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Heme oxygenase-1 mediates the anti-inflammatory effect of 
isoflurane preconditioning in LPS-stimulated macrophages
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Aim: The aim of this study was to investigate the anti-inflammatory action of isoflurane preconditioning in a model of 
lipopolysaccharide (LPS)-induced inflammation in RAW 264.7 macrophages and examine the role of heme oxygenase 
(HO)-1 in this process.  
Methods: Murine 264.7 macrophages were pretreated with or without 1%–3% isoflurane for 1 h. Thirty minutes later, the 
cells were incubated with or without LPS for 24 h.  Cell viability was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay and cell injury was assessed by measuring the release of lactate dehydrogenase (LDH).  
HO-1 and inducible nitric oxide synthase (iNOS) protein expression was analyzed by Western blotting.  Tumor necrosis fac-
tor (TNF)-α levels, nitrite production and HO activity were also determined.  
Results: Pretreatment with the nontoxic and clinically approved anesthetic isoflurane potently attenuated the cell injury and 
the decrease in cell viability that was induced by LPS.  Treatment or pretreatment with 2% isoflurane induced HO-1 protein 
expression and caused an induction of HO activity.  This result correlated with a decrease in iNOS expression, a decrease in 
the production of nitric oxide (NO) and impaired release of TNF-α in LPS-stimulated macrophages.  Blockade of HO activ-
ity with tin protoporphyrin (SnPP) reversed these effects.  
Conclusion: Isoflurane preconditioning exerts its anti-inflammatory activity through the HO-1 pathway in an in vitro 
inflammation model.  
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 Introduction

  Preconditioning is the phenomenon in which prior 
exposure to a stimulus induces protection against the det-
rimental effects of a subsequent insult[1].  The presence of 
volatile anesthetics before the insult has been shown to be 
protective[2, 3].  This phenomenon is termed volatile anes-
thetic preconditioning.  Isoflurane pretreatment has been 
shown to inhibit lipopolysaccharide (LPS)-induced inflam-
matory responses both in vivo[4, 5] and in vitro[6].  However, 
the underlying mechanisms for this inhibition remain elu-
sive.

Heme oxygenases (HOs) are responsible for catalyz-
ing the breakdown of heme into equimolar concentrations 
of carbon monoxide, biliverdin, and iron.  This breakdown 

utilizes molecular oxygen and reducing equivalents from 
NADPH:cytochrome P450 reductase[7].  Three different 
mammalian HO isoforms have been described, and the 
HO-1 isoform is ubiquitously distributed and known to sup-
press inflammation[8].  The beneficial effect of isoflurane pre-
conditioning may originate from its ability to induce endog-
enous cytoprotective pathways, such as the HO-1 pathway.  
Our group has previously reported that isoflurane induces 
HO-1 accumulation and that this effect is associated with 
the activation of the transcription factor HIF-1 in vitro[9, 10].  
Other groups have demonstrated the induction of HO-1 by 
isoflurane in liver tissue in vivo[11, 12].  Furthermore, studies 
have shown that HO-1 and its product, carbon monoxide 
(CO), can reduce edema, leukocyte adhesion, migration 
and the production of cytokines[13, 14].  The fact that inflam-
matory stimuli induce the expression of HO-1 suggests 
that HO-1 production is an adaptive cellular response to 
inflammation[15].  
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To better understand the role of isoflurane precondi-
tioning in inflammation, we investigated the effect of isoflu-
rane preconditioning on HO-1 expression in RAW 264.7  
macrophages.  Further, we assessed whether HO-1 was 
involved in the anti-inflammatory action of isoflurane pre-
conditioning in macrophages stimulated with LPS.

Materials and methods

Reagents
Rabbit polyclonal antibodies against inducible nitric 

oxide synthase (iNOS) and HO-1 were obtained from 51AB 
Biotech Company (Shanghai China).  A 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based 
colorimetric assay kit was obtained from Roche Applied 
Science (Roche, IN).  Isoflurane was purchased from Abbott 
Laboratories (North Chicago, IL).  Tin protoporphyrin 
(SnPP) was obtained from Porphyrin Products (Logan, 
UT).  All other reagents were purchased from Sigma-Aldrich 
(St Louis, MO) unless otherwise specified.  

