Among patients with ALI, those who develop
acute respiratory distress syndrome (ARDS) have a mortality
rate of 76.5%. Thus, the treatment of complications in the
lungs is crucial to the recovery of patients undergoing liver
transplantation. Strategies used to protect the lungs in this
operation, however, remain limited, thus it is important to
determine novel protective methods.

During liver transplantation, the inferior vena cava (IVC)
and portal vein (PV) are interrupted, which causes hypotension
and intestinal congestion, resulting in ischemia-reperfusion
injury. Reactive oxygen species (ROS), endotoxins and cyto-
kines enter into the circulation and damage remote organs
and systems, of which the lungs are considered to be the most
vulnerable (2). Therefore, therapeutic strategies alleviating
ALI induced by liver transplantation are required to improve
patient prognosis.

Oxidative stress and inflammation are considered as the
main causes of ALI (3), and previous studies have provided
evidence that oxidative stress or inflammatory damage serve
an important function in this pathological process (4,5). Thus,
antioxidative therapies for lung protection require investiga-
tion, particularly in liver transplantation (6). NADPH oxidase
is one of the key enzymes in ROS production; its inhibition
may be effective in reducing the levels of ROS, thus further
reducing oxidative stress and inflammation (7). Therapeutic
strategies targeting NADPH oxidase have not been widely
studied, and few have been utilized clinically.

Propofol, an intravenous anesthetic with a hydroxyl group
attached to its benzene ring (phenol) (8), is widely used
clinically. The antioxidant and anti-inflammatory properties
of propofol, which are considered to be due to its phenolic
hydroxyl group, have become a focus of recent research.
However, whether propofol can effectively attenuate ALI
induced by liver transplantation remains unclear. Thus, in
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the current study, a rat OALT model was used to explore the
protective effects of propofol on ALI induced by liver trans-
plantation compared with positive controls, including: NAC
[a non-specific antioxidant (14)] and AP [a specific NADPH
oxidase inhibitor (15)]. The mechanisms of the protective
effect of propofol were analyzed, and suggested to be associ-
ated with the reduction in oxidative stress and inflammatory
reaction mediated by the inhibition of NADPH oxidase.

Materials and methods

Animals. The National Institutes of Health criteria for the
care and use of laboratory animals in research was followed.
The study was approved by the Laboratory Animal Care
Committee of Sun Yat-Sen University (Guangzhou, China).
Adult specific pathogen-free male Sprague-Dawley rats (body
weight, 180-220 g) were purchased from the Laboratory
Animal Center of Sun Yat-Sen University.

Rat OALT model establishment. Rats were fasted for 8 h
with free access to drinking water prior to surgery, and were
subsequently injected with 1mg/kg atropine (Nanjing Keygen
Biotech Co., Ltd, Nanjing, China) 15 min prior to surgery in
order to prevent secretion, which may lead to asphyxia in rats.
An open face guard was used to administer 2% ether anes-
thetic via inhalation (Nanjing Keygen Biotech Co., Ltd). The
constructed OALT model was similar to that described previ-
ously (9,10). Subsequent to entering the abdominal cavity, the
falciform ligament of the liver was resected and ligated, and the
left vena phrenica along the esophagus was severed. The liver
was exposed until the superior vena cava (SVC) was completely
freed. Silk thread was use to raise the freed SVC slightly, in
order to be easily blocked using vascular clamps at a later stage.
The liver was then placed back in its original position and the
IVC was dissected until the upper region of the left renal vein
was completely separated. The first hepatic portal was dissected
and the PV was separated from the convergence of the inferior
mesenteric and splenic veins. The hepatic artery and biliary tract
were dissected and separated together due to their anatomical
relationship. The hepatic portal veins were ligated. Vascular
clamps were used on the hepatic artery, SVC, IVC and at the
convergence of the inferior mesenteric and splenic veins. The
PV was punctured with a 24-gauge needle and fixed in place
with a vascular clamp in preparation for reperfusion. Ringer's
lactate solution (Jetway Biotech Co., Ltd, Guangzhou, China),
precooled to 4°C, was injected during reperfusion at 2.5 ml/min
and a I-mm incision was made on the wall of the IVC as an
outflow tract. The needle was then extracted and the openings
of the PV and the IVC were closed using 8-0 sutures and the PV,
SVC, IVC and hepatic artery were unclamped. The anhepatic
phase lasted for 20+1 min.

