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Abstract
Background. Pro-inflammatory cytokines and free radicals
damage renal tissue leading to acute kidney injury (AKI)
during sepsis. Bone morphogenetic protein-7 (BMP-7) re-
presses tumour necrosis factor (TNF)-α-induced inflamma-
tory responses and protects kidney from injury. The sedative
agent, propofol, has immunomodulatory and antioxidative
properties. The present study investigated whether propofol
could reduce AKI in caecal ligation and puncture (CLP)
mice and the possible mechanism behind this.
Methods. Mice were treated with propofol or saline im-
mediately and 12 h after CLP surgery. Kidney injury,
survival and cytokine expressions of CLP mice were ob-
served 24 h after CLP surgery. In vitro, lipopolysacchar-
ide (LPS)-stimulated rat mesangial cells (RMCs) or
hydrogen peroxide (H2O2)-exposed murine kidney epi-
thelial cells (M1) were treated with propofol. The expres-
sion of BMP-7, TNF-α and monocyte chemotactic
protein (MCP)-1 in CLP mice kidney, RMCs or M1 cells
was determined by RT–PCR. Free radical generation and
cell death of RMCs and M1 cells were analysed. Nuclear
factor (NF)-κB and peroxisome proliferator-activated re-
ceptor (PPAR)-γ expressions in LPS-stimulated RMCs
were determined by western blotting.

Results. Propofol increased survival and ameliorated AKI
in CLP mice. Propofol increased BMP-7 expression but
decreased TNF-α and MCP-1 expressions in the kidney
of CLP mice and LPS-stimulated RMCs. Propofol also in-
hibited free radical generation and cell death in LPS-stimu-
lated RMCs and decreased the TNF-α expression and cell
death in H2O2-exposed M1 cells. Moreover, propofol de-
creased NF-κB but increased PPAR-γ expression in LPS-
stimulated RMCs.
Conclusions. Propofol treatment could protect kidney
from sepsis-induced AKI by increasing BMP-7 expres-
sion, decreasing inflammatory cytokines and inhibiting
oxidative stress.

Keywords: acute kidney injury; bone morphogenetic protein-7; oxidative
stress; propofol; sepsis

Introduction

Sepsis is characterized by the systemic inflammatory re-
sponse to infection and is associated with multiple organ
failure [1]. Sepsis-induced acute kidney injury (AKI) is as-
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sociated with 70% of mortality, and is a serious medical
problem in the intensive care unit [2]. The pro-inflamma-
tory responses including formation of chemotactic factors,
neutrophil recruitment, cytokines release and free radical
generation all contribute to oxidative stress thus leading
to sepsis-induced AKI [3–5]. In vivo and in vitro studies
demonstrated that exposure of animals or renal cells to
lipopolysaccharide (LPS) induces inflammatory responses
and free radical, including reactive oxygen species (ROS)
and nitric oxide (NO), generation. Antioxidants can protect
against AKI caused by oxidative stress in murine models
of endotoxaemia [2]. Inhibiting free radical generation
may influence the LPS-induced septic pathogenesis [6,7].
Despite a growing understanding of the pathophysiologcal
mechanisms of sepsis-induced AKI, pharmacological
means for preventing AKI during sepsis are relative slow
[8]. This study aims to investigate the effect of propofol on
preventing kidney injury in sepsis mice and LPS-stimulated
renal cells.

LPS activates the nuclear factor (NF)-κB pathway in the
kidney leading to inflammatory cytokine synthesis, free
radical production and cell death [9,10]. In sepsis-induced
AKI, tumour necrosis factor (TNF)-α magnifies the re-
sponses mediated by other cytokines and free radical gen-
eration through activation of the NF-κB signalling pathway
[11–13]. Promoting the activity of peroxisome proliferator-
activated receptor (PPAR)-γ could decrease TNF-α during
sepsis by inhibiting NF-κB activation [14,15]. Another
cytokine, bone morphogenetic protein-7 (BMP-7), a mem-
ber of the TGF-β superfamily, is crucial in nephrogenesis
during development. BMP-7 can reduce the severity of
glomerulonephritis and tubulointerstitial fibrosis in vari-
ous experimental models of acute or chronic renal injury
[16–19]. BMP-7 can repress TNF-α-induced inflammatory
responses during nephropathy by inhibiting the activity of
NF-κB but increasing the activity of PPAR-γ in the IgA-
induced nephropathy model [20,21]. Moreover, antioxidant
treatment may increase renal BMP-7 expression, which pro-
duces positive feedback and improves renal function during
diabetic nephropathy [22,23]. Thus, BMP-7 has been sug-
gested as a therapeutic target for the treatment of acute or
chronic kidney injuries [24].

Propofol (2,6-diisopropylphenol), containing a phenol
hydroxyl group, which confers antioxidant activity, is
widely used for the induction and maintenance of general

anaesthesia [25,26]. Propofol treatment could inhibit pro-
inflammatory cytokines in septic animal models [27–31]
and septic patients [32]. However, the effect of propofol
on sepsis-induced AKI and its molecular mechanism re-
main unclear. In this study, caecal ligation and puncture
(CLP)-induced polymicrobial sepsis in mice was used to
investigate whether propofol treatment could increase
renal BMP-7 expression and prevent kidney from sepsis-
induced AKI. The effects of propofol on regulating in-
flammatory cytokines and inhibiting oxidative stress in
LPS-stimulated mesangial cells were clarified.