Cell culture
Murine 264.7 macrophages were purchased from the Cell 

Bank of Shanghai Institutes for Biological Science (Shanghai, 
China) and cultured in Dulbecco's modified Eagle’s medium 
containing 2 mmol/L glutamine, 100 U/mL penicillin, 0.1 
mg/mL streptomycin, and 10% fetal bovine serum, as previ-
ously described[16].  The medium was changed every 3 days.  
For viability experiments using the MTT assay, the cells were 
plated at a density of 3.5×104–5×104 cells/well in 96-well tis-
sue culture plates.  The cells were grown at a density of 2×106 

cells/well in 6-well plates or 100-mm dishes for experiments 
other than the viability assay.

Isoflurane exposure and application of chemicals
Isoflurane pretreatment of the cells was performed in 

an airtight chamber, as previously described[9].  Briefly, cell 
dishes were kept in an airtight chamber that was housed 
within a water-jacketed incubator maintained at 37 °C.  An 
in-line calibrated anesthetic agent vaporizer was used to 
deliver isoflurane to the gas phase of the cultured wells.  Nor-
moxic gas was administered at a flow rate of 3 L/min, until 
the appropriate effluent concentration of the anesthetic was 
achieved.  This required approximately 10–20 min (the total 
isoflurane exposure time was 1 h).  The flow rate was then 
decreased and maintained at 900 mL/min for the indicated 
periods at 37 °C.  Effluent isoflurane, oxygen, and carbon 
dioxide concentrations were continuously monitored via 
a sampling port connected to an anesthetic agent analyzer 

(5250, RGM; Datex-Ohmeda, Madison, WI).  The pH of the 
medium before and after exposure was 7.4.  The cells were 
then removed from the chamber and were kept under nor-
mal and isoflurane-free culture conditions for 30 min before 
they were exposed to 1 μg/mL LPS for 24 h at 37 °C.  To 
determine the involvement of HO during isoflurane precon-
ditioning, the HO inhibitor SnPP (10 μmol/L) was added 
just before the application of isoflurane.  After isoflurane 
exposure, the incubation medium was replaced with fresh 
medium without SnPP before the cells were exposed to 1 
μg/mL LPS.

Cell viability and injury assessment
Cell viability was assessed using the MTT assay.  Cells 

were seeded and cultured as described above.  After treat-
ment with vehicle or isoflurane at 37 °C for 1 h, the cells 
were stimulated with 1 μg/mL of LPS for 24 h.  MTT (0.5  
mg/mL) was added during the last 3 h of culture.  After the 
medium was removed and dimethyl sulfoxide (DMSO) was 
added to the flask, the absorbance at 570 nm was measured 
using a microplate reader.  In each experiment, the results of 
the MTT measurements from the controls (samples receiving 
no treatment) were set at 100%.  The results from the sister 
cultures that were subjected to various treatments were then 
calculated as a percentage of the controls.  Cell injury was 
assessed by measuring the amount of lactate dehydrogenase 
(LDH) released using a cytotoxicity detection kit according 
to the manufacturer’s instructions (Roche, IN).  The absor-
bance was measured at 490 and 690 nm.  LDH activity was 
expressed as a percentage of the LDH release in control cul-
tures.

Western blot analysis
Western blot analysis was performed as previously 

described[17].  Briefly, 100 μg of total protein was loaded 
onto a 10% SDS-polyacrylamide gel, which was blotted onto 
nitrocellulose membranes after electrophoresis.  The primary 
rabbit anti-rat iNOS (Abcam, UK), HO-1(Abcam, UK) and 
β-actin monoclonal antibodies (Sigma, A1978) were used at 
1:500, 1:1000, and 1:4000 dilutions, respectively.  The anti-
rabbit IgG secondary antibody (KPL, USA) was used at a 
1:2000 dilution, and the signal was analyzed by enhanced 
chemiluminescence.  The abundance of HO-1 and iNOS 
proteins was normalized to β-actin using Quantity One-4.2.3 
software (Bio-Rad, Hercules, CA).

Determination of nitrite levels 
Cells in six well culture plates were pretreated with or 

without 2% isoflurane for 1 h.  Thirty minutes after the isoflu-



230

 www.nature.com/apsLi QF et al

rane pretreatment, the cells were exposed to 1 μg/mL of LPS 
or PBS for 24 h at 37 °C.  At the end of the incubation, the 
medium from the treated cells was removed and placed into a 
96-well plate (50 µL per well).  The concentration of nitrite, a 
stable oxidation product of nitric oxide (NO), in the culture 
medium was measured using the Griess Reagent Kit accord-
ing to the instructions.  The absorbance of the samples was 
read at 570 nm against a standard curve using a microplate 
reader (Bio-Rad Laboratories).