Animal groups. The experimental animals were randomly
divided into seven groups using a random number table,
which considered the weights of the animals, as follows
(n=8 in each group): The sham (S), model with saline (M),
fat milk (FM), low propofol dose (LP), high propofol dose
(HP), NAC (NC) and apocynin (AP) groups. Groups S and M
were injected with 2 ml/day physiological saline (Jetway
Biotech Co., Ltd) for three consecutive days. Groups FM,
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Table I. Rat body weight and anhepatic phase duration time.

Group Weight (g) Anhepatic phase (min)
S 198.3+10.3 -

M 202.6+£9.7 19.7+£0.5

FM 213.4+x12.3 20.0+£0.9

LP 195.1+154 19.9+1.1

HP 208.3+18.0 19.3+£0.6

NC 199.2+13.3 20.5+0.3

AP 215.8+19.2 19.4+0.5

LP, HP, NC and AP were injected with fat milk [2 ml/day;
intraperitoneal (i.p.) injection; Mitsubishi Pharma Co., Ltd,
Guangzhou, China], propofol (50 mg/kg; i.p.; 1% Diprivan;
CG411; AstraZeneca, Caponago, Italy), at previously
determinend doses (11); propofol (100 mg/kg; i.p.), NAC
(150 mg/kg; i.p; Sigma-Aldrich, St. Louis, MO, USA) (12);
or apocynin (5 mg/kg; i.p.; Sigma-Aldrich) (13), respectively,
for three consecutive days. All drugs were diluted in 2 ml
physiological saline. On the fourth day, the rats in group S
were subject to celiotomy and vascular separation under
anesthesia. The rats in the other groups underwent the OALT
operation. Lung tissues were collected 8 h subsequent to liver
transplantation (10).

The rat body weights and the anhepatic phase duration
times in the seven groups are displayed in Table I, with no
significant differences observed between groups (P>0.05).

Disposal of specimens. The animals were anesthetized via
intraperitoneal injection of 10% chloral hydrate (3.5 ml/kg;
Jetway Biotech Co., Ltd) 8 h subsequent to OALT; subse-
quently, 2ml air was injected into the tail vein in order to
sacrifice the rats. The thorax was opened and all lung tissues
were removed. The middle lobe of the right lung was weighed
on an electronic scale and the inferior lobe was fixed in
10% buffered formalin (Nanjing Keygen Biotech Co., Ltd)
and embedded in paraffin (Nanjing Keygen Biotech Co., Ltd)
for histological evaluation. The remaining lung tissue was
promptly transferred into liquid nitrogen (Nanjing Keygen
Biotech Co., Ltd) for storage until it was required for p47phox
and gp9lphox expression assays and the measurement of
hydrogen peroxide (H,0,), malondialdehyde (MDA) and
superoxide dismutase (SOD) activity.

Lung histology. The lung tissues were sectioned (~4 mm)
and stained with hematoxylin and eosin (H&E; Nanjing
Keygen Biotech Co., Ltd). The sample groups were analyzed
blindly and the pathology was scored as described by
Franco-Gou et al (16). The graded edema of the alveolar
mesenchyme, intra-alveolar cell infiltration and alveolar
hemorrhage were also scored.

Lung water content. The wet weight of the superior lobe of the
right lung was measured, and then the samples were placed
in an oven for 24 h at 80°C in order for them to dry out; once
water was evaporated the tissue reached a constant weight.
The water content of the lung was calculated as follows:
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Figure 1. Pathological alterations in lung tissue following OALT. (A) Histological pathological changes in lung tissue. Magnification, x100. (B) Lung patho-
logical scores. (C) Alterations in water content of the lung tissues following OALT. Data are presented as the mean =+ standard deviation (n=8 in each group).
“P<0.05 vs. group S, "P<0.05 vs. group M, *P<0.05 vs. group LP. S, sham; M, saline control; FM, fat milk control; LP, low-dose propofol; HP, high-dose
propofol; NC, N-acegysteine positive control; AP, apocynin positive control; OALT, orthotopic autologous liver transplantation.

Water content = (lung wet weight - lung dry weight)/lung wet
weight x 100 (11).

