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Abstract – Acute attacks of porphyria are most commonly precipitated by events that decrease heme concentrations. 
Enzyme inducing-drugs are the most important triggering factors, particularly in relation to anaesthesia. We have reported 
previously that Enflurane and Isoflurane produced significant heme metabolism alterations, indicating that the use of these 
anaesthetics in porphyric patients should be avoided. The aim of this work was to evaluate the effect of the anaesthetic 
Sevoflurane on heme pathway and drug metabolizing Phase I system in mice. To this end, animals received different doses 
of the anaesthetic (1-2 ml/kg) and were sacrificed at different times (5-60 min). Data revealed important alterations in the 
enzymes involved in Acute Intermittent Porphyria, such as an induction in hepatic 5-Aminolevulinic acid synthetase 
activity and a diminished Porphobilinogen deaminase activity in liver and blood 20 minutes after Sevoflurane 
administration to mice in a dose of 1.5 ml/kg. Heme oxygenase activity was also induced, indicating the onset of oxidative 
stress. Total CYP levels and CYP2E1 expression were enhanced. As a consequence of these events, heme free pool would 
be depleted. In conclusion, our results in mice would suggest that Sevoflurane should be used with caution and very careful 
control in porphyric patients. 
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INTRODUCTION 

 
The porphyrias can be classified according 

to the organ where clinical expression of the 
biochemical defect is maximum in either 
hepatic or erythropoietic tissues, or according to 
the main clinical symptom in either acute or 
cutaneous porphyrias (1). The latter 
classification is particularly useful for 
anaesthetic practice because only the acute 
forms of porphyrias are of major anaesthetic 
relevance, since these are the conditions that 
may result in life-threatening reactions to drugs 
(16). 

 
 

Abbreviations: ALA-S , 5-aminolevulinic acid synthetase; 
AIP , Acute Intermittent Porphyria; CPR, NADPH 
Cytochrome P450 reductase; CYP, cytochrome P450;  HO, 
heme oxygenase; i.p., intraperitoneal; PBG-ase, 
Porphobilinogenase; PBG-D, porphobilinogen deaminase  

 

 
Acute attacks of porphyria are most 

commonly precipitated by events that decrease 
heme concentrations, thus increasing the 
activity of 5-Aminolevulinic acid synthetase 
(ALA-S) and so stimulating the production of 
precursors and porphyrinogens (23, 26). Acute 
exacerbation may be precipitated by a number 
of factors, including physiological hormonal 
functions, fasting, stress and infection (11, 34). 
Enzyme inducing-drugs are by far, the most 
important triggering factors, particularly in 
relation to anaesthesia (14).  

Sevoflurane (polyfluorinated methyl-
isopropyl compound, (CF3)2CHOCH2F) is an 
inhalation anaesthetic agent, first described in 
1972, that was released for clinical use first in 
Japan in 1990 and then, in 1995-1996 in 
Germany and United States (3, 10, 25, 28, 36, 
38). In comparison with other inhalational agents 
such as Isoflurane or Halothane, the most 
important property of Sevoflurane is its low 
solubility in blood (3, 13, 31). This results in a 
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more rapid uptake and induction, than other 
anaesthetics of the same family, and also faster 
elimination and recovery.  In humans, 2 to 5% of 
the absorbed dose of Sevoflurane is metabolised; 
leading to the formation of inorganic fluoride and 
the organic fluoride metabolite 
hexafluoroisopropanol which is conjugated with 
glucuronic acid and rapidly excreted by the 
kidneys (18). Cytochrome P4502E1 (CYP2E1) is 
predominantly responsible for the 
biotransformation of Sevoflurane (17, 37). 

We have reported previously that 
Enflurane and Isoflurane produced important 
heme metabolism alterations, indicating that the 
use of these anaesthetics in porphyric patients 
should be avoided (5-9). 

The aim of this work was to evaluate the 
effect of Sevoflurane on heme pathway in mice 
with special attention to the enzymes altered in 
Acute Intermittent Porphyria (AIP). Drug 
metabolizing Phase I system was also 
investigated. 
 

MATERIALS AND METHODS 

Chemicals 
Sevoflurane was from Abbott Laboratories S.A. 

Antibodies were from Stressgen Bioreagents or Santa Cruz 
Biotechnology and ECL detection system was from GE 
Healthcare. All other chemicals used were reagent grade 
obtained from Sigma Chem. Co., St. Louis, USA. 
 