Heme oxygenase activity assay
Heme oxygenase activity was determined at the end 

of each treatment as described previously[18].  Briefly, 
microsomes from harvested cells were added to a reaction 
mixture containing nicotinamide adenine dinucleotide 
phosphate (NADPH), glucose-6-phosphate dehydrogenase, 
rat liver cytosol as a source of biliverdin reductase, and the 
substrate hemin.  The reaction mixture was incubated in the 
dark at 37 °C for 1 h and terminated by the addition of 1 mL 
of chloroform.  After being vigorously vortexed and centri-
fuged, the amount of extracted bilirubin in the chloroform 
layer was determined by measuring the difference in absor-
bance between 464 and 530 nm [extinction coefficient=40 
(mmol/L)-1·cm-1].

Measurement of TNF-α production 
The level of TNF-α in each sample was determined using 

a commercially available kit from R&D Systems (Abingdon, 
UK) performed according to the manufacturer's instruc-
tions.  Briefly, cell culture supernatants were collected imme-
diately after being treated and were spun at 13 000×g for 2 
min to remove any particulates.  The medium was added to a 
96-well plate that was pre-coated with affinity-purified poly-
clonal antibodies specific for mouse TNF-α.  An enzyme-
linked polyclonal antibody specific for mouse TNF-α was 
added to the wells and allowed to react for 2 h.  Finally, the 
plate was washed to remove any unbound antibody-enzyme 
reagent.  The intensity of the color detected at 450 nm (cor-
rection wavelength 570 nm) was measured after the addition 
of a substrate solution and was proportional to the amount of 
TNF-α produced.

Statistical analysis
Differences between the groups were analyzed using a 

one-way ANOVA and Student's t-test.  Values were expressed 
as means±SD and differences between groups were consid-
ered significant at P<0.05.

Results

Isoflurane preconditioning reduces LPS-induced cell 
injury

The LDH release, an index of cell damage, indicated that 
incubation of macrophages for 1 h with increasing concentra-
tions of isoflurane preconditioning did not induce cytotoxic-
ity compared with control cultures (Figure 1A).  However, 
exposure to LPS alone resulted in increased cell injury and 
the pretreatment of cells with 1%, 2%, or 3% isoflurane 
significantly attenuated the LPS-induced cell injury (Fig-
ure 1A).  Cell viability, as assessed by the MTT assay, also 
showed a protective effect induced by 2% isoflurane precon-
ditioning.  These results suggested that isoflurane induced 
a preconditioning effect in these cells (Figure 1B).  Because 
2% isoflurane caused maximal protection, we used this con-
centration for all subsequent experiments.  

Isoflurane induces HO activity and HO-1 expression 
in RAW 264.7 macrophages 

Macrophages respond to LPS challenge by up-regulating 

Figure 1.  Viability of cells exposed to isoflurane pretreatment and 
LPS.  Cells were pretreated with or without various concentrations 
of isoflurane (1%, 2%, and 3%) for 1 h.  They were then exposed to 
1 μg/mL of LPS or PBS for 24 h. Thirty minutes after the isoflurane 
pretreatment the cell injury was determined by LDH release (A) and 
MTT assay (B).  Cells treated with medium alone represent the control 
group.  ISO-pre=isoflurane preconditioning.  n=12–14.  Mean±SD.  
bP<0.05 vs cells without isoflurane preconditioning or LPS stimulation.  
eP<0.05 vs cells with LPS stimulation.
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many endogenous protective pathways, including the HO-1 
pathway[19].  Therefore, we determined the HO activity and 
protein expression of HO-1 in RAW 264.7 cells incubated 
or pre-incubated with isoflurane before LPS exposure.  As 
shown in Figure 2A, exposure of cells to isoflurane for 1 h 
resulted in increased HO activity.  We also assessed whether 
this effect was long lasting.  For this purpose, HO activity 
was measured in macrophages incubated with isoflurane for 
1 h, followed by 24 h of exposure to medium alone.  Interest-
ingly, HO activity remained elevated even after isoflurane 
was removed (Figure 2B), suggesting that isoflurane has a 
preconditioning effect on HO activity.  This possibility was 
further substantiated by the fact that the level of HO activity 
was similar between cells incubated for 1 h with isoflurane 
and cells exposed to isoflurane for 1 h followed by 24 h of 
incubation in medium alone.  The addition of an inhibitor 
of HO activity (SnPP, 10 µmol/L) completely abolished 
the effect of isoflurane treatment or isoflurane pretreatment 
on HO activity (Figure 2A and B).  Furthermore, treatment 
with isoflurane or pretreatment with isoflurane before incu-

bation also induced HO-1 protein expression (Figure 2D 
and 2E).  Our results demonstrated that cells incubated with 
LPS alone exhibited a marked increase in HO activity, which 
reached very high levels when LPS and isoflurane pretreat-
ment were used simultaneously (Figure 2C).