Western blot analysis. Lung tissues were finely homogenized,
suspended in ice-cold lysis buffer (1.5 ml/g tissue; Nanjing
Keygen Biotech Co., Ltd) and then centrifuged (12,000 x g for
10 min at 4 °C). The supernatants were collected for analysis.
Following measurement of the protein concentration of
each sample, 50 pug of the sample was solubilized in sodium
dodecyl sulfate (SDS) loading buffer (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) by boiling. The samples were loaded
onto a 10% polyacrylamide gel (Invitrogen Life Technologies,
Carlsbad, CA, USA) and SDS-PAGE (Bio-rad Laboratories,
Inc.) was conducted. They were then transferred to a polyvinyli-
dene difluoride (PVDF; Bio-rad Laboratories, Inc.) membrane.
The PVDF membrane was subsequently incubated with mono-
clonal mouse anti-human p47-phox (sc-17845) and gp91-phox
(sc-74514) antibodies (1:500; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) as well as monoclonal mouse Immunoglobulin
G1 anti-pB-actin (1:8,000; A5441; Sigma-Aldrich) , followed
by the corresponding horseradish peroxidase-conjugated
secondary antibodies (1:2,00; Santa Cruz Biotechnology,
Inc.). Protein-antibody complexes were detected with an
enhanced chemiluminescence system (KGP1125; Nanjing
Keygen Biotech). Protein band sizes were estimated using
AlphaView 2.2.14407 software (ProteinSimple, Santa Clara,

CA, USA). The density measurement was correlated to the
protein expression and normalized to 3-actin.

Detection of H,0,, MDA, SOD, tumor necrosis factor-o.
(TNF-a) and interleukin-6 (IL-6). H,0,, MDA and SOD levels
were measured using the corresponding kits (H,0, kit, MDA kit
and SOD assay Kkit; all purchased from Nanjing Keygen
Biotech. Co., Ltd) according to the manufacturer's instruction.
The concentrations of TNF-a and IL-6 were measured using
respective ELISA kits (Nanjing Keygen Biotech. Co., Ltd.).

Statistical analysis. All data are presented as the mean =+ stan-
dard error and analyzed using SPSS software, version 12.0
(SPSS, Inc., Chicago, IL, USA). The differences between
groups were analyzed using one-way ANOVA. P<0.05 was
considered to indicate a statistically significant difference.

Results

Propofol protects against OALT-induced changes in lung
morphology. Alterations in lung morphology following
OALT were estimated using H&E staining. Greater lung
damage was observed in group M than group S (blood
vessel liberation only). Clear inflammatory cell infiltration
and alveolar exudates were observed and the pulmonary
interstitium exhibited hyperemia and severe hemorrhage
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Figure 2. Expression levels of the NADPH oxidase subunits p47phox and gp91phox in lung tissues following OALT. (A) Relative density of p47phox to f-actin
expression. (B) Relative density of gp91phox to B-actin expression. Data are presented as the mean + standard deviation (n=8 in each group). "P<0.05 vs.
group S, "P<0.05 vs. group M, ¥P<0.05 vs. group AP. S, sham; M, saline control; FM, fat milk control; LP, low-dose propofol; HP, high-dose propofol; NC,
N-acegysteine positive control; AP, apocynin positive control; OALT, orthotopic autologous liver transplantation.
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Figure 3. Concentration of (A) H,0,, (B) MDA, (C) SOD, (D) TNF-a and (E) IL-6 following OALT. Data are presented as the mean + standard deviation
(n=8 in each group). 'P<0.05 vs. group S, *P<0.05 vs. group M, *P<0.05 vs. group LP. H,0,, hydrogen peroxide; MDA, malondialdehyde; SOD, superoxide dis-
mutase; TNF-a, tumor necrosis factor-a; IL-6, interleukin 6; S, sham; M, saline control; FM, fat milk control; LP, low-dose propofol; HP, high-dose propofol;
NC, N-acegysteine positive control; AP, apocynin positive control; OALT, orthotopic autologous liver transplantation.

(Fig. 1A and B) (16). Propofol, at low (50 mg/kg) and high
(100 mg/kg) doses, significantly protected against lung
damage, producing similar results as the two established
antioxidants, NAC and AP. In addition, the high-dose
propofol was more efficacious than the low-dose, and
as a solvent control of propofol, fat milk did not exhibit
any protective effects on lung tissue (group FM).