Materials and methods

Animal model: CLP

Male BALB/c mice (7–8 weeks old) had free access to water and stand-
ard chow. Mice were anaesthetized with 100 mg/kg ketamine intramus-
cularly. After laparotomy, a 5-0 silk ligature was placed 5 mm from the
caecal tip. The caecum was punctured twice with a 21-gauge needle and
gently squeezed to express a 1 mm column of faecal material. In sham-
operated mice, the caecum was exposed but was neither ligated nor
punctured. Then, the abdominal incision was closed in two layers,
and 1 mL of saline was given intraperitoneally (i.p.) to all mice after
surgery. To investigate the effect of propofol during sepsis-induced
AKI, mice were divided into four groups (n = 6 in each group): (i) nor-
mal mice as control, (ii) CLP mice injected with saline, (iii) CLP mice
injected with propofol and (iv) sham-operated mice injected with propo-
fol. A subhypnotic dose of propofol 50 mg/kg (Astra Zeneca, London,
UK) [33–35] or an equal volume of saline was injected i.p. immediately
and 12 h after surgery. Twenty-four hours after CLP surgery, mice were
sacrificed, and blood from their abdominal aorta was collected for serum
biochemical analysis. The lungs, livers and kidneys of the mice were
dissected and stored in 10% formalin or frozen in liquid nitrogen for
further analysis. In another experiment, we observed the 48-h survival
of CLP mice with or without propofol treatment.

Serum biochemical analysis

Serum samples from mice were prepared by centrifugation at 12 000 g for
3 min. We analysed the levels of C-reactive protein (CRP), glutamate
oxaloacetate transaminase (GOT), glutamic pyruvic transaminase (GPT),
blood urea nitrogen (BUN) or creatinine using commercial kit reagents
(AppliedBio assay kits; Hercules, CA, USA) and an auto-analyser (Quik-
Lab, USA). Each sample was run in duplicate.

Cell culture and reagents

A rat mesangial cell (RMC) line and murine kidney cortical collecting
duct epithelial M1 cell line purchased from the American Type Culture
Collection (Manassas, USA) were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10–15% fetal bovine serum. At around
60% confluent, cells were treated with 100 ng/mL LPS (Escherichia coli

Table 1. Effect of propofol treatment on the serum CRP, GOT, GPT, BUN and creatinine levels in CLP-operated or sham-operated mice with saline or
propofol treatment

Control CLP CLP + propofol Sham + propofol

CRP (mg/dL) 3.45 ± 0.36b 6.40 ± 0.70a 4.43 ± 0.35b 3.20 ± 0.17b

GOT (U/L) 69.67 ± 6.25b 733.50 ± 128.88a 423.33 ± 87.29 143.00 ± 29.02b

GPT (U/L) 40.50 ± 7.72b 193.00 ± 21.79a 125.33 ± 26.87 52.00 ± 7.51b

BUN (mg/dL) 24.73 ± 0.94b 47.75 ± 9.84a 22.37 ± 0.61b 24.87 ± 0.70b

Creatinine (μg/dL) 0.17 ± 0.05b 0.88 ± 0.10a 0.27 ± 0.07b 0.24 ± 0.02b

aP < 0.05 compared with control mice.
bP < 0.05 compared with CLP mice. Control: normal mice, CLP: mice received CLP surgery combined with saline treatment, CLP + propofol: mice
received CLP surgery combined with propofol treatment. Sham + propofol: mice received sham surgery combined with propofol treatment.
Values (mean ± SE) were obtained from each group of six mice.
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B55:5; Sigma-Aldrich Inc., USA) in combination with different concentra-
tions of propofol (Sigma-Aldrich Inc., USA) for 24-h incubation. M1 cells
were incubated in the normal medium or the propofol-containing medium
for 5 h after 1-h H2O2 (100 μM) exposure.

Reverse transcription–polymerase chain reaction

Reverse transcription–polymerase chain reaction (RT–PCR) was per-
formed to determine the BMP-7, TNF-α or monocyte chemotactic pro-
tein (MCP)-1 mRNA expression. Total RNA of kidney or renal cells
was extracted using Trizol solution (Life Technologies) and subjected

to reverse transcription with StrataScript H-reverse transcriptase (Strata-
gene, La Jolla, CA) to generate cDNA. Gene-specific primer pairs
(sense and antisense, respectively) used are as follows: BMP-7, F5′-
CTGGATGGGCAGAGCATCAA-3′ and R5′-TGGTTGGTGGCGTTC
ATGTA-3′; TNF-α, F5′-GAGTGACAAGCCTGTAGCCCA-3′ and R5′-
CCCTTCTCCAGCTGG AAGA-3′; MCP-1, F5′-ACCTGCTGCTACT-
CATTCAC-3′ and R5′-TACAGAAGTGCTTGAGGTGG-3′; β-actin,
F5′-GCTGGAAGGTGGACAGCGAG-3′ and R5′-TGGCATCGTGATG-
GACTCCG-3′. PCR products were electrophoresed on 1.5% agarose gels
and stained with ethidium bromide. β-Actin amplification was used as an
internal control.