Isoflurane preconditioning reduces LPS-stimulated 
nitrite production: involvement of the HO pathway

We next assessed the anti-inflammatory action of iso-
flurane preconditioning by measuring nitrite produced by 
macrophages challenged with LPS.  As shown in Figure 3A, 
isoflurane preconditioning effectively impaired the increase 
in nitrite levels elicited by LPS treatment.  Because isoflurane 
preconditioning upregulated HO-1 protein levels, we exam-
ined whether the HO pathway played a role in the observed 
reduction of nitrite using an inhibitor of HO activity (SnPP, 
10 µmol/L) during the incubation of cells with LPS and after 
isoflurane preconditioning.  The results in Figure 3A indicate 
that SnPP completely blocked the isoflurane precondition-
ing-mediated decrease in nitrite production, thereby sustain-

Figure 2.  The effect of isoflurane on HO activity and HO-1 protein expression.  
(A) and (B) Isoflurane treatment and isofurane pretreatment on HO activity.  ISO, 
cells treated with 2% isoflurane for 1 h.  ISO-pre, cells incubated with isoflurane 
for 1 h, followed by 24 h exposure to medium alone.  HO activity was measured at 
the end of incubation.  HO activity was inhibited by SnPP.  (C) Cells were exposed 
to 2% isoflurane for 1 h, followed by 24 h incubation with or without 1 μg/mL 
of LPS.  (D)The Western blot is representative of 3 independent experiments.  
(E) Densitometric quantification of the result of (D).  n=6–9 for A, B and C.  
Mean±SD.  bP<0.05 vs cells without isoflurane preconditioning or LPS stimulation.  
eP<0.05 vs cells with LPS stimulation.
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ing the active involvement of HO in this process.
Because iNOS is involved in the inflammatory process, 

we monitored iNOS protein expression in macrophages 
exposed to isoflurane preconditioning.  We examined the 
effects of isoflurane preconditioning on protein expression 
by Western blot analysis.  Isoflurane preconditioning caused 
an inhibition of iNOS protein expression in LPS-stimulated 
RAW 264.7 cells (Figure 3B and 3C).  These results indicate 
that inhibition of iNOS expression by isoflurane precondi-
tioning occurred in parallel with the comparable inhibition 
of NO production.

Isoflurane preconditioning attenuates LPS-stimu-
lated TNF-α production

Because TNF-α is a major cytokine involved in the 
inflammatory response triggered by LPS[20], we tested the 
effect of isoflurane and isoflurane pretreatment on LPS-
induced TNF-α production.  Consistent with the results 
obtained with nitrite levels, isoflurane and isoflurane pre-
treatment markedly decreased TNF-α production by LPS 
(Figure 4A and 4B).  Importantly, inhibition of the HO path-
way with SnPP significantly prevented this preconditioning 
effect (Figure 4B).

Discussion

In the present study, we examined the potential involve-
ment of HO-1 in the anti-inflammatory activity elicited by 
isoflurane preconditioning.  We found that isoflurane precon-
ditioning potently induced HO activity and HO-1 expres-

Figure 3.  Inhibition of nitrite production and iNOS protein expression 
by isoflurane pretreatment in LPS-stimulated RAW 264.7 cells.  (A) 
Cells were pretreated with 2% isoflurane for 1 h in the presence or 
absence of SnPP before being incubated with LPS (1 μg/mL) for 
24 h.  Control cells were incubated with vehicle alone.  The culture 
supernatants were subsequently isolated and analyzed for nitrite 
production.  Data were expressed as mean±SD of six independent 
experiments.  (B) The Western blot is representative of 3 independent 
experiments.  Equal loading of proteins was verified by β-actin 
immunoblotting (lower panel).  (C) Densitometric quantification of 
the results of (B).  bP<0.05 vs cells without isoflurane preconditioning, 
LPS or SnPP stimulation.  eP<0.05 vs cells with LPS stimulation.