Propofol reduces lung water content. The water content
of the middle lobe of the right lung was measured
in order to estimate the extent of pulmonary edema
following OALT, as this measure is indicative of patho-
logical damage. Propofol reduced the water content of

lungs significantly, producing similar results to NAC and
AP (Fig. 1C). The results suggested that ALI induced by
liver transplantation was severe, but propofol was able
to reverse this damage and attenuate pulmonary edema.

NADPH oxidase protein expression in lung tissue. NADPH
oxidase, a key multiprotein system involved in the generation
of ROS, consists of cytochrome b558 (gp91phox and p22phox)
on the membrane and cytosolic soluble proteins (p67phox,
p47phox, p40phox and Racl/Rac2). The current study focused
on the alterations in p47phox and gp91phox levels in the lungs
subsequent to OALT, as these proteins are fundamental for the
activity of the NADPH oxidase system. AP (an inhibitor of
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NAPDH oxidase) and NAC (a ROS scavenger) were used as
positive controls. As demonstrated in Fig. 2, propofol, NAC
and AP pretreatment significantly reduced the expression of
p47phox and gp91phox induced by OALT, compared with the
saline control group, with levels similar to those of the sham
group. The results suggested that NADPH oxidase activity is
enhanced in lung tissues following liver transplantation. Thus,
as propofol produces similar antioxidant effects to NAC and
AP, this is thought to be mediated by the inhibition of NADPH
oxidase activity.

Alterations in levels of oxidative stress and inflammation in
lung tissue following liver transplantation. NADPH oxidase
produces large quantities of ROS, which are involved in the
processes of oxidative stress, inflammation, cell signal trans-
duction, cell proliferation and apoptosis (17,18). Previous studies
have implicated oxidative stress and the inflammatory reaction
to serve important functions in the development of ALI (19,20).
Thus, alterations to oxidative and inflammatory damage in
ALI induced by liver transplantation were focused upon in the
present study. The concentrations of H,O,, MDA and SOD in
the lungs subsequent to OALT were determined, which reflects
the balance of oxidative stress (21,22). Results indicated a
significant increase in the levels of H,O, and MDA subsequent
to OALT, and propofol, NAC and AP pretreatment reduced
this increase. The high-dose propofol produced a significantly
reduced level of H,O, and MDA compared with the low dose
(Fig. 3A and B). However, the opposite effect was observed in
the levels of SOD, with the lowest levels observed in the saline
and fat milk groups, and an increase following propofol, AP and
NAC pretreatment (Fig. 3C). The results suggested that propofol
effectively reduced ROS production and alleviated oxidative
damage to protect against the lung damage induced by OALT,
in a similar manner to the positive controls NAC and AP.

To analyze another aspect, the levels of two cytokines
(TNF-a and IL-6) that are important in ALI were measured.
Fig. 3D and E illustrates that the levels of TNF-a and IL-6 were
reduced by propofol pretreatment prior to OALT compared
with levels following saline treatment, similar to the levels
observed following NAC and AP pretreatment. This suggests
that propofol attenuated OALT-induced inflammatory factors in
order to protect the lung tissue against inflammatory damage.

Discussion

ALI is a major complication of OALT that significantly affects
prognosis, resulting in an increased mortality rate (23). Thus,
the influence of liver transplantation on remote lung damage
was investigated in the present study, with an aim to develop
a novel strategy to protect the lungs during this procedure.
In the current study, a rat OALT model was used to observe
alterations in pathological lung injuries. The rat model closely
mimicked the aspects of the liver transplantation procedure,
including blockade of the SVC, IVC and PV, cold liver protec-
tion, fluid perfusion, liver ischemia-reperfusion injury and
passive congestion of the intestine. All of the above contributed
to the investigation of the effects of OALT procedures on lung
damage, but did not take into account the complex situation
of liver rejection. The data demonstrated that ALI induced
by liver transplantation was serious, and the ROS induced
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by NADPH oxidase participated in this process through acti-
vating secundum oxidative stress and inflammatory reaction.
AP and NAC (inhibitors of NADPH oxidase) preconditioning
diminished this damage effectively, and the observation
that propofol produced similar antioxidative effects to these
suggests that the protective mechanism of propofol involves
NADPH oxidase inhibition.