Fig. 1. Effects of propofol treatment on histological changes and survival of CLP mice. (A) Histological observation using H&E stain in the lung, liver
and kidney of CLP mice. Arrow: neutrophil infiltration. Arrow head: necrotic region. (B) Kaplan–Meier survival curves of CLP mice treated with saline
or propofol. *P < 0.05 values of CLP mice compared with the values of CLP + propofol mice. Control: normal mice, CLP: mice received CLP surgery
combined with saline treatment, CLP + propofol: mice received CLP surgery combined with propofol treatment.
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Intracellular ROS detection

About 5000 RMCs were seeded onto 12-well cell culture plates. Cultures
were placed in control, LPS and/or propofol-containing medium for 24 h
and then harvested. After 30-min fixation with 3.7% paraformaldehyde,
cells were washed with phosphate-buffered saline (PBS) and then stained
with 5 μM dihydroethidium (DHE; Invitrogen). Images were collected
with an Olympus IX70 fluorescence microscope.

Lucigenin assay for superoxide measurement

About 10 000 RMCs or M1 cells were incubated in control, LPS and/or
propofol-containing medium for 1 h. Cells were then trypsinized, col-
lected by centrifugation and washed. The pellet was then re-suspended
in 900 μL of Krebs buffer containing NaCl (130 mmol), KCl (5 mmol),
MgCl2 (1 mmol), CaCl2 (1.5 mmol), K2HPO4 (1 mmol) and HEPES
(20 mmol, pH 7.4), with 1 mg/mL bovine serum albumin and then trans-
ferred into a measuring chamber. Suspensions were injected with 100 μL
lucigenin (final concentration, 4 × 10−4mmol/L), and photon emissions
were counted every 10 s for up to 3 min assessed by a chemiluminescence
analyser (Tohoku Electronic Industrial Co., Ltd., Japan).

Determination of NO

The amount of nitrite in the culture medium of RMCs was detected by
Measure-iT™ High-Sensitivity Nitrite Assay Kit (Molecular Probes,

Invitrogen Detection Technologies, USA) according to the technical
bulletin.

MTT assay

RMCs were seeded in 96-well plates at a density of 10 000 cells/well. After
12 h, cells were treated with 0, 10, 50, 100 or 200 μM propofol for 24 h in
the presence of 0 or 100 ng/mL LPS. Then RMCswere washed three times
with PBS. In the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide; Sigma, USA] solution, 500 μg/mL was pipetted into
each well for 3-h incubation. After melting formazan made by adding
200 μL dimethyl sulfoxide solution (Sigma, USA), absorbance was mea-
sured at a wavelength of 570 nm using a microplate reader (Bio-RadModel
550; Hercules, CA, USA). Eight independent experiments were done.

Cell death detection

The necrotic and apoptotic cells were observed after Hoechst 33342
Staining. After LPS or H2O2 with or without propofol treatment, RMCs
or M1 cells were fixed and stained with Hoechst 33342 (final concentra-
tion 0.002% of PBS) for 30 min. We observed the cells using Olympus
IX70 fluorescence microscope.

PPAR-γ and NF-κB activation analyses

PPAR-γ and NF-κB in RMCs were detected by western blot analysis.
Nuclear extracts were prepared using the nuclear extraction kit (Pa-

Fig. 2. Effect of propofol on TNF-α, MCP-1 or BMP-7 expression in the kidney of CLP mice. The mRNA expression of TNF-α, MCP-1 or BMP-7 in
the kidney of control, CLP and CLP + propofol mice (n = 6 in each group) was detected using RT–PCR. β-Actin mRNA expression is internal control.
Semi-quantification of mRNA levels is indicated as the mean ± SE. *P < 0.05 compared with control mice, #P < 0.05 compared with CLP mice.
Control: normal mice, CLP: mice received CLP surgery combined with saline treatment, CLP + propofol: mice received CLP surgery combined
with propofol treatment.
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nomics Inc., USA) and then separated by SDS–PAGE, transferred and
immobilized on a polyvinylidene fluoride (PVDF) membrane. The
membrane was blocked by incubation with 5% non-fat dry milk in

PBS for 2 h. The membrane was then hybridized with PPAR-γ or actin
antibodies (1:1000; Santa Cruz, CA, USA) or NF-κB antibody (1:2000;
Cell Signaling, CA, USA) diluted in PBS for 16 h. Incubation with