Animals 

Albino male CF1 mice (4-6 animals/group) 
weighing 25-30 g (6 weeks old) were maintained in con-
trolled conditions and allowed free access to food (Purina 
3, Asociación de Cooperativas Argentinas, San Nicolás, 
Buenos Aires, Argentina) and water. Animals received 
human care and were treated in accordance with the 
guidelines established by the Animal Care and Use 
Committee of the Argentine Association of Specialists in 
Laboratory Animals (AADEALC). 
 
Experimental design 
- Dose-response studies: Animals received a single dose 

of Sevoflurane: 1, 1.5 or 2 ml/kg (0.3:3; 0.45:3; 0.6:3, 
v/v in corn oil, i.p.) and were sacrificed 20 minutes 
after injection. 

- Time-response studies: Animals received a single dose 
of Sevoflurane: 1.5 ml/kg (i.p.) and were sacrificed at 
different times (10-60 minutes) after injection.  
Control animals were injected with corn oil used as 

vehicle, and were sacrificed at the same time of 
anaesthetised group. Animals were starved 16 hours prior to 
the treatments all performed at the same time of the day.  

 
Homogenate preparation 

Liver, previously perfused with saline solution, was 
scissored and immediately processed. Homogenates were 
prepared using a manual glass homogenizer or pestle 
Teflon Ultraturrax at 4º C. Blood was collected in 
heparinized tubes through cardiac puncture. 

A fraction of non perfused liver was excised and 
homogenised in NaCl (0.9%) containing EDTA (0.5 mM) 
and Tris-HCl buffer (pH 7.4; 10 mM) (1:3, w/v) and was 
used to measure ALA-S activity. Afterwards, the 
remainder liver was perfused with sterile ice cold saline 
and removed. A fraction was homogenised (1:3, w/v) in 
ice cold sucrose (0.25 M). After differential centrifugation 
of the homogenate, the 18,000xg supernatant was 
employed to determine the activities of 
Porphobilinogenase (PBG-ase), PBG-deaminase (PBG-D) 
and Heme oxygenase (HO); the pellet obtained after 
centrifugation at 105,000xg for 90 minutes was used for 
measuring total cytochrome P450 (CYP) and CYP2E1 
activity. For blood PBG-ase and PBG-D activity 
determinations, whole blood was hemolyzed with Triton 
X-100 (5%) and diluted in Tris-HCl buffer (pH 7.4; 0.05 
M) (1:5, v/v). 

For immunoblotting, liver tissue was homogenized 
(1:5, w/v) in 10 mM TRIS-HCl pH 7.4, containing 20% 
glycerol (v/v), 1.14% KCl (w/v), 0.2 mM EDTA, 0.1 mM 
dithiothreitol, 0.1 mM phenylmethylsulphonyl fluoride, 10 
µg/ml leupeptin and 1 µg/ml pepstatin A. Homogenates 
were centrifuged with the same protocol as described 
above and the pellet obtained after centrifugation at 
105,000xg for 90 minutes was used for measuring 
CYP2E1 and NADPH Cytochrome P450 reductase (CPR) 
expression. 
 
Assays 

Liver ALA-S activity was measured by the method 
of Marver et al. (21). Liver and blood PBG-ase and PBG-
D enzymes were determined by the method of Batlle et al. 
(2) and liver HO according to Tenhunen et al. (33). Total 
CYP content was determined in the microsomal fraction as 
described Omura and Sato (22) and CYP2E1 activity was 
measured using the method of Reinke and Moyer (27). 
Enzyme units were defined as the amount of enzyme 
forming 1 nmol of product under standard incubation 
conditions. Specific activity was expressed as units/mg 
protein. 

Expression of CYP2E1 and CPR proteins was 
determined by Western Blot analysis. Protein (3 µg) were 
separated on a 7.5% SDS-PAGE and transferred to 
nitrocellulose membranes. After blocking overnight with 
5% bovine seroalbumine (BSA) in Tris-buffered saline 
containing 1% Tween 20 (TBS-T 1%), the blots were 
incubated for 1 hour at room temperature with the 
specified primary antibody antiCYP2E1 (1:2,500 in TBS-T 
0,1% with 0.5% BSA; Stressgen)  or antiCPR (75 µg/ml in 
TBS-T 0.1% with 0.5% BSA; Stressgen). After several 
washings, blots were incubated for 1 h with a secondary 
goat anti-rabbit antibody conjugated with horseradish 
peroxidase (HRP) (1:8,000 v/v in TBS-T 1%, Santa Cruz 
Biotechnology). Blots were detected by 
chemiluminescence using ECL detection system and 
exposed to X-ray film (AGFA). Quantification of bands 
was performed using the Scion Image software. 

Protein concentration was estimated by the 
procedure of Lowry et al. (19) or according to Bradford 
method (4) for immunoblotting technique. 
 