Several studies have illustrated that oxidative stress and
the inflammatory reaction are key in the pathogenesis of
ALI (24,25). During liver transplantation, the IVC and PV
require interruption, which results in hypotension and intestinal
congestion, leading to ischemia-reperfusion injury, in which
ROS, endotoxins and cytokines enter into the blood circulation
and damage remote organs and systems. ROS directly damage
lung parenchymal cells via lipid peroxidation, in addition to
the basement membrane of capillaries and pulmonary inter-
stitial cells, thereby resulting in severe pulmonary edema (26).
Previous studies have indicated that a reduction in ROS produc-
tion may alleviate liver or lung ischemia-reperfusion injury (27),
as a sudden influx of ROS can overwhelm innate protective
measures and lead to organ injury (28). ROS are formed through
various key enzymes, including xanthine oxidase, NADPH
oxidase and nitric oxide synthase (29-31), of which NADPH
oxidase-dependent ROS formation is considered to be the most
important. Thus, in the current study, the main focus was upon
this pathway, to explore the effects of liver transplantation on
remote lung damage. NADPH oxidase is present in neutrophils,
macrophages and on the membranes of endothelial cells, partic-
ularly in pulmonary vasculature where it is prevalent (31,32).
Previous studies have demonstrated that the increase in NADPH
oxidase is the main mechanism of ischemia-reperfusion injury,
and its inhibition with diphenyliodonium (31) and apocynin (15)
for example, have markedly reduced ROS formation and tissue
damage in previous in vivo studies. Apocynin is a direct inhib-
itor of NADPH oxidase, and NAC may act as a ROS scavenger
by promoting the synthesis of glutathione (33). The observation
that two NADPH oxidase inhibitors with different mechanisms
yielded similar results suggested that ROS production mediated
by NAPDH oxidase serves an important role in ALI induced by
OALT. Thus, antioxidant preconditioning reduced the resulting
lung damage.

Propofol contains a phenol hydroxyl group that confers
antioxidant activity. Takao er al (34) suggested that a high dose
of propofol mitigates the physiological, biochemical and histo-
logical deterioration of ALI during endotoxemia. Propofol
has also been reported to exert significant protective activity
against ischemia-reperfusion-induced cardiac injury, partly
through the reduction in ROS and H,O, generation (35,36).
In the current study, propofol was demonstrated to produce a
similar effect to that of NAC and AP on lung tissue; reducing
expression of NADPH oxidase (Fig. 2) and levels of H,O, and
MDA, but increasing the level of SOD (Fig. 3). Propofol was
also observed to act as an antioxidant, inhibiting NAPDH
oxidase to protect lung tissue from oxidative stress. The results
of the current study indicate that propofol, as an antioxidant,
can be applied and used clinically.

Excessive inflammation is considered to be one of the
underlying mechanisms of the pathogenesis of ALI/ARDS, in
which TNF-a and IL-6 are the major cytokines involved (37).
Oxidative stress and the inflammatory reaction interact in a
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complex way to act in the pathogenesis of lung damage. Studies
have demonstrated that ROS are fundamental to oxidative
stress and the inflammatory reaction (38,39). The current study
demonstrated that NAC and AP application inhibited NAPDH
oxidase in the earlier phase and reduced or eliminated ROS
production. This was beneficial for reducing oxidative stress
and the inflammatory reaction in the lungs, mediated by OALT.
Propofol preconditioning was observed to produce similar
effects to NAC or AP, thus propofol was hypothesized to also
reduce the inflammatory reaction initiated by ROS through the
inhibition of NAPDH oxidase (Fig. 3D and E). An additional
study demonstrated that propofol also possessed anti-inflamma-
tory properties, however, it was unknown whether it was able to
effect oxidative stress through its anti-inflammatory action (40).
Further investigations to further elucidate this are required.

In conclusion, the current study demonstrated that propofol,
a common clinically used anesthetic, protects against lung
damage via the inhibition of oxidative stress and the inflam-
matory reaction, particularly via NADPH oxidase inhibition.
This may be used as a novel strategy for organ protection
during liver transplantation. Further investigation into the
optimal protective dose and administration time of propofol
should be conducted in future studies.
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