Fig. 3. Effect of propofol on free radicals generation in renal cells. (A) RMCs were cultured in normal medium or stimulated with LPS (100 ng/mL)
in the presence of 10, 50 or 100 μM propofol for 1 h. (B) M1 cells were cultured in normal medium or stimulated with LPS (100 ng/mL). RMCs
stimulated with LPS (100 ng/mL) were taken as positive control. Superoxide generation in RMCs or M1 cells was detected using lucigenin assays.
Representative curves in chemiluminescence analyser are shown in upper panel. Quantifications of the superoxide generation are shown in lower
panel. (C) RMCs were cultured in normal medium or stimulated with LPS (100 ng/mL) or LPS plus propofol (50 μM) for 24 h. ROS generation
was observed using DHE staining. (D) Propofol (10, 50, 100 or 200 μM) inhibited NO formation stimulated by LPS (100 ng/mL) in supernatant from
RMCs using the Griess reaction. Data are presented as mean ± SE (n = 8). **P < 0.001 compared with control, ##P < 0.001 compared with LPS.
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Fig. 4. Effect of propofol on cell viability of renal cells. (A) The viability of RMCs treated with different concentrations of propofol in the presence
LPS or not was determined by MTT assay. Data represent mean ± SE (n = 8). (B) Cell death in RMCs was detected using Hoechst 33342 staining.
Control: RMCs cultured in normal medium. LPS: RMCs were stimulated with LPS (100 ng/mL) for 24 h. LPS + propofol: LPS (100 ng/mL)-stimulated
RMCs were treated with propofol (50 μM) for 24 h. (C) M1 cell death was detected using Hoechst 33342 staining. Control: M1 cells cultured in normal
medium for 6 h. H2O2: M1 cells were treated with H2O2 (100 μM) for 1 h and then incubated in normal medium for further 5 h. H2O2 + propofol: M1
cells were treated with H2O2 (100 μM) for 1 h and then the culture medium was substituted with the medium containing propofol (50 μM) for further 5-
h incubation. The arrow indicates necrotic or apoptotic cells. The counts of cell death in RMCs or M1 cells are shown in the lower panel of (B) and (C).
Data are means ± SE (n = 3). *P < 0.05 compared with control, #P < 0.05 compared with LPS.
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antibodies and detection of the antigen–antibody complex were per-
formed using the ECL kit (Amersham, UK).

Statistics

Results were expressed as mean ± standard error (SE). We used Kaplan–
Meier analysis to determine the survival distributions, and the logrank
test was used to compare two survival distributions. The semi-quantifi-
cation of RT–PCR densities and western blot results was quantified using
ImageJ. Statistical analysis was performed using ANOVA analysis and
Newman–Keuls post-hoc analysis. Statistical significance was set at P
< 0.05.

Results

Propofol reduced organ injuries and increased survival
rate of CLP mice

We used CLP mice model to establish polymicrobial sep-
sis-induced AKI. Twenty-four hours after CLP surgery, the
mice showed characteristics of sepsis, including lethargy,
piloerection, diarrhoea, huddling and malaise. The serum
levels of CRP, GOT, GPT, BUN and creatinine were higher
in CLP mice than in control mice (P < 0.05) while propo-
fol (50 mg/kg i.p.) treatment decreased those levels in CLP
mice (Table 1). The serum levels of CRP, GOT, GPT, BUN
and creatinine of propofol-treated sham-operated mice
were not significantly different from those of control mice.
In histological observations, CLP surgery induced neutro-
phil infiltration or sequestration in the kidney, lung and liver
tissues (Figure 1A). In the liver, CLP caused wide-spread
necrosis and centrilobular vacuolation of hepatocytes. In
the kidney, CLP surgery induced vacuolar degeneration in
the renal tubular epithelial cells and occasional neutrophil
infiltration around glomeruli and in the interstitium.
Propofol treatment inhibited neutrophil infiltration in
the kidney, lung and liver and decreased the necrosis
in the kidney and liver of CLP mice (Figure 1A). Propo-
fol treatment also increased the survival of CLP mice
(Figure 1B) 48 h after surgery.

Propofol decreased pro-inflammatory cytokine and
increased BMP-7 expression in the kidney of CLP mice

The TNF-α and MCP-1 mRNA expressions were higher
but the BMP-7 mRNA expression was lower in the kid-
ney of CLP mice when compared with those of the con-
trol mice (Figure 2). Propofol treatment decreased the
TNF-α and MCP-1 mRNA expressions while it increased
the BMP-7 mRNA expression in the kidney of CLP mice
(Figure 2).

Propofol decreased oxidative stress in LPS-stimulated
mesangial cells

Propofol has been reported to be an antioxidant [27,28].
The ability of propofol to decrease LPS-stimulated
superoxide generation in renal cells was measured by lu-
cigenin assay. The superoxide generation in LPS-stimu-
lated RMCs exhibited a 6-fold increase as compared
with the control RMCs (Figure 3A). In contrast, LPS

did not stimulate detectable superoxide generation in
M1 cells in this experiment (Figure 3B). Propofol treat-
ment decreased LPS-induced superoxide generation in
RMCs in a dose-dependent manner (Figure 3A). In
DHE staining, LPS induced ROS generation in RMCs,
but propofol treatment, a clinically relevant concentra-
tion (50 μM) [1,36], could inhibit this (Figure 3C).
NO production within glomeruli initiates chemical and
cellular responses mediating inflammatory signals during
sepsis-induced AKI [4]. We detected that the NO pro-
duction in RMCs was increased after LPS stimulation.
Propofol treatment dose-dependently decreased NO pro-
duction in LPS-stimulated RMCs (Figure 3D).