Figure 4.  Isoflurane modulates LPS-stimulated TNF-α production.  
(A) Cells were exposed to LPS (1 μg/mL) for 24 h in the presence 
or absence of isoflurane for 1 h (ISO) and TNF-α production was 
determined.  (B) Cells were pretreated with 2% isoflurane or vehicle 
for 1 h (ISO-pre) and SnPP (10 μmol/L), followed by incubation 
with or without LPS (1 μg/mL) for 24 h and TNF-α production was 
determined.  n=5–6.  Mean±SD.  bP<0.05 vs cells without isoflurane, 
LPS or SnPP stimulation.  eP<0.05 vs cells with LPS stimulation.
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sion in RAW 264.7 macrophages and that this induction 
correlated with a decrease in iNOS expression and impaired 
NO and TNF-α production by LPS-stimulated macrophages.  
Inhibition of HO activity by SnPP reversed these effects, sug-
gesting that the anti-inflammatory properties of isoflurane 
preconditioning involve the dynamic action of this cytopro-
tective protein.

We have recently reported that isoflurane can induce 
HO-1 expression in Hep3B cells[9] and hippocampal 
neurons[10], and here we extend our previous findings by 
showing a similar effect in macrophages.  In the present 
study, we emphasize that the strong anti-inflammatory activ-
ity of this volatile anesthetic is mediated by HO-1.  Because 
a decrease in nitrite production and TNF-α release was also 
observed when macrophages were preincubated with isoflu-
rane before LPS challenge, we can exclude that this effect was 
due to a direct interaction of isoflurane with LPS.  The persis-
tent HO-1 induction observed after the removal of isoflurane 
from the culture medium may be due to the ability of isoflu-
rane to modulate the expression of HO-1 genes.  Although 
the contribution of HO-1 products (ie, CO, biliverdin, and 
iron) has not been examined, several studies[13, 21, 22] point 
to HO-1-derived CO as the potential metabolite to combat 
inflammation, which is the common denominator of cardio-
vascular and neurodegenerative diseases.  On the other hand, 
isoflurane preconditioning protected macrophages from 
the LPS-induced release of LDH, highlighting the ability of 
isoflurane preconditioning to protect against specific types 
of cellular damage.  Consistent with previous reports[4] using 
1.4% isoflurane preconditioning, we also found that LPS-
stimulated TNF-α production was significantly diminished 
by isoflurane pretreatment, further sustaining the role of 
isoflurane as a potent inhibitor of proinflammatory media-
tors induced by endotoxin.  Notably, inhibition of HO activ-
ity by SnPP completely abolished this effect, indicating that 
the HO pathway contributes to the isoflurane pretreatment-
mediated anti-inflammatory action by modulating crucial 
steps of the inflammatory response.  

Proinflammatory cytokines and bacterial products trig-
ger iNOS expression and NO production in various cells, 
including macrophages treated with volatile anesthetics[23].  
The NO can then produce proinflammatory and other effects 
detrimental to the cell.  Our study demonstrated that isoflu-
rane preconditioning reduced LPS-induced iNOS expres-
sion within the cells and prevented nitrite accumulation in 
the incubation medium.  Recently, Xu et al demonstrated 
that 2% isoflurane inhibited iNOS and nitrite accumula-
tion induced by LPS and interferon-γ in rat macrophages[6].  
Blockade of the HO enzyme by administration of SnPP abol-

ished this induction in isoflurane-pretreated cells, indicating 
that HO is directly involved in the mechanism of isoflurane 
preconditioning.  Because the activation of the iNOS-NO 
pathway may mediate LPS-induced injury, our results sug-
gest that attenuation of the activation of this pathway may be 
the mechanism by which isoflurane preconditioning induces 
protection.  

In conclusion, our results provide the evidence that pre-
treatment with the nontoxic and clinically approved anes-
thetic isoflurane potently induced HO activity and HO-1 
expression in RAW 264.7 macrophages.  This induction 
correlated with a decrease in iNOS expression and impaired 
production of NO and TNF-α by LPS-stimulated mac-
rophages.  Inhibition of HO activity by SnPP reversed these 
effects, suggesting that the anti-inflammatory properties of 
isoflurane preconditioning involve the dynamic action of this 
cytoprotective protein.  Our findings may also have implica-
tions for clinical medicine and experimental biology because 
isoflurane is frequently used in animal studies and in patients 
with ongoing pulmonary infection and inflammation.
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