Statistical analysis 

Data were expressed as mean values ± s.d. 
Differences in mean values between treated and control 
groups were evaluated using the analysis of variance 
(ANOVA) and p<0.05 was considered statistically 
significant. 
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RESULTS  
 

The effects of Sevoflurane on heme 
metabolism were evaluated through the 
enzymes ALA-S in liver and, PBG-ase and 
PBG-D in liver and blood. Results are shown in 
Figures 1 and 2.  

 
FIGURE 1. Effect of Sevoflurane on hepatic ALA-S activity: 
Dose and time-response. 
Animals received different doses of the anaesthetic (1 ml/kg, 
1.5 ml/kg and 2 ml/kg, i.p.) and were sacrificed 20 minutes 
later. Inset: Animals received one dose of anaesthetic (1.5 
ml/kg, i.p.) and were sacrificed at different times after injection 
(10, 20 and 30 minutes). Data represents mean value ± s.d. of 
at least 4-6 animals and are expressed relative to specific 
activity of control (.........) value. Mean control value (nmol/mg): 
0.079±0.040 (n=16). (�) p<0.05, significance of differences 
between treated and control groups. Other experimental details 
are described in Material and Methods. 
 

ALA-S activity was 80% (p<0.05) induced 
when the dose of the anaesthetic was 1.5 ml/kg 
(Figure 1). Hepatic PBG-ase and PBG-D were 
30% (p<0.05) diminished when animals 
received a dose of 1.5 mg/kg (Figure 2 A); 
while no alterations of these enzyme activities 
were observed as a function of the different 
doses assayed in blood (Figure 2 B).  

Taking into account the results obtained, the 
dose of 1.5 ml/kg was chosen and the effects of 
Sevoflurane were evaluated at different times 
(10, 20 and 30 minutes) after anaesthetic 
administration. Results are shown in the insets of 
Figures 1 and 2. A maximum in ALA-S activity 
was observed 20 minutes after anaesthesia 
(Figure 1, inset). Hepatic PBG-ase and PBG-D 
were 30% (p<0.05) diminished 20 minutes after 
Sevoflurane administration (Figure 2 A, inset); 
while blood enzymes showed a similar profile 
but after 30 minutes treatment (Figure 2 B, inset).  

The effects on HO, limited enzyme of heme 
catabolism, are shown in Figure 3. HO activity 
increased 150% (p<0.01) 10 minutes after 
anaesthetic administration, remaining induced 
during the times assayed. 

 
FIGURE 3. Effect of Sevoflurane on liver HO activity: Time 
response. 
Animals received one dose of the anaesthetic (1.5 ml/kg, i.p.) 
and were sacrificed at different times after injection (5-30 
minutes). Data represents mean value ± s.d. of at least 4-6 
animals. (�) p<0.05, (��) p<0.01, significance of 
differences between treated and control groups. Other 
experimental details are described in Materials and Methods. 
 

To further characterise this experimental 
model, the effects of Sevoflurane on Phase I drug 
metabolizing system was investigated measuring 
CYP levels, the activity and expression of 
CYP2E1 and the expression of CPR in animals 
receiving a dose of 1.5 ml/kg and sacrificed at 
different times after (5-60 minutes). Results are 
shown in Figures 4 and 5. 

CYP levels were more than 200% (p<0.01) 
augmented after 5 minutes and remain in this 
high levels during the entire period assayed 
(Figure 4 A).  

No alterations were observed in CYP2E1 
activity even 60 minutes after Sevoflurane 
administration (Figure 4 B). So, it was of interest 
to evaluate if there were any modifications in 
protein expression levels. Western Blot analysis 
revealed the expected induction but only 30 
minutes after anaesthetic administration; the 
expression was even greater 60 minutes latter 
(85%, p<0.05) (Figure 5 A).  

CPR protein expression was 80% (p<0.05) 
augmented after 20 minutes of anaesthetic 
administration, remaining induced also after 30 
minutes (Figure 5 B).  
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FIGURE 2. Effect of Sevoflurane on PBG-ase and PBG-D activities in liver and blood: Dose and time-response. 
A: liver, B: blood. Animals received different doses of the anaesthetic (1 ml/kg, 1.5 ml/kg and 2 ml/kg, i.p.) and were sacrificed 20 
minutes later. Inset: Animals received one dose of the anaesthetic (1.5 ml/kg, i.p.) and were sacrificed at different times after 
injection (10, 20 and 30 minutes), PBGase: black columns and circles, PBG-D: white columns and circles. Data represents 
mean value ± s.d. of at least 4-6 animals and are expressed relative to specific activity of control (.........) value. Mean control value 
(nmol/mg): PBG-ase: Liver=0.405±0.060 (n=21), blood=0.101±0.024 (n=22); PBG-D: Liver=0.774±0.138 (n=20), 
blood=0.230±0.067 (n=20). (�) p<0.05, significance of differences between treated and control groups. Other experimental 
details are described in Materials and Methods. 