Propofol decreased renal cell death

LPS-induced cell death is critical in the pathogenesis of
AKI during sepsis [9,10]. MTT assay showed that pro-
pofol treatment ameliorated the decreased viability in
LPS-stimulated RMCs (Figure 4A). Hoechst 33342
staining was used to observe the LPS-induced cell death
of RMCs. The number of necrotic and apoptotic cells
increased, and propofol treatment decreased cell death
in LPS-stimulated RMCs (Figure 4B). ROS produced
by mesangial cells during sepsis, attacks renal tubular
cells thus leading to kidney injury [2,3]. M1 cells were
exposed to H2O2 and the effect of propofol on cell
death in these cells was observed. Propofol treatment
prevented H2O2-induced M1 cell death (Figure 4C).

Propofol decreased inflammatory cytokines and increased
BMP-7 mRNA expression in renal cells

The mRNA of TNF-α and MCP-1 expressions was in-
creased, while BMP-7 expression was decreased after
24-h LPS stimulation in RMCs (Figure 5). Propofol treat-
ment decreased TNF-α and MCP-1 expressions while in-
creased BMP-7 expression in LPS-stimulated RMCs
(Figure 5). In M1 cells, H2O2 exposure increased TNF-α
expression but propofol treatment significantly decreased
it (Figure 5B).

Propofol decreased NF-κB while increasing PPAR-γ in
nuclear extracts of LPS-stimulated mesangial cells

TNF-α is a major inflammatory cytokine that activates
the NF-κB signalling pathway in AKI [2]. PPAR-γ ago-
nists may reduce the serum level of TNF-α during sepsis
by inhibiting NF-κB [14,15]. BMP-7 could attenuate the
activity of NF-κB but increase the PPAR-γ activity [21].
In this study, propofol treatment decreased TNF-α and
increased BMP-7 expression in LPS-stimulated RMCs.
Therefore, we hypothesized that propofol inhibits inflam-
mation by regulating PPAR-γ and NF-κB activation. To
test this possibility, the activities of these two transcrip-
tion factors in LPS-stimulated RMCs were analysed using
western blot. To dissect the PPAR-γ and NF-κB activation,
the nuclear protein fractions were extracted as described
in Materials and methods. The activity of PPAR-γ was
inhibited (Figure 6A) but the activity of NF-κB was in-
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Fig. 5. Effect of propofol on pro-inflammatory cytokine expression in LPS-stimulated RMCs or H2O2-treated M1 cells. (A) TNF-α, MCP-1 or
BMP-7 mRNA expression in LPS-stimulated RMCs was detected using RT–PCR. Control: RMCs were cultured in normal medium. LPS:
RMCs were stimulated with LPS (100 ng/mL) for 24 h. LPS + propofol: LPS (100 ng/mL)-stimulated RMCs were treated with propofol
(50 μM) for 24 h. (B) TNF-α mRNA expression in H2O2-treated M1 cells. Control: M1 cells cultured in normal medium for 6 h. H2O2: M1
cells were treated with H2O2 (100 μM) for 1 h and then incubated in normal medium for further 5 h. H2O2 + propofol: M1 cells were treated
with H2O2 (100 μM) for 1 h and then the culture medium was substituted with the medium containing propofol (50 μM) for further 5-h incubation.
β-Actin mRNA expressions were internal control. Semi-quantification of mRNA levels is indicated as the mean ± SE (n = 3). *P < 0.05 compared
with control, #P < 0.05 compared with LPS.
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creased (Figure 6B) after LPS stimulation in RMCs.
The decreased levels of PPAR-γ activity and the increased
levels of NF-κB activity in LPS-stimulated RMCs were
reversed to the control level by propofol treatment
(Figure 6A and B).

Discussion

The present study performed CLP surgery in mice, which
causes lethal peritonitis by microbial infection and is a
valid animal model for human sepsis [29]. Consistent
with previous reports [27–29], propofol treatment signifi-
cantly reduced mortality in murine model of sepsis. This
study also demonstrates that propofol treatment could
ameliorate sepsis-induced AKI through inhibiting oxida-
tive stress, decreasing inflammatory cytokine expression
and increasing BMP-7 expression. In addition to the renal
protective effect, the serum biochemical profiles and
pathological observations in CLP mice implied that pro-
pofol treatment could decrease lung and liver injury in
CLP mice. Although the mortality of CLP mice was de-
creased by propofol treatment, the obvious liver injury re-
mained in propofol-treated CLP mice. The molecular
mechanism of extra-renal effects of propofol on redu-
cing mortality and organ injury in sepsis needs further
investigations.

TNF-α or MCP-1 recruits neutrophil infiltrating into the
renal tissue and amplifies acute tubular injury during
sepsis-induced AKI [8,11,12]. Propofol was used for
anti-inflammation by inhibiting cytokine and chemokine
production [29]. The results showed that propofol de-
creased TNF-α and MCP-1 expressions in the kidney of

CLP mice, LPS-stimulated RMCs and H2O2 exposed M1
cells. Propofol treatment also decreased the neutrophil
infiltration in glomeruli and interstitium in pathological
observations. These results imply that propofol could
decrease neutrophil infiltration in kidney by decreasing
TNF-α and MCP-1 during sepsis.

Free radical generation is increased in multiple organs
during sepsis [33,37,38]. Oxidative stress in sepsis and
the link with inflammatory gene expression are founda-
tions for intervention by either reducing oxidative stress
or inhibiting transcriptional activation of inflammatory cy-
tokines using antioxidants [3,38,39]. TNF-α induces me-
sangial and endothelial cells to produce ROS and NO
[13]. Pentoxifylline, could protect against endotoxaemia-
related AKI by decreasing serum TNF-α and NO
[40,41]. Propofol, containing a phenol hydroxyl group,
conferring antioxidant activity, could inhibit inflammatory
response by decreasing free radical production [25,26,30].
In this study, propofol inhibited the LPS-induced ROS and
NO generation in RMCs dose dependently and decreased
LPS-induced cell death. In addition to mesangial cells, the
protective effect of propofol on renal tubular cells was ex-
amined since they are susceptible by oxidative stress dur-
ing sepsis-induced AKI [2,4]. A previous study indicated
that renal tubules produced ROS on stimulation by phorbol
12-myristate 13-acetate (PMA), but the response was rela-
tively minor compared with that of glomeruli [42]. In the
present study, LPS could stimulate ROS generation in me-
sangial cells but not in tubular epithelial cells (Figure 3A
and B). Tubular cells may not be the main superoxide pro-
ducing cells but ROS can damage tubular cells during sep-
sis [3–5]. The present study also showed that propofol
could reduce H2O2-induced oxidative stress injury in renal

Fig. 6. Effect of propofol on PPAR-γ and NF-κB activation in LPS-stimulated RMCs. PPAR-γ (A) and NF-κB (B) expressions in nuclear extracts of
RMCs were determined using western blots. Control: RMCs were cultured in normal medium. LPS: RMCs were stimulated with LPS (100 ng/mL) for
24 h. LPS + propofol: LPS (100 ng/mL)-stimulated RMCs were treated with propofol (50 μM) for 24 h. The upper panel shows the protein level of
PPAR-γ, NF-κB and actin in RMCs. Semi-quantification of protein levels is indicated as the mean ± SE (n = 3) in each column and is presented in the
lower panel. *P < 0.05 compared with control, #P < 0.05 compared with LPS.
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tubular cells. These results suggest that propofol not only
inhibits free radical generation in mesangial cells but also
decreases oxidative stress-induced injury in the kidney.

BMP-7 plays a protective role in maintaining the struc-
ture and function of podocytes, mesangial cells and distal
tubular or collecting duct epithelial cells [43]. However,
BMP-7 expression disappears early by oxidative stress
suppression in acute or chronic renal diseases [16–
19,44]. The change of BMP-7 expression in sepsis-
induced AKI has not been reported. This study revealed
that renal BMP-7 mRNA expression was decreased in the
kidneys of CLP mice and in LPS-stimulated RMCs,
which suggest that BMP-7 plays a role in sepsis-induced
AKI. Elevating BMP-7 could be a therapeutic strategy for
kidney disease [44]. Whether BMP-7 is indeed directly re-
lated to propofol could be examined on BMP-7-deficient
mice in a further study. Antioxidant treatment may increase
renal BMP-7 and protect renal function in rat diabetic
nephropathy [22,45]. BMP-7 has antioxidative ability
against high glucose-induced oxidative stress in mesan-
gial cells [23]. According to the in vivo observations, pro-
pofol treatment decreased the serum level of BUN and
creatinine as well as reduced kidney injury in CLP mice.
Propofol treatment also increased BMP-7 expression in
the kidney of CLP-induced AKI mice. In vitro, propofol
treatment depressed oxidative stress while increased
BMP-7 expression in renal cells. These results suggest
that propofol could increase renal BMP-7 expression to
protect mice from CLP-induced AKI by decreasing
oxidative stress during sepsis.

During sepsis, activation of NF-κB leads to an increase
in cytokines and chemokines expression which causes
organ injury. Blocking NF-κB could be a strategy to pro-
tect against endotoxaemia [2]. On the other hand, PPAR-γ
agonists may exert their anti-inflammatory effects by nega-
tively regulating the expression of TNF-α through inhib-
ition of NF-κB [14,15]. BMP-7 could attenuate NF-κB
nuclear translocation stimulated by TNF-α in pIgA-in-
duced nephropathy and this anti-inflammatory effect of
BMP-7 is associated with PPAR-γ activation [21]. This
paper shows that propofol could decrease LPS-induced
TNF-α expression and NF-κB activation in renal cells.
Furthermore, propofol could increase the expressions of
the renal protective protein, BMP-7, and the activity of
anti-inflammatory factor, PPAR-γ. These results suggest
that propofol could decrease inflammatory responses by
increasing BMP-7 expression and the activity of PPAR-γ
to depress TNF-α/NF-κB axis in LPS-stimulated RMCs.