 

 
 
FIGURE 4. Effect of Sevoflurane on CYP levels and CYP2E1 activity: Time-response.  
A: CYP, B: CYP2E1. Animals received one dose of the anaesthetic (1.5 ml/kg, i.p.) and were sacrificed at different times after 
injection (5-60 minutes). Data represents mean value ± s.d. of at least 4-6 animals. (��) p<0.01, significance of differences 
between treated and control groups. Other experimental details are described in Materials and Methods. 
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FIGURE 5. Western blot analysis of CYP2E1 and CPR: Time response.  
A: CYP2E1, B: CPR. Animals received one dose of the anaesthetic (1.5 ml/kg, i.p.) and were sacrificed at different times after 
injection (20-60 minutes). Band indicated as “0” correspond to control group. On the right-hand side, columns represent 
normalized signals in the control and treated animals that were quantified using an Image Analyzer. Values are expressed as mean 
of at least three determinations run in duplicate and are expressed as a percentage taking the control group (.........) as 100%. (�) 
p<0.05, significance of differences between treated and control groups. Other experimental details are described in the text. 

 
DISCUSSION 

 
The effect of Sevoflurane, an inhalational 

volatile anaesthetic, was investigated on heme 
synthesis and drug metabolizing system in mice. 

Data revealed important alterations in the 
enzymes involved in AIP, such as an induction in 
hepatic ALA-S activity and a diminished PBG-
ase and PBG-D activities in liver and blood 20 
minutes after Sevoflurane administration to mice 
in a dose of 1.5 ml/kg. 

When we compared these findings with our 
previous studies (5, 6), we observed that the dose 
of Sevoflurane leading to heme enzyme 
alterations was lower than that for Enflurane and 
Isoflurane (1.5 mg/kg vs. 2 ml/kg), although the 
time-response was the same in the case of ALA-

S.  However, here, Sevoflurane reduced both 
liver and blood PBG-ase and PBG-D activities, 
effects that had been only detected in blood for 
Enflurane and Isoflurane anaesthesia. 

The HO pathway represents a major cell and 
organ protective system in the liver that is 
induced by a variety of stressors, including 
cytokines, hypoxia, and reactive oxygen species, 
generated under certain disease conditions, 
including ischemia-reperfusion (15, 20, 32, 35).  
Hoetzel et al. (15) showed that Isoflurane and 
Sevoflurane up-regulate the inducible isoform of 
HO (HO-1). The early induction of HO here 
observed would indicate the onset of oxidative 
stress.  

CYP is one of the most important families 
of proteins involved in the metabolic response of 
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many living organisms to foreign chemicals. 
CPR acts as an electron bridge, transferring 
electrons between NADPH and CYP enzymes 
(30), and also as electron donor in the 
degradation of heme catalyzed by HO (20). 

Results also indicate the involvement of 
CYP in the metabolization of Sevoflurane, but 
in this case total CYP levels were enhanced and 
only protein expression varied for CYP2E1 
without any effect on its activity.  This is 
another difference between Sevoflurane and 
other anaesthetics of the same family such as 
Enflurane and Isoflurane (7). Moreover, the fact 
that CYP was increased is an index of a great 
requirement for heme, producing a greater 
induction of ALA-S, enzyme which is de-
represed as a consequence of the diminished 
heme synthesis.  

So, it seems that the effects of Sevoflurane 
in mice would be more severe than those of 
Enflurane and Isoflurane and also very likely in 
porphyric patients when we intend to extrapolate 
these findings to humans. At this respect we have 
chosen a different way of administration than 
that used for humans (endotracheal way) on the 
basis of other authors (12, 24) so to compare with 
our own investigations performed with Enflurane 
and Isoflurane. Fry et al. (12) studying the 
metabolism of methoxyflurane in mice, found 
that the i.p. administration of this anesthetic lead 
to more consistent data than administration by 
inhalation. 

In conclusion, although Sheppard and 
Dorman (29) reported a case history of the 
anesthetic management in a child with a severe 
form of AIP, describing the safe use of 
Sevoflurane in the maintenance of anesthesia, 
our results in mice would suggest that 
Sevoflurane should be avoided for its use in 
porphyric patients or at least it should be used 
with caution and very careful control. 
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