Conclusion

In conclusion, propofol could decrease inflammatory
cytokine and oxidative stress by inhibiting free radical
generation and increasing BMP-7 expression during
sepsis-induced AKI. Propofol could also regulate the fac-
tors responsible for inflammation, including decreasing
TNF-α-mediated NF-κB pathway and increasing PPAR-γ
expression. This research provides a possible explanation
to the molecular mechanism of propofol in protecting

kidney from sepsis-induced AKI. Thus, the widely used
sedative agent propofol might have therapeutic potential
in reducing AKI in sepsis.

Acknowledgements. This work was supported by grants CMFHR9808
from Chi Mei Medical Center and NSC 98-2313-B-309-002, NSC97-
2314-B-384-002-MY3 from the National Science Council, Taiwan.

Conflict of interest statement. None declared.

References

1. Chen RM, Chen TG, Chen TL et al. Anti-inflammatory and antiox-
idative effects of propofol on lipopolysaccharide-activated macro-
phages. Ann NY Acad Sci 2005; 1042: 262–271

2. Schrier RW, Wang W. Acute renal failure and sepsis. N Engl J Med
2004; 351: 159–169

3. Victor VM, Rocha M, De la Fuente M. Immune cells: free radicals
and antioxidants in sepsis. Int Immunopharmacol 2004; 4: 327–347

4. Wang W, Jittikanont S, Falk SA et al. Interaction among nitric
oxide, reactive oxygen species, and antioxidants during endotoxemia-
related acute renal failure. Am J Physiol Renal Physiol 2003; 284:
F532–F537

5. Yu Z, Zhang W, Kone BC. Signal transducers and activators of tran-
scription 3 (STAT3) inhibits transcription of the inducible nitric oxide
synthase gene by interacting with nuclear factor kappaB. Biochem J
2002; 367: 97–105

6. Stout RD. Macrophage activation by T cells: cognate and non-cog-
nate signals. Curr Opin Immunol 1993; 5: 398–403

7. West MA, Seatter SC, Bellingham J et al. Mechanisms of repro-
grammed macrophage endotoxin signal transduction after lipopoly-
saccharide pretreatment. Surgery 1995; 118: 220–228

8. Zager RA, Johnson AC, Lund S et al. Levosimendan protects against
experimental endotoxemic acute renal failure. Am J Physiol Renal
Physiol 2006; 290: F1453–F1462

9. Almeida WS, Maciel TT, Di Marco GS et al. Escherichia coli lipo-
polysaccharide inhibits renin activity in human mesangial cells.
Kidney Int 2006; 69: 974–980

10. Ortiz-Arduan A, Danoff TM, Kalluri R et al. Regulation of Fas and
Fas ligand expression in cultured murine renal cells and in the kidney
during endotoxemia. Am J Physiol 1996; 271: F1193–F1201

11. Heemskerk AE, Huisman E, van Lambalgen AA et al. Renal function
and oxygen consumption during bacteraemia and endotoxaemia in
rats. Nephrol Dial Transplant 1997; 12: 1586–1594

12. Kohan DE. Role of endothelin and tumour necrosis factor in the renal
response to sepsis. Nephrol Dial Transplant 1994; 9Suppl 473–77

13. van Lambalgen AA, van Kraats AA, van den Bos GC et al. Renal
function and metabolism during endotoxemia in rats: role of hypoper-
fusion. Circ Shock 1991; 35: 164–173

14. Poynter ME, Daynes RA. Peroxisome proliferator-activated receptor
alpha activation modulates cellular redox status, represses nuclear
factor-kappaB signaling, and reduces inflammatory cytokine produc-
tion in aging. J Biol Chem 1998; 273: 32833–32841

15. Lee S, Kim W, Kang KP et al. Agonist of peroxisome proliferator-
activated receptor-gamma, rosiglitazone, reduces renal injury and
dysfunction in a murine sepsis model. Nephrol Dial Transplant
2005; 20: 1057–1065

16. Klahr S, Morrissey J. Obstructive nephropathy and renal fibrosis: the
role of bone morphogenic protein-7 and hepatocyte growth factor.
Kidney Int Suppl 2003; S105–S112

17. Vukicevic S, Basic V, Rogic D et al. Osteogenic protein-1 (bone mor-
phogenetic protein-7) reduces severity of injury after ischemic acute
renal failure in rat. J Clin Invest 1998; 102: 202–214

18. Wang SN, Lapage J, Hirschberg R. Loss of tubular bone morpho-
genetic protein-7 in diabetic nephropathy. J Am Soc Nephrol 2001;
12: 2392–2399

Propofol increases BMP-7 in acute kidney injury 1171

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/26/4/1162/1881197 by guest on 10 April 2024



19. Zeisberg M, Bottiglio C, Kumar N et al. Bone morphogenic protein-7
inhibits progression of chronic renal fibrosis associated with two
genetic mouse models. Am J Physiol Renal Physiol 2003; 285:
F1060–F1067

20. Gould SE, Day M, Jones SS et al. BMP-7 regulates chemokine, cyto-
kine, and hemodynamic gene expression in proximal tubule cells.
Kidney Int 2002; 61: 51–60

21. Chan WL, Leung JC, Chan LY et al. BMP-7 protects mesangial cells
from injury by polymeric IgA. Kidney Int 2008; 74: 1026–1039

22. Yeh CH, Chang CK, Cheng MF et al. The antioxidative effect of bone
morphogenetic protein-7 against high glucose-induced oxidative
stress in mesangial cells. Biochem Biophys Res Commun 2009;
382: 292–297

23. Yeh CH, Chang CK, Cheng MF et al. Decrease of bone morpho-
genetic protein-7 (BMP-7) and its type II receptor (BMP-RII) in kid-
ney of type-1 like diabetic rats. Horm Metab Res 2009; 41: 605–611

24. Mitu G, Hirschberg R. Bone morphogenetic protein-7 (BMP7) in
chronic kidney disease. Front Biosci 2008; 13: 4726–4739

25. Green TR, Bennett SR, Nelson VM. Specificity and properties of
propofol as an antioxidant free radical scavenger. Toxicol Appl Phar-
macol 1994; 129: 163–169

26. Murphy PG, Myers DS, Davies MJ et al. The antioxidant poten-
tial of propofol (2, 6-diisopropylphenol). Br J Anaesth 1992; 68:
613–618

27. Hsu BG, Yang FL, Lee RP et al. Effects of post-treatment with low-
dose propofol on inflammatory responses to lipopolysaccharide-
induced shock in conscious rats. Clin Exp Pharmacol Physiol 2005;
32: 24–29

28. Marik PE. Propofol: an immunomodulating agent. Pharmacotherapy
2005; 25: 28S–33S

29. Song XM, Wang YL, Li JG et al. Effects of propofol on pro-inflam-
matory cytokines and nuclear factor kappaB during polymicrobial
sepsis in rats. Mol Biol Rep 2009; 36: 2345–2351

30. Brasil LJ, San-Miguel B, Kretzmann NA et al. Halothane induces
oxidative stress and NF-kappaB activation in rat liver: protective ef-
fect of propofol. Toxicology 2006; 227: 53–61

31. Runzer TD, Ansley DM, Godin DV et al. Tissue antioxidant capacity
during anesthesia: propofol enhances in vivo red cell and tissue anti-
oxidant capacity in a rat model. Anesth Analg 2002; 94: 89–93 table
of contents

32. Vanlersberghe C, Camu F. Propofol. Handb Exp Pharmacol 2008;
227–252

33. Novelli GP. Role of free radicals in septic shock. J Physiol Pharmacol
1997; 48: 517–527

34. Vespasiano MC, Lewandoski JR, Zimmerman JJ. Longitudinal ana-
lysis of neutrophil superoxide anion generation in patients with septic
shock. Crit Care Med 1993; 21: 666–672

35. Wang W, Falk SA, Jittikanont S et al. Protective effect of renal de-
nervation on normotensive endotoxemia-induced acute renal failure
in mice. Am J Physiol Renal Physiol 2002; 283: F583–F587

36. Gepts E, Camu F, Cockshott ID et al. Disposition of propofol ad-
ministered as constant rate intravenous infusions in humans. Anesth
Analg 1987; 66: 1256–1263

37. Knotek M, Esson M, Gengaro P et al. Desensitization of soluble gua-
nylate cyclase in renal cortex during endotoxemia in mice. J Am Soc
Nephrol 2000; 11: 2133–2137

38. Goode HF, Webster NR. Free radicals and antioxidants in sepsis. Crit
Care Med 1993; 21: 1770–1776

39. Carcamo JM, Pedraza A, Borquez-Ojeda O et al. Vitamin C suppresses
TNF alpha-induced NF kappa B activation by inhibiting I kappa B
alpha phosphorylation. Biochemistry 2002; 41: 12995–13002

40. Krysztopik RJ, Matheson PJ, Spain DA et al. Lazaroid and pentox-
ifylline suppress sepsis-induced increases in renal vascular resist-
ance via altered arachidonic acid metabolism. J Surg Res 2000;
93: 75–81

41. Knotek M, Rogachev B, Wang W et al. Endotoxemic renal failure in
mice: role of tumor necrosis factor independent of inducible nitric
oxide synthase. Kidney Int 2001; 59: 2243–2249

42. Baud L, Ardaillou R. Reactive oxygen species: production and role in
the kidney. Am J Physiol Renal Physiol 1986; 251: F765–F776

43. Helder MN, Ozkaynak E, Sampath KT et al. Expression pattern
of osteogenic protein-1 (bone morphogenetic protein-7) in human
and mouse development. J Histochem Cytochem 1995; 43:
1035–1044

44. Li T, Surendran K, Zawaideh MA et al. Bone morphogenetic protein
7: a novel treatment for chronic renal and bone disease. Curr Opin
Nephrol Hypertens 2004; 13: 417–422

45. Yeh CH, Chang KC, Cheng KC et al. Role of bone morphogenetic
proteins-7 (BMP-7) in the renal improvement effect of DangGui
(Angelica sinensis) in type 1-diabetic rats. Evid Based Complement
Alternat Med 2009; in press

Received for publication: 27.5.10; Accepted in revised form: 27.8.10

1172 C.-H. Hsing et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/26/4/1162/1881197 by guest on 10 April 